
123

Amar Safdar 
Editor

Principles and Practice 
of Transplant Infectious 
Diseases



Principles and Practice of Transplant  
Infectious Diseases



Amar Safdar
Editor

Principles and Practice  
of Transplant Infectious 
Diseases



Editor
Amar Safdar
Clinical Associate Professor of Medicine
Texas Tech University Health Sciences Center El Paso
Paul L. Foster School of Medicine
El Paso, TX 
USA

ISBN 978-1-4939-9032-0    ISBN 978-1-4939-9034-4 (eBook)
https://doi.org/10.1007/978-1-4939-9034-4

© Springer Science+Business Media, LLC, part of Springer Nature 2019
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
express or implied, with respect to the material contained herein or for any errors or omissions that may have been 
made. The publisher remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Science+Business Media, LLC part of Springer 
Nature.
The registered company address is: 233 Spring Street, New York, NY 10013, U.S.A.

https://doi.org/10.1007/978-1-4939-9034-4


This book is dedicated to my parents, Taj & Safdar, for enduring inspiration 
and tenacity of purpose.



vii

In pursuit of recognizing the risk of infection in patients undergoing transplantation, prescient 
cognizance requires sagacious understanding of hosts’ home and healthcare environment, fac-
tors pertaining to the level of immune suppression that may have accumulated overtime, and, 
importantly, recent alterations in immune function resulting from additional immunosuppres-
sive treatments such as donor lymphocyte transfusion, antineoplastic therapy, and immune 
modulatory biologic drugs and medical disorders like graft-versus-host disease, donor allograft 
rejection, posttransplant opportunistic malignancies, recrudescent or newly acquired cytomeg-
alovirus infection, and relapsed hematologic neoplasms.

It is prudent to establish a targeted approach toward diagnosis, an approach which portends 
recognition of the true etiology with the help of assiduous investigation based on patient- 
specific vulnerability for infection. Special consideration needs to be placed upon the possibil-
ity of noninfectious processes that clinically are often difficult to distinguish from infection or 
sepsis-like syndrome. Toxicity due to commonly used drugs in the posttransplant period, 
thromboembolic events, acute engraftment syndrome, postsurgical deep tissue and body cavity 
hematoma, tissue ischemia and necrosis, opportunistic malignancies, and the potential for less 
common paraneoplastic disorders including tumor fever may initially present as a nonspecific 
acute febrile illness, with or without features suggestive of systemic inflammatory response 
syndrome. Similarly, a host of noninfectious maladies involving the skin and skin structures, 
brain, orointestinal tract, liver, kidneys, and lungs may clinically resemble infection. It is 
important to take into account that such processes may occur concurrently or sequentially in 
patients with a known infection diagnosis. Furthermore, in immunosuppressed patients after 
hematopoietic or solid organ allograft transplantation, plurality of simultaneously occurring 
infections makes selection of targeted, pathogen-specific empiric therapy a daunting task.

Individuals’ genetic haecceity and its influence on susceptibility or inherent resistance to 
certain infections is evolving. Once validated and available for clinical use, this has the poten-
tial to reliably identify select subgroups of transplant recipients that are additionally vulnerable 
to specific infection(s). Infection prevention and empiric or preemptive treatment strategies in 
such patients may advance from the putative and arbitrary risk profiles presently in use.

This volume aims to provide a comprehensive and in-depth review of the issues pertaining 
to infectious diseases in patients undergoing transplantation.

El Paso, TX, USA Amar Safdar, MD

Preface
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Infections in Transplantation: 
Introduction and Overview

Amar Safdar

Transplantation remains a pioneering scientific innovation 
that has a significant impact on restoring well-being for 
patients and benefit society as a whole. Blood and marrow 
hematopoietic stem cells have become accepted and, in 
some instances, established approach to treat incurable neo-
plastic diseases and congenital disorders of immune system 
[1]. Similarly, use of allografts in patients with end-stage 
organ disease involving the liver, kidneys, intestines, heart, 
and lungs has provided a possibility for continuation of life 
and a potential for patients to integrate and resume partici-
pation in their communities [2]. Recent advances in limb, 
integument, and face transplantation underscore the sub-
stantial leap forward in restoring normalcy for individuals 
with devastating and often catastrophic physical encum-
brance [3, 4].

In patients undergoing solid organ transplantation, 
advancement in understanding the complex interplay within 
various facets of immune response against the transplanted 
allogeneic tissue that recipients’ immune system fails to 
recognize as “self” has resulted in encouraging long-term 
outcomes [5]. These achievements in decoding higher mam-
malian immunity underscore the recent progress made in 
development and implementation of refined strategies to 
harness potentially devastating immune rejection of the 
implanted solid organ allograft [6]. The antirejection strate-
gies, as expected, involve a delicate balance that favors pres-
ervation of a functioning allograft and aims at limit severity 
of drug-induced suppression of recipients’ immune func-
tion, which is crucial for the surveillance against various 
neoplastic processes; conventional and opportunistic 
infections.

A similar, albeit an opposing role of undesired immune 
response comes into play in patients undergoing hemato-
poietic blood and marrow stem cell transplantation from a 
foreign donor. The conflict arises from aforementioned 
disconnect between immune recognition of self versus 
nonself [7, 8]. These transplanted stem cells install for-
eign effector immune cells in the recipient, and if remain 
unabated, the resulting graft-versus-host disease is capa-
ble of unleashing potentially ruinous systemic inflamma-
tion resulting in irreversible tissue damage and death [7]. 
The stem cell graft restores immunity and functional mar-
row in patients in need for myeloablative antineoplastic 
therapy. Furthermore, it is the foreign, graft-mediated, 
adaptive cancer immune surveillance that has now been 
widely recognized as the pivotal feature that sustains can-
cer in remission following successful allogeneic hemato-
poietic stem cell transplantation. This feature of stem cell 
graft-assisted antitumor response is recognized as “graft-
versus-leukemia or graft-versus-tumor  effect.” Donor-
derived adaptive antitumor immunity is an important 
objective of allogeneic stem cell transplantation, espe-
cially in patients with hematologic malignancies, and 
forms the bases for donor lymphocyte infusions to treat 
cancer recurrences during posttransplant period [9]. As in 
patients following solid organ transplants, in recipients of 
allogeneic HSCT, anti-GVHD therapy is assessed and 
continuously refined to achieve the lowest possible cumu-
lative iatrogenic immune suppression required to prevent 
or treat GVHD, whereas an earnest attempt is made for 
preservation of recipients’ immune function such that the 
risk of conventional and opportunistic infections and 
malignancies do not overwhelm the projected efficacy and 
feasibility of these lifesaving procedures.

A number of agents have been successfully used for 
prevention and treatment of graft-versus-host disease and 
solid organ allograft rejection [8, 10]. Severity of immune 
dysfunction is in most instance a direct consequence of 
treatment with these agents that are commonly prescribed 
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as combination drug regimens. Cyclosporine was the first 
major breakthrough in this regard; subsequent generation 
calcineurin inhibitors (CNI) have improved therapeutic 
index although resultant severe immune suppression and 
the risk for opportunistic infection like CMV, BK virus, 
and certain posttransplant cancers question the therapeu-
tic feasibility for agents such as tacrolimus, especially in 
patients with low risk for allograft-related complications. 
Serious infections due to cytomegalovirus including vire-
mia and end-organ disease, BK virus viremia, viruria, and 
BK  virus  allograft nephropathy with risk for poten-
tial graft compromise, rare progressive multifocal leuko-
encephalopathy due to polyomavirus, higher potential for 
opportunist cancers such as Kaposi’s sarcoma, EBV lym-
phoproliferative disorders among others, are well-recog-
nized limitations in individuals given tacrolimus for 
extended duration with doses leading to prolong  high 
serum drug concentration [11]. Experience with siroli-
mus, a macrolide xenobiotic that induces potent immune 
suppression via inhibition of mechanistic target of 
rapamycin (mTOR; a conserved threonine and serine pro-
tein kinase) was associated with lower incidence of CMV 
infection in solid organ transplant recipients. This protec-
tive antiviral effect of mTOR inhibitors against 
BK virus nephropathy after renal transplantation has not 
been noted  consistently. Additionally, antitumor proper-
ties of mTOR inhibitors may favorably influence the lower 
incidence and risk for posttransplant malignancies in 
recipients of solid organ allografts, especially those with 
a profile that indicates low risk for graft rejection [12].

Monoclonal antibodies against T- and B-cell pathways 
have also gained prominence, as potential treatment options. 
Alemtuzumab (Campath) is a monoclonal antibody that tar-
gets C52 antigen expressed on all lymphocytes. Treatment 
with Campath results in profound lymphocyte depletion. The 
drug-induced immune suppression may last for up to 
9  months, although maximum degree of lymphopenia is 
noted between 8 and 9 weeks after therapy. As part of HSCT 
preparatory condition regimen, treatment with alemtu-
zumab was associated with reduced risk for GVHD follow-
ing allogeneic hematopoietic stem cell transplantation [13].

In kidney transplant recipients, the risk for organ rejection 
was low in patients given alemtuzumab; however, this bene-
fit was mainly observed in patients that were at a low risk for 
allograft rejection [14]. Other trials are underway with the 
aim to explore regimen(s) that may spare CNI (tacrolimus) 
for the prevention of allograft rejection.

Humanized monoclonal antibody rituximab that targets 
CD20 antigen expressed prominently and selectively on B 
lymphocytes forms the cornerstone for treatment of solid 
organ antibody-mediated renal allograft rejection. It is also 

considered the standard of care for the treatment of post-
transplant B-cell lymphoproliferative disorders [15].

Systemic glucocorticoids have maintained relevance in 
drug cocktails given to prevent and treat solid organ graft 
rejection and GVHD. Since the early observation enabled 
addition of corticosteroids to successfully reduce cyclo-
sporine dose that was traditionally needed to prevent 
rejection of transplanted allograft, this observation was 
regarded as a major breakthrough and forged the path for 
preservation of transplanted organs without serious, life-
threatening CNI toxicity. Detailed discussion regarding 
immunosuppressive agents for prevention and treatment 
of allograft rejection  is provided in chapters throughout 
this book.

A keen understanding of patients’ underlying immune 
defect(s) is the knowledge cornerstone, essential for opti-
mizing infection risk stratification, assessing need for pre-
ventive, preemptive or empiric antimicrobial therapy. This 
information serves as an imperative in establishing mean-
ingful patient-centered management and infection preven-
tion paradigm [16, 17]. Table 1.1 provides an outline for 
such a relationship between underlying immune defects 
and susceptibility for particular group of pathogens. It is 
also  important to note that a combination of unrelated 
immune defects may overlap. Furthermore, such patients 
may present with multiple infections concurrently, 
sequentially, or in close proximity to a primary infection 
episode, with a variety of conventional and opportunistic 
microorganisms.

An extensive exposure to hospital environment poses risk 
for transplant recipients to acquire infections that may not 
respond to conventional antimicrobial drugs. The recent 
interest in exploring the potential influence of perturbation 
and reorganization of hosts’ microbial flora or microbiota 
resulting from extensive exposure to healthcare environ-
ment, broad-spectrum antimicrobial drugs among other fac-
tors, has yielded greater insight into a field that was largely 
underappreciated  for decades. Altered orointestinal micro-
biota has been proposed in limited observational studies to 
influence the risk for acquiring infection, recurrence of pre-
viously resolved infection, suboptimum response to antimi-
crobial therapy, and importantly, long-term viability of the 
transplanted allograft [18–20]. The possibility of noninfec-
tious complications and their potential relationship with 
altered hosts’ microbiota are currently under investigation.

An important approach in the assessment of transplant 
patients lends from the understanding and knowledge of 
temporal relationship for the risk of infection that may occur 
during various clinical phases after transplantation proce-
dure (Table 1.2, with Figs. 1.1, 1.2, 1.3, 1.4, 1.5, and 1.6). 
For example, patients with long-standing chronic GVHD are 
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Table 1.1 Infections in transplant patients in relationship with the underlying immune defects

Immune defect Bacteria
Yeasts and dimorphic 
fungi Filamentous molds Viruses Parasites

Granulocytopenia Staphylococcus aureus Candida spp. Hyalohyphomycetes 
(hyaline or clear wall)

Herpes simplex virus 
type I and II

[ANC < 500 cell/ml] Streptococcus 
pneumoniae

Candida albicansa Aspergillus fumigatus Varicella zoster virus

Streptococcus gp A, 
and gp B

Non-albicans 
Candida spp.

Aspergillus flavus

Enterococci including 
VREb

  Candida glabratac Aspergillus niger

Coagulase-negative 
Staphylococcusd

  Candida kruseie Aspergillus terreusf

Enterobacteriaceae   Candida 
parapsilosisg

Aspergillus nidulans

Escherichia coli   Candida 
guilliermondiig

Non-Aspergillus 
hyalohyphomycetes

Klebsiella species Non-Candida yeastsh   Fusarium spp.i

Enterobacter spp.   Trichosporon asahii   Paecilomyces
Proteus spp.   Saprochaete 

capitataj

Mucormycoses

Citrobacter spp.   Saccharomyces   Mucorales speciesk

Serratia spp.   Magnusiomyces 
capitatus

Dematiaceous (black or 
melanin pigmented) 
molds

Nonfermentative 
gram-negative bacteria

  Rhodotorula 
mucilaginosa

  Alternaria, Bipolaris, Curvularia, Exserohilum 
spp.

  Pseudomonas 
aeruginosa

  Wickerhamomyces 
anomalus

  Pseudallescheria 
boydii

  Stenotrophomonas 
maltophilia

  Pichia kudriavzevii   Scedosporium 
apiospermum

  Acinetobacter 
species

  Cyberlindnera 
fabianii

  Scedosporium 
prolificans

  Achromobacter spp.   Kodamaea ohmeri
  Lodderomyces 

elongisporus
  Pseudozyma

Cellular immune 
defects

Nocardia asteroides 
complex

Cryptococcus 
neoformans

Aspergillus spp. Human 
cytomegalovirus

Toxoplasma 
gondii

Salmonella 
typhimurium

Endemic mycoses Non-Aspergillus 
hyalohyphomycetes

Respiratory viruses Strongyloides 
stercoralisl

Salmonella enteritidis   Histoplasma 
capsulatum

Pneumocystis jirovecii   Influenza A and 
influenza B

Microsporidium 
spp.

Rhodococcus equi   Coccidioides 
immitis

Dematiaceous (black 
pigmented wall) molds

  Respiratory syncytial 
virus

Cryptosporidium

Rhodococcus 
bronchialis

  Blastomyces 
dermatitidis

Mucormycoses   Parainfluenza type-3 Microspora spp.

Listeria monocytogenes   Paracoccidioides 
brasiliensis

Cryptococcus 
neoformans

  Adenovirus Cyclospora spp.

Mycobacterium 
tuberculosis

Endemic mycoses   Human coronavirus 
HKU1, NL63, OC43 
and C229Em

Leishmania 
donovanin

Nontuberculous 
mycobacteria

  Histoplasma 
capsulatum

  Corona virus, SARS, 
MERSo

Leishmania 
infantump

Legionella spp.   Coccidioides immitis   Human 
metapneumovirusq

Yersinia spp.   Blastomyces 
dermatitidis

Varicella

Campylobacter jejunir   Paracoccidioides 
brasiliensis

Varicella zoster virus

Human herpes virus 6
Parvovirus B19
Hantavirus

(continued)

1 Infections in Transplantation: Introduction and Overview



6

Table 1.1 (continued)

Immune defect Bacteria
Yeasts and dimorphic 
fungi Filamentous molds Viruses Parasites

Humoral immune 
defects

Encapsulated bacteria Varicella zoster viruss Giardia lamblia
  Streptococcus 

pneumoniae
Echovirus and other 
enteroviruses

Babesia microti

  Haemophilus 
influenzae

  Neisseria 
meningitidis

Campylobacter jejuni
Splenectomy and 
functional 
hyposplenism

Encapsulated bacteria Giardia lamblia
  Streptococcus 

pneumoniae
Babesia microti

  Haemophilus 
influenzae

  Neisseria 
meningitidis

Capnocytophaga 
canimorsus

Mixed immune 
defects

Streptococcus 
pneumoniae

Pneumocystis jirovecii Respiratory viruses Toxoplasma 
gondii

Staphylococcus aureus Aspergillus spp. Adenovirus Strongyloides 
stercoralis

Haemophilus 
influenzae

Candida spp. Varicella zoster virus

Klebsiella pneumonia Cryptococcus 
neoformans

Pseudomonas 
aeruginosa

Mucormycoses

Acinetobacter spp. Endemic mycoses
Enterobacter spp. Dematiaceous (black) 

molds
Stenotrophomonas 
maltophilia
Nocardia asteroides 
complex
Listeria monocytogenes
Legionella spp.
Campylobacter jejuni

Patients with mixed immune defects include recipients of allogeneic hematopoietic stem cell transplant; patients receiving treatment for acute or 
chronic graft-versus-host disease; acute or chronic solid organ allograft rejection
Abbreviations: VRE vancomycin-resistant enterococci, SARS severe acute respiratory syndrome, MERS Middle East respiratory syndrome
aIn the past two decades, the prevalence of non-albicans invasive candidiasis is seen in excess of Candida albicans infections; the emergence of 
invasive disease due to Candida auris with limited susceptibility to currently used antifungal drugs is a challenge 
bCertain transplant units across the USA have seen a high level of VRE colonization and subsequent risk for invasive disease; these infections are 
often a surrogate and reflect hosts’ high-risk status
cIncreasing reports of echinocandin resistance among clinical isolates of C. glabrata is an alarming trend, where this to become more prominent 
in the future
dAmong CoNS group of bacteria, an emerging and recently described highly virulent Staphylococcus lugdunensis causes tissue-destructive infec-
tions similar to S. aureus with an emphasis on necrotizing and difficult-to-treat endocarditis
eCandida krusei is intrinsically nonsusceptible to fluconazole and to some extent itraconazole; these yeasts are uniformly susceptible to the broad- 
spectrum triazoles such as voriconazole, posaconazole, and isavuconazonium sulfate
fAspergillus terreus is the only clinically relevant Aspergillus species that exhibit variable degree of resistance to amphotericin B, thereby increas-
ing the probability of failure to amphotericin-based therapy
gCandida parapsilosis and C. guilliermondii have demonstrated less inherent in vitro susceptibility to the echinocandins; alternative antifungal 
agents are suggested to treat such infections
hNon-Candida and non-Cryptococcal yeasts are rare cause of fungemia seen mainly in patients with severe immune dysfunction and those with 
chronic lung disease
iFusarium spp. infections are now increasingly attributed to food-related intestinal tract colonization and invasive disease during periods of severe 
immune suppression, such as profound and prolonged neutropenia, especially in patients with extensive orointestinal mucosal disruption; other 
filamentous fungal pathogens from food are Aspergillus and Mucor spp. Rare organisms linked to food and food products include Lichtheimia, 
Curvularia, Phoma, Trichoderma, Alternaria, Acremonium, Paecilomyces, Penicillium, Achaetomium, Amesia, Botryotrichum, Chaetomium, 
Dichotomopilus; Microascus, Scopulariopsis, and Wallemia. Mucor circinelloides was isolated from yogurt samples and presumed to cause illness 
in >200 consumers
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Table 1.1 (continued)
jGeotrichum capitatum is now named Saprochaete capitata
kMucormycoses in transplant recipients remain an uncommon cause of invasive fungal disease, although patients with voriconazole breakthrough 
mold disease have significantly higher probability of mucormycosis
lStrongyloides stercoralis may lead to serious, life-threatening hyperinfection syndrome in patients with marked cellular immune defects following 
allogeneic allograft transplantation, albeit, this remains a rare complication in patients undergoing transplantation even in the endemic regions
mThese strains of human coronavirus may cause potentially serious lower respiratory tract disease in the immunocompromised host
nL. donovani and L. infantum may lead to serious visceral leishmaniasis in patients with profound cellular immune defects; L. donovani is seen in 
Africa and Asia
oThese novel outbreak stains of coronavirus have been observed to cause serious illness in immunosuppressed patients and those with diabetes 
mellitus, ischemic heart disease, or end-stage kidney disease
pL. infantum is seen in Africa, Europe, Mediterranean, Central and South America
qSystemic extrapulmonary infection including viral encephalitis along with viral pneumonitis in allogeneic stem cell transplant recipients has been 
noted to cause devastating and life-threatening illness
rThe incidence of campylobacter disease in AIDS patients is 40-fold higher than in the general population; patients with humoral and cellular 
immune defects are considered susceptible; it is important to recognize the serious sequelae such as Guillain-Barre syndrome, and reactive arthritis 
may follow acute infection episode in a small group of patients
sVZV is rarely associated with systemic dissemination in patients with humoral immune defects or even those with mixed immune dysfunctions

Table 1.2 Infections in recipients of allogeneic hematopoietic stem cell transplantation

Pathogens

Pretransplant disease or 
high-risk exposure-related 
infections

Pre-engraftment during 
neutropenia (0–30 days)

Post-engraftment 
including acute GVHD 
(30–100 days)

Posttransplant 
including chronic 
GVHD (>100 days)

Posttransplant 
seasonal 
community-onset 
infections

Bacteria Streptococcus pneumoniaea Staphylococcus aureusb GPB and GNB 
bacteremiac

Encapsulated bacteriad Community 
acquired 
pneumonia

Staphylococcus aureusb Coagulase-negative 
staphylococcuse

Listeria 
monocytogenesf

GPB and GNB 
bacteremiac

Community onset 
sinusitis

Coagulase-negative 
staphylococcuse

Enterobacteriaceaeg Nocardiosish Listeria 
monocytogenes

Community onset 
or travel-related 
enterocolits

Enterobacteriaceaeg   Escherichia coli Nocardiosis Community onset 
urinary tract 
infection including 
pyelonephritis

  Escherichia coli   Klebsiella pneumoniae 
and Klebsiella oxytoca

Community 
onset Clostridium 
difficile-associated 
diarrhea

  Klebsiella pneumoniae 
and Klebsiella oxytoca

Nonfermentative 
gram-negativesi

Nonfermentative 
gram-negativesi

  Pseudomonas 
aeruginosa

  Pseudomonas 
aeruginosa

  Stenotrophomonas 
maltophilia

  Stenotrophomonas 
maltophilia

Clostridium difficile- 
associated diarrheaj

Clostridium difficile- 
associated diarrheaj

Mycobacteria M. tuberculosisk Reactivation of latent 
tuberculosis

M. kansasiil Relapse of previously 
treated M. kansasii 
infection

Nontuberculous 
mycobacteria

New or relapse MAC 
infectionm

  Rapid-growing 
mycobacteria

  Slow-growing 
mycobacteria

(continued)
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Table 1.2 (continued)

Pathogens

Pretransplant disease or 
high-risk exposure-related 
infections

Pre-engraftment during 
neutropenia (0–30 days)

Post-engraftment 
including acute GVHD 
(30–100 days)

Posttransplant 
including chronic 
GVHD (>100 days)

Posttransplant 
seasonal 
community-onset 
infections

Viruses Herpes simplex type 1 and 
II

Herpes simplex type I 
and II

Cytomegalovirusn Cytomegaloviruso Influenza A and Bp

Human cytomegalovirusq Varicella zoster virusr Human herpesviruss Human herpesvirus 6s Parainfluenza
Varicella zoster virus Cytomegalovirust Adenovirusu Adenovirusu RSVv

Human herpesvirus 6s BK virus cystitisw Epstein-Barr virus 
PTLDx

hMPVy

Adenovirusu Epstein-Barr virus 
PTLDx

Parvovirus B 19z hCoVaa

BK virus cystitisw

JC virus PMLab

Molds and 
yeasts

Invasive aspergillosis Candida fungemiaac Invasive aspergillosisad Invasive aspergillosisae

Endemic mycosis Invasive aspergillosis and 
rare moldsaf

Invasive candidiasisag Invasive candidiasisah

Cryptococcal disease Pneumocystis jiroveciiai Pneumocystis jirovecii
Invasive candidiasis Zygomycosisaj Zygomycosisaj

Fusariosisak Fusariosisak

Dematiaceous (melanin 
pigmented) moldsal

Dematiaceous 
(melanin pigmented) 
moldsal

Cryptococcal diseaseam Cryptococcal diseaseam

Parasites Toxoplasma gondii Toxoplasma gondiian Toxoplasma gondiian

Strongyloidiasisao Strongyloidiasisap Strongyloidiasisap

Chagas diseaseaq Chagas disease Chagas disease
Leishmaniasisar Leishmaniasis Leishmaniasis

aPneumococcus is the leading cause of community-onset bacterial pneumonia, and patients with hematologic malignancies, especially those with 
cancer or antineoplastic therapy-related humoral immune dysfunction and various other medical comorbid conditions such as diabetes mellitus, 
chronic structural lung diseases like emphysema, end-stage kidney disease, and cirrhosis of liver to name a few, are at risk for potentially severe 
systemic disease
bThe emergence and global spread of community-acquired methicillin-resistant S. aureus has made empiric use of anti-staphylococcal penicillin’s 
obsolete
cCatheter-related bloodstream infection, extensive healthcare environment exposure and hospital-acquired pathogens, persistent mucositis, oroin-
testinal or cutaneous hyper-acute and acute GVHD, and accelerated iatrogenic immune suppression including need for high-dose corticosteroids 
are salient factors that promote invasive bacterial infections during this period. Pretransplant colonization due to VRE, MRSA, or MDR GNB 
including MRD Pseudomonas, ESBL-producing Enterobacteriaceae, and some food-borne fungi such as Fusarium spp., especially in transplant 
unit located in certain geographic areas, are thought to promote infections due to these pathogens
dHyposplenism after HSCT is a late complication and commonly attributed to late-onset acute GVHD, most frequently noted in patients with 
chronic GVHD. It is however important to recognize that a number of allogeneic HSCT recipients without clinical diagnosis of GVHD may have 
functional hyposplenism and are at risk for severe, systemic infection due to encapsulated bacteria
eIndwelling prosthetic devices including intravascular access catheters; surgical drains; implanted prosthesis such as heart valves, joints, biliary, 
bronchial, urinary tract stents; and other various implantable surgical devices promote infections due to CoNS and Candida spp. that commonly 
colonizes the skin and genitourinary and orointestinal tracts
fListeria bacteremia and meningitis are rare complications in patients receiving TMP-SMX prophylaxis for PCP. The incidence of bacterial men-
ingitis is 30-fold higher in HSCT recipients compared with persons without HSCT. As expected, patients undergoing allograft stem cell transplant 
are at a significant higher risk compared with those undergoing autologous HSCT (70 vs. 16 per 100 000 patients per year). In HSCT recipi-
ents Streptococcus pneumoniae is the most common pathogen associated with bacterial meningitis, Neisseria meningitidis, Streptococcus mitis; 
listeriosis may be rarely seen
gIncreasing frequency of multidrug-resistant strains to fluorinated quinolones and regional high prevalence of extended-spectrum beta-lactamases 
producing GNB including carbapenem-resistant Enterobacteriaceae has seriously curtailed treatment options for such infections. Enterobacteriaceae 
include Salmonella spp., Escherichia coli, Yersinia pestis, Klebsiella spp., Shigella, Proteus, Enterobacter, Serratia, and Citrobacter
hCNS nocardiosis is difficult to distinguish from brain toxoplasmosis, tuberculosis, aspergillosis and other neurotropic clear (hyaline) and black 
mold infections, and CNS lymphoma
iNonfermentative gram-negatives include Pseudomonas aeruginosa, Burkholderia cepacia, Stenotrophomonas maltophilia, Acinetobacter bau-
mannii, other Acinetobacter spp., Alcaligenes and Achromobacter spp., and emerging cases of Sphingomonas paucimobilis. Inherent or acquired 
drug resistance is a major concern in selection of effective empiric therapy for pathogens in this group, which may either lack the drug target site 
or produce extended-spectrum hydrolyzing enzymes aginst a variety of commonly used antimicrobials; these bacteria may also exhibit phenotypes 
with reduced expression of outer membrane porins and/or heightened expression of efflux pumps among other mechanisms for antimicrobial drug 
resistance 
jOrointestinal mucositis increases the risk of CDAD and so does exposure to broad-spectrum antimicrobials and possibly antineoplastic 
chemotherapy- induced alteration in hosts’ intestinal protective anaerobic microbiota

A. Safdar



9

Table 1.2 (continued)
kIt now considered standard of care to perform interferon-gamma release assays for diagnosis of latent tuberculosis infection; treatment with iso-
niazid is considered gold standard and should be administered for a minimum of 6 months prior to the transplantation procedure, with the aim to 
prevent active tuberculosis infection during the post-transplant period. Such infections tend to be more serious and, due to potential drug toxicity 
and drug-drug interaction, often difficult to treat after allograft transplantation 
lM. kansasii leads to clinical disease indistinguishable from M. tuberculosis infection; risk for infection relapse, drug resistance, and infection 
recalcitrance are reason for longer duration of therapy
mIn a recent study from South Korea, in 7342 SOT and 1266 HSCT recipients, 22 patients developed NTM after a median 2 years following trans-
plantation. Mycobacterium avium-intracellulare complex was the most common pathogen isolated; nodular bronchiectasis (~80%) was common 
presentation. A near 70% response to antimicrobial therapy in this group was encouraging. However, disseminated NTM including MAC disease 
in severely immunosuppressed patients following high-risk allogeneic HSCT may occasionally present as salvage therapy-refractroy recalcitrant 
bacteremia with high fatality 
nRisk of CMV infection is highest in CMV-seronegative recipients in whom allograft is given from a CMV-seropositive donor. Ganciclovir pro-
phylaxis effectively prevents CMV disease in high-risk patients during the first 100 days after allogeneic HSCT
oLate CMV disease is associated with high mortality rate nearing 45% and seen 170 median days after HSCT. It is important to recognize that close 
to 40% of patients that respond to the initial episode of late posttransplant CMV infection will develop a second CMV episode within a median of 
11–12 weeks. Three months after HSCT, patients with positive CMV-pp65 antigenemia; post-engraftment severe lymphopenia of less than 100 
lymphocytes/mm3, especially those with helper T-cell lymphocytopenia of less than 50 cells/mm3; presence of GVHD; and those with undetectable 
CMV-specific T-cell responses are at higher risk for late CMV end-organ disease. Furthermore, after 100 days following transplantation, presence 
of CMV viremia or pp65 antigenemia and severe lymphopenia endorsed by less than 300 lymphocytes/mm3 is considered strong predictors for late 
CMV disease and death 
pMost frequently detected viruses in symptomatic HSCT or SOT recipients with URTI are picornaviruses (~40%), such as rhinovirus and entero-
virus, whereas coronavirus and influenza are isolated in nearly 20% of such patients, each. Influenza URTIs similar to RSV and unlike parainflu-
enza virus infections have the potential for progression to the lower respiratory tract. Viral pneumonitis is a serious complication in patients 
following allogeneic stem cell transplantation. It is important to recognize that hosts’ immune response to influenza infection garners a high IFN- 
gamma state resulting in a transient increased susceptibility for secondary bacterial infections like pneumococcus, S. aureus, and Pseudomonas 
spp. The resulting superimposed bacterial pneumonia may precipitate life-threatening sepsis and respiratory failure. Furthermore, RTVIs are rec-
ognized as fostering enhanced susceptibility for invasive fungal lung disease during early and late transplant periods
qSerologic evaluation of the donor and recipient for latent CMV infection is the cornerstone during pretransplant assessment. Dissonance between 
D+ and R- CMV serology is the most important complicating factors during early and late posttransplant period. Antiviral prophylaxis, preemptive 
and empiric therapy approaches are based on CMV serologic disparities
rIt is standard to provide prophylaxis for HSV and VZV during preparatory conditioning regimen and continue during the  early post-HSCT 
period. Prophylaxis may have to be extended in patients with acute GVHD, cancer recurrence, patients undergoing high-risk transplantation pro-
cedure, and those with primary or secondary allograft compromise
sHHV-6 high-grade viremia by DNA analysis has been associated with central nervous system (CNS) dysfunction, although viral interstitial/alveo-
lar pneumonitis is not an uncommon disease attributed to HHV6 infection following allogeneic HSCT. HHV6 may also present as limbic encepha-
litis with subcortical temporal lobe seizure activity presenting as memory loss and insomnia. Febrile partial or complete myelosuppression and/or 
skin rash should alert the physicians regarding HHV6 as a potential treatable cause of secondary stem cell allograft loss. Viral gastroduodenitis, 
colitis, and pericarditis are other clinical manifestations attributed to HHV6 infection in this vulnerable population. An association with post-HSCT 
HHV6 viremia with delayed monocyte and platelet engraftment, increased platelet transfusion requirements, risk for high-grade GVHD, and all- 
cause mortality needs further evaluation
tEarly CMV low-grade viremia was observed by the use of ultrasensitive nucleic assays, within 3–4 weeks after high-risk allogeneic stem cell graft 
transplantation
uThe incidence of adenovirus disease ranges from 3% to as high as 47% in high-risk pediatric allogeneic HSCT recipients. Patients undergoing 
T-cell-depleted stem cell grafts and those with acute graft-versus-host disease are also at increased risk for severe life-threatening adenovirus dis-
seminated disease, which is a well-recognized complication in patients with persistent peripheral blood lymphocyte counts of <300 cells/mm3. 
Infection involves respiratory (viral pneumonitis), gastrointestinal (colitis, including hemorrhagic colitis) tracts, and hepatitis;patients may present 
with posttransplant hemorrhagic cystitis. Adenovirus dissemination represents severity of underlying immune defect and is seen in 10–20% of 
patients with end-organ viral disease, except in patients with adenovirus cystitis, where disseminated adenoviral disease is seldom observed
vLong-term (>30 days) viral shedding is not uncommon in patients following allogeneic HSCT; RSV is notable RTVI in this regard. The 80 days 
of median duration of viral shedding may extend to just under a year in some allogeneic transplant recipients. This potential for pronged viral 
shedding warrants heightened awareness and strict adherence to appropriate precautions to prevent nosocomial RSV transmission to other vulner-
able hospitalized patients. In the pediatric HSCT recipients, RSV infection within 60 days after transplant, patients given systemic corticosteroids 
within a week prior to the onset of RSV infection and the need for assisted mechanical ventilation were significant predictors for subsequent 
complications and death
wThe BK virus was first isolated in 1971; after primary childhood infection, persistent BKV infection occurs within renal tubular cells and the 
urothelium. Viral reactivation in the recipients of kidney and allogeneic HSCT usually presents as allograft nephropathy and hemorrhagic cystitis, 
respectively. Presently, reduction in drug-induced immune suppression, when possible, and supportive care are the only viable treatment option; 
direct antiviral drug against BKV remains elusive
xEBV influence over B-cell malignant clones may act through different mechanisms of transcriptional regulation and possibly variance in genetic 
mechanisms that eventually determined viral latency during early EBV infection and EBV-host interaction
yThe incidence of hMPV infection was similar to the incidence of RSV or parainfluenza virus UTRIs in patients undergoing HSCT. hMPV infec-
tions are notable for low risk of progression to the LRT. Serious systemic hMPV disease including viral encephalitis has been reported. Overall, 
these infections are well-tolerated, albeit hMPV pneumonitis in severely immunosuppressed stem cell allograft recipients may result in serious 
life-threatening lung disease

(continued)
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Table 1.2 (continued)
zParvo B19 infection may present as pure red cell aplasia after allogeneic HSCT
aahCoV similar to hMPV is a common RTV. Serotypes associated with disease in transplant population include hCoV-OC43 followed by NL63, 
HKU1; 229E is less common. Unlike hMPV, these infections have a higher likelihood for progressing to the LRT, which often presents as subclini-
cal, mild to moderate viral illness. In an observation among HSCT recipients, hCoV infection resulted in a notable number (~20%) of hospitaliza-
tions. In concert with hMPV infection, despite presence of severe immune suppression, hCoV-related confirmed deaths in allogeneic HSCT 
recipients remain less than 5%. Approximately one-third of transplant patients with hCoV infection may have infection due to other RTVs such as 
human bocavirus (HBoV). HBoV is an uncommon RTV in transplant patients and often (> 80%) seen with other RTVs. HBoV rarely causes LRTI; 
most infections are well-tolerated despite, transplant-related severe immune suppression
abJohn Cunningham virus (JCV)-associated progressive multifocal leukoencephalopathy (PML) is an uncommon disease in patients undergoing 
allogeneic HSCT. In a report from Israel, 20 of 40 patients (24%) with JCV reactivation had persistent viremia after receiving myeloablative and 
nonmyeloablative pretransplant conditioning. PML was diagnosed in two patients with persistent JCV viremia, 96 and 127  days after 
HSCT. Advanced age was a significant predictor of JCV reactivation; 70% of these allogeneic HSCT recipients with persistent viral reactivation 
had died. Identifying high-risk patients with persistent JCV reactivation, especially those with incremental levels of viremia, may benefit from 
reduced drug-induced immune suppression for prevention of JCV leukoencephalopathy. PML continues to remain a devastating, albeit rare post-
transplant infectious complication. Artesunate, an antimalarial drug that showed potent ex vivo activity against HHV-6, however, clinical response 
to artesunate in HSCT recipients with JCV-PML, has not been encouraging
acCandidemia is seen in patients with severe pre-engraftment neutropenia (absolute neutrophil count <500 cell/microliter) that extends longer than 
5 days. The increase in non-albicans Candida spp. is mainly due to C. glabrata, although patients following HSCT are also at risk for C. krusei 
infection. Emergence of echinocandin resistance among clinical C. glabrata isolates is concerning. For patients with C. parapsilosis infection, it 
is recommended to use antifungal drugs other than echinocandin class. The emergence of MDR Candida auris infections in transplant population 
makes selection of empiric anti-yeast therapy more challenging 
adGenetic susceptibility for IA include mutations in Dectin-1 and DC-SIGN among other well recognized risk factors such as high-risk allogeneic 
HSCT, CMV and respiratory virus infection, and positive Aspergillus PCR. It was recently noted that presence of three of the aforementioned fac-
tors generated a 57% probability for developing IA. In patients with no risk factors, the probability of IA was 2%, compared to ~80% in patients 
with four or more such risk factors
aeCMV reactivation after stem cell allograft transplantation increases the risk for IFD during the late transplant period. Unlike the risk factors for 
early IFD such as AML (HR 3), HLA antigen-mismatched donor graft (HR 3.4); HSCT recipients with lymphoma (HR 8.5), CMV reactivation 
(HR 5.5), and severe neutropenia (HR 3.5) are considered prominent risk factors for late-onset IFD. Patients with pretransplant IgG responses 
against Aspergillus proteins indicating significant fungal colonization or ongoing subclinical Aspergillus infections before preparatory condition-
ing regimen has commenced needs further clinical validation. Evaluation of 5589 HSCT recipients at a comprehensive cancer center between 1985 
and 1999 showed increased incidence of IA after 1992 and remained high during that decade. The authors also reported increasing frequency of 
non-Aspergillus molds such as Fusarium spp. and mucormycosis in the late 1990s. These non-Aspergillus molds were prominent in patients under-
going multiple transplants. Most cases of mucormycosis were seen during the late transplant period, especially in patients with chronic GVHD. In 
patients undergoing nonmyeloablative HSCT, presence of severe acute GVHD, chronic extensive GVHD, and CMV infection are prominent risk 
factors for IFD
afInvasive aspergillosis is a complication seen in patients with delayed (>2 weeks) recovery of peripheral blood granulocyte count. Patients receiv-
ing high-dose systemic corticosteroids are also at an  increased risk. Aspergillus fumigatus remains the most prevalent mold to cause invasive 
human disease, including in patients undergoing HSCT. Infections caused by Scedosporium and Fusarium spp. are occasionally seen in hemato-
poietic stem cell allograft recipients and commonly present during the period(s) of severe and prolonged neutropenia
agRoutine blood cultures have low sensitivity for diagnosis of fungemia. Carbohydrate biomarker (1, 3)-β-d-glucan has emerged as a useful labora-
tory test for the diagnosis of invasive yeast and mold disease. Furthermore, it may be used to monitor response to systemic antifungal therapy and 
infection relapse
ahPost-HSCT recovery of antigen-specific T lymphocyte-mediated immune response against CMV and Candida albicans is regarded as critical 
during the early and the late transplant period. Most patients develop antigen-specific T-cell response early in the transplant period which is derived 
from clones of both donor and recipient stem cell origin. Reconstitution of immune response via antigen-specific T lymphocytes of recipient origin 
is weakened in patients with GVHD. Incidence of IC during the 1st year after nonmyeloablative (5%) and myeloablative transplant conditioning 
is lower than that for IA (14%). Echinocandin nonsusceptible Candida spp. infection has been recently recognized as an emerging challenge in 
providing care for these highly vulnerable patients
aiPCP is a serious OI in transplant patients with severe cellular immune defect(s). Routine anti-PCP prophylaxis breakthrough infections are rare; 
although in patients receiving aerosolized pentamidine, atypical upper lung PCP may occasionally occur
ajInvasive zygomycosis or mucormycosis may occur disproportionally more frequently in patients on voriconazole prophylaxis and those with 
sinuorbital invasive mold disease. In transplant patients, the overall prevalence is less than 8% among all invasive fungal infections
akNearly half of the patients with disseminated fusariosis have evidence of fungemia, and close to 80% may exhibit multiple (>10–15) papular skin 
lesions with a necrotic center that is indistinguishable from ecthyma gangrenosum due to Staphylococcus aureus or disseminated Pseudomonas 
spp. infection
alDematiaceous or melanin pigmented molds are associated with chronic localized infections and prevalent in certain geographic regions. In trans-
plant patients, disseminated infections may occur; neurotropism is an important feature of these infections, and treatment with older antifungal 
drugs such as amphotericin B and early generation triazole-based compounds was associated with high rates of treatment failure
amThe cumulative incidence of CNS infection following HSCT is <1% within first 30 days, 2% within 3 months, and 5% after 5 years follow-
ing transplantation. Significantly high risk of CNS infection 5 years after CBT (8%) vs. matched related HSCT (2%) is important to note for the 
purpose of risk stratification. CNS fungal (35%) and viral (32%) infections are prominent, whereas toxoplasmosis and bacterial infection are seen 
in just over 10% of the patients. Aspergillosis is common (67%) followed by Cryptococcus neoformans (17%). CNS infection in transplant popula-
tion is associated with high mortality (59%), and low (20%) 5-year overall survival 
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Table 1.2 (continued)
anDonor-derived toxoplasmosis has been reported along with cases of brucellosis in the endemic regions, along with West Nile virus infection, 
rabies, Chagas disease, and rare cases of lymphocytic choriomeningitis virus infection
aoStrongyloides stercoralis (pinworm or threadworms and Enterobius vermiculari) in the underdeveloped countries where fecal contamination of 
soil and water is common; evaluation of  allogeneic transplant candidates  requires  serologic evaluation for exposure and if present, appropri-
ate treatment should be completed for intestinal subclinical parasitic infestation prior to the trasnplantation procedure
apIn patients with extensive T-cell immune defects, Strongyloides stercoralis may cause accelerated autoinfection. Hyperinfection pulmonary syn-
drome in such patients is almost always fatal. Screening serology tests for the presence of strongyloidiasis by enzyme-linked immunosorbent assay 
after allogeneic HSCT may be falsely negative; and stool ova and parasite examination, in the absence of accelerated autoinfection during the 
pretransplant, is also riddled with low sensitivity
aqAmerican trypanosomiasis caused by Trypanosoma cruzi needs to be assessed in patients planned to undergo allograft transplant procedure from 
endemic regions
arLeishmania is transmitted by the bite of certain species of sand flies and presents as cutaneous (common) and visceral (uncommon and severe) 
disease; pretransplant evaluation should include serologic testing for prior exposure to these parasites in appropriate patients with high risk 
for prior exposure
Abbreviations: GVHD graft-versus-host disease, HSV herpes simplex virus 1 and 2, CMV cytomegalovirus, VZV varicella zoster virus, HHV6 
human herpesvirus 6, EBV Epstein-Barr virus, CoNS coagulase-negative Staphylococcus, CDAD Clostridium difficile-associated diarrhea, GPB 
gram-positive bacteria, GNB gram-negative bacteria, HSCT hematopoietic stem cell transplantation, RSV respiratory syncytial virus, hMPV human 
metapneumovirus, hCoV human coronavirus hypervirulent subtypes NL63 and HKU1, PML progressive multifocal leukoencephalopathy, EBV-
PTLD Epstein-Barr virus-associated B-cell lymphoproliferative disorder, HR hazard ratio, IFD invasive fungal disease, IA invasive aspergillosis, 
IC invasive candidiasis, SOT solid organ transplant, URTI upper respiratory tract infection, LRTI lower respiratory tract infections, RTV respiratory 
tract virus, RTVIs respiratory tract viral infections, hCoV human coronavirus

Fig. 1.1 CT scan of lungs without intravenous contrast showing necro-
tizing left lung Pseudomonas infection in a patient following HSCT. The 
differential for this thick-walled irregular cavitary lesion is broad and 
includes other bacterial infection such as Klebsiella spp., 
Stenotrophomonas maltophilia, Staphylococcus aureus, Streptococcus 
pneumoniae, Escherichia coli, Nocardia spp.; Mycobacterium tubercu-
losis and nontuberculous mycobacterial infections.  Cavitary rapidly 
growing cancers may have similar presentation, whereas viral infec-
tions including cytomegalovirus and adenovirus seldom present with 
such features. Other than suppurative necrosis of the lung, ischemic 
necrosis, i.e. pulmonary infarction, should also be considered. Tissue 
invasive mold lung disease may also have comparable radiographic 
presentation

Fig. 1.2 CT scan of lungs without intravenous contrast showing tree- 
in- bud appearance due to pulmonary Mycobacterium avium complex 
disease mostly involving the right lung demonstrating multiple areas of 
centrilobular nodules with a linear branching pattern. Endobronchial 
tuberculosis may present with such a radiographic finding, wherein 
patients with acutely developed tree-in-bud infiltrates bacterial or viral 
(CMV) etiology may also be entertained. It is important to note that 
bronchiectasis is the prominent radiographic presentation of 
Mycobacterium avium complex infection in patients undergoing trans-
plantation. Rarely carcinomatous endarteritis due to breast or gastric 
cancer; bronchovascular interstitial infiltration due to lymphoma, leu-
kemia, and sarcoidosis may have similar presentation. Scedosporium 
lung disease and pulmonary fusariosis may occassionally have nodu-
lar peribrochovascular distribution
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at an additional risk for infections that are often seen in 
asplenic patients or those with functional hyposplenism. 
Patients with chronic GVHD are not only at an increased risk 
for systemic fungal disease like invasive aspergillosis or her-
pes virus reactivation herald by CMV viremia; additionally, 
encapsulated bacteria such as outlined in Table 1.1 may also 
be included in the risk profile during evaluation of such 
patients.

Patients receiving treatment for acute GVHD after alloge-
neic HSCT have heightened risk for invasive aspergillosis 
and infections due to other filamentous molds. Unlike the 
first risk period for invasive mold disease in allogeneic stem 
cell recipients, which coincides with the period of pre- 
engraftment severe neutropenia, patients with acute and 
chronic GVHD are seldom neutropenic.

Table 1.3 illustrates the salient features of infection risk 
and their association with the type of stem cell graft, pre-
transplant conditioning preparatory regimens, and drugs 
commonly used in the prevention of GVHD.  Cord blood 
stem cells are regarded as a major breakthrough for source 
that yields a steady supply of hematopoietic stem cells, 
especially among patients with difficult to find, immuno-
logically (HLA-matched) compatible hematopoietic stem 
cell graft [18]. Cord blood stem cells have a limited number 
of nucleated cells that are adequate for children. In adults 

Fig. 1.3 CT scan of lungs without intravenous contrast showing right lung 
Mycobacterium kansasii pneumonia with peribronchial thickening that 
could be mistaken for CMV pneumonitis and Mycobacterium tuberculosis, 
among other lung infections in a patients following allogeneic HSCT

Fig. 1.4 CT scan of lungs without intravenous contrast showing bilat-
eral nodular zygomycosis in a patient following allogeneic HSCT 
while receiving voriconazole prophylaxis. The right lung nodule with a 
central cavity cannot be radiographically excluded from other causes of 
nodular pneumonia such as invasive pulmonary aspergillosis, Fusarium 
spp., and other mold lung disease. Among bacteria, Nocardia spp. is a 
concern in allograft transplant recipients with such radiographic presen-
tation. Primary lung lymphoma may have similar presentation. Rarely, 
patients with relapse acute leukemia in the post HSCT period may pres-
ent with atypical pulmonary infiltrates

Fig. 1.5 CT scan of lungs without intravenous contrast showing cavi-
tary pneumonia with dense consolidation involving both lower lobes in 
a patient with GVHD, who developed infection due to dematiaceous 
mold following allogeneic HSCT. In the differential diagnosis, necro-
tizing bacterial, clear (hyaline) and black (melanin pigmented) mold 
infections should also be considered along with multifocal pulmonary 
nocardiosis
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due to larger body surface area, transplantation with less 
than optimum number of stem cells complicate posttrans-
plant period with issues such as inadequate and delayed 
neutrophil engraftment and peripheral blood cell  count 
recovery, precarious graft stability, and, similar to recipi-
ents of T-cell- depleted grafts, a higher risk for infections 
associated with severe and prolonged neutropenia or those 
observed during GVHD (Tables 1.1 and 1.2). Various strat-
egies are being explored to assuage this limitation includ-
ing transplantation with cord blood grafts from more than 
one donor and ex  vivo expansion of a single donor cord 
blood graft to increase the yield of nucleated cells [21]. In 
a review of 100 cord blood transplants at a comprehensive 
cancer center in Houston, Texas, the infection incidence 
rate ratio, which was total infection episodes per days at 
risk (survival after CBT) × 100, was 2.4 times higher in 
adult patients compared with children [22]. It was impor-
tant to note that risk of infection was even greater (three 
times higher) in adults with neutropenia and was 1.9 times 
higher in patients with GVHD when compared with chil-
dren undergoing CBT procedure [22].

It is considered essential to create a comprehensive infec-
tion assessment strategy that takes into account and recog-
nizes the local issues at a particular transplant unit and its 
unique patient population. Such an approach requires cogni-
zance of existing influences that may promote risk for infec-
tion including local and regional infection trends, patterns in 
pathogen prevalence  and drug susceptibility  profiles. 
Continued vigilance regarding emergent pathogens and ever- 
changing infection risk profile with advances in transplant 
procedures and drug-induced immune suppression are of 

paramount importance in providing care for the highly vul-
nerable transplant population. 

A variety of noninfectious conditions may clinically and 
radiographically emulate an infectious process. Among these 
noninfectious maladies, those involving the skin and the 
lungs are the great imitators; when present, they are difficult 
to clinically distinguish from infections such as cellulitis or 
pneumonia. Two chapters in this volume are dedicated to 
provide an in-depth discussion on these topics.

An approach for establishing correct diagnosis for 
opportunistic infections is based on the maxim “when 
uncertain, obtain a tissue sample.” A diligent adjudication 
is the central tenet in establishing accurate diagnosis for 
the immunologically vulnerable patients, in whom pro-
clivity for atypical disease presentation further compli-
cates ascertaining correct and timely diagnosis. Inaccurate 
diagnosis under the old dispensation of serologic and 
culture-based system may lead to inappropriate and inef-
fective treatment, worsening patients’ morbidity, risk for 
further complications, and death. Therefore, focused yet 
comprehensive  differential diagnoses, which encom-
passes etiology of infections and noninfectious causes 
that may mimic an infectious process  including but not 
limited to drug toxicity; de novo malignancies or post 
transplant cancer recurrence; typical or atypical presenta-
tion of lymphoproliferative disorders; immune-inflamma-
tory diseases like GVHD; and tissue infiltrative processes 
such as solid allograft rejection among others may greatly 
improve the guidance for an optimized management 
approach in patients undergoing lifesaving, stem cell and 
solid organ allograft transplantation.

Fig. 1.6 CT scan of lungs without intravenous contrast showing cryp-
togenic organising pneumonia in a patient following allogeneic HSCT 

that may be mistaken for fibrosing subacute infection due to endemic 
mycosis among other causes of subacute lung infection

1 Infections in Transplantation: Introduction and Overview
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Table 1.3  Relationship between infection risk and HSCT variables

Stem cell source, 
preparatory 
conditioning regimens, 
and GVHD prophylaxis Immune defects Infections
Allogeneic vs. 
autologous graft

Allograft recipient exhibits gradual recovery of cellular and 
adaptive immune function

Pre-engraftment neutropenia, if longer 
than 7–14 days, increases the risk for invasive 
candidiasis and IMD

Innate immune function aided by cellular and acellular 
antimicrobial defense is to recover early after transplantation, 
especially in patients undergoing conventional autologous and 
nonmyeloablative HSCT. It is heralded by granulocyte 
engraftment and posttransplant resolution of neutropenia

IFD heightened risk coincides with the peak 
incidence of acute and chronic GVHD

Complements and antimicrobial peptides reconstitute early after 
transplantation

Severe respiratory viral infections are also 
problematic in patients given systemic 
corticosteroids and immunosuppressive therapy 
for GVHD

Patients with persistent severe thrombocytopenia that may follow 
in high-risk allogeneic stem cell recipients may continue to exhibit 
reduced host defense due to suboptimum thrombin-releasable 
antimicrobial peptides from platelets including platelet factor 4, 
RANTES, connective tissue- activating peptide 3, platelet basic 
protein, thymosin β-4, fibrinopeptide B, and fibrinopeptide A. The 
impact of depleted platelet-assisted immune defense and 
potentially higher susceptibility for infection in HSCT recipients 
with severe thrombocytopenia is not certain

CMV, less commonly HHV6, and disseminated 
adenovirus are encountered in patients with 
profound defects in anti-CMV and other antiviral 
pathogen- specific, effector cellular immune 
response

Myeloid and plasmacytoid dendritic cells are recovered within 
60 days after allogeneic HSCT to pretransplant levels, unless 
patients develop acute GVHD, in which case this recovery is 
significantly delayed. However, it may take a year or longer to 
achieve normal functional DC cell population after undergoing 
allogeneic stem cell transplantation. Plasmacytoid DCs are 
important for regulation and maintenance of immune tolerance 
and defense against viruses. The myeloid DCs serve as APCs that 
are pivotal in eliciting pathogen-directed cellular adaptive immune 
response
Recovery of NK cells in most patients undergoing allogeneic 
HSCT occurs usually 45 days after transplantation. These innate 
immune effector cells can directly lyse virus-infected cells and 
provide antineoplastic immune surveillance. NK cells are an 
important, readily available, albeit transient source of IFNγ and 
GM-CSF. The chemokines such as MIP-1α, MIP-1β, IL-8, and 
RANTES play a critical role in adaptive immune modulation. It 
was notable that lack of qualitative NK cell recovery in patients 
with T-cell-depleted transplant may render them less effective for 
prolonged periods

A. Safdar
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Table 1.3 (continued)

Stem cell source, 
preparatory 
conditioning regimens, 
and GVHD prophylaxis Immune defects Infections
Unrelated donor or 
mismatched stem cell 
graft

Unrelated donor grafts are more frequently associated with severe 
GVHD and/or graft rejection compared with sibling donor stem 
cell allograft transplants

Mismatched and unrelated donor stem cell 
allograft transplants carry a significant risk for 
serious life-threatening infections seen in the late 
(6–18 months) post-transplant period. CMV 
infection and acute GVHD contribute 
significantly toward this risk. The late fatal 
infections include pneumonia, sepsis, central 
nervous system infection, and disseminated 
varicella

Slow reconstitution of adaptive cellular helper and cytotoxic 
immunity, which is further delayed in patients requiring treatment 
for acute GVHD

IA 6 months after transplantation was associated 
with chronic GVHD and CMV disease

Humoral immune response may not fully recover in patients with 
chronic GVHD

Fusarium spp. IFD is threefold higher in patients 
undergoing HLA-mismatched vs. HLA-matched 
HSCT; most cases occur 48 median days after 
transplantation. The trimodal distribution similar 
to IA coincides with pre-engraftment 
neutropenia; 60 days and over 1 year after 
transplant, corresponding with the incidence of 
acute and chronic GVHD, respectively

Bone marrow as the source of stem cells and treatment with 
high-dose corticosteroids delay recovery of functional T-cell-
based immunity for 3 months or longer after transplantation

Persistent neutropenia similar to that seen in 
cases with disseminated Scedosporium spp. 
infection and other invasive mold disease after 
allogeneic HSCT was the prominent 
prognosticator for death in patients with 
fusariosis
It has also been recognized that subclinical CMV 
reactivation in patients while on ganciclovir 
prophylaxis or preemptive therapy appears to be 
a potent stimulator of T-cell function after 
transplantation
Other serious infections include EBV-PTLD, 
disseminated HHV-6, and disseminated 
adenovirus infections

Peripheral blood stem 
cell graft vs. bone 
marrow stem cells

Faster neutrophil engraftment The rate of severe and proven infections 
following stem cell engraftment was ≥twofold 
higher in patients in whom bone marrow SCT 
was given compared with those undergoing 
transplantation with PBSC allografts

Blood stem cell grafts have higher lymphocyte subset counts, 
which, in most part, account for fewer infectious complications 
during the posttransplant period

HLA-matched, related-donor peripheral blood 
stem cells appear to lend protection against IA 
during early transplant period compared with 
those undergoing similar bone marrow stem cell 
allograft transplants

Late transplant immune suppression due to chronic GVHD may 
occur

The greatest benefit of PBSC vs. BMSC has 
been noted in the risk profile for IFD, whereas 
for bacterial infections such benefit is 
intermediate, and it is least for viral infections

(continued)
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Table 1.3 (continued)

Stem cell source, 
preparatory 
conditioning regimens, 
and GVHD prophylaxis Immune defects Infections
Cord blood stem cell 
graft

Slower neutrophil engraftment resulting in prolonged neutropenia 
in adult CBT recipients continues to be a serious limitation for 
this stem cell donor source

Cord blood stem cell transplantation increases 
the risk of early (<40 days) IAs

Adult patients require a higher number of total nucleated cells and 
CD34+ progenitors than are often present in a cord blood unit, 
yielding to instability of the allograft even after successful 
engraftment. To mitigate these limitations, especially in adults, 
strategies to expand selected subpopulations of stem cell within 
the cord blood unit and transplantation of multiunit CB are 
currently being explored

CBT recipients had a higher incidence of severe 
bacterial infections within 100 days after 
transplantation; however, 3 years after CBT, risks 
of severe bacterial and other infections are 
comparable to patients undergoing BMT or 
peripheral blood allogeneic HSCT

Slower restitution of T-cell pathogen-specific, cellular immune 
response as cord blood T-cells are predominantly naïve and 
exhibit suboptimum T-cell proliferation and IFN-gamma 
production in response to an insult or exposure to a foreign 
antigen. This inherent cellular dysfunction in CBS grafts appears 
to reflect defect(s) in signal transduction pathway(s)

CMV infection and/or presence of acute GVHD 
significantly increases the risk for IA

Furthermore, T-cell dysfunction may also arise from prominence 
of Treg population in CBS with potent suppressor function 
compared with moderate Treg population in adult donor-derived 
stem cell grafts

Most (>90%) IFD similar to bacterial infections 
are seen within 100 days after transplantation

Hypogammaglobulinemia and other B-cell dysfunction may occur 
in patients with chronic GVHD

Nearly half of the early fungal infections may be 
noted within the first 30 days after CBT

Risk of graft rejection and severe acute GVHD have been 
comparable to that observed following PBSC or BMSC 
transplants; this is despite high degree of HLA antigen donor-
recipient disparity in most adult patients undergoing CBT

CMV and varicella zoster virus infections after 
100 days following CBT are mostly seen in 
patients with chronic GVHD

Graft-versus-leukemia/lymphoma effect in CBT recipients has 
also been comparable to conventional stem cell graft transplants

Patients who recover peripheral blood 
lymphocyte count following successful CBT 
engraftment are at a significantly low risk for 
serious systemic infections

T-cell-depleted stem 
cell graft

Higher risk for graft rejection may be an issue These patients have a higher risk of infections 
during the prolonged pre-engraftment neutropenia

Slower reconstitution of cellular and humoral immunity The risk factors for IA noted in allogeneic HSCT 
recipients include T-cell-depleted or DC34-
selected stem cell grafts, treatment with systemic 
corticosteroids, GVHD, presence of severe 
lymphocytopenia, and neutropenia

CD8 cells recover rapidly, whereas helper T-cells and B 
lymphocyte recovery remain significantly stunted for 1 year or 
longer after T lymphocyte- depleted stem cell graft transplantation

CMV infection and end-organ disease; LRTI due 
to RTVs are now recognized as important 
predictors for IA and other IFD during post-
engraftment periodNatural killer cells also make early and sustained recovery after 

transplantation
Despite T-cell-depleted PBSC grafts having higher numbers of 
mononuclear cells and granulocyte-macrophage units compared 
with BM grafts, recovery in B lymphocyte and T-cell 
subpopulations has not been dissimilar, in either group
These patients also exhibit a subnormal level of primed T-cell 
repertoire. Prominent lymphocyte population in such stem cell 
grafts is composed of naïve/unprimed T-cells. Primed T 
lymphocytes including activated helper T-cells that are an 
important and sustained source of IFN-gamma, a critical cytokine 
in targeted intracellular neutralization of various pathogens
Hypogammaglobulinemia has not been an issue in patients 
undergoing T-cell-depleted vs. conventional stem cell 
transplantation
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Table 1.3 (continued)

Stem cell source, 
preparatory 
conditioning regimens, 
and GVHD prophylaxis Immune defects Infections
Nonmyeloablative stem 
cell transplantation

Faster neutrophil engraftment following reduced intensive 
preparatory regimen

Patients with chronic lymphocytic leukemia (138 
episodes/100 person-years) and recipients of 
matched unrelated donor graft (128 episodes/100 
person-years) had higher risk of infection after 
NMT

Blood stem cell recipients have higher lymphocyte subset counts 
and account for fewer infectious complications during 
posttransplant period

Nearly half of the CMV viremia is noted 
between 31 and 100 days after transplantation. 
CMV infection as expected is mostly 
encountered after the resolution of neutropenia

Substantially reduced incidence of GVHD, especially severe grade 
III–IV acute GVHD

Close to 80% of IFI are late transplant infections 
that are diagnosed 100 days after NMT and 
associated with unacceptably high mortality 
(~80%). Presence of GVHD and treatment with 
systemic corticosteroids significantly increases 
the risk for IFD in such patients

Late transplant immune suppression due to chronic GVHD may 
occur

B-cell dysfunction, when present, is often represented as 
deficiencies of immunoglobulin subclasses rather than severe 
hypogammaglobulinemia

The risk of IA after NMT appears to increase 
with time, while well-under 10% within 1 year 
after HSCT, the overall risk increases to around 
10% at 2 years and close to 15% 3 years after 
transplantation. Patients with GVHD involving 
the intestinal tract show a significant risk for IA 
after NMT

As in all transplant recipients including those undergoing 
autologous SCT, B-cell hyporesponsiveness is clinically 
demonstrated as reduced immunogenicity for convention vaccines. 
Response to protein conjugate vaccines tends to be superior 
compared with response elicited by pure polysaccharide and other 
complex sugar immunogens. Superior conjugate vaccine 
construct requires restitution of cellular immune response and a 
functional antigen presentation process

GVHD treatment with daclizumab further 
enhances the risk for IA. Daclizumab is a 
humanized monoclonal antibody that binds to 
CD25, the alpha subunit of the IL-2 T-cell 
receptor resulting in severe iatrogenic drug-
induced cellular immune suppression

Adults with rapid engraftment of NMT become full donor T-cell 
chimeras within 6 months after transplantation. In contrast to 
children, quantitative B-cell recovery in adults is usually delayed 
until 1 year after HSCT. It was interesting that immune 
reconstitution occurs faster in children undergoing NMT who 
exhibit extended duration of mixed hematopoietic chimerism, 
whereas in adults, reconstitution is more gradual despite rapid 
donor stem cell engraftment and T-cell chimerism

(continued)
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Table 1.3 (continued)

Stem cell source, 
preparatory 
conditioning regimens, 
and GVHD prophylaxis Immune defects Infections
Total body irradiation 
and chemotherapy-
induced mucositis

Radiation exposure and highly active antineoplastic drugs kill 
rapidly proliferating cancer cells. The rapidly dividing normal 
orointestinal epithelial cells also sustain unintended damage that 
may clinically present in patients with severe and potentially 
life-threatening mucositis

Patients with severe mucositis, especially those 
with mucosal ulcerations, have threefold higher 
risk for α-hemolytic streptococcal bacteremia 
compared with those without ulcerative mucositis 
following HSCT. In such patients, presence of oral 
ulcerations significantly increases the length of 
hospitalization by nearly 1 week

Various strategies including recombinant human keratinocyte 
growth factor among others are being explored to mitigate this 
serious debilitating complication commonly seen in the early 
posttransplant period

Similarly, presence of orointestinal mucositis has 
been associated with the risk for neutropenic 
enterocolitis or typhlitis and CDAD

Initial phase of chemotherapy-induced stomatotoxicity is 
infiltration of tissue with inflammatory cells and vascular 
congestion, followed by epithelial cell damage resulting in 
ulceration; risk for bacterial and less often yeast invasion resulting 
in systemic infection. Patients who survive this phase are expected 
to make full recovery

The risk of fungemia due to Candida spp. may 
also be increased in such patients

Divergent cytokine response plays an important role in the risk, 
severity, and duration of mucositis as does hosts’ genetic 
predisposition

Patients with intestinal VRE colonization and 
mucosal disruption heighten the risk for systemic 
invasion and risk of VRE bloodstream infection
Later TBI complication between 12 and 
136 months after treatment is mostly 
noninfectious and includes restrictive lung 
disease (~8%) and altered pulmonary diffusing 
capacity (~12%); pulmonary complications had 
been statistically higher in patients with GVHD 
and those who underwent high-dose (15 MV vs. 
9 MV) energy beam radiation therapy. Ocular 
complications are noted in nearly 30% of 
patients on long-term follow-up and include 
cataract and dry eye syndrome (~15% each), 
whereas keratitis is seldom seen

Antithymocyte globulin ATG is polyclonal human antilymphocyte globulins that result in 
multifaceted immunomodulation and are shown to reduce the 
incidence of solid organ graft rejection and GVHD following 
allogeneic HSCT

The incidence of EBV-related complications was 
twice as high (~7%) in patients undergoing 
non-HLA-matched vs. HLA-matched allograft 
stem cell transplants. This risk was significantly 
higher (>20%) in patients given antithymocyte 
globulin versus those in whom this treatment was 
not given (<2%). In HSCT recipient with persistent 
EBV reactivation, just above 80% developed 
EBV-related PTLD suggested targeted surveillance

ATG in vivo depletes proinflammatory cytotoxic T-cells in the 
peripheral blood via complement-dependent cell lysis, and 
peripheral lymphoid tissue T-cell depletion occurs via cell 
activation and apoptosis

Febrile illness, CMV infection, and hematologic 
abnormalities are known complications in 
patients treated with ATG

ATG downregulates expression of the α-chain of the IL-2 receptor 
(CD25), which is expressed on activated T lymphocytes thereby 
interrupting an important signal for cell proliferation
Modulation of key cell surface molecules such as integrins and 
intercellular adhesion molecules that facilitate and regulate 
lymphocyte interactions with the endothelium. Chemotaxis is 
effected by interference with CXCR4 and stromal cell-derived 
factor-1α-driven lymphocyte migration
ATG induces apoptosis in B-cell lineages
It promotes and expands functionally immunosuppressive 
regulatory T-cells

Abbreviations: GVHD graft-versus-host disease, CMV cytomegalovirus, DC dendritic cells, NK natural killer, PML JC virus-associated progressive 
multifocal leukoencephalopathy, PTLD Epstein-Barr virus-associated B-cell lymphoproliferative disorders, IFD invasive fungal disease, CDAD 
Clostridium difficile-associated diarrhea, CBT cord blood stem cell transplantation, IA invasive aspergillosis, IC invasive candidiasis, Treg regula-
tory T-cells, HSCT hematopoietic stem cell transplantation, IMD invasive mold disease, HHV6 human herpes virus 6, RANTES regulated on activa-
tion, normal T-cell expressed and secreted, APC antigen-presenting cells, IFNγ interferon gamma, NTM nonmyeloablative transplant, NST, 
GM-CSF granulocyte-macrophage colony-stimulating factor, CBS cord blood stem cells, BMSC bone marrow stem cells, PBSC peripheral blood 
stem cells, LRTI lower respiratory tract infection, SCT stem cell transplant, HLA human leukocyte antigen
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Infections in Heart, Lung, and  
Heart- Lung Transplantation

Andrés F. Henao-Martínez and José G. Montoya

 Historical Perspective

We have conceived the human heart as the main source of 
our deep emotions and feelings. A place where our very 
conscious resides as portrayed by Edgar Allan Poe in his 
famous The Tell-Tale Heart short story: “I felt that I must 
scream or die! And now—again!—hark! Louder! Louder! 
Louder! Louder!” Dr. John Gibbon Jr. used for the first 
time in 1953 a heart-lung respirator to keep a patient alive 
while performing heart surgery. Dr. Norman Shumway at 
Stanford developed and perfected the first surgical tech-
nique leading to heart transplantation surgery. After Dr. 
Christian Barnard’s first orthotopic heart transplant in 
December 1967, and Dr. Shumway first heart transplant in 
the United States in January 1968, heart transplantation 
became a standard therapeutic option for life-threatening 
congestive failure and started to be performed in the hun-
dreds over  the next following years at different centers. 
Heart  transplant surgery faced complications due in part 
to rejection and infection. However, the development of 
more selective immunosuppressive therapy and improve-
ments in prevention, detection, and treatment of infec-
tions allowed for heart transplant surgery to increase 
rapidly worldwide.

Four thousand and ninety six heart (3529 adults) trans-
plants were reported to the International Society of Heart and 

Lung Transplant Registry (ISHL) in 2011 [1]. The landscape 
of infection affecting heart transplant patients has been 
shaped by different factors: (A) implementation of more 
selective calcineurin-based immunosuppressive protocols, 
(B) lessened immunosuppressive induction regimens, (C) 
the institution of antimicrobial prophylaxis resulting in a sig-
nificant decrease or delay in the emergence of major infec-
tions episodes including P. jirovecii (PCP), Nocardia spp., 
Listeria spp., Toxoplasma gondii, cytomegalovirus, toxo-
plasmosis, cytomegalovirus (CMV), herpes simplex virus 
(CMV), varicella zoster virus (VZV), and invasive fungal 
infections, (D) introduction of novel diagnostic technology 
facilitating earlier recognition and treatment of infections, 
(E) expansion in the criteria to select donors and recipients to 
include various scenarios dealing with HBV, HCV, and HIV 
infections [2], and (F) shift toward predominantly Gram- 
positive bacterial infections and multiresistant bacteria in 
recent years [3–5].

A Stanford team lead by Dr. Bruce Reitz performed 
a Lung transplantation as a combined heart-lung transplant 
procedure in 1981 [6]. Shortly after, thoracic surgeons opti-
mized  the single- and double-lung transplant procedures. 
Improvement of surgical techniques, especially bronchial 
anastomosis and evolution of flush perfusion lung preserva-
tion, decreased the perioperative bronchial complications 
substantially. Similarly to heart transplantation, improve-
ments in immunosuppressive regimens, antimicrobial pro-
phylaxis, and graft preservation led to enhancement in 
survival among lung transplant recipients. In contrast to car-
diac, lung transplantation has faced the challenge of infec-
tions unique to the transplant of this organ. Mold infections 
of the anastomotic site, host versus graft disease, and seri-
ous infections with Mycobacterium abscessus, Chlamydia 
spp., bronchiolitis, and Burkholderia cepacia complex are 
among infectious complications rarely observed in other 
transplant patients [7].

Transplantation of thoracic organs has improved the 
quality of life and prevented the death of thousands of 
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 individuals worldwide. Graft survival and life expectancy 
have been markedly improved in these patients due to the 
introduction of more optimal immunosuppression, antimi-
crobial prophylaxis, and diagnostic technology allowing 
the earlier  diagnosis and treatment of infection and rejec-
tion. Finally, further control of infection is likely to result 
from implementation of new approaches to assess the net 
state of immunosuppression in these patients.

 Epidemiology

Infection was recognized as a major threat to thoracic 
transplantation from the early inception days [8]. There 
are several factors predisposing thoracic transplant recipi-
ents to infections: (A) factors present before transplanta-
tion: age, presence of comorbidities (e.g., chronic kidney 
disease, diabetes mellitus, cancer, etc.), nutrition status, 
latent infections, colonization with healthcare-associated 
organisms, and occult community-acquired infections; 
(B) factors during the surgery: duration of the transplant 
procedure, graft injury including ischemic time, coloniza-
tion or latent infection of the graft, surgical instrumenta-
tion (e.g., mechanical ventilation, invasive devices such as 
catheters, drains, Foley catheters, etc.), ICU stay, and 
need for re-interventions; and (C) factors present after 
transplant: degree of immunosuppression, CMV infec-
tion, and rejections (Table 2.1).

 Heart Transplant Infections

A total of 4096 heart transplants were performed in 2011. 
Heart transplant recipients have an average age of 54 years 
and are predominantly man (76%). They have a significant 
history of smoking (46%) and hypertension (45%) and 
have cardiomyopathy (54%) followed by coronary artery 
disease (37%) as the leading causes of transplant [1]. The 
historical (pediatric and adult transplants between 1982 
and 2011) 1-year, 5-year, and 10-year survival rates are 
81%, 69%, and 50%, respectively. Overall median survival 
is 11 years, but it increases up to 13 years for those surviv-
ing the first year after transplantation. Although not associ-
ated with increased posttransplant mortality, infections 
before transplant can affect up to 25% of heart transplant 
candidates. Being bronchitis and soft tissue infections, the 
more commonly present [9]. Despite no major changes in 
the distribution of causes of death since 1994, infections 
remained a predominant factor of mortality during the first 
3  years after transplant. It contributes with up to almost 
20% of causes of death [3]. The global incidence of infec-
tions in heart transplant ranges between 30% and 60% and 
the associated mortality between 4% and 15% [10]. The 
incidence of infection measured as major infectious epi-
sodes per patient has steadily declined from 2.83  in the 
early 1970s to 0.81 in the early 2000s [3, 8, 11]. The most 
frequent type of infection is bacterial (44%), followed by 
viral (42%), fungal including Pneumocystis jirovecii (14%), 
and protozoa (0.6%). Unfavorable functional outcomes are 
observed in patients who developed infections in the first 
year of transplant, mainly associated with bloodstream, 
CMV, and lung infections [12]. Pulmonary and central ner-
vous system (CNS) infections are independent predictors 
of mortality among heart transplant recipients. Reactivation 
of latent parasitic infections residing in extra- cardiac tis-
sues in the host or transmitted in the transplanted heart is an 
important consideration. The classic example is the reacti-
vation of Trypanosoma cruzi. Chagas disease is a vector-
borne illness transmitted by triatomine bugs, and it is 
endemic in Latin America. The ethnicity or origin of either 
the donor or the recipient from these regions should raise 
the concern for possible reactivation. Chagas reactivation 
was documented in 38.8% of cases in a cohort of Brazilian 
heart transplant recipients, where Chagas cardiomyopathy 
was the second most common indication for transplant 
(34.9%) [13]. Chagas can also reactivate from the trans-
planted heart procured from a seropositive donor and trans-
planted into a seronegative recipient. Although with a 
substantial decreased on its prevalence in the most recent 
eras, toxoplasmosis is another important consideration in 
this setting. Similarly to Chagas, Toxoplasma gondii—also 

Table 2.1 Clinical features modifying infection risk in transplantation

Before transplantation
Age
Comorbidities: diabetes mellitus, chronic kidney disease, cancer, etc.
Nutrition status
Latent infections or occult community-acquired infections
Colonization with healthcare-associated organisms
During transplantation
Duration of the transplant procedure
Graft injury
  Ischemic time
  Anastomosis site in lung transplant
  Denervation of allograft (e.g., diminished cough reflex)
  Lymphatic drainage disruption
Colonization or latent infection of the graft
Surgical instrumentation (e.g., mechanical ventilation)
ICU stay
Need for re-interventions
After transplantation
Immunosuppression
CMV infection
Rejections
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with a predilection to invade the myocardium—can be 
transmitted by reactivation of quiescent cysts in the recipi-
ent or the transplanted heart [14].

 Lung and Heart-Lung Transplant Infections

By 2011, 3640 adults received lung transplantation, the high-
est reported number of procedures up to that date, driven 
mainly by the increase of double-lung transplants. Double- 
lung transplant is indicated for septic lung diseases (e.g., cys-
tic fibrosis). Around 66% of recipients were aged 45–65 
years old. The most frequent indications for transplant were 
COPD (34%), followed by interstitial lung disease (ILD) 
(24%), bronchiectasis associated with cystic fibrosis (CF) 
(17%), and α1AT deficiency-related COPD (6%) [15]. The 
overall (from 1994 to 2011) 1-year, 5-year, and 10-year sur-
vival rates among lung recipients are 79%, 53%, and 31%, 
respectively. Overall median survival is 5.6  years. Lung 
transplants from CMV seronegative donors have better sur-
vival rates than from CMV seropositive donor. Thirty-day 
mortality was led by graft failure (24.7%) and non-CMV 
infections (19.6%). During the remainder of the year, non- 
CMV infections were the leading cause of death (35.6%). 
Infection is still prominent as the cause of death following 
the first year of transplant after bronchiolitis obliterans syn-
drome (BOS)/chronic lung rejection or graft failure [15]. 
Other infections complications historically present among 
the ten primary causes of death within the first year include 
sepsis, pneumonia, and fungal infections [16]. High lung 
allocation score (LAS) at the time of transplantation is asso-
ciated with a lower 1-year survival and higher rates of infec-
tions among lung transplant recipients [17].

Sixty-three adult Heart-Lung transplantations were 
reported to the ISHL registry in 2011. Sixty-six percent of 
recipients were in the group range from 18 to 49 years old. 
Sixty-three percent of the indications were for congenital heart 
disease and idiopathic pulmonary arterial hypertension. Heart-
lung transplant for CF was higher in Europe and other centers 
compared to North American. When compared to lung only 
transplants, short-term survival was worse, but long-term sur-
vival was better for the heart-lung transplant recipients. Their 
1-year, 5-year, and 10-year survival rates were 63%, 44%, and 
31%, respectively. The median survival was 3.3  years and 
10 years for those surviving the first year. Similarly, they have 
graft failure (27%), technical complications (21.9%), and non-
CMV infections (17.8%) as leading causes of death during the 
first 30  days posttransplant. Non- CMV infections (35.1%) 
were the top cause of death after 1 month and within 1 year of 
transplant. After the first year, BOS/late graft failure and non-
CMV infections were the predominant causes of death [15]. 

Among other risk factors for mortality in lung transplantation 
are cystic fibrosis, nosocomial infections, and mechanical ven-
tilation before transplant [18].

Infections in lung transplant recipients are predominantly 
bacterial (48%), viral (35%), fungal (13%), and mycobacterial 
(4%) [19]. In 60%, the infection site is pulmonary. Risk fac-
tors for infection vary by the type of organism. Mechanical 
ventilation (MV) for >5  days immediately following trans-
plant surgery and isolation of Staphylococcus aureus (SA) 
from airway cultures in the recipient were considered risk fac-
tors for invasive  SA infections in a retrospective study of 
patients with lung and heart-lung transplants [20]. Likewise, 
risk factors for the development of healthcare-associated 
infections with Gram-negative organisms, Aspergillus, 
Legionella, and MRSA (methicillin-resistant Staphylococcus 
aureus), include prolonging MV, renal failure, use of ATG 
(antithymocyte globulin), and recurrent rejections episodes 
[21]. Additionally, α-1-antitrypsin deficiency and repeat trans-
plantation are also risk factors for nosocomial infections. 
Mycobacterium tuberculosis transmission from lung donors 
with latent infection has been documented in highly endemic 
areas [22]. Colonization with MDR organisms (Pseudomonas 
aeruginosa, Burkholderia, Acinetobacter, nontuberculous 
mycobacteria (NTM), and Scedosporium) before transplant—
especially important in CF patients—can predict the develop-
ment of challenging infections to treat after transplant [23].

 Pretransplant Evaluation of Recipients 
and Donors

 Pretransplant Screening of Recipients

Patients should undergo a comprehensive evaluation of 
potential infectious complications associated with transplan-
tation. A detailed medical history including previous vacci-
nations, history of past infections, exposures (geographical, 
occupational, animal, etc.), travel, and foreign-born status 
among others should be obtained.

Clinicians shuold perform  routine serologies for the 
detection of pathogen-specific IgG for CMV, HSV, EBV 
(VCA), VZV, hepatitis B (HBsAg, HBsAb, HBcAb), HIV, 
hepatitis C, and syphilis. Toxoplasma IgG should also be 
performed in heart and heart-lung transplant candidates. 
Additionally, we recommend to obtain  UA, urine culture, 
CXR, and tuberculin skin test (TST), or a Quantiferon assay. 
In lung and heart-lung transplant candidates, sputum should 
be cultured for bacterial, fungal, and AFB studies.

Some centers advocate the screening of patients for col-
onization with MDR (multidrug resistant) bacteria such as 
MRSA and VRE (vancomycin resistant Enterococci), 
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which it may have an impact on the type of antibacterial 
prophylaxis used preoperatively or the empirical antibiotics 
should sepsis develop in the immediate postoperative 
period. In potential lung recipients, previous respiratory 
colonization with MDR Pseudomonas, especially in CF 
patients, should not exclude them from transplant [24]. On 
the other hand, if colonization with B. cenocepacia (genom-
ovar III) in CF is present transplant is relatively contraindi-
cated [25, 26].

Checking for endemic fungi such as Coccidioides immitis 
or for the parasites Trypanosoma cruzi, Strongyloides 
 stercoralis, and Leishmania spp. is indicated in the presence 
of the appropriate risk factors [27–31].

Histoplasma capsulatum has reactivated during immuno-
suppressive therapy [32]. Infections after solid organ trans-
plantation (SOT) are rare and attributable to transmission 
from the donor [33]. Furthermore, latent histoplasmosis can 
be present with negative serologies and treatment after trans-
plant carries a good outcome. Therefore the role of screening 
for histoplasmosis is of questionable significance [34].

 Pretransplant Screening of Donors

The type of evaluation may change if the donor is alive or 
deceased depending on the available time to collect the sam-
ples. Similarly to recipients, donors should undertake a 
comprehensive assessment including a complete history, 
assessment of risk factors, exposures, immunizations, and 
previous or current infections. Donors should be screened 
for HIV, hepatitis B/C, syphilis, and tuberculosis. 
Furthermore, we recommend to obtain serologies for CMV, 
EBV, HSV, VZV, and Toxoplasma gondii, and for HTLV-1/
HTLV-2  in endemic areas. In high-risk donors, the use of 
nucleic acid amplification tests (NAAT) for HBV, HCV, and 
HIV should be considered. Additionally, blood cultures to 
document an occult bacteremia are recommended. In lung 
transplant donors, we recommend obtaining respiratory cul-
tures through bronchoscopy to detect colonizing organisms 
and target them to prevent invasive infections in the donor. 
Culturing the media of the allograft during acquisition or 
processing have been advocated to reduce the risk of 
mycotic aneurysms among kidney transplant  recipients, 
which may apply to other SOT [35]. Screening of donors for 
endemic mycosis is not well established. On the other hand, 
heart transplant donors should be screened for Chagas if the 
donor was born in Latin America [29]. Finally, it is impor-
tant to highlight the increase recognition of emerging, 
unusual viral infections such as West Nile virus, lympho-
cytic choriomeningitis virus, rabies, and different human 
coronaviruses [34, 36]. Testing for those organisms should 
be done based on individual assessments. Table 2.2 describes 
and summarizes the diagnostic workup recommend among 
donors and recipients.

 Prevention of Infections

 Immunizations

Immunization should be optimized before transplantation 
since the recipient will have better chances to mount an ade-
quate immune response [37]. The advisory committee on 
immunization practices (ACIP) [38] and the guidelines for 
immunizations in solid organ transplantation [39] recommend 
inactivated influenza vaccine annually. Tetanus, diphtheria, 
and acellular pertussis (Tdap) should be administered to all 
adults who have not previously received Tdap or have an 
unknown status. Varicella vaccination with two doses in 
patients without evidence of immunity or a single dose of zos-
ter vaccination, inactivated polio vaccine, hepatitis A/B, HPV 
(three series through 26 years of age), and meningococcal and 
pneumococcal vaccines should be administered [38]. It is 
remarkably important to vaccinate all household members as 
well. BCG and rabies vaccines can be considered under some 
extenuating or exposure-related indications. See Table 2.3.

 Avoidance of Exposures

Education of the patient and the family members is a corner-
stone to establishing effective preventive measures. Emphasis 
should be enforced about hand hygiene and food handling. 

Table 2.2 Infectious screening during transplantation

Diagnostic workup among donors and recipients
Routine tests obtained among donors and recipients:
  Viral test: HIV Elisa, hepatitis C antibody, HBV (HBsAg, HBcAb 

total, HBsAb), IgG antibody for CMV, HSV, EBV VCA, VZV
  Bacterial: Treponemal antibody (e.g., EIAs, FTA-ABS), QFN 

assay or PPD
  Parasite: Toxoplasmosis IgG (routinely indicated for heart 

transplant patients)
Other screening to consider among donors or recipients in the 
presence of specific risk factors:
  Viral: NAAT for HIV, HCV, HBV in high-risk donors. HTLV-1/

HTLV-2 in donors from endemic areas
  Bacterial:
   Recipients: UA, urine culture, CXR, and sputum culture. 

Optional: To consider screen for colonization with MDR 
organisms (MRSA or VRE)

   Donors: Blood cultures, allograft media culture, and 
bronchoscopy with culture from respiratory specimens in lung 
donors

  Parasite: Ortho EIA and Abbott Prism Chagas test to screen for 
Trypanosoma cruzi in donors or recipients from Latin America. 
Strongyloides stercoralis and Leishmania spp. serologies should 
be obtained in recipients in the presence of appropriate geographic 
risk factors

  Fungal: EIA for coccidioidal antibodies or complement fixing 
antibodies for cocci

Abbreviations: NAAT Nucleic acid amplification test, CXR chest X-ray, 
MDR multidrug resistant, EIA enzyme-linked immunosorbent assay
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Additionally, potential sources of bacteria, fungi (e.g., 
Aspergillus), and toxoplasmosis such as plants and flowers, 
cleaning pet’s litter or cages, eating uncooked meat, acquiring 
new pets, construction areas, farming, barnyard activities, and 
smoking marihuana should be avoided. If those recreational 
or occupational exposures are unavoidable; appropriate gear, 
such gloves, must be worn. Education about possible com-
munity exposures is also important. Close contacts with per-
sons with fevers or rash potentially infected with VZV, herpes 
zoster, or influenza should be circumvented as well. Patients 
should cook all meals thoroughly, wash all fruits and vegeta-
bles, and shun all unpasteurized products. Safe sex practices 
are recommended. If any foreign travel is planned, seeking 
evaluation in a specialized travel clinic is advisable.

 Prophylaxis

Guidelines for the management of surgical antimicrobial prophy-
laxis list cefazolin (2 g, 3 g for patients with weight >120 Kg 
every 4 h) as the recommended regimen for heart, lung, and heart-
lung transplantation surgery. Clindamycin (900 mg every 6 h) or 
vancomycin (15 mg/kg) can be substituted as alternative agents in 
beta-lactam allergic patients [40, 41]. This recommendation can 
be adjusted individually, based on local hospital surveillance data 
or previous knowledge of colonizing organisms (e.g., addition of 
aztreonam, gentamicin, or a single-quinolone dose). However, the 
widespread use of quinolones may increase the resurgence of 
antimicrobial resistance. The antibiotic should be administered 
within 60 min before surgical incision (within 120 min for vanco-
mycin or quinolones) and to be continued for 24–48 h in heart 
transplants and 48–72 h and no longer than 7 days in lung and 
heart-lung transplant recipients. Recommendation to continue 
antibacterial prophylaxis until chest and mediastinal tubes are 
removed lacks sufficient evidence. Redosing will depend on the 
procedure duration and associated blood loss.

The recipient does not need treatment if a localized infec-
tion was present in the donor, except during meningitis where 
concomitant bacteremia often coexist. In meningitis and bac-
teremia, it is prudent to treat the recipient for 2–4 weeks [34].

Indications for antifungal prophylaxis in heart transplant 
recipients are not clear. A systemic review showed no benefit 
of antifungal therapy to prevent invasive fungal infections in 
transplants recipients other than liver [42]. Although a pro-
spective cohort of heart transplant recipients showed targeted 
prophylaxis—an echinocandin for a median of 30 days with 
the presence of at least one risk factor for invasive aspergil-
losis (IA) (reoperation, cytomegalovirus disease, posttrans-
plantation hemodialysis, and another patient with IA in the 
program 2  months before or after the procedure)—was 
highly effective and safe in preventing IA episodes [43], no 
consensus exists for universal antifungal prophylaxis in heart 
transplant recipients. Most centers have adopted antifungal 
prophylaxis including inhaled amphotericin B, oral itracon-
azole, or IV targeted echinocandin prophylaxis.

In lung and lung-heart transplant recipients, fungal prophy-
laxis should be considered, especially if pretransplantation 
respiratory cultures either from the donor lung or recipient air-
ways shows Aspergillus or Candida. One approach is to use 
inhaled amphotericin B (50 or 100 mg in extubated or intubated 
patients, respectively) daily until 4 days after transplant and then 
weekly until hospital discharge in patients with no known colo-
nization [44, 45]. If a mold has been isolated, voriconazole is 
recommended up to 4 months after transplant. Although evi-
dence and efficacy need to be confirmed, combination antifun-
gal prophylaxis therapies is used at some centers [46].

Pneumocystis jiroveci prophylaxis is done with trimethoprim- 
sulfamethoxazole (TMP-SMX) for 6  months, up to 1  year. 
Some centers extend the PJP prophylaxis to lifelong. TMP-
SMX also confers protection against Toxoplasma, Nocardia, 
and Listeria species infections. Alternatively, dapsone, inhaled 
pentamidine, or atovaquone can be used in patients with a his-
tory of sulfa allergy. TMP-SMX is recommended at many cen-
ters for lifelong in toxoplasmosis seronegative recipients of 
seropositive cardiac donors (Toxoplasma D+/R−) [11].

CMV prevention is recommended to all D+/R− and R+ 
patients. There are two common strategies for CMV preven-
tion: antiviral prophylaxis and preemptive therapy. Both 
approaches possess similar success rate and their advantages 
and disadvantages [47]. Guidelines recommend valganciclo-
vir or intravenous ganciclovir as the preferred antivirals. 
Oral ganciclovir is an option in heart transplant patients, 
although it possesses a low oral bioavailability and therefore 
the theoretical risk of increased resistance. Often, CMV 
immune globulin is used as an adjunctive agent. In heart 
recipients, prophylaxis is recommended for 3–6 months in 
D+/R− and 3 months in R+. In lung and heart-lung recipi-
ents, the duration of prophylaxis is 12  months and 
6–12 months in D+/R− and R+ recipients, respectively [48]. 
In D−/R− patients, otherwise not receiving CMV active 

Table 2.3 Immunizations recommendations during transplantation

Recommended vaccines among heart, lung, and heart-lung recipients
Annual inactivated influenza vaccine
Tdap (should be administered to all adults who have not previously 
received Tdap or have an unknown status)
VZV (two series) in patients without evidence of immunity
Zoster vaccine should be given in varicella-positive candidates age 
≥60 years and considered in candidates aged 50–59 (>4 weeks 
before transplant)
Inactivated polio
Hepatitis A series
Hepatitis B series
HPV (three series through 26 years of age)
Pneumococcal: Pneumococcal conjugate 13-valent (PCV13) 
followed by pneumococcal polysaccharide 23 (PPSV23) vaccine 
8 weeks later (If PPSV23 was received first; PCV13 should be given 
at least 1 year after)
Meningococcal conjugate vaccine
Under special circumstances: Rabies and BCG
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agents, antiviral prophylaxis against other herpes viruses, 
such as HSV and VZV, should be considered. Use of oral 
CMX001 (oral liposomal formulation of cidofovir) in 
hematopoietic- cell transplants reduced CMV-related events 
and may have a potential role in preventing CMV in other 
transplant settings [49]. Refer to Table 2.4 for a list of pro-
phylaxis recommendations.

 Risk of Infection Posttransplantation

 <1 Month

This period is characterized more commonly for nosocomial, 
bacterial infections. Thus, the bacterial organisms present are 
often MDR (e.g., VRE, MRSA). In heart transplant recipients, 
skin and soft tissue infections (SSTI), surgical site infection, 
and mediastinitis are of concern during this period. Likewise, 
lung and lung-heart transplant recipients may develop infec-
tions related to previous respiratory colonization 
(Pseudomonas, Aspergillus). Other significant infections 
include aspiration pneumonitis, healthcare- and ventilator-
associated pneumonia, catheter-related bloodstream infections 
(CRBSI), nosocomial UTIs, and Clostridium difficile colitis. 
Donor-derived infections during this period can be present and 
will include HSV, lymphocytic choriomeningitis virus 
(LCMV), rhabdovirus (rabies), West Nile virus (WNV), and 
HIV. Toxoplasma gondii and Trypanosoma cruzi are also seri-
ous donor-derived infections in heart transplant recipients that 
can develop within the first 6 months posttransplantation [50].

 1–6 Months

During this period, reactivation of latent infections usually 
occurs. Hence, bacterial infections such as those caused by 
Nocardia asteroides, Listeria monocytogenes, and 
Mycobacteria tuberculosis typically occur. Additionally, fun-
gal infections by Aspergillus spp., Cryptococcus neoformans, 
and P. jiroveci and parasitic by Toxoplasma gondii, Leishmania 
spp., Strongyloides, and Trypanosoma cruzi can also be seen. 
Viral infections present during this period include herpesvi-
ruses (HSV, VZV, CMV, and EBV) and adenovirus.

 >6 Months

Development of infections after 6 months are predominantly 
community-acquired pneumonia and urinary tract infections. 
Other diseases include Aspergillus and Mucor species, 
Nocardia, Rhodococcus, and late viral infections including 
CMV, hepatitis B and C, JC polyomavirus infection, post-
transplant lymphoproliferative disorder (PTLD), HSV 
encephalitis, and viral community-acquired infections (e.g., 
coronavirus, West Nile virus, influenza).

 Monitoring

 Infections

It is important to recognize transplant recipients as a patient 
population with increased susceptibility to infections and 

Table 2.4 Antimicrobial prophylaxis

Prophylaxis in heart, lung, and heart-lung transplant
Bacteriala:
  Preferred: Cefazolin 2 g (3 g for patients with weight >120 Kg). 

Redose every 4 h for extended procedure time and significant 
blood loss

  Alternative: Vancomycin 15 mg/kg or clindamycin, 900 mg IV
CMV prophylaxisb:
  Valganciclovir, 900 mg PO once daily
  IV ganciclovir, 5 mg/kg IV once daily
  Oral ganciclovir (heart transplant), 1 gr PO three times a day
  Consider adjuvant therapy with CMV immune globulin
Pneumocystis jiroveci:
  TMP-SMX, one single tablet a day or one double-strength tablet 

three to seven times a week for 6–12 months
  Alternatively, dapsone (100 mg PO daily); inhaled pentamidine 

(300 mg/dose monthly) or atovaquone (1500 mg PO once daily) 
can be used

Other: In D−/R− patients, otherwise not receiving CMV 
prophylaxis, consider acyclovir to prevent HSV/VZV reactivation
Prophylaxis in heart transplants
Parasitic:
  Consider lifelong TMP-SMX in toxoplasmosis mismatch 

recipients (D+/R−)
CMV prophylaxis:
  Doses as above. Duration: 3–6 months in D+/R− and 3 months in 

R+ recipients
Fungal (optional):
  IV echinocandin daily for 30 days in the presence of IA risk factors
Prophylaxis in lung and heart-lung transplants
Bacterial:
  Consider the addition of aztreonam, gentamycin, or a single- 

quinolone dose in the presence of previous respiratory cultures 
positive for Gram negatives

CMV prophylaxisb:
  Doses as above. Duration: 12 months in D+/R− and 6–12 months 

in R+ recipients
Fungal:
  Negative pretransplant respiratory cultures: Inhaled amphotericin B, 

50 or 100 mg in extubated or intubated patients, respectively, daily 
until 4 days after transplant and then weekly until hospital discharge

  Positive pretransplant respiratory cultures for Aspergillus: 
voriconazole, 6 mg/kg every 12 h for 2 doses; followed by 
maintenance dose of 4 mg/kg every 12 h, is recommended up to 
4 months after transplant. Maintenance dose can be achieved with 
oral voriconazole 200 mg PO every 12 h

Abbreviation: IA Invasive aspergillosis
aThe antibiotic should be administered within 60 min before surgical 
incision (within 120 min for vancomycin or quinolones) and to be con-
tinued for 24–48 h in heart transplants and 48–72 h and no longer than 
7 days in lung and heart-lung transplant recipients
bDoses of valganciclovir, ganciclovir, and other antibiotics may require 
adjustment for renal function
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have a low threshold to perform diagnostic workup in the 
presence of any concerning signs or symptoms. Infections 
monitoring is also done in a structured way when preemptive 
therapy for CMV is in place (as opposed to universal prophy-
laxis). Protocols vary by the transplant center but, usually, 
implies a weekly CMV PCR or pp65 Ag monitoring [51]. 
Likewise, monitoring of cell-mediated immunity (CMI) 
using a Quantiferon-CMV assay may be useful predicting 
late-onset CMV disease once CMV prophylaxis has been 
stopped [52]. CMI also have been monitored for EBV using 
an enzyme-linked immunoSpot assay [53].

Immunoglobulin G (IgG), C3, IgG2 levels, and NK cell 
counts have been proposed as an attempt to identify the risk of 
infection in heart transplant recipients within the first year [54].

 Drug-Drug Interactions

Significant drug-drug interactions exist among antimicrobial 
and immunosuppressive agents. Patient medication list 
should be reviewed carefully. CTP3A4 strong inducers such 
as nafcillin reduce tacrolimus serum concentrations. In con-
trast, azoles such as fluconazole can result in increased levels 
of tacrolimus or cyclosporine. For voriconazole, the dose of 
tacrolimus needs to be reduced by two-thirds [55] and the 
cyclosporine dose by 50% [56]. Rifamycins can have an 
opposite drug-drug interaction by decreasing the concentra-
tions of prednisone, cyclosporine, tacrolimus, sirolimus, and 
mycophenolate mofetil (MMF) [57, 58]. Likewise, tacroli-
mus administration along with quinolones may cause QT 
prolongation [59].

 Infections in Heart Transplantation

 Infecting Microbial Agents

 Bacterial
In heart transplant patients, bacterial infections have similar 
clinical manifestations commonly observed in other patient 
populations. However, clinical signs may be subtle or absent 
(e.g., afebrile). They are the most frequent type of infections 
in this setting, reaching up to 50% of all infections [3]. The 
most common are pulmonary infections followed by bactere-
mias, mediastinal, and skin infections. Staphylococcus 
aureus—predominantly methicillin-resistant—can cause 
SSTI, ventilator-associated pneumonia, mediastinitis, 
CRBSI, other forms of bacteremia, and osteomyelitis. In 
contrast, coagulase-negative Staphylococcus is more com-
monly associated with CRBSI. Among Gram-negative bac-
teria, Pseudomonas aeruginosa is common, usually of 
pulmonary origin. Escherichia coli is the primary causal 
organism of UTIs. Extended-spectrum β-lactamase (ESBL)-
producing Klebsiella pneumoniae, Escherichia coli, 

Klebsiella oxytoca, and Citrobacter freundii are also found 
in 2.2% of heart transplant recipients [60].

Nocardia species are well recognized as an opportunistic 
pathogen in this setting. Although relatively rare in heart 
transplant recipients (frequency <1%), Nocardia is only sec-
ond in frequency in heart transplant after lung transplant 
recipients [61–63]. Pertinent-independent risk factors associ-
ated with the development of this infection in SOT include 
high-dose steroids, history of CMV disease, and high levels 
of calcineurin inhibitors [62]. With the almost universal pro-
phylaxis with TMP-SMX, Nocardia infection is less common 
and often present late, usually after 1 year posttransplant [63]. 
When they occurred, they affect the lung predominantly, 
which is the port of entry for disseminated infections and 
CNS invasion. Also, it can cause skin nodules and abscesses. 
Listeria monocytogenes can also be seen in heart transplant 
recipients and can count for a significant proportion of the 
bacterial meningitis cases in this setting [64]. Additionally, 
myocarditis and myocardial abscesses with this organism 
have also been documented [65]. Mycobacterium tuberculo-
sis and nontuberculous mycobacteria (NTM), although, doc-
umented to occur in heart transplantation, are rare in the 
United States [66, 67]. However, it is important to recognize 
that the development of tuberculosis (TB) can be more preva-
lent in some endemic regions and often present with extrapul-
monary involvement [68, 69]. Legionellosis and Rhodococcus 
equi with mainly pulmonary manifestations (pneumonia, pul-
monary infiltrates, or cavitation) are another significant infec-
tions among heart transplant recipients [70].

 Fungal
Fungal infections excluding PCP represent around 4.0% of 
all the infections. From them, invasive mold infections 
(IMI) are a significant contribution to morbidity and mor-
tality among heart transplant recipients. The incidence in 
this population can reach 10 per 1000 person-years, and its 
associated mortality is approximately 17% [71]. Aspergillus 
represents up to 65% of all IMI. Its median time of onset is 
about 46  days, although late presentation (>90  days) has 
been more recently recognized associated with receipt of 
sirolimus in conjunction with tacrolimus for refractory 
rejection or cardiac allograft vasculopathy [72]. The most 
common clinical  presentation for aspergillosis includes 
fever, cough, and single or multiple pulmonary nodules 
[73]. Extrapulmonary manifestations include spondylodis-
citis, infective endocarditis, mediastinitis, endophthalmitis, 
and brain and cutaneous abscesses [74–78]. Dissemination 
tends to affect the CNS in a good proportion of the cases. 
Mucormycosis is the second most frequent mold affecting 
heart transplant recipients. Mucor, along with other non- 
Aspergillus molds (e.g., Scedosporium, Ochroconis gal-
lopava), are associated with disseminated infections, CNS 
involvement, and poorer outcomes [79, 80]. Pneumocystis 
jiroveci (PCP)—although with a marked reduction in inci-
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dence with the introduction of universal prophylaxis—is 
still a significant pathogen and cases may occur late after 
heart transplant. Cryptococcosis, although infrequent 
among SOT patients, has its higher incidence in heart trans-
plant recipients [81]. Usually, its manifestations present 
late and affect the lungs and the CNS predominantly. 
Histoplasmosis and coccidioidomycosis occurred typically 
in the first year after transplant. Antigenuria was the most 
sensitive diagnostic test in SOT for histoplasmosis [82]. 
Finally, Candida infections are an important cause of mor-
bidity and mortality as well. Rate of colonization is higher 
than in the general population [83]. Candida most com-
monly causes an oral mucosa infection. Although there has 
been a decline of invasive infections over time, these do 
occur and typically in the form of bloodstream infections 
secondary to catheter-related infections, tracheobronchitis, 
or disseminated disease [84]. Additionally, other confined 
end-organ injuries such as endophthalmitis and esophagitis 
can also be seen.

 Viral
CMV infection is of critical importance among SOT.  In 
heart transplant recipients, CMV has been inconsistently 
associated with cardiac allograft vasculopathy [85]. 
Furthermore, CMV leads to upregulation of pro-inflamma-
tory cytokines, increase procoagulant response, left ven-
tricular dysfunction, allograft rejection, and an increase of 
opportunistic infections [86]. The greatest risk for develop-
ing CMV disease is CMV-negative recipients of CMV-
positive organs (D+/R−), followed by D+/R+ and D−/R+. 
A clinical report  estimated that the rate of infections in 
heart transplant ranges between 9% and 35%, and disease 
is present in around 25% of patients [87]. The clinical man-
ifestations are not unique to heart transplant recipients and 
include a CMV syndrome (fevers, myalgias, arthralgias, 
malaise, leukopenia, and thrombocytopenia). CMV-
associated end-organ injury in this setting includes most 
frequently pneumonitis and gastrointestinal disease [10]. 
Other manifestations comprise myelosuppression, hepati-
tis, and pancreatitis. In contrast to the high frequency 
observed in AIDS patients, chorioretinitis in heart trans-
plant patients is relatively rare [87]. Guidelines on CMV 
diagnosis and managements are discussed in more detail in 
Chap. 55 and also have been published elsewhere [88]. 
Other herpes viruses are of important consideration as well. 
EBV-associated T-cell PTLDs are more frequent in heart 
transplant recipients (0.4%) than in other SOT patients 
[89]. PTLD is a significant contributor to morbidity and 
mortality in the pediatric heart transplant population [90]. 
Human T-lymphotropic virus type I (HTLV1), human her-
pes virus (HHV)-6, HHV-7, and HHV-8 might play a role 
in EBV(−) T-cell PTLDs as well. Herpes viruses can mani-
fest, as in other hosts, as mucocutaneous lesions for HSV, 

herpes zoster for VZV, infectious mononucleosis in the 
case of EBV, Kaposi sarcoma for HHV-8, and encephalitis 
for HHV-6/7. Hepatitis, colitis, pneumonitis, and gastroin-
testinal disease have also been attributed to dissemination 
with certain herpes viruses. Herpes viruses can present 
with disseminated skin lesions (with or without vesicle for-
mation) and fever of unknown origin.

Adenovirus has been associated with rejection, ventricu-
lar dysfunction, coronary vasculopathy, and the need for re- 
transplantation. The current standard treatment for 
adenovirus is cidofovir, but outcomes are not optimal [91].

Chronic hepatitis without an identifiable cause should 
prompt testing for hepatitis E virus (HEV). Chronic HEV 
infection leads to the rapid development of fibrosis. HEV 
testing should be done with RNA PCR due to a delay in the 
antibody response. We recommend decreased immunosup-
pression and ribavirin therapy for 3 months [92, 93]. Other 
less common manifestation that should be considered under 
the correct epidemiologic risk factors include HTLV-1/
HTLV-2-associated myelopathy, rabies, lymphocytic chorio-
meningitis virus, subacute measles encephalitis, mumps 
(associated parotitis, orchitis, vestibular neuritis, and 
allograft involvement), dengue virus, orf virus, human coro-
navirus, and influenza [36].

 Parasitic
Cardiac transplant itself is one the predictors for develop-
ment of toxoplasmosis [94]. Other associated risk factors 
include negative serum status before transplant, diagnosis of 
cytomegalovirus (CMV) infection, and high-dose predni-
sone. Toxoplasmosis can be transmitted by the donor heart 
(D+/R−, especially during the first 3 months) or can reacti-
vate from the recipient (>3 months). Most of the infections 
developed during the first 6 months posttransplant and are 
predominantly primary infections. About 22% of infected 
patients had a disseminated infection carrying an estimated 
17% mortality. Toxoplasmosis can manifest otherwise with 
myocarditis, encephalitis, pneumonitis, or chorioretinitis. 
Diagnosis requires identification of tissue cysts surrounded 
by an abnormal inflammatory response, detection of 
Toxoplasma DNA in body fluids by PCR, or positive 
Toxoplasma-specific immunohistochemistry in affected 
organs. Posttransplant serological tests are not helpful for 
diagnosis and may be misleading since results may change 
or not regardless of the presence of toxoplasmosis [95]. The 
preferred treatment regimen is a combination of pyrimeth-
amine with sulfadiazine [96].

Advanced Chagasic cardiomyopathy is a primary indi-
cation for heart transplantation in some centers [13]. 
Trypanosoma cruzi, the causal organism of Chagas disease, 
can be transmitted up to 75% of the time from infected 
heart donors (D+/R−) [97]. Additionally, Chagas disease 
can reactivate from the donor once immunosuppression is 
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in place (R+). The reactivation rate can range between 22% 
and 90% in recipients with chronic chagasic cardiomyopa-
thy undergoing heart transplant [98–100]. Additional risk 
factors for reactivation include rejection episodes, neo-
plasms, and use of MMF [98]. The mean onset of symp-
toms is approximately 112  days [101]. Once manifested, 
Chagas can present with nonspecific symptoms such as 
fever, malaise, anorexia, hepatosplenomegaly, and lymph-
adenopathy. Myocarditis, pericarditis, and encephalitis are 
also seen. Reactivation can mimic rejection and exhibits 
congestive heart failure, AV block and skin manifestations 
such as nodules and panniculitis. Increased eosinophil 
count and anemia can be indirect indicators of reactivation 
[102]. Diagnosis is made with the visualization of circulat-
ing trypomastigotes in peripheral blood. Additionally, 
blood and tissue PCR can be used. Tissue amastigotes can 
be seen in biopsy H&E preparations (Fig.  2.1). Finally, 
serologies are a crucial aspect in the diagnosis especially if 
seroconversion have been documented. In asymptomatic 
individuals, when the diagnosis of Chagas has been estab-
lished in the donor, monitoring should be instituted with 
weekly blood T. cruzi PCR and microscopy [29]. Preferred 
antitrypanosomal therapy consists on benznidazole. 
Nifurtimox is an alternative treatment option. Posaconazole 
has anti-parasitic activity but carries high failure rates [103, 
104]. GI disease with Isospora (Cystoisospora) belli, 
Cryptosporidium, Cyclospora, and Microsporidia has been 
reported to affect SOT recipients. Microsporidiosis can 
manifest with disseminated disease: fever, keratoconjuncti-
vitis, CNS involvement, cholangitis, cough, and thoracic/
abdominal pain [94]. Other rare parasitic infections affect-
ing heart transplants include leishmaniasis, strongyloidia-
sis, and free-living amoebas [94, 105].

 Sites and Types of Infection

 Skin, Soft Tissue, and Bone
The rate of surgical site infections (SSI)—sternal wound 
infections—in patients receiving antimicrobial prophylaxis 
ranged from 5.8% to 8.8% following heart transplant proce-
dures [41]. Heart transplantation itself is an independent risk 
factor for SSIs. Other risk factors include age, prophylaxis 
with ciprofloxacin alone, positive wire cultures, female gen-
der, previous left ventricular assist device (VAD) placement, 
BMI >30 kg/m2, previous cardiac procedures, and inotropic 
support for hemodynamic instability [41, 106]. Similarly to 
other hosts, Staphylococcus species are the predominant 
organism causing SSTIs. MRSA can reach up to 21% of the 
cases. Gram-positive organisms: VRE (E. faecalis), 
coagulase- negative staphylococci, and other Enterococcus 
species are other etiologic agents. Candida and selected 
gram negatives such as Enterobacteriaceae, P. aeruginosa, 
and Stenotrophomonas maltophilia can cause SSIs as well 
[107]. Sternal osteomyelitis often complicates deep 
SSI.  Additionally, sternal wound infections by NTM and 
fungi such as Aspergillus and Scedosporium have been docu-
mented [108, 109]. Herpes zoster is also an important con-
sideration and source of morbidity. Herpes zoster (HZ) is 
found as a complication in 19–22% of the patients with a 
median time of presentation ranging from 0.73 to 2.10 years 
[64, 110]. Close to half may develop postherpetic neuralgia. 
Multi-dermatome involvement, zoster ophthalmicus, and 
meningoencephalitis are also described. Exposure to MMF 
is an independent risk factor. Conversely, CMV prophylaxis 
reduces the risk for HZ.

 Bloodstream
Bloodstream infections (BSIs) are a risk factor for mortality 
among heart transplant recipients. Likewise, SOT recipient 
status is an independent risk factor for developing bacteremia 
[111]. In heart transplant recipients; the rate of BSI ranged 
between 16% and 24%. The median onset is about 51–191 days, 
and the sources are in order of frequency: lower respiratory 
tract, urinary tract, and CRBSI.  Gram- negative bacteria were 
more commonly isolated. They are in order of appearance E. 
coli, P. aeruginosa, and K. pneumoniae. More common Gram-
positive bacteria were S. aureus, S. epidermidis, E. faecalis, 
and L. monocytogenes. Directly attributable mortality is 
12.2%. Among the identifiable independent risk factors to 
develop BSI are hemodialysis, prolonged intensive care unit 
stay, and viral infections [112, 113]. Infective endocarditis 
(IE) is seen more frequently among heart transplant recipients 
than in the general population. With IE occurred, it most 
commonly  involves the mitral and tricuspid valves and 
Staphylococcus aureus and Aspergillus are the main etiologic 
organisms. The main predisposing factors in this setting are 
believed to be the frequent use of vascular indwelling cathe-

Fig. 2.1 Trypanosoma cruzi amastigote in heart tissue (H&E stain, 
400×)
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ters and the frequency of endomyocardial biopsies [114]. 
Staphylococcus aureus bacteremia in heart transplant recipi-
ents ranges from 10% to 38% [11, 115]. The sources of SA 
bacteremia in SOT are CRBSI (30%), pneumonia (24%), 
wound (14%), endocarditis (10%), intra-abdominal infections 
(9%), bone and joint (7%), cardiac devices (3%), UTI (1%), 
and SSTI (1%) [115].

 Chest
Immediately following heart transplant and during the 1st 
month, patients are more susceptible to develop pneumonia, 
most of which are healthcare or ventilator associated and 
therefore caused by nosocomial organisms such as MRSA, 
Pseudomonas aeruginosa, and other Gram negatives includ-
ing Acinetobacter and ESBL-Enterobacteriaceas. 
Pneumonia is one the major contributors to mortality in the 
early postoperative period. Pneumonia-related mortality 
approaches 15% [116]. After the 1st month, interstitial 
pneumonia and pneumonitis can develop, and the differen-
tial includes herpesviruses (HSV, CMV, VZV) and respira-
tory syncytial virus (RSV), Toxoplasma gondii and 
Pneumocystis jiroveci. Pulmonary nodules with or without 
cavitation can be caused by fungi such as coccidioidomyco-
sis, aspergillosis, mucormycosis, cryptococcosis; bacterial 
including actinomycosis, tuberculosis, atypical mycobacte-
rial infections, Nocardia, Rhodococcus equi, and Gram-
negative bacilli; and noninfectious causes like pulmonary 
infarction or lymphoproliferative disorders [117, 118]. 
Pulmonary nodules are seen in about 10% of the patients, 
and the median detection time is about 66 days. The associ-
ated symptoms are fever and cough. The most frequent eti-
ology is Aspergillus followed by Nocardia, and Rhodococcus. 
CMV is an exceedingly rare cause of pulmonary nodules. 
The diagnostic approach with the higher yield is transtho-
racic fine needle aspiration followed by bronchoalveolar 
lavage and transtracheal aspiration [118]. Community-
acquired pneumonia caused by Streptococcus pneumonia, 
Legionella spp., mycoplasma, and influenza is another 
source of morbidity [10].

Mediastinitis is a common complication in this setting. In 
patients receiving antimicrobial prophylaxis, mediastinitis 
develops in 3–7% of the patients [107, 119]. A CT scan is 
usually necessary to determine the extension of the infection. 
MRSA Staphylococcus epidermidis, Gram-negative bacte-
ria, and Aspergillus fumigatus are frequently found as the 
causal organisms [120]. Antimicrobial therapy should be 
accompanied by aggressive surgical debridement [121].

 Abdominal/Genitourinary
There are not distinctive abdominal-pelvic complications 
among heart transplant recipients. Clostridium difficile is a 
common hospital-related cause of diarrhea associated with 
the use of antimicrobials. Other etiology for diarrhea second-

ary to acute gastroenteritis can present in a protracted way in 
this setting. Listeria infection can present as a febrile gastro-
enteritis illness as well. Nontyphoid Salmonella infection 
has been described to complicate the early postoperative 
period in a center in Taiwan [122]. Acute cholecystitis can 
affect heart transplant recipients advocating to have a low 
threshold to use ultrasound as a screening method [123]. 
Acute pancreatitis with abscess formation has also been 
described [124]. As pointed above, hepatitis E can present 
with persistently abnormal liver tests.

Although less frequent than in kidney transplant recipi-
ents, urinary tract infections are an important cause of mor-
bidity. UTIs are predisposed by Foley catheters. The 
organisms most commonly involved are Gram-negative bac-
teria, Enterococcus, and Candida. Polyomavirus nephropa-
thy by BK virus has been described in heart transplant 
recipients and might be a contributor to chronic kidney dis-
ease [125].

 Central Nervous System
The need for urgent transplantation and multiple transfu-
sions are independently associated with infectious, neuro-
logic complications. Its overall mortality can reach 12% 
[64]. Donor-derived meningoencephalitides affecting heart 
transplant recipients usually manifest within the first 
30 days. These infections include West Nile virus, arenavi-
ruses (e.g., LCMV), and rabies. WNV can manifest with a 
Guillain- Barré- like axonopathy with cerebrospinal fluid 
(CSF) pleocytosis. In addition to meningitis or encephali-
tis, ataxia, myelitis, optic neuritis, polyradiculitis, and sei-
zures can also be observed [126]. WNV can be also acquired 
by the recipient in the community or through blood transfu-
sions and present at a later time [127]. Other infectious 
forms of meningitis and encephalitis that can present after 
the 1st month include listeriosis, Streptococcus pneu-
moniae, Trypanosoma cruzi, Toxoplasma, HHV-6, and dis-
seminated herpes virus infections (CMV, VZV, HSV, and 
EBV) [128–130]. The absence of appropriate primary pro-
phylaxis or monitoring increases their risk. Aspergillus 
causes the majority of brain abscess. Additionally 
Toxoplasma, tuberculosis, Listeria spp., Cryptococcus neo-
formans, Scedosporium spp., and Nocardia can also be 
causative agents [129]. Concomitant pulmonary involve-
ment is common, particularly for those whose portal of 
entry is the respiratory tract.

Progressive multifocal leukoencephalopathy (PML), a 
demyelinating disease caused by the reactivation of JC virus, 
has a usual median onset of 27 months. It carries a marked 
high case fatality rate and a median survival of 6.4 months in 
SOT [131]. The use of rituximab as an antirejection treat-
ment seems to confer an increased risk for PML [132]. 
HTLV-1-associated myelopathy (HAM) has been described 
as well in SOT.
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 Infections in Lung and Heart-Lung 
Transplantation

 Infecting Microbial Agents

 Bacterial
Bacterial infections are the most common type of infections 
among lung and lung-heart transplant recipients. The ana-
tomic site most frequently affected is the respiratory tract, 
usually manifested with pneumonia, sinusitis, or tracheo-
bronchitis. Previous colonization, healthcare associated, and 
procedures related are the primary sources. For patients with 
cystic fibrosis (CF), knowledge of previous colonization 
results may provide some diagnostic and therapeutic advan-
tages. Pseudomonas aeruginosa is a predominant colonizing 
pathogen in CF.  However, Acinetobacter baumannii, 
Burkholderia species, Stenotrophomonas maltophilia, 
Achromobacter xylosoxidans, NTM, Pandorea, and 
Ralstonia are also observed [23]. Furthermore, pathogens 
that are known to cause nosocomial pneumonia during the 
1st month include Staphylococcus aureus, Pseudomonas 
aeruginosa, other Gram negatives (Klebsiella pneumoniae, 
Enterobacter cloacae, Serratia marcescens, Escherichia 
coli, Acinetobacter species), and anaerobes.

Gram-positive bacteria are a common source of infections 
making up to 40% of them [133]. The most common sites 
affected were the respiratory tract, followed by bacteremia, 
skin, wound, and catheter related. The pathogens more fre-
quently identified are Staphylococcus species (77%), 
Enterococcus species (12%), Streptococcus species (6%), 
Pneumococcus (4%), and Eubacterium lentum (1%). 
Staphylococcus aureus infection can develop up to 20% of 
lung recipients. SA commonly causes pneumonia, followed 
by tracheobronchitis, bacteremia, intrathoracic infections, 
and SSTIs [20]. Streptococcus pneumoniae is community 
acquired and present with pneumonia, usually after 6 months 
posttransplant. Pseudomonas aeruginosa has high rates of 
colonization (up to 40%) and disease (30%) [134]. Other sig-
nificant bacterial infections that may present after the 1st 
month are Mycobacterium tuberculosis, NTM, Nocardia, 
Rhodococcus, and Legionella. Isolation of NTM in lung 
transplant recipients without evidence of disease is not asso-
ciated with increased mortality [135]. Nocardiosis can occur 
in about 2% of the lung transplant recipients. The median 
time of onset ranges from 14.3 to 34.1 months [136, 137]. 
Nocardia asteroides, N. farcinica, N. nova, and N. brasilien-
sis have been reported. N. farcinica appears to carry worse 
outcomes. This infection can present as a breakthrough in the 
presence of trimethoprim-sulfamethoxazole for P. jiroveci 
prophylaxis, although the isolates may remain susceptible. 
Mortality has been reported to range between 18% and 40%. 
The native lung is more frequently affected in single-lung 
transplant recipients. Nodules are the more prevalent radio-

graphic finding. Extrapulmonary involvement affecting the 
skin and brain can be seen. Hypogammaglobulinemia and 
neutropenia seem to confer additional risk factors for nocar-
diosis in this setting [137].

 Fungal
Fungal infections are frequent complications in lung and 
lung-heart transplant. They present in about 15–35% and 
carry an overall mortality close to 60% [138]. Aspergillus 
and Candida are the most frequent causative agents. Other 
important fungi include Cryptococcus spp., mucormycosis, 
endemic fungi (Histoplasma, Coccidioides, and Blastomyces 
spp.), Scedosporium spp., Fusarium spp., and dematiaceous 
molds. Candida infections are prominent during the 1st 
month after transplantation. It can be one of the most com-
mon causes of BSI in this setting [139]. Although coloniza-
tion of the upper airways and gastrointestinal tract is common, 
Candida additionally can cause mucocutaneous disease, tra-
cheobronchitis, anastomosis site infections, CRBSI, and dis-
seminated disease. Aspergillus spp. lead as the cause of 
invasive fungal infections. Its attack rate of infection is 
almost ten times compared to that in other SOT patients (esti-
mated incidence of 6% among lung transplant recipients) 
[140, 141]. A. fumigatus is the most common species, but A. 
terreus, A. flavus, and A. niger have been described as well. 
The main predisposing risk factors in this setting are intense 
immunosuppression, previous colonization with Aspergillus 
spp., airway ischemia, and BOS. Single- lung transplant pos-
sesses the greatest risk to developing an invasive Aspergillus 
infection carrying a higher mortality than double-lung and 
heart-lung transplant recipients. Single-lung recipients are 
usually older and more likely to have COPD as the indication 
for transplantation [140]. Aspergillus infections can present 
as tracheobronchitis, pneumonia, or disseminated disease. 
Extrapulmonary involvement includes sinusitis, CNS or 
orbits infections, and vertebral osteomyelitis. Aids in the 
diagnosis can include surveillance bronchoscopies (bron-
choalveolar lavage stain and culture; biopsy), chest CT and 
serum/BAL galactomannan, beta-D-glucan, and PCR.  The 
presence of pulmonary nodular lesions in invasive infections 
can carry better outcomes [142]. Voriconazole is the treat-
ment of choice. It is important to note that immune reconsti-
tution inflammatory syndrome (IRIS) can develop at a 
median of 56 days in 7% of treated lung transplant recipients 
[143]. In Aspergillus tracheobronchitis, nebulized amphoter-
icin B and debridement of the bronchial anastomosis are 
important adjuvant measures to systemic antifungal therapy 
[144, 145]. Pneumocystis jirovecii pneumonia manifests 
from 1 to 6 months. Its incidence has been reduced dramati-
cally with universal TMP/SMX prophylaxis. Cryptococcosis 
with a rate of 2% in lung transplant recipients presents with 
pulmonary involvement, but dissemination with meningitis 
can occur. Furthermore, Cryptococcus skin manifestations 
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like cellulitis and Cryptococcus-associated IRIS have been 
documented [146, 147].

 Viral
Viral infections are a common cause of morbidity among 
lung transplant recipients. The most common viruses are (1) 
CMV among the herpes viruses and (2) community-acquired 
respiratory viruses. As in other SOT recipients, the higher 
risk to develop CMV infection is among D+/R−, followed 
by D+/R+, D−/R+, and D−/R−. This last scenario carries 
less than 5% of risk [48, 148]. Lung transplant recipients 
possess higher risk for CMV than other SOT with an esti-
mated incidence of 30–86% [87]. The lung is considered a 
primary reservoir for CMV latency, and abundant lympho-
cytic tissue surrounds the transplanted organ. Additionally, 
the use of antilymphocyte antibodies to treat rejection or for 
immunosuppression and other herpesviruses infections are 
additional risk factors for CMV disease [149]. Interferon 
(IFN)-γ (+874T/T) polymorphism increases IFN levels and 
may be a predisposition for CMV disease [150]. CMV is sig-
nificantly associated with BOS, which reduces survival after 
the first year posttransplant [151]. CMV disease is most 
commonly manifested by pneumonitis or viral syndrome and 
less frequently with gastrointestinal disease. Among lung 
transplant recipients, ganciclovir-resistant CMV carries an 
increased morbidity and mortality [152].

Infections with community-acquired respiratory viruses 
ranged from 7.7% to 64%. These infections are associated 
with increased risk to develop pneumonia, graft dysfunction 
manifested by lung function loss, BOS, high calcineurin 
inhibitor blood levels, and increase mortality [153–155]. 
These viruses include influenza, parainfluenza, respiratory 
syncytial virus (RSV), coronaviruses, human rhinovirus, 
adenovirus, human metapneumoviruses, and bocaviruses. 
The hospitalization rates are higher for influenza and parain-
fluenza (50% and 17%, respectively) [154]. Symptoms are 
usually nonspecific. Diagnosis often requires detection of 
viral nucleoprotein antigens in nasopharyngeal swabs or 
bronchoalveolar lavage (BAL) by enzyme immunoassay or 
fluorescent antibody or the amplification of nucleic acid by 
PCR. Ribavirin may possess activity against Paramyxoviruses 
(RSV, Metapneumovirus, and parainfluenza). Ribavirin is 
administered inhaled, orally, or intravenously. Oseltamivir or 
zanamivir is the treatment choice of influenza A or B [156]. 
Adamantanes (amantadine and rimantadine) are not active 
against influenza B, and there is a marked increase resistance 
among influenza A strains [156]. Similarly to other SOT 
recipients, DNA viruses like non-CMV herpesviruses (HSV- 
1,-2), VZV, HHV-6,-7,-8, and EBV are a source of signifi-
cant morbidity including but not limited to CMV-negative 
viral syndrome, rash, pneumonitis, hepatitis, and encephali-
tis [157]. Lastly, polyomavirus such as BK virus (BKV), JC 
virus (JCV), and simian virus 40 (SV40)—although fre-

quently encountered in lung transplant recipients with an 
unclear causality—may cause worsening renal function or 
survival [158]. PTLD is also a well-recognized complica-
tion. A trend toward late PTLD presentation (>1 year) has 
been documented where B symptoms are more predominant 
as well as extra-graft involvement [159].

 Parasitic
As other immunosuppressive states, certain parasitic infec-
tions can complicate lung and heart-lung transplants recipi-
ents. It is critical to elicit a detailed history and geographic 
risk factors to determine the risk of acquisition and the 
potential etiologic agent. Toxoplasmosis can result from pri-
mary infection or reactivation of previous latent infections. 
Toxoplasmosis can develop in patients with negative epide-
miological history for cat ownership or consumption of 
undercooked meat. In patients with primary toxoplasmosis, 
nonspecific symptoms such as fever, lymphadenopathy, or 
organ injury may be present. Reactivation can cause enceph-
alitis with or without space-occupying brain lesions, sei-
zures, chorioretinitis, fever of unknown origin, pneumonitis, 
myocarditis, and rash. Although cases of the lung fluke, 
Paragonimus westermani have not been reported in lung 
transplantation, it can be a potential threat in endemic areas 
where this organism is endemic. Other parasites that can tar-
get the lung in immunosuppressive states include 
Echinococcus, Schistosoma, and Strongyloides stercoralis 
[160]. Strongyloidiasis can present as hyperinfection syn-
drome [161]. Leishmania, although infrequently seen, has 
been reported among lung and lung-heart recipients [30]. 
Free-living amoebas can affect this population as well. 
Amoebic granulomatous dermatitis and disseminated infec-
tion presenting with ulcerative skin lesions, respiratory fail-
ure, and seizures have been described in lung transplant 
recipients [162, 163]. Finally, alimentary protozoa, including 
Cryptosporidium, which present with diarrhea and may ele-
vate tacrolimus levels [164], and microsporidia, which 
 present with unusual manifestations like myositis or granu-
lomatous interstitial nephritis, affects lung transplant recipi-
ents [165, 166].

 Sites and Types of Infection

 Skin, Soft Tissue, and Bone
The overall rate of SSIs is about 13% with a significant pro-
portion of infections being organ or space occupying (72%), 
deep incisional (17%), and superficial (10%) [18, 41]. 
Independent risk factors to develop SSI are diabetes, female 
donor, prolonged ischemic time, and the number of red blood 
cells transfusion during the perioperative period [167]. SSIs 
are associated with a 35% mortality within the first year of 
transplantation. The most common organisms found to cause 
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SSI or mediastinitis are P. aeruginosa, Candida species, S. 
aureus (including MRSA), Enterococcus, coagulase- 
negative Staphylococci, Burkholderia cepacia, E. coli, 
Proteus mirabilis, Serratia marcescens, Acinetobacter bau-
mannii, Enterobacter cloacae, and Klebsiella species. 
There is a correlation in up to 33% of the patients’ SSI caus-
ative organisms with previous pathogens colonizing recipi-
ents’ native lungs at the time of the transplant [167]. The 
median onset is 25 days after lung transplant [167]. Although 
rare, NTM can cause SSI infections among lung transplant 
recipients. The most frequently encountered are 
Mycobacterium avium complex followed by Mycobacterium 
abscessus and Mycobacterium gordonae. NTM SSI infec-
tions can be complicated by progressive disseminated dis-
ease or requirement of lifelong suppressive therapy [135]. 
Other organisms such as Mycoplasma hominis and 
Lactobacillus spp. have also been described. Deep infections 
can affect up to 5% of the patients. Sternal osteomyelitis can 
reach up to 6% of these deep infections. Causative organisms 
for sternal osteomyelitis include Pseudomonas aeruginosa, 
Serratia marcescens, and Scedosporium. Non-sternal osteo-
myelitis affecting the calcaneus bone has complicated a dis-
seminated infection with Aspergillus fumigatus [168].

 Bloodstream
Bloodstream infections (BSIs) occur with an estimated rate 
of 25% among lung transplant recipients. A major proportion 
of BSIs occur in the early posttransplant period. BSIs infec-
tions are significantly associated with worse survival [139, 
169]. The most common organisms encountered are 
Staphylococcus aureus, Pseudomonas aeruginosa, and 
Candida [139]. Pseudomonas aeruginosa BSI—predomi-
nantly present during the transplant hospitalization period 
and more commonly affecting CF patients—is followed in 
frequency by Burkholderia cepacia and Candida albicans. 
Conversely, Staphylococcus aureus was the predominant 
organism after transplantation discharge. In an estimated 
70% of BSI, the source was pulmonary, followed in fre-
quency by CRBSI, gastrointestinal infection, peritonitis, and 
UTI. A pulmonary source of bacteremia in SOT often devel-
ops into septic shock [170]. Although unusual, cases of 
Aspergillus fumigatus endocarditis have been described fol-
lowing lung transplantation [171]. Often patients had CF as 
the underlying lung disease and a median of 8 ± 6 months 
presentation. This complication carries a high mortality and 
often requires a combination of antifungal therapy with val-
vular replacement surgery.

 Chest
Infectious complications related to the chest cavity include 
mediastinitis, cardiac (pericarditis and myocarditis), lung 
parenchyma infections (nodular infiltrates, cavitation, or 
pneumonia), bronchial anastomosis infections, and pleural 

space infections (bronchopleural fistula and empyema). 
Empyema followed by mediastinitis and pericarditis, in addi-
tion to surgical wound infections and sternal osteomyelitis, is 
the most frequent deep SSI complications affecting the chest 
cavity. Empyema presents in around of 3.6% of cases. It 
occurs during the first 6 months after transplantation (median 
46 ± 39 days) carrying an estimated mortality of 28.6% [172]. 
Most common organisms found are Staphylococcus spp., E. 
coli, Enterobacter spp., Klebsiella spp., Mycoplasma homi-
nis, VRE, and Candida. Furthermore, Mycobacterium absces-
sus was isolated as a rare causative agent of empyema as well 
[173]. The degree of immunosuppression, reduced renal 
function, previous sternotomy, and re-exploration due to 
bleeding are listed as potential risk factors for mediastinitis 
[119]. There is an increased prevalence of mediastinitis 
caused by Gram negatives and fungi among lung transplant 
recipients. Causative organisms for mediastinitis are similar 
to SSI and are listed above. Infectious pericarditis can be 
present up to 6% of the patients (isolated organisms include 
MSSA, Mycoplasma hominis, and Scedosporium prolificans) 
[167, 174, 175]. Due to their high fatal rate, fungal bronchial 
anastomotic infections are critical to recognize.

Pneumonia is believed to affect around 21% of lung recipi-
ents and 40% of heart-lung recipients. Nosocomial organisms 
cause early pneumonia as in other posttransplant settings. The 
donor’s lung seems to be the primary source for pneumonic 
infections, although the recipients’ upper airways or sinuses 
are also potential sources. Preoperative colonization with 
Gram-negative rods and colonized infected donor bronchus 
or perfusate are recognized risk factors for pneumonia. 
Likewise, pretransplantation colonizing microorganisms 
from suppurative lung disease are associated with pneumonia 
development posttransplant [176]. The most common causal 
organisms are Pseudomonas aeruginosa, Staphylococcus 
aureus, and Aspergillus spp. Other pathogens include bacteria 
such as B. cepacia, Enterobacter  species, S. maltophilia, 
Klebsiella species, S. epidermidis, and E. coli, and fungi such 
as Fusarium spp., Cryptococcus neoformans, and 
Paracoccidioides brasiliensis [176]. After the 1st month, 
pneumonia can present as local infiltrates, diffuse interstitial 
infiltrates, and nodules with or without cavitation. This type 
of presentation may aid in the possible causative microorgan-
ism. The list of potential pathogens is extensive and includes 
in addition to the already mentioned Nocardia, Chlamydia 
pneumonia, Legionella, TB, NTM, Pneumocystis jirovecii, 
Rhodococcus, herpesviruses (CMV, HSV, and VZV), respira-
tory viruses, endemic fungi (e.g., histoplasmosis), mucormy-
cosis, and Scedosporium spp. [177–179].

 Abdominal/Genitourinary
Similarly to other SOT, common infectious complications 
affecting the gastrointestinal or genitourinary tract include 
Clostridium difficile colitis and UTIs. Intra-abdominal com-
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plication carries an overall increase mortality [180]. Frequent 
GI symptoms presenting posttransplant are diarrhea which 
can affect almost 30% of lung transplant recipients and 
abdominal pain. Abdominal pain should prompt further 
investigation for potential intra-abdominal causes. In the 
pediatric population, the possibility of PTLD should be 
investigated since it carries a high mortality [181]. Other 
described infectious intra-abdominal complications include 
digestive perforation (seen in 6%) [182], retroperitoneal 
abscesses, cholecystitis, perianal abscesses, esophagitis, 
pancreatitis, pancreatic abscesses, hepatitis, diverticulitis, 
appendicitis, CMV colitis, megacolon, and colon rupture 
[180, 183, 184]. In developing countries, persistently abnor-
mal liver enzymes should prompt testing for HEV.  HEV 
RNA should be used for screening. Oral ribavirin seems to 
be safe and effective in this setting [185].

 Central Nervous System (CNS)
CNS symptoms developing during the 1st month following 
lung or heart-lung transplantation should trigger the concern 
for donor-derived viral infections. LCMV often is accompa-
nied by CSF normal to low glucose, marked elevated protein, 
and mild pleocytosis [36]. Although with unclear benefit, riba-
virin has been used. Donor-transmitted rabies is an uncommon 
but neurologic devastating complication that occurs within the 
first 30  days of transplant. Lung transplantation has been 
described as a potential causal mechanism [186]. Other organ-
isms known to cause meningitis in lung transplant recipients 
are Cryptococcus, tuberculosis, WNV, and herpesviruses [187, 
188]. Diagnosis of WNV in this setting requires nuclear acid 
amplification due to the unreliability of serologic testing. 
Scedosporium apiospermum infections often cause dissemi-
nation including CNS abscesses in addition to pulmonary 
involvement among lung transplant recipients [189]. It is 
important to differentiate from other molds, since amphoteri-
cin B is ineffective against Scedosporium spp. In severe cases 
or refractory disease without an appropriate surgical debride-
ment, the addition of terbinafine to voriconazole may prove to 
be useful [190]. Other recognized organisms causing occupy-
ing brain lesions are Fusarium, Nocardia, Aspergillus, toxo-
plasmosis, Cryptococcus neoformans, Listeria, and 
Cladophialophora bantiana [191–193]. PML, a late manifes-
tation, can be associated with intensified immunosuppression 
or rituximab. Cidofovir followed by mirtazapine can be con-
sidered as a form of therapy for PML.

 Conclusions

Infections in heart, lung, and heart-lung transplant recipi-
ents are a complex, dynamic, and evolving process. Many 
factors such as demographics, timing, type of transplant, 
anatomy, and microbiology, among others, interplay in the 

development of these fatal complications. Pertinent recog-
nition and treatment of these infections improve transplan-
tation outcomes.
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 Indications for Liver Transplantation

Orthotopic liver transplantation (LT) is most commonly 
offered to patients with end-stage liver disease. However, 
this lifesaving therapy can also be used to successfully treat 
patients with acute liver failure, primary and some metastatic 
liver tumors, and selected metabolic conditions (Table 3.1).

Decompensated cirrhosis is defined by the presence of 
specific complications including jaundice, hepatic enceph-
alopathy, ascites, spontaneous bacterial peritonitis, hepa-
torenal syndrome, or variceal hemorrhage. Once a patient 
develops complications of portal hypertension, 5-year sur-
vival is <50%. Additionally, patients with cirrhosis may 
develop life-threatening pulmonary complications such 
as hepatopulmonary syndrome (HPS) or portopulmonary 
hypertension (PPH).

The Child-Turcotte-Pugh (CTP) score helps to stratify 
severity of illness according to a combination of five physi-
ologic and laboratory variables: ascites, hepatic encepha-
lopathy, bilirubin, albumin, and prothrombin time. Patients 
in CTP class B or C have less than a 60% 2-year survival 
and should be considered for OLT. The Model for End-Stage 
Liver Disease (MELD) score is a more simplified and objec-
tive method designed to characterize the degree of illness 
of patients with end-stage liver disease. The MELD score 
incorporates serum bilirubin, prothrombin time, and cre-
atinine values [1]. Based on its ability to predict survival, 
the MELD score has been used to prioritize patients on the 
OLT wait list. It is generally accepted that patients with a 
MELD score greater than 10 should be referred for liver 

transplant evaluation, and those with a MELD score of 15 
or higher are most likely to derive benefit from OLT [2]. 
Despite its simplicity, the MELD score does disadvantage 
a subset of patients who have severely decompensated liver 
disease but minimally abnormal laboratory results. Recently, 
serum sodium has been incorporated into the MELD score, 
i.e., MELD-Na. Hyponatremia is an independent predictor 
of mortality in patients with decompensated cirrhosis, and 
diminished serum sodium levels may be a surrogate marker 
of advanced portal hypertension [3, 4].

Acute liver failure (ALF) is a rare but life-threatening 
condition, which is manifested by evidence of hepatic injury, 
coagulopathy, encephalopathy, and absence of underlying 
cirrhosis in most patients. In Western countries, nearly half 
of all cases are attributed to acetaminophen overdose. Other 
less common etiologies include drug injury, viral hepati-
tis, autoimmune hepatitis, and fulminant Wilson disease. 
Mortality exceeds 30% with death often occurring within 
1 week of presentation. Although a majority of patients with 
ALF due to acetaminophen toxicity may recover spontane-
ously, those with ALF due to other etiologies often require 
OLT to survive [5, 6].
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Table 3.1 Indications for liver transplantation

Decompensated hepatic cirrhosis
Biliary cirrhosis (primary biliary cholangitis, primary sclerosing 
cholangitis, biliary atresia, Alagille syndrome, cystic fibrosis, 
progressive familial intrahepatic cholestasis)
Hepatocellular carcinoma
Hepatoblastoma
Hemangioendothelioma
Metastatic neuroendocrine tumors
Glycogen storage disease
Neonatal hemochromatosis
Amyloidosis
Hyperoxaluria
Urea cycle defects
Disorders of branch chain amino acids
Acute liver failure
Budd-Chiari syndrome
Polycystic liver disease
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Certain patients with liver-based metabolic condi-
tions and systemic complications may also benefit from 
OLT. Examples of these conditions include familial amyloi-
dosis, glycogen storage disease, and primary hyperoxaluria. 
Although underlying liver synthetic function is preserved, 
hepatic allograft transplant allows for correction of a specific 
metabolic deficit in these patients.

As the incidence of hepatocellular carcinoma (HCC) 
continues to rise, patients with this disease now represent a 
substantial proportion of liver transplant recipients. Patients 
with cirrhosis and portal hypertension are unlikely to toler-
ate hepatic resection of their HCC and are offered OLT in 
order to improve their recurrence-free survival. Typically, 
patients with tumor burden within the Milan criteria are con-
sidered good candidates for OLT and are typically awarded 
MELD exception points [7]. More liberal tumor burden 
criteria have been proposed for transplant, although larger 
tumor size and number seem to correlate with a higher risk 
of recurrence [8].

Most patients with cholangiocarcinoma have tradition-
ally not been candidates for liver transplants due to high 
post- transplant recurrence rates and poor survival. However, 
recent data suggest that carefully selected patients with iso-
lated unresectable hilar tumors who are treated with neo-
adjuvant chemotherapy and radiation therapy may have 
acceptable survival rates after transplant [9]. In general, 
patients with known intrahepatic cholangiocarcinoma may 
be candidates for resection but are not typically considered 
for OLT.

In the USA, patients are prioritized for liver transplan-
tation on the basis of the MELD score. In selected cases, 
patients with specific complications of liver disease may be 
eligible for MELD exception scores. MELD exception scores 
may be standardized, as is the case presently in patients with 
HCC within Milan criteria, certain pulmonary complications 
of cirrhosis, and selected metabolic disorders. In specific 
cases, some patients may be granted MELD exception on 
an individual basis by the regional review board after taking 
into account extenuating circumstances.

 Contraindications to Liver Transplant

Life-threatening conditions such as severe cardiopulmo-
nary disease or sepsis are generally major contraindications 
to OLT.  Although patients with human immunodeficiency 
virus (HIV) infection can successfully undergo transplant, 
those with AIDS are thought to be poor candidates based on 
their poor health and the risk of additional post-transplant 
immune suppression. Patients actively using drugs or alco-
hol are often excluded as well. Many transplant centers have 
traditionally required abstinence from alcohol for a mini-
mum of 6 months prior to listing, although this requirement 

has been evolving recently after a significant post-transplant 
survival benefit was demonstrated in selected patients with 
severe alcoholic hepatitis [10]. Patients with extrahepatic 
malignancy, metastatic HCC, or intrahepatic cholangiocar-
cinoma should not undergo transplant. Patients may also be 
denied liver transplant on the basis of certain psychosocial 
factors such as persistent noncompliance with medical care 
or lack of adequate social support. Relative contraindications 
to liver transplantation include advanced age, severe obesity, 
prior abdominal surgeries, and significant mesenteric vascu-
lar thromboses.

Pre-transplant infectious disease work-up includes 
serologic testing to diagnose infectious causes of acute or 
chronic liver disease such as hepatitis A virus (HAV), hep-
atitis B virus (HBV), and hepatitis C virus (HCV) and to 
identify latent infections, which may reactivate in the set-
ting of post- transplant immunosuppression. These include 
cytomegalovirus (CMV), Epstein-Barr virus (EBV), 
varicella zoster virus (VZV), rapid plasma regain test for 
syphilis, and interferon gamma release assay or tuberculin 
skin test for latent tuberculosis. All patients are screened 
for HIV.  Selected high-risk individuals may undergo 
testing for coccidioidomycosis, Trypanosoma cruzi, or 
Strongyloides stercoralis, depending upon geographic loca-
tion, travel history, and/or history of exposure to various 
endemic infections. Pre-transplant dental evaluation is typi-
cally mandatory in order to identify and manage potential 
oral sources of infection after undergoing transplantation. 
Dental extractions, if warranted, should occur prior to liver 
transplantation. Immunizations for HAV, HBV, pneumococ-
cus, influenza, diphtheria, tetanus, and pertussis should be 
administered to appropriate transplant candidates at the time 
of the pre-transplant evaluation. As there is a contraindica-
tion to live vaccines after transplantation, immunization sta-
tus for measles, mumps, and rubella (MMR) and varicella 
should also be obtained. The American Association for the 
Study of Liver Diseases (AASLD) has published online 
guidelines in 2013 for the evaluation of potential liver trans-
plant recipients which can be found at https://www.aasld.
org/publications/practice-guidelines-0.

Based on reasonable short- and long-term outcomes, 
patients with HIV infection can successfully undergo 
OLT.  Typically, these patients should have well-controlled 
disease on antiretroviral therapy, with undetectable HIV 
RNA and absence of active AIDS-associated opportunistic 
infections or malignancies. CD4+ counts >100 may be a rea-
sonable cutoff in patients with leukopenia due to portal hyper-
tension and splenic sequestration. Other contraindications to 
liver transplantation may include a history of AIDS- defining 
opportunistic infection that requires chronic secondary pro-
phylaxis or has limited treatment options such as progres-
sive multifocal leukoencephalopathy (PML), disseminated 
Mycobacterium avium complex, chronic  cryptosporidiosis, 
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EBV and human herpesvirus-8-related lymphoproliferative 
disorders such as non-Hodgkin’s lymphoma and visceral 
Kaposi’s sarcoma (KS), or significant cervical or anal neo-
plastic disease due to human papillomavirus. Some cen-
ters have performed transplants in patients with cutaneous 
KS. Although recurrence of the malignancy can occur after 
undergoing transplant surgery, these patients may be man-
aged with mechanistic target of rapamycin (mTOR) inhibi-
tor-based immunosuppressive regimens after OLT based on 
the antineoplastic effects of these agents.

Several factors may increase the risk for graft loss in 
HIV+ patients undergoing liver transplants including older 
donor age, HCV-positive donors, low recipient BMI, and 
simultaneous liver and kidney transplantation [11]. Of note, 
these outcomes and predictors of graft loss were identified 
in older studies of HIV- and HCV-coinfected patients under-
going transplant. Additional studies are needed to determine 
outcomes in an era of improved HCV therapy and specifi-
cally in non-coinfected patients requiring transplant.

 Types of Liver Transplantation

The majority of liver transplants in the Western world uti-
lize whole organ allografts from deceased donors. However, 
alternative options such as split deceased donor grafts or par-
tial living donor grafts are used occasionally. In the USA, 
living donor liver transplantation (LDLT) currently accounts 
for less than 5% of all liver transplants, although in other 
parts of the world, LDLT is utilized more frequently.

Most deceased donors are considered on the basis of 
donation after brain death (DBD). Occasionally donation 
after circulatory death (DCD) can be considered. DCD 
donors are characterized by the absence of systemic circu-
lation along with irreversible apnea and unresponsiveness. 
The main risk associated with DCD is organ ischemia and 
the potential for biliary epithelial injury. Initial results of the 
experience with DCD OLT were marked by increased rates 
of ischemic cholangiopathy, a condition which can lead to 
recurrent cholangitis, graft loss requiring retransplantation, 
or death [12, 13]. However, some centers have reported simi-
lar patient and graft survival with DCD and DBD donors, 
particularly with the use of donors less than 40 years old, 
and minimization of cold and warm ischemia times [14, 15].

LDLT offers the advantage of allowing for expedited 
access to transplantation at a time before the recipient devel-
ops advanced liver failure while simultaneously increasing 
the donor pool. However, these benefits must be balanced 
against the potential risks of morbidity and death for the 
donor.

In order to be considered for LDLT in the USA, patients 
must already be listed for deceased donor liver transplanta-
tion (DDLT). Selected recipients with low MELD score and 

significant hepatic decompensation, HCC, or other compli-
cations of advanced liver disease such as primary sclerosing 
cholangitis with recurrent episodes of ascending cholangitis 
or polycystic liver disease are typically good candidates for 
LDLT. Conversely, patients with higher MELD scores and 
severe hepatic decompensation usually have limited sur-
vival and a shorter anticipated waiting time for transplant. 
As compared to patient undergoing DDLT, LDLT recipients 
may have a significantly higher rate of complications and 
need for retransplantation, although adjusted long-term sur-
vival appears to be similar [16, 17]. As such, careful recipient 
selection is critical. Contraindications to LDLT may include 
significant mesenteric vascular thrombosis, severe portal 
hypertension, need for simultaneous renal transplantation, 
or retransplantation. An additional consideration is matching 
donor and recipient body size. Specifically, a graft weight-
to- body weight ratio of 0.8% is recommended to avoid the 
development of small-for-size syndrome, a condition marked 
by the development of hyperbilirubinemia, intractable asci-
tes, coagulopathy, renal failure, and extended duration of 
hepatic encephalopathy. Biliary complications tend to occur 
with higher frequency in LDLT recipients, although rates 
are lower in centers with higher volume living donor, partial 
hepatic graft transplantation [18].

Deceased donor livers may also be split to maximize yield 
for recipients. As with LDLT, adequate graft weight for the 
recipient must be determined prior to transplant. Most com-
monly deceased donor livers are split so as to offer the left 
lateral segment to a pediatric recipient and the remaining 
allograft to an adult recipient.

 Donor Selection

In the USA, the majority of liver donation occurs after brain 
death. The criteria to determine initial DBD donor eligibility 
include complete apnea, brainstem areflexia, cerebral unre-
sponsiveness, and evidence of irreversible and permanent 
loss of central nervous system function [19, 20]. The diag-
nosis can often be determined based on clinical examination 
and noninvasive testing such as electroencephalography, 
evoked cerebral potentials, and transcranial Doppler ultraso-
nography [21, 22].

Absolute contraindications to organ donation include 
most extrahepatic malignancies and transmissible infections 
associated with high risk of mortality. Specifically, donors 
with active extracranial or hematologic malignancies are not 
considered suitable for organ donation. However, patients 
with primary brain tumors without extracranial metastases 
may be considered as donors for transplant. Donors with 
fungemia, mycobacterial disease, disseminated resistant 
bacterial infections, and prion disease are typically excluded 
from donation.

3 Infections in Liver Transplantation



44

Once a donor is considered suitable based on these pre-
liminary criteria, additional information is required. Initial 
donor-recipient matching is determined based primarily on 
blood type and graft size, although multiple other factors 
are evaluated prior to transplantation. An ideal donor would 
meet the following criteria: age less than 50 years, hemody-
namic stability, absence of significant chronic disease, sys-
temic infection, malignancy, or abdominal trauma.

However, since only a limited number of donors meet 
these parameters, transplant providers have liberalized 
exclusion criteria in an effort to increase the donor pool. 
Extended criteria donor grafts refer to those from donors 
with older age, higher degree of hepatic steatosis, history 
of malignancy, active viral or bacterial infection, or history 
of trauma. Traditionally, older donor age was considered 
a risk factor for graft failure, primarily based on increased 
risk for chronic vascular disease, significant comorbidities, 
and potentially more hepatic steatosis in elderly donors. 
However, more recent experiences suggest that donor age 
alone may not be a predictor of graft outcome. In fact, older 
donors even greater than 80 years old may be used with rea-
sonable success if other donor risk factors such as hepatic 
steatosis and cold ischemia time can be minimized [23–25]. 
The use of older donors in recipients with HCV infection has 
traditionally correlated with increased graft loss. This find-
ing may become less relevant in the modern era of improved 
HCV direct antiviral therapy, as HCV infection can be suc-
cessfully eradicated in the majority of HCV-seropositive 
recipients either before or soon after liver transplantation.

Hepatic steatosis can be quantified by biopsy of the donor 
liver. Grafts with mild macrovesicular steatosis (<30%) are 
routinely used with good graft outcomes. In contrast, severe 
macrovesicular steatosis (>60%) within the donor graft 
increases the risk of primary nonfunction and is usually a 
contraindication for use of the organ [26, 27]. The donor 
risk index (DRI) predicts liver graft failure based on specific 
donor characteristics and transplant factors including age, 
race, height, cause of death, partial or split organ, DCD sta-
tus, cold ischemia time, and sharing outside of a local donor 
service area [28].

All organ donors undergo nucleic acid testing (NAT) to 
rule out specific transmissible viral infections such as HIV, 
HBV, or HCV.  In general there is a finite, albeit low, risk 
of viral transmission from the average donor. A study of 
organ procurement organizations in the USA has reported 
HIV and HCV prevalence rates of 0.1% and 3.5%, respec-
tively, in donors with normal risk. Among high-risk donors, 
the prevalence of HIV and HCV was higher (0.5% and 18%, 
respectively). A model based on these known prevalence 
numbers estimates the incidence of undetected viremia as 
being 1 in 60,000 for HIV and 1 in 5000 for HCV in normal-
risk donors. Among high-risk donors, the incidence may rise 
to 1 in 12,000 for HIV and 1 in 1000 for HCV [29].

The US Public Health Service (PHS) has developed spe-
cific criteria to classify donors as being at increased risk 
for recent HIV, HBV, or HCV infection [30]. These criteria 
include factors such as high-risk sexual behaviors and prior 
injection drug use. The specific PHS criteria for high-risk 
donors established in 2013 include:

 1. High-risk sexual behavior within the preceding 12 months 
(people who have had sex with a person known or sus-
pected to have HIV, HBV, or HCV infections, men who 
had sex with men [MSM], women who have had sex with 
an MSM, people who have had sex in exchange for money 
or drugs, people who have had sex with a person who had 
sex in exchange for money or drugs, people who have had 
sex with a person that has injected drugs by intravenous, 
intramuscular, or subcutaneous route for nonmedical 
reasons)

 2. High-risk children (a child who is ≤18 months of age and 
born to a mother known to be infected with or at increased 
risk for HIV, HBV, or HCV infections, a child who has 
been breastfed within the preceding 12  months and a 
mother known to be infected with, or at increased risk for, 
HIV infection)

 3. People who have injected drugs by intravenous, intramus-
cular, or subcutaneous route for nonmedical reasons in 
the preceding 12 months

 4. People who have been in lockup, jail, prison, or a juvenile 
correctional facility for more than 72 h in the preceding 
12 months

 5. People who have been newly diagnosed with or have been 
treated for syphilis, gonorrhea, chlamydia, or genital 
ulcers in the preceding 12 months

 6. People who have been on hemodialysis in the preceding 
12  months (increased risk for recent HCV infection 
only) [30]

Recipients of organs from PHS high-risk donors typically 
receive separate counseling about the potentially increased 
risk of viral transmission. All transplant recipients undergo 
pre-transplant testing for HIV, HBV, and HCV.  Post- 
transplant serologic surveillance within the first year after 
transplant is recommended to exclude new infections in 
recipients of organs from PHS high-risk donors.

While patients with positive hepatitis B surface antigen 
are excluded from donation, selected patients with isolated 
positive hepatitis B core antibody (HBcAb+) may be con-
sidered as suitable donors. Initial evaluation requires exclud-
ing underlying hepatic fibrosis in case the donor had prior 
hepatitis B infection. If the graft is found to be suitable for 
donation, there is still a risk of viral transmission to the 
recipient. Risk of HBV infection in the recipient depends 
largely on whether the recipient has immunity against 
HBV. Specifically, although infection rates are low in hepa-
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titis B surface  antibody (HBsAb) positive/HBcAb+ recipi-
ents, they may be as high as 76% in recipients with both 
negative HBsAb and HBcAb [31]. As such, the recipient of 
a liver allograft from a HBcAb+ donor will usually receive 
oral antiviral medication with or without hepatitis B immune 
globulin (HBIG) for prophylaxis. The use of lamivudine for 
prophylaxis has reduced the risk of infection to less than 4%, 
and the use of newer agents such as tenofovir and enteca-
vir with lower rates of resistance may result in even lower 
infection rates among OLT recipients from isolated HBcAb+ 
donors. The addition of HBIG to oral antiviral agents may 
not provide additional benefit in this setting [32].

HCV-seropositive (+) donor livers are used in HCV- 
seropositive recipients. Assuming the absence of significant 
hepatic fibrosis in the donor liver, the use of HCV+ donors 
for HCV+ recipients can be considered and does not appear 
to affect patient survival, graft survival, or severity of HCV 
recurrence following transplantation [33].

Experience with HIV-seropositive (+) donors in organ 
transplantation is limited at this time. In 2013, the USA 
enacted the HIV Organ Policy Equity Act which allowed 
for the transplantation of HIV+ organs into HIV+ recipients. 
Initial reports of liver transplantation with HIV+ donors sug-
gest good short-term outcomes.

 Surgical Approaches to Liver Transplantation

The abdomen is typically opened with a bilateral subcos-
tal incision with midline extension. To begin the recipient 
hepatectomy, the falciform and gastrohepatic ligaments 
are divided. The liver can then be lifted to expose the porta 
hepatis. Subsequently the hepatic artery, bile duct, and portal 
vein are sequentially divided. The patient is often placed on 
veno- venous bypass during this time. The suprahepatic and 
infrahepatic vena cava are clamped, and the recipient’s liver 
is removed en bloc with the excluded portion of the vena 
cava. The gallbladder is removed along with the liver. Back-
table preparation of the allograft typically occurs during the 
recipient hepatectomy. The allograft is then placed into the 
recipient, and the vena cava and portal venous anastomoses 
are created. The allograft is reperfused, and systemic bypass 
is discontinued. After reperfusion of the allograft, the arterial 
and biliary anastomoses are completed.

In certain cases, variant anatomy may require altera-
tion in the creation of vascular or biliary anastomoses. An 
arterial conduit can be used if the recipient hepatic artery 
is insufficient. Roux-en-Y hepaticojejunostomy is consid-
ered in select cases such as when the recipient common 
duct is diminutive or large biliary collateral veins are pres-
ent. Patients with primary sclerosing cholangitis typically 
require Roux-en-Y hepaticojejunostomy. In the past, T 
tubes were used in the case of donor-recipient duct size 

mismatch. However, their use has declined significantly 
in recent years due to the risk of complications including 
bile leak. Many centers will now consider closing a portion 
of the larger duct with suture prior to creating the biliary 
anastomosis.

An alternative to vena cava exclusion is the piggyback 
technique. In this situation, the hepatic artery, common duct, 
and portal vein are divided in the typical fashion. However, 
instead of clamping the vena cava and removing the liver en 
bloc with the vena cava, the surgeon instead dissects the liver 
surface off of the vena cava. The hepatic veins are clamped 
and divided, and the recipient liver is removed without dis-
rupting the recipient vena cava. Longitudinal incisions are 
made in the recipient and donor vena cavas to allow for cre-
ation of a cavo-caval anastomosis. Potential benefits of the 
piggyback technique include decreased warm ischemia time, 
reduced blood transfusions requirements, and less need for 
veno-venous bypass. Piggyback reconstruction may increase 
the risk of developing hepatic venous outflow obstruction 
and subsequent Budd-Chiari syndrome.

 Surgical Complications Resulting in Infection

Multiple surgical complications after LT may predispose 
to the development of infection. Hepatic artery thrombosis 
(HAT) is the most common vascular complication after OLT, 
with a 4% incidence reported in adult recipients [34]. HAT 
can be classified as early or late occurring before or after 
4 weeks following transplantation. Early HAT may present 
in three distinct ways. The most severe presentation is fulmi-
nant hepatic failure, which is marked by acute rise in liver 
enzymes, encephalopathy, coagulopathy, and often sepsis. 
Other patients with HAT can present subacutely with isch-
emic injury to the bile ducts which predominantly rely on 
perfusion by the hepatic artery. These patients will subse-
quently develop biliary complications including strictures, 
acute cholangitis, hepatic abscesses, or recurrent episodes 
of bacteremia. A final group of patients with HAT may be 
asymptomatic and diagnosed incidentally.

HAT can be identified on Doppler ultrasound, although 
either radiographic or conventional angiography is often 
required to confirm the diagnosis. Patients with HAT and ful-
minant hepatic failure require management of sepsis includ-
ing broad-spectrum antibiotics and prompt retransplantation. 
Less symptomatic patients can be taken to the operating 
room for hepatic artery revision and possible thrombectomy 
or managed non-operatively with catheter-directed throm-
bolysis. Patients who present with biliary complications of 
late HAT typically will develop a progressive course marked 
by recurrent cholangitis and other complications of biliary 
obstruction. In the short term, they can be managed with 
endoscopic or percutaneous biliary drainage and antibiot-
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ics during episodes of acute cholangitis. However, many of 
these patients will ultimately require retransplantation.

Biliary complications occur frequently with an average 
incidence of up to 25% reported in some series. Many types 
of complications may occur including anastomotic and non- 
anastomotic biliary strictures, bile leak, biliary abscess, obstruc-
tion due to stones or casts, or acute cholangitis. The majority 
of biliary complications occur in the first 3 months after trans-
plant, although biliary strictures may present several years post-
LT. Approximately 80% of biliary strictures are at the site of 
anastomosis, but later presentations of non- anastomotic stric-
tures may occur as a consequence of DCD organ use, older 
donor age, technical factors at the time of arterial anastomosis, 
HAT, hepatic artery stenosis, prolonged cold ischemia time, 
CMV infection, ABO blood group mismatch, or recurrent pri-
mary sclerosing cholangitis [35–37]. LDLT and split liver recip-
ients are at increased risk for biliary complications as compared 
to DDLT recipients due to the cut surface of the liver and poten-
tially more delicate biliary anastomoses. Most biliary structures 
are managed with endoscopic retrograde cholangiopancreatog-
raphy (ERCP) or percutaneous biliary drainage. In patients with 
persistent anastomotic strictures despite repeated endoscopic 
therapy, surgical revision may be considered.

Intra-abdominal hemorrhage can occur in the early post- 
transplant period with a reported prevalence as high as 20%. 
Preexisting coagulopathy and diminished hepatic synthetic 
function are associated with a higher risk of bleeding. Initial 
management is typically supportive, but reoperation may be 
required in up to 15% of cases if bleeding persists. However, 
a source of hemorrhage may be identified in only half of such 
cases [38].

 Immunosuppressive Regimens in Liver 
Transplantation

The alloimmune response after LT is primarily T-cell medi-
ated. The role of donor-specific antibodies and the concept of 
antibody-mediated rejection require further study but gener-
ally appear to be rare. Currently, induction immunosuppres-
sion with T-cell-depleting agents, such as thymoglobulin, 
is not used routinely after OLT. On Day 1, liver transplant 
recipients receive 500–1000 mg of methylprednisolone fol-
lowed by a taper and conversion to prednisone. Initially, 
recipients are maintained on a multidrug regimen including 
a calcineurin inhibitor (CNI) such as tacrolimus, an antime-
tabolite agent such as mycophenolate, and corticosteroids.

CNIs serve as the backbone of immunosuppression 
regimens for most patients after liver transplantation. Most 
centers use tacrolimus as the preferred CNI. Direct compari-
sons between tacrolimus and cyclosporine after OLT have 
revealed lower rates of acute rejection and improved patient 
and graft survival with the use of tacrolimus [39–41]. CNIs 

are associated with nephrotoxicity, neurotoxicity, hyperten-
sion, and hyperlipidemia. Alopecia and hyperglycemia are 
more often seen with tacrolimus use, while hirsutism and 
gingival hyperplasia are more commonly associated with 
cyclosporine. Patients with acute liver failure and decom-
pensated cirrhosis with severe hepatic encephalopathy may 
be more prone to neurotoxicity from these agents. As such, 
introduction of the CNI may be delayed until the patient is 
awake. CNIs are metabolized by the cytochrome p450 sys-
tem; therefore, their serum concentration may be affected by 
several other commonly used medications. CNI levels and 
drug exposure will decrease with concurrent use of certain 
antiepileptic medications, rifampin, alcohol, and St. John 
wort. In contrast, CNI levels and drug exposure will increase 
with the use of macrolide antibiotics, azole and triazole- 
based antifungals, verapamil, and grapefruit juice.

In selected patients, mTOR inhibitors such as sirolimus 
or everolimus may also be used, often to minimize potential 
toxicities from a CNI-based regimen. Everolimus is FDA 
approved for use with a low-dose CNI in patients after liver 
transplantation, while sirolimus is not approved by FDA for 
use in patients undergoing liver transplants, and occasionally 
used off-label in select patients. The use of mTOR inhibitors 
within the first 30 days after liver transplant is discouraged 
due to the risk of hepatic artery thrombosis and impaired 
wound healing. Some studies suggest that early initiation 
of mTOR inhibitors within 90  days of OLT may lead to 
increased preservation of renal function [42–44]. The recom-
mendation for concurrent use of a low-dose CNI is based on 
a higher risk of acute rejection for patients on mTOR mono-
therapy. Additionally, mTOR inhibitors do exhibit some anti-
neoplastic activity and have been shown to reduce the risk 
of recurrent cutaneous squamous cell carcinoma after renal 
transplantation [45]. It is not clear that mTOR inhibitors 
improve long-term post-transplant recurrence risk in regard 
to HCC [46, 47]. Besides the risk of hepatic artery thrombosis 
and impaired wound healing, other common adverse effects 
associated with mTOR inhibitors include oral ulcers, edema, 
proteinuria, hyperlipidemia, and bone marrow suppression.

Mycophenolate, an antimetabolite agent, is commonly 
used in conjunction with a CNI in patients after liver trans-
plantation and allows for more rapid discontinuation of cor-
ticosteroids. In many patients, mycophenolate is withdrawn 
within the first year after transplant; however, prolonged 
use may be indicated in order to minimize adverse effects 
of CNIs, such as nephrotoxicity [48]. Additionally, some 
centers maintain patients transplanted for autoimmune liver 
diseases on mycophenolate for a longer duration given the 
increased risk of acute rejection or recurrent autoimmune 
disease after OLT. The use of mycophenolate in pregnancy 
is contraindicated based on an increased risk of pregnancy 
loss and congenital malformations. Azathioprine may be a 
substitute for mycophenolate at some centers.
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Glucocorticoids, usually prednisone, have multiple inhib-
itory effects on hosts’ immune responses mediated by both 
innate and adaptive T and B cells. Due to their numerous 
side effects, most centers attempt to rapidly taper and wean 
patients off prednisone as soon as possible, often within the 
first 6  months after transplantation. Long-term low-dose 
prednisone has been utilized in patients with pre-transplant 
autoimmune liver disease. Since steroids increase HCV rep-
lication, abrupt changes in steroids, such as rapid withdrawal 
or bolus dosing for rejection, may be associated with worse 
outcomes [49].

Humanized monoclonal antibodies against the IL-2 
receptor can be used in order to delay initiation of a CNI, 
particularly to avoid the immediate risk of nephrotoxicity 
or neurotoxicity. The use of daclizumab has demonstrated 
low rejection rates and improved renal function without an 
increase in CMV or other infections [50]. In 2009, dacli-
zumab was removed from the market for commercial reasons. 
Basiliximab is commercially available and occasionally used 
clinically, although published data regarding the use of this 
immune modulator in liver transplant recipients are limited.

 Management of Rejection in Liver 
Transplantation

Acute cellular rejection (ACR) occurs in up to 25% of OLT 
recipients, with the majority of cases occurring within the 
first month after transplant [51]. Antibody-mediated rejec-
tion is thought to be an uncommon phenomenon in this solid 
organ allograft transplant population. The risk of ACR after 
1-year post-transplant declines to 10% and is potentially 
associated with poor compliance with antirejection medi-
cation. Early ACR does not seem to affect graft survival, 
but late ACR has been associated with an increased risk of 
developing chronic rejection and graft loss [52]. In many 
cases, the initial suspicion for ACR arises when elevated 
liver enzymes are discovered. Symptoms including fever or 
jaundice are less common, particularly if ACR is identified 
early. Liver biopsy is required to make the diagnosis of ACR, 
which is defined by a triad of mixed cell portal inflammation, 
endotheliitis, and ductulitis [53]. The majority of cases of 
ACR can be managed with corticosteroid therapy. Typically 
a high dose of methylprednisolone 500–1000  mg daily is 
given intravenously for 1–3  days with a subsequent taper. 
Patients with refractory ACR can be managed with either 
a second course of steroids or less often thymoglobulin. 
Thymoglobulin, a polyclonal antibody preparation directed 
against lymphocytes, is administered intravenously for up 
to 5  days with careful monitoring of white blood cell and 
platelet counts. All patients generally receive oral antimicro-
bial prophylaxis for CMV and Pneumocystis jirovecii when 
treated for ACR.

Chronic rejection (CR) occurs in less than 5% of OLT 
recipients in the modern era. Prior ACR, autoimmune liver dis-
ease, and CMV infection all may predispose to development 
of CR. Patients with CR typically present with laboratory evi-
dence of cholestasis and may be jaundiced. As opposed to in 
ACR, steroid therapy is not beneficial in the management of 
CR. Options for management include increasing the dose of 
tacrolimus or the use of additional immunosuppressants such 
as mycophenolate mofetil or an mTOR inhibitor. Despite 
maximal medical therapy, many patients with CR will ulti-
mately require retransplantation [54].

 Infectious Complications in Patients 
with Chronic Liver Disease and Cirrhosis

Cirrhosis represents a state of progressive hepatic fibrosis 
with marked distortion of the hepatic architecture and devel-
opment of regenerative nodules. The liver plays an impor-
tant role in the hosts’ immunity against bacterial pathogens; 
therefore, the development of chronic liver disease and cir-
rhosis renders such patients to an increased risk for infec-
tions. Thus, liver transplant candidates represent a unique 
patient population that is highly vulnerable to multiple infec-
tious complications affecting the pre-transplant course. In 
addition, chronic liver disease and cirrhosis are associated 
with increased morbidity and mortality, due to gastrointes-
tinal and variceal bleeding, severe and recurring ascites, 
hepatic encephalopathy, hepatorenal and hepatopulmonary 
syndromes, bile secretion impairment, and severe coagu-
lopathy. Infections play an important role in the overall mor-
bidity and prognosis for persons with chronic liver disease 
including cirrhosis and may contribute to 30–50% mortal-
ity [55]. Bacterial infections are noted at the time of hospi-
talization or during the course of hospital stay in 25–35% 
of patients with cirrhosis [56]. It is estimated that there is a 
15% hospital mortality for cirrhotic patients who develop an 
infection episode [55]. In patients with cirrhosis, it is esti-
mated that 30% are community-acquired infection, and the 
remainder are healthcare-onset infections. Approximately 
35–40% of these healthcare-acquired infections will occur 
>48 h after hospital admission, which places these patients 
at an increased risk for infections due to multidrug-resistant 
organisms (MDROs) [56, 57].

 Overview of Liver Function and Its 
Contribution to Host Defense

The liver is an organ that plays an important role in the 
metabolism, synthesis, and the storage of nutrients and pro-
teins. The liver produces the majority of the body’s proteins 
and therefore has pivotal synthetic functions such as metab-
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olism and synthesis of amino acids, carbohydrates, fatty 
acids, lipoproteins, plasma proteins like albumin, transport 
proteins, protease inhibitors, fibrinogen, clotting factors, and 
complements. The liver also serves as a center of detoxifica-
tion, removing or degrading toxic components from the cir-
culation. In order for the liver to accomplish these functions, 
the hepatocyte must extract nutrients, waste, and toxic prod-
ucts from the blood that circulate through the liver within 
its sinusoids. The liver is continuously exposed to dietary 
ingredients consisting of exogenous molecules and micro-
nutrients, environmental products, and byproducts of the 
gastrointestinal microbiota. The blood from the gastrointes-
tinal and mesenteric circulation enters the liver via the portal 
vein and mixes with oxygen-rich blood from the systemic 
circulation via the hepatic artery and ultimately drains into 
the liver sinusoids. It is estimated that 80% of the hepatic 
blood flow within the liver arises from the gastrointestinal 
tract through the portal circulation [58]. Therefore, hepato-
cytes are exposed to a mixture of portal venous and arterial 
blood. The sinusoids are lined with liver sinusoidal endo-
thelial cells that contain fenestrations to facilitate passage 
of the blood to reach the hepatocytes [58]. The hepatocytes 
are constantly exposed to foreign and immunogenic antigens 
and environmental toxins and those produced by the endog-
enous orointestinal microbiota. This constant exposure could 
result in untamed systemic immune activation; however, the 
liver plays a critical role in regulation and maintenance of 
immunologic and inflammatory homeostasis [58].

In addition to metabolism and synthesis, the hepatocytes 
play an important role in host defense. Their contribution to 
host immunity includes the production of complement and 
antimicrobial proteins, acute phase proteins in response to 
infection, and antigen presentation to T cells [58]. The liver 
is also a lymphoid organ with unique immunological proper-
ties. The liver-specific macrophages, known as Kupffer cells, 
line the luminal surface of the hepatic sinusoids and are an 
important part of the reticuloendothelial system (RES). The 
Kupffer cells in the liver comprise 90% of the body’s tis-
sue macrophages and make up one-third of the parenchymal 
cells in the liver [59]. Both the Kupffer cells and the hepato-
cytes contain pattern recognition receptors (PRR) which can 
bind to microbe-associated molecular patterns and damage- 
associated molecular patterns that originate from the gastro-
intestinal tract through the portal circulation [60–62]. These 
molecular patterns are then phagocytized by the Kupffer cells 
or hepatocytes and are removed and cleared from the circula-
tion. These local processes of removal and degradation by 
the Kupffer cells and the hepatocytes serve a protective role 
to prevent systemic immune activation as a result of antigens 
and byproducts from the gastrointestinal tract [58]. These 
properties ensure an efficient innate defense against intes-
tinal organisms and toxins and confer a particular capacity 
for preservation of immune tolerance. The normal liver is 

therefore considered to be immune tolerant or “tolerogenic.” 
This is best supported by the observations that liver trans-
plant recipients can reduce and also wean their immunosup-
pressive therapy in up to 20% of the patients, compared to 
recipients of other solid organ transplant [63].

On the other hand, with regard to host defense, the 
Kupffer cells of the liver play a key role in the removal of 
bacteria and their endotoxins from the bloodstream, as well 
as producing local inflammatory cytokines. Their presence 
within the vascular sinusoids provides an effective first line 
of defense against infections via the hematogenous route and 
bacterial translocation from the gastrointestinal tract.

 Immunologic Dysfunction in Cirrhosis

In patients with cirrhosis, this crucial hepatic immunologic 
homeostasis is severely disrupted. Additionally, a milieu of 
dysregulated systemic pro-inflammatory cytokine response 
can result in further organ damage, especially in cirrhotic 
patients with systemic infection or sepsis [57]. The immu-
nopathogenesis seen in cirrhosis is quite complex and is 
outlined in Fig.  3.1. In general, the clearance of bacteria 
and bacterial endotoxins by the Kupffer cells is impaired in 
patients with cirrhosis due to portosystemic shunting. The 
immunologic dysfunction associated with cirrhosis is further 
augmented by compromised liver synthetic function, mal-
nutrition, stress catabolism, and also lifestyle factors, such 
as alcohol consumption. Chronic liver disease and cirrhosis 
are associated with alterations and/or deficiencies in all of 
the host defense mechanisms. In addition to depressed host 
immunity, these patients are at increased risk for exposure 
to healthcare-acquired infections due to their frequent need 
for hospitalization to manage the many complications asso-
ciated with chronic and end-stage liver disease.

The key host factors that contribute to an increased risk 
of infection in patients with cirrhosis include (1) alterations 
in the intestinal microbiota and the intestinal mucosal bar-
rier; (2) depression of activity by Kupffer cells and RES; (3) 
suboptimum opsonic activity in serum and the ascitic fluid; 
(4) neutrophil dysfunction with decreased phagocytosis and 
chemotaxis; and (5) decreased production and abnormalities 
in complement pathways, pattern recognition receptors, and 
C-reactive protein [57].

In recent years there has been an increased apprecia-
tion of the importance of the normal gut microbiota which 
 contributes to both the host’s metabolic and immunologic 
functions. The majority of the gut microbiota is comprised 
of obligate anaerobes within the phylum Firmicutes (spe-
cifically Clostridia spp. and Gram-negative anaerobes such 
as the Bacteroides spp.). In the bowel of healthy subjects, 
Gram-negative bacteria are present in relatively low num-
bers as compared with the obligate anaerobes, whereas 
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with cirrhosis, the proportion of Gram-negative bacteria is 
more prominent. Alterations in the composition of the gut 
microbiota are well recognized in patients with cirrhosis, 
with an increase in colonization by the Proteobacteria that 
are predominantly Gram-negative enteric bacteria [64]. 
Spontaneous infections with Gram-negative bacilli are 
common in patients with cirrhosis, and it is proposed that 
this is mainly due to bacterial translocation from the gas-

trointestinal tract that has undergone alteration in the gut 
microbiota. Bacterial translocation occurs when bacteria 
or yeast migrate to the mesenteric lymph nodes and into 
the portosystemic circulation [57]. In animal experiments, 
oral administration of radiolabeled E. coli was detected 
within the intestinal lumen, mesenteric lymph nodes, and 
the ascitic fluid in mice with cirrhosis [65], supporting the 
possible mechanism of enhanced bacterial translocation 
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Fig. 3.1 Immunologic dysfunction associated with cirrhosis. PRR, pattern recognision receptors. SBP, spontaneous bacterial peritonitis. HRS, 
hepato-renal syndrome
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that may also occur in patients with cirrhosis. Additionally, 
Gram-negative bacilli are demonstrated to be more effi-
cient in translocating across bowel lumen when compared 
to obligate anaerobes in a murine experimental model [66], 
providing further evidence for clinical observations that 
Gram-negative enteric bacilli are the most common cause 
of infection in patients with chronic end-stage liver disease 
and systemic infections due to anaerobes are seldom seen. 
Other factors that contribute to the bacterial translocation 
of pathogenic bacteria in cirrhosis include intestinal bacte-
rial overgrowth and increased intestinal permeability [64]. 
Intestinal overgrowth and alterations in the gut microbiota 
appear to correlate with the Child-Pugh score; higher preva-
lence of bacterial overgrowth has been observed in patients 
with Child-Pugh classes B and C compared with patients 
having class A liver disease [67, 68]. Moreover, intestinal 
bacterial overgrowth has been associated with a diagnosis 
of minimal hepatic encephalopathy and supports the use of 
nonabsorbable rifaximin in the treatment and prevention of 
hepatic encephalopathy in such patients [68]. It has also been 
shown that there is a higher bacterial burden of pathogenic 
E. coli in stool cultures in patients with cirrhosis and those 
with early-stage hepatic encephalopathy [69]. Normal hosts 
have tight junctions between mucosal and epithelial cells, 
which limit translocation of bacteria and bacterial products. 
Patients with cirrhosis have alterations in tight junction or 
desmosome proteins that compromise the physiologic bar-
rier and may result in increased bacterial translocation [70, 
71]. Additionally, intestinal bacterial access to the gut epi-
thelial cells may be facilitated by deficiencies in IgA, bile 
lipids, and antimicrobial peptides that are notably observed 
in patients with advanced cirrhosis [64, 72, 73]. Therefore, 
changes in the gut microbiota, coupled with the increased 
intestinal permeability, particularly in cirrhotic patients with 
ascites greatly enhance the risk for bacterial translocation 
due to aerobic Gram-negative bacteria resulting in spontane-
ous bacterial peritonitis and bloodstream infections.

Cirrhosis is associated with both sinusoidal and septal 
fibrosis which results in portosystemic shunting. Patients 
with cirrhosis have depressed RES-Kupffer cell function, 
which can further promote translocation of bacterial patho-
gens and their endotoxins, thus reducing immune surveil-
lance by the Kupffer cells/RES and allowing these pathogens 
access to the bloodstream [74]. Toll-like receptors (TLRs) are 
expressed on the surface of macrophages including Kupffer 
cells and can recognize and bind to bacterial products includ-
ing endotoxins. Alterations in the TLRs and nucleotide-bind-
ing oligomerization domain (NOD) 2 gene via minor genetic 
polymorphisms may result in decreased affinity of TLR for 
Gram-negative bacilli lipopolysaccharide further enhancing 
the risk for bacterial infections in patients with cirrhosis [75, 
76]. Furthermore, it has been demonstrated that simultane-
ous variations in the NOD 2 and TLR genes are associated 

with increased risk for spontaneous bacterial peritonitis, as 
well as an increase in surrogate markers for intestinal perme-
ability in patients with cirrhosis [77]. It appears that genetic 
polymorphisms may contribute to the risk of spontaneous 
bacterial peritonitis and other bacterial infections in patients 
with chronic liver disease and cirrhosis.

Patients with cirrhosis experience both generalized 
immunodeficiency and systemic immune activation with the 
production of pro-inflammatory cytokines, also referred to 
as cirrhosis-associated immune dysfunction (CAID) [77]. 
There are numerous immunologic deficits that contribute to 
CAID and ultimately risk of systemic infection. In patients 
with cirrhosis, there is an overall reduction of circulating 
immune cells, and this is most notable for neutrophils, naïve 
T cells, and memory B cells [78]. In addition to reduced 
numbers of immune cells, there is a cellular dysfunction, 
including reduced phagocytic and chemotactic properties 
of neutrophils, reduced phagocytic activity of monocytes, 
hypoproliferative response to mitogens by T and B cells, and 
reduced natural killer cell cytotoxic activity [79–82]. Stunted 
TNFα production and HLA-DR expression have also been 
noted in cirrhotic patients with acute decompensation, such 
as sepsis, and referred to as “immune paralysis” [83].

Finally, as cirrhosis affects the synthetic function of the 
liver, the production of both complement and pattern recog-
nition receptors (PRRs) are diminished [84]. Several impor-
tant soluble PRRs produced by the liver include C-reactive 
protein, lipopolysaccharide-binding protein, peptidoglycan 
recognition protein, and soluble CD14, which activate com-
plement associated opsonization cascade [85, 86]. Reduction 
in complement and PRR synthesis decreases bactericidal 
function of phagocytic cells in patients with cirrhosis [87]. 
Specifically, decreased concentrations of C3, C4, and CH50 
result in suboptimal opsonic activity in both serum and ascitic 
fluid and have been recognized as an important risk factor 
that is associated with increased susceptibility to bacterial 
infections [88, 89]. Bactericidal functions of neutrophils are 
compromised resulting from decreased circulating cells in 
the peripheral blood due to splenic sequestration, decreased 
chemotaxis, and phagocytosis [88]. In patients with cirrho-
sis, neutrophils have reduced microbicidal activity owing to 
diminished intracellular superoxide production and myelo-
peroxidase activity [90]. Additionally, neutrophil dysfunc-
tion can be further exacerbated by alcohol  consumption 
further suppressing phagocytosis and increasing the risk of 
bacterial infection [91].

In summary, the immunologic and synthetic function of 
the liver plays an important role in immune surveillance 
and immunologic homeostasis. Patients with advanced 
liver disease awaiting liver transplantation are a vulnerable 
population due to hepatic structural abnormalities, reduced 
production of critical immuno-protective proteins, reduced 
circulating immune cells, and impaired function of these 
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cells. This overwhelming acquired immunodeficiency in 
patients with end-stage liver disease is further augmented by 
the frequent exposure to the healthcare setting, placing these 
patients at risk for numerous infectious complications prior 
to undergoing hepatic allograft transplantation.

 Clinical Aspects of Infections in Patients 
with Chronic Liver Disease and Cirrhosis

As a result of CAID, infectious complications are extremely 
common in patients with chronic liver disease and may be 
the cause of mortality in up to 50% of these patients [92–
94]. The most common types of infections are spontaneous 
bacterial peritonitis (SBP), UTI, pneumonia, bloodstream 
infections, and skin and soft tissue infections [95, 96]. 
The bacteriologic causes of these infections are predomi-
nantly (~75%) due to Gram-negative bacilli (GNB); Gram-
positive organisms and anaerobes account for 20% and 3%, 
respectively [97]. It is estimated that 64% of these infec-
tions may be due to drug-resistant bacteria [98]. Infection 
in patients with cirrhosis can exacerbate liver failure and 
precipitate end-organ damage at other sites [99]. Due to the 
dysregulation of the pro-inflammatory cytokine response 
in patients with cirrhosis, sepsis carries a mortality rate 
of 26–44%. Infection can cause acute decompensation in 
individuals with chronic liver failure, which can result in 
worsening hepatic encephalopathy. Acute kidney injury 
with hepatorenal syndrome, acute lung injury with ARDS, 
and severe coagulopathy with gastrointestinal bleeding can 
all be precipitated by bacterial infections in patients with 
cirrhosis [62].

Spontaneous bacterial peritonitis is a common infec-
tion in cirrhotic patients with ascites. Severe, potentially 
life- threatening SBP that requires hospitalization often 
noted in patients with advanced liver disease may be asso-
ciated with 31% mortality [59]. SBP is characterized by 
the spontaneous infection of ascitic fluid in the absence of 
an intra-abdominal source of infection. The pathogenesis 
of SBP is caused by bacterial translocation from the intes-
tinal tract in the setting of portosystemic shunting. The 
most common organism isolated from peritoneal fluid is 
Escherichia coli. In a large series of 519 patients with SBP, 
the prevalence of culture- positive organisms included E. 
coli (43%), Klebsiella pneumoniae (11%), Streptococcus 
pneumoniae (9%), other streptococcal species (19%), other 
Enterobacteriaceae (4%), Staphylococcus species (3%), 
and Pseudomonas aeruginosa (1%), and 10% were miscel-
laneous organisms [100]. Another study noted that in the 
setting of norfloxacin prophylaxis for SBP, viridans group 
streptococci were prominent streptococcal isolates followed 
by group B Streptococcus, Streptococcus pneumoniae, and 
Streptococcus bovis, emphasizing the increasing importance 

of streptococcal species breakthrough infection as a cause of 
SBP in patients receiving fluoroquinolone prophylaxis [101]. 
Guidelines and recommendations for the diagnosis, manage-
ment, and prevention of SBP have been published and are 
updated by the American Association for the Study of Liver 
Diseases (AASLD) [102]. After SBP, UTIs are the next com-
mon site of infection in patients with cirrhosis. As in other 
patient populations, urinary catheters are an important risk 
factor for such infections, and as expected, GNB are com-
mon causative pathogens.

Patients with cirrhosis are at increased risk for community- 
acquired pneumonia (CAP), healthcare-acquired pneumonia 
(HCAP), and aspiration pneumonia. As patients with cir-
rhosis have both complement and B-cell defects, they are at 
increased risk for infections due to encapsulated organisms 
such as Streptococcus pneumoniae, Haemophilus influenzae, 
and Klebsiella pneumoniae. Additionally, these patients are 
more likely to have concurrent bacteremia and have multilobar 
involvement compared with CAP in the general population 
[103]. The depressed cellular immune response associated 
with cirrhosis also places these patients at increased risk for 
legionellosis. These patients require frequent hospitalization, 
and therefore they are at increased risk for HCAP. Hepatic 
encephalopathy is a risk factor for HCAP, because these 
patients have decreased mental status and are at risk for aspi-
ration of oropharyngeal contents that often are colonized by 
Gram-negative enteric bacilli. Empiric treatment for HCAP 
should include coverage for Pseudomonas aeruginosa and 
other drug-resistant GNB, as well as MRSA. Patients with 
cirrhosis are at increased risk for aspiration events in the set-
ting of altered mental status due to hepatic encephalopathy 
or excessive alcohol consumption, which places them at risk 
for lower respiratory tract infections [104]. Additionally, the 
periodontal disease that is seen in alcoholic patients provides 
a favorable environment for both anaerobes and Klebsiella 
pneumoniae colonization, which can lead to lower respira-
tory tract infection during aspiration events [67, 105]. It is 
well recognized that patients with chronic alcoholism are at 
an increased risk for community- acquired pneumonia due to 
S. pneumoniae; a study reported that alcohol abuse was also 
a risk factor for CAP and septic shock due to Pseudomonas 
aeruginosa and Acinetobacter species [106]. It is impor-
tant to note that the latter two infections are uncommon in 
patients with alcoholic cirrhosis unless these patients have 
extensive prior healthcare exposure including stays in the 
intensive care unit or need for mechanical ventilatory sup-
port; other risk factors include leukopenia or neutropenia.

Bloodstream infections can occur as a result of bacterial 
translocation from the gastrointestinal tract; Gram-negative 
enteric bacilli, enterococci, and Streptococcus spp. are com-
mon pathogens [58, 107]. It has been reported that bacte-
remia or SBP can complicate gastrointestinal bleeding in 
17–45% of the episodes [108]. The management of esopha-
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geal varices involves esophageal variceal ligation (EVL) and 
esophageal variceal sclerotherapy (EVS); both of these pro-
cedures may increase the risk for transient bacteremia. In a 
meta-analysis, the overall rate of bacteremia following these 
procedures was 13%; bacteremia was significantly more com-
mon after EVS (17%) compared with EVL (6%) [109]. The 
most common cause of transient bacteremia associated with 
EVS and EVL includes alpha-hemolytic Streptococcus and 
coagulase-negative staphylococci [110, 111]. As with other 
hospitalized patients, invasive procedures such as indwell-
ing central venous catheters place these patients at increased 
risk for bloodstream infections due to Staphylococcus aureus 
including MRSA and coagulase- negative staphylococci. 
Presence of cirrhosis was noted as an independent risk factor 
for the development of spontaneous bacteremia due to group 
B Streptococcus [112].

Hepatic hydrothorax is another complication of cirrhosis, 
and this can evolve into spontaneous bacterial empyema. 
Spontaneous bacterial empyema may be seen in 10–20% 
of patients with hepatic hydrothorax, and like SBP, these 
infections are primarily due to Gram-negative enteric bacilli 
[113–115].

Skin and soft tissue infections including necrotizing fasci-
itis have been reported in patients with cirrhosis. In patients 
with end-stage liver disease, generalized edema, especially 
involving the lower extremities, is not uncommon; fur-
thermore, suboptimal personal hygiene and malnutrition 
place these patients at increased risk for relapsing skin and 
soft tissue infections. The common causative agents are 
Staphylococcus aureus, including CA- and HA-MRSA, and 
β-hemolytic Streptococcus including group B Streptococcus; 
GNB infections have also been reported [62]. Other rare 
causes of skin and soft tissue infections due to Vibrio vulni-
ficus and Aeromonas hydrophila may be seen more often in 
patients with cirrhosis compared with the general population.

 Specific Pathogens

Patients with chronic liver disease exhibit CAID due to 
decreased complement levels, less effective phagocytic 
activity and chemotaxis, “bypass” of the reticuloendothelial 
system due to portosystemic shunting, and availability of 
free iron that promotes growth of particular organisms.

Iron is bound to proteins such as hemoglobin, ferritin, 
transferrin, and lactoferrin, which maintain a low level of 
free iron that inhibits sustained bacterial growth. The liver 
plays a key role in iron metabolism, and this can be sig-
nificantly disrupted in patients with chronic liver disease 
and cirrhosis. While this disruption in iron homeostasis is 
most notable in hemochromatosis, it has also been reported 
in patients with alcoholic liver disease, nonalcoholic fatty 
liver disease, and chronic hepatitis C infection. Cirrhosis is 

associated with decreased synthetic function, including the 
production of hepcidin, an important regulatory peptide for 
iron metabolism. In response to infection and inflammation, 
there is increased production of hepcidin, which decreases 
the availability of free iron, resulting in induced hypofer-
remia. The decreased levels of free iron by hepcidin have 
important antimicrobial properties, by creating an environ-
ment that does not support bacterial growth. Animal models 
of hepcidin- deficient mice showed increased susceptibility 
to infection with Vibrio vulnificus. Therefore, suggesting that 
reduced production of hepcidin in patients with chronic liver 
disease and cirrhosis contributes greatly to their susceptibil-
ity to specific pathogens [116–118].

Noteworthy pathogens that are more common in patients 
with chronic liver disease and cirrhosis, as compared to the 
general population, include E. coli, Vibrio spp., Aeromonas 
hydrophila, Plesiomonas shigelloides, Yersinia spp., 
Salmonella spp., Listeria monocytogenes, Mycobacterium 
tuberculosis, and the invasive molds like Aspergillus fumig-
atus and Rhizopus spp. These organisms are able to take 
advantage of the immunodeficiency associated with chronic 
liver disease and cirrhosis; additionally high free iron levels 
provide favorable growth environment for such organisms 
[62, 79, 119].

The Vibrio spp., including V. vulnificus, V. cholera, and 
V. parahaemolyticus, can cause severe infection in patients 
with chronic liver disease and those with cirrhosis. Vibrio 
vulnificus is a Gram-negative, halophilic noncholera Vibrio 
species that is a common organism isolated from estuarine 
and marine environments and has been associated with gas-
troenteritis, skin and soft tissue infections with hemorrhagic 
bullae, and bacteremia resulting in severe sepsis and death. 
Impaired iron metabolism and increased iron availability 
appear to underlie the pathogenicity of V. vulnificus invasive 
disease [120–122]. Common coastal sites where V. vulni-
ficus is endemic include the Chesapeake Bay and the Gulf 
Coast. Most patients (90%) with V. vulnificus bacteremia 
have a history of consuming raw or undercooked shellfish 
specifically oysters, whereas skin and soft tissue infections 
are associated with the handling of raw seafood or direct 
inoculation due to recreational exposure to marine environ-
ment [84, 123, 124]. Gastroenteritis is the most common 
clinical manifestation, cellulitis with hemorrhagic bullae, 
and less commonly seen necrotizing fasciitis has also been 
reported. Patients with chronic liver disease or cirrhosis can 
present with primary V. vulnificus bacteremia associated 
with multiple hemorrhagic bullae and septic shock. In case 
series, V. vulnificus bacteremia carries a mortality of 40%, 
with an extremely poor prognosis in patients with septic 
shock at the time of presentation [83–86, 125]. Therefore, 
it is recommended that persons with chronic liver disease 
should avoid consuming raw undercooked shellfish and 
exposure to marine water.
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Aeromonas species are GNB that are isolated predomi-
nantly from fresh water. Aeromonas hydrophila is the most 
common species and mainly presents as gastroenteritis. A 
rapidly progressive cellulitis or necrotizing fasciitis may 
rarely occur in such patients following exposure to fresh 
water. Bacteremia due to Aeromonas spp. is more com-
mon in patients with underlying cirrhosis and was associ-
ated with a 36% crude mortality [126]. In the same series, 
Aeromonas bacteremia, cirrhosis was the common underly-
ing disease. Aeromonas SBP is an uncommon illness that 
may be observed during the summer months and associated 
with a diarrheal illness [127]. Plesiomonas shigelloides is 
also a GNB which can be acquired by the ingestion of raw 
or undercooked shellfish. It has been associated with gastro-
enteritis and in rare instances SBP [128, 129]. It may have 
a propensity to cause severe disease in iron overload condi-
tions such as hemochromatosis.

The Yersinia spp., Y. enterocolitica, and Y. pseudotu-
berculosis are Gram-negative enteric bacilli that are also 
ferrophilic. Therefore, patients with cirrhosis and hemo-
chromatosis are at risk for these gastrointestinal pathogens, 
which can be transmitted by undercooked pork products. In 
rare instances, Yersinia enterocolitica bacteremia has been 
associated with blood transfusions [130].

Listeria monocytogenes are Gram-positive bacilli that 
may be acquired via the ingestion of infected processed and 
canned food products or unpasteurized milk and products 
made from raw milk such as certain variety of cheese. The 
most important risk factor for invasive L. monocytogenes 
infection is depressed cellular immunity; availability of 
free iron in the hosts has been recognized as an important 
determinant of Listeria pathogenicity and virulence. Hence 
L. monocytogenes infections have been described in patients 
with hemochromatosis and cirrhosis [131–133]. Bacteremia 
and meningitis are the common clinical presentations of L. 
monocytogenes invasive disease.

Infections due to Mycobacterium tuberculosis, Aspergillus 
fumigatus, and Rhizopus spp. can rarely complicate the 
course of patients with chronic liver disease and cirrhosis 
due to the underlying immunodeficiency coupled with the 
alteration in iron homeostasis [62, 79, 80, 82].

 Infectious Complications in Liver Transplant 
Recipients

 Epidemiology

The incidence of infection after liver transplantation (LT) is 
particularly high compared to other solid organ transplants, 
likely due to the complexity of the procedure, risk of abdom-
inal contamination, and especially due to poor medical sta-
tus of many allograft recipients with end-stage liver disease. 

Although mortality has markedly improved post-LT (), it is 
estimated that up to two-thirds of all LT patients suffer at 
least one episode of infection [134].

The risk of infection post-transplant is primarily deter-
mined by epidemiologic exposures including donor-derived, 
recipient-derived, healthcare-acquired, and community- 
acquired pathogens – and the patient’s net state of immuno-
suppression. The net state of immunosuppression is based 
on multiple factors and includes the level of pharmacologic 
immunosuppression, underlying host factors, surgical proce-
dures and other medical interventions, and viral infections 
(such as CMV). This is a complex interaction, and it gener-
ally varies predictably over time, based on typical protocols 
for antirejection immunosuppressive therapy and prophylac-
tic strategies. Consequently, the risk of infection post solid 
organ transplant is traditionally subdivided into three distinct 
intervals: from surgery to 1 month post-transplant, 1 month 
to 6–12  months post-transplant, and beyond 6–12  months 
post-transplant [135, 136].

 Pre-transplant Screening for Infections

Pre-transplant screening of both potential donors and 
recipients can help prevent infectious complications in 
multiple ways: by identifying contraindications to trans-
plant, by detecting latent or occult active infections, and by 
stratifying risk for future infections and allowing appro-
priate preventive steps such as prophylactic antimicrobi-
als or vaccination. Historically, screening approaches have 
differed widely between organ procurement organizations 
within the USA and internationally [137, 138]. With greater 
experience and ability to diagnose transplant-related infec-
tions, there is now an established subset of infections that 
are routinely screened for in most cases. Most transplant 
centers’ screening protocols require and perform the fol-
lowing tests in donors and recipients prior to transplan-
tation and include human immunodeficiency virus (HIV) 
antibody, HSV (herpes simplex) IgG antibody (at some 
centers), cytomegalovirus (CMV) IgG antibody, hepatitis 
C virus (HCV) antibody, hepatitis B virus (HBV) surface 
antigen (HBsAg), hepatitis B core antibody (HBcAb IgM 
and IgG, or total core antibody), hepatitis B surface anti-
body (HBsAb), rapid plasma reagin (RPR), toxoplasma 
antibody (especially in heart recipients), Epstein- Barr 
virus (EBV) antibody (EBV VCA IgG, IgM), varicella 
zoster virus (VZV) antibody, purified protein derivative 
(PPD) or interferon gamma release assay (IGRA) for 
latent TB infection in recipients, Strongyloides serology 
(for recipients from endemic areas), Coccidioides serology 
(for recipients from endemic areas), Trypanosoma cruzi 
serology (for donors and recipients from endemic areas), 
serologies for tetanus, diphtheria, measles, mumps, and 
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pneumococcal titers as an aid to pre-transplant immuniza-
tion (at some centers).

Some optional screening measures include West Nile 
virus serology or NAT HHV-8 serology and BK serology in 
kidney donor and recipients. NAT for HIV, HCV, and HBV 
is also performed and is of increasing importance especially 
in donors with high-risk social behaviors.

However, screening practices can still vary by transplant 
center [139]. Caregivers may choose to expand screening 
tests based on epidemiological or clinical factors on a case- 
by- case basis. Presurgical testing for LT is generally simi-
lar to protocols for other solid organ transplants; however, 
addressing potential latent Mycobacterium tuberculosis 
infection (LTBI) in candidate recipients raises some specific 
challenges.

Immunocompromised states may confer a weakened 
ability to react to tuberculin skin tests (TSTs) and inter-
feron gamma release assays (IGRAs), decreasing the sen-
sitivity of these tests when screening for Mycobacterium 
tuberculosis (MTb) [140, 141]. Individuals with cirrhosis 
are known to have impaired immune responses, including 
altered T-cell- dependent functions, which may affect the 
sensitivity of MTb testing [142]. There is no gold stan-
dard for latent MTb diagnosis, and all current tests have 
questionable accuracy for immunocompromised hosts. 
However, they do have high specificity and, thus, are still 
a valuable tool for minimizing the risk of active tubercu-
losis infection for many patients after undergoing trans-
plantation [143–145]. Although there is limited research 
on the use of these tests specifically in individuals prior 
to transplantation, 2013 guidelines from the American 
Society of Transplantation recommend standard TST for 
all transplant candidates, with consideration of a second 
boosting TST 2  weeks later for those who initially test 
negative; this can potentially reveal a positive test for 
patients with remote exposure [146]. IGRAs are also rec-
ommended as an alternative to TST and may be prefer-
able for convenience at most transplant centers. The use of 
an IGRA for screening for LTBI is favored in the setting 
where a patient has received a prior BCG vaccine, as an 
IGRA is more specific than a TST in this instance. The 
QuantiFERON-TB Gold In-Tube test (QFT) (Cellestis, 
Australia) has been compared to the TST for diagnosis of 
latent tuberculosis infection in candidates being consid-
ered for LT, and of note, indeterminate QFT results were 
more likely in patients with higher MELD scores [145]. 
There is some evidence that the T-SPOT TB test (Oxford 
Immunotec Ltd) may have slightly higher sensitivity than 
the QuantiFERON-Gold In-Tube test [147].

Treatment for LTBI also poses a unique challenge for 
pre- LT candidates, given the hepatotoxic potential of the 
treatment options. Completion of treatment before trans-
plantation is ideal to best minimize the risk of developing 

active tuberculosis infection. With careful monitoring, even 
compensated cirrhotic individuals can complete the treat-
ment safely [148, 149]. If exposure to MTb is suspected to 
be recent (i.e., if the candidate had recent conversion of their 
TST or IGRA from negative to positive), early treatment is 
especially favored, as risk for MTb activation is highest dur-
ing the initial 1–2 years post exposure [150]. However, for 
candidates with advanced decompensated liver disease, it is 
usually advisable to defer treatment till after transplant when 
the patient is deemed stable from a liver function standpoint, 
to minimize the risk of fulminant hepatotoxicity.

There are two standard treatment options for LTBI in pre- 
liver transplant candidates: isoniazid for 9 months or rifampin 
for 4 months. The risk for hepatotoxicity has not been shown 
to be significantly different between the two drugs for this 
population [145]. Due to the contraindicated drug interac-
tions between rifampin and many immunosuppressants, 
rifampin is not recommended following transplantation. 
The coadministration of rifampin with tacrolimus results 
in decreased drug exposure of tacrolimus. Twelve weeks of 
directly observed therapy with isoniazid and rifapentine is a 
third approved regimen for LTBI in the general population; 
however, as it has not been studied in the LT population, it is 
not recommended in these cases. Additionally, rifapentine is 
similar to rifampin in its effect on tacrolimus drug exposure. 
A randomized prospective study sought to investigate the 
efficacy and safety of 9 months of levofloxacin prophylaxis 
in LT candidates; however, the study was terminated early 
due to an 18% rate of severe tenosynovitis in the levofloxacin 
arm [151].

 Timeline for Infectious Complications 
from Transplant Procedure to 1 Month After 
Transplantation

 Bacterial and Healthcare-Acquired Infections
In the first month post-LT, infections are most often health-
care associated and bacterial in origin, similar to the infection 
risks for immunocompetent hosts undergoing other hepato-
biliary procedures. A variety of factors are associated with an 
increased risk for bacterial infection. These factors include 
older age, length of preoperative stay, CMV  infection, dura-
tion of surgery, retransplantation, volume of transfused 
blood products, preoperative MELD and CTP scores, bil-
ioenteric anastomosis, technical complications (e.g., biliary 
leak, HAT), renal replacement therapy, and hyperglycemia 
[152]. Intra-abdominal infections are most common due to 
the technical nature of the surgery. The bile duct has no natu-
ral collaterals, being supplied only arterially, as opposed to 
the liver, which has dual circulation through the portal sys-
tem. The biliary epithelium is thus more vulnerable to hypo-
perfusion during transplantation or resulting from hepatic 
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artery thrombosis (HAT). A 30-year review at one center 
found a 14% rate of biliary complications post-LT, includ-
ing anastomotic and non-anastomotic strictures, bile leaks, 
and cholangitis. Elevated MELD, HAT, and elevated donor 
creatinine suspected to reflect altered metabolic factors at 
the site of anastomosis, which may impair healing, were all 
significant risk factors for anastomotic biliary complications 
[153]. Biliary complication may in turn lead to further infec-
tious complications, such as hepatic and intra-abdominal 
abscesses. A 10-year retrospective study at a large transplant 
center diagnosed hepatic abscess post-LT at a rate of 4.8 per 
1000 transplant patient-years [154]. In the same study, HAT 
was confirmed to be a significant predisposing factor for 
hepatic abscess. Management of infectious biliary complica-
tions warrants antibiotic coverage for enteric Gram-negative 
organisms and anaerobes, as well as healthcare-associated 
bacteria based on the patient’s history. Source control may 
necessitate drainage, endoscopic intervention, surgical repair 
or in severe cases, retransplantation.

After intra-abdominal infections, the lungs are the sec-
ond most frequent site of infectious complication post-LT. A 
retrospective study of deceased donor hepatic allograft 
recipients found an incidence of 10 episodes of ventilator-
associated pneumonia per 1000  days of mechanical venti-
lation. Enterobacteriaceae accounted for 79% of bacterial 
etiologic agents. Both intra-abdominal infection and pneu-
monia can be complicated by concurrent bacteremia. A mul-
ticenter retrospective study found bloodstream infections 
complicated 29% of LT recipients in the first year after trans-
plantation, with 52% of infections occurring within the first 
100 days [155].

Surgical wound infections are third common infectious 
complications during this period, followed by urinary tract 
infections and other healthcare-associated infections (HAIs) 
[150]. Risk factors identified for surgical site infection 
include prolonged operative time, large-volume blood trans-
fusion, biliary leak, retransplantation, dialysis, and CMV 
infection [156, 157].

Antibiotic resistance has become an increasing problem 
for treating HAIs. In 2014, the CDC found that 14% of HAIs 
in short-term acute care hospitals were caused by 1 of 6 major 
antibiotic-resistant threat bacteria [158]. The most recent sur-
vey of HAIs from the National Healthcare Safety Network 
from 2011 to 2014 further showed that resistance patterns 
continue to change over time [159]. Antibiotic resistance is 
particularly a concern for liver transplant recipients who are 
likely to have had prior antibiotic exposures as a result of 
numerous hospitalizations associated with the complications 
of chronic liver disease in the pre-transplant period. A study 
of 300 liver transplant recipients found 88 suffered at least 1 
infection in the early 30-day post- transplant period; and of 
these, 78 (89%) were due to drug-resistant bacteria [159]. The 
multidrug-resistant organisms (MDROs) most commonly 

encountered in LT recipients include extended β-lactamase-
producing Enterobacteriaceae (ESBL), MDR Pseudomonas 
aeruginosa, carbapenem- resistant Acinetobacter baumannii 
(CR-AB), carbapenem- resistant Enterobacteriaceae (CRE), 
vancomycin-resistant Enterococcus (VRE), and methicillin-
resistant Staphylococcus aureus (MRSA) [160].

The most common MDROs associated with ESBL pro-
duction are Klebsiella pneumoniae and E. coli. Although 
it appears that ESBL-producing organisms may be more 
common in kidney transplant recipients, often as an etiol-
ogy for UTIs, LT recipients are also at risk for these organ-
isms and have been reported in 5.5–7% [161–163]. In a 
large solid organ transplant cohort, 53% of the Klebsiella 
pneumoniae isolates were ESBL producing, and the high-
est risks were seen in kidney transplant recipients, especially 
those requiring post-transplant renal replacement therapy 
[162]. Infections due to ESBL-producing organisms in solid 
organ transplant recipients have been noted to be associ-
ated with mortality that ranged from 5% to 20% [162, 164, 
165]. Carbapenems are the preferred treatment of choice for 
serious infections due to ESBL-producing Klebsiella pneu-
moniae and E. coli.

Pseudomonas aeruginosa has many resistance mecha-
nisms and therefore demonstrates lack of susceptibility to 
a variety of antibiotics in liver transplant recipients. MDR 
Pseudomonas was the causative pathogen for healthcare- 
associated pneumonia (HCAP) in 18% of LT recipients [166]. 
Bloodstream infections due to P. aeruginosa have occurred 
in up to 10% of LT recipients, and 50% of these isolates 
are multidrug resistant. Treatment of MDR Pseudomonas 
aeruginosa can be quite challenging in LT; clinicians may 
often need to resort to nephrotoxic agents such as the ami-
noglycosides and the polymyxins. The role of cephalosporin 
ß-lactamase combinations such as ceftolozane/tazobactam 
and ceftazidime/avibactam may offer additional options for 
MDR Pseudomonas; however, data in the solid organ trans-
plant patient population for these newer antimicrobial drugs 
is lacking.

Infections due to carbapenem-resistant Acinetobacter 
baumannii have been reported with increasing frequency 
in LT recipients, and appear to predominantly occur in the 
setting of HCAP and bloodstream infections. Bloodstream 
infections due to Acinetobacter baumannii have been 
reported to be as high as 24% in LT recipients, with over 
50% of these isolates being caused by carbapenem-resistant 
A. baumannii [167–169]. Acinetobacter infections in LT 
recipients can carry a poor prognosis with inhospital mortal-
ity rates that may exceed 50% [168, 170, 171]. As with MDR 
Pseudomonas, treatment options are limited and include the 
polymyxins, such as colistin, and addition of aminoglyco-
sides. Other options include minocycline, tigecycline, and 
ampicillin/sulbactam, as the β-lactamase inhibitor, sulbac-
tam, has intrinsic activity against A. baumannii.
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Recently, infections due to carbapenem-resistant Entero-
bacteriaceae (CRE) have been identified in solid organ 
transplant centers. Although there are multiple patterns of 
carbapenem resistance, the majority of cases in the USA are 
due to type A carbapenemases  – specifically carbapenem- 
resistant Klebsiella pneumoniae (CRKP). Rates of CRKP 
have been reported between 6.6% and 12.9% in patients 
undergoing liver transplantation, although 1 transplant cen-
ter has noted a rate as high as 23% [172–174]. In general, the 
most common sites of infections due to CRKP in LT recipi-
ents include surgical site, organ space, HAP, and UTI [172]. 
Mortality associated with CRKP infections in LT recipients 
ranges from 18% to as high as 80% [172, 174–176]. Another 
cohort of solid organ transplant patients found that infection 
with CRKP was independently associated with higher mor-
tality (HR 5.562 [CI 95% 1.186–26.088]) [177]. In addition 
to traditional risk factors associated with CRKP infections 
in other patient populations, pre-transplant colonization with 
CRKP can place such patients at an increased risk for CRKP 
infections following transplantation [175, 176]. Despite this 
risk, there are currently no absolute contraindications to 
exclude donors that are colonized with CRKP.  Treatment 
of LT recipients who developed CRE or CRKP infections 
is quite complicated, often requires combination antimicro-
bial therapy, and can also be associated with drug toxicity. 
Agents that have been used include the polymyxins such 
as colistin, aminoglycosides, and tigecycline along with or 
without a carbapenem agent. Although fosfomycin can be 
considered for treatment of uncomplicated UTIs due to CRE, 
the intravenous formulation is not available in the USA. One 
case report of complicated extensively drug-resistant (XDR) 
Klebsiella pneumoniae bacteremia during early post-trans-
plant period necessitated addition of IV fosfomycin as an 
investigational drug to a multidrug regimen [178]. The role 
of the newer β-lactamase agents such as ceftazidime/avibac-
tam and meropenem/vaborbactam is yet to be defined for the 
management of serious infections due to CRE and CRKP.

Infection and colonization by vancomycin-resistant 
Enterococcus (VRE) have been well characterized in pre- 
liver transplant candidates and in patients following liver 
transplantation. In the USA, the estimated rates of VRE 
colonization, prior to and after transplantation, were 16% 
and 22%, respectively [179]. There is wide variation in the 
prevalence of VRE colonization in LT candidates and liver 
transplant recipients, depending upon the transplant center 
and the patient population studied, and ranges from 0% to 
44% [180–182]. In a prospective surveillance study, pre- 
transplant VRE colonization was found to be associated with 
an increased risk for VRE infections after transplantation 
and associated with higher morbidity as measured by ICU 
stay and length of hospitalization; however, VRE coloniza-
tion did not result in increased mortality. On the other hand, 
the acquisition of VRE colonization post-LT was associated 

with increased morbidity and mortality compared with LT 
recipients with no evidence of VRE colonization [183]. The 
risk factors that are associated with VRE infection include 
prior antibiotic exposure, prolonged hospitalization, inter-
ventional procedures or complications of the biliary tract, 
and surgical re-exploration [161]. Common sites of VRE 
infection in the LT recipient include intra-abdominal, organ 
space, hepatobiliary, surgical site, bloodstream, and the uri-
nary tract. Mortality due to VRE infections in LT recipients 
has previously been reported to be as high as 82%; this was, 
however, at a time when limited treatment options for VRE 
were available [184]. The use of linezolid and daptomycin, 
agents that have activity against such drug-resistant bacterial 
strains, has improved patient outcomes, although a 37.6% 
mortality has been reported in solid organ transplant recipi-
ents treated with linezolid for VRE infections [185].

Infections due to MRSA have been declining in the LT 
population, likely because of improved infection preven-
tion practices such as strict implementation of hand hygiene, 
development of bundles for central venous catheter inser-
tion and management, perioperative surgical site antiseptic 
policies, the use of daily chlorhexidine washes for select 
group of patients, and adherence to contact isolation poli-
cies [186]. A meta-analysis noted that there was 8.5% and 
9.4% prevalence of MRSA colonization in pre- and post-
liver transplant recipients, respectively. Additionally, pre- 
and post- transplant colonization was associated with six- to 
eleven-fold higher probability for subsequent development of 
MRSA invasive disease [179]. A single-center study reported 
23% MRSA infection in LT recipients over an 8-year period; 
central vascular catheters, surgical wound, intra-abdominal 
space, and the lung were the most common sites of infection. 
Furthermore, the authors noted a 21% 30-day mortality in 
patients with MRSA infections [187]. Vancomycin continues 
to be the mainstay of treatment against MRSA; daptomycin 
and linezolid are being used with increasing frequency in 
select high-risk patients. Ceftaroline, the first cephalosporin 
with activity against MRSA, is approved for skin and soft 
tissue infections, and bacterial pneumonia, and may offer an 
alternative treatment option for MRSA infections in the LT 
patient population pending further clinical data.

The growing threat of MDRO infections in LT recipients 
can certainly affect patient outcomes. Therefore, emphasis 
on infection prevention and antibiotic stewardship is vital 
to limit further increases in antibiotic-resistant HAIs in 
patients undergoing a transplantation procedure [188]. This 
multidisciplinary approach has been shown to decrease sur-
gical site infection rates by 52% in solid organ transplant 
recipients [189].

Infection due to Clostridium difficile has become an 
important healthcare-acquired pathogen with high morbidity 
and risk of death. The combined effect of potent immunosup-
pression and broad-spectrum antibiotic exposure increases 
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the risk of Clostridium difficile-associated colitis during the 
early post-LT period. In a retrospective study of 1340 solid 
organ transplant recipients, the cumulative incidence of C. 
difficile colitis was highest (3%) in liver allograft recipients 
[190]. In a series of 467 LT recipients, incidence was 8%, 
with the majority of cases occurring within the first month 
following transplantation [191]. Another single- center retro-
spective study observed an incidence of 14% for C. difficile 
infection over a mean follow-up time of 1.8 years after LT; 
41% of these cases occurred within 1 week after transplanta-
tion. The authors reported that most patients with C. difficile 
colitis had fever, whereas white blood cell count was less 
than 12,000 cells per μL [192].

 Fungal Infections
In addition to bacterial infections, Candida spp. are a sig-
nificant pathogen in the early post-transplant period. In a 
prospective multicenter investigation of invasive fungal 
infections following solid organ transplantation, 639 such 
cases among nearly 17,000 patients under surveillance were 
observed during the 6-year study period. Liver allograft 
recipients were at a high risk (41%) among this large cohort 
of SOT recipients. Fungemia was prominent (44%) disease 
presentation followed by intra-abdominal infection (14%). 
Candida albicans and Candida glabrata species constituted 
the majority of infections (46% and 24%, respectively) [193].

In the general population, the known risk factors for devel-
oping invasive Candida infection include extended treat-
ment with broad-spectrum antibiotics, presence of central 
venous catheter, use of total parenteral nutrition, presence of 
severe neutropenia (ANC <500 cells per μL), diabetes mel-
litus, renal replacement therapy, mechanical ventilation, and 
intensive care stay. In transplant patients, recent CMV infec-
tion, primary graft failure, early surgical re-exploration, and 
colonization with Candida spp. during pre- and early post-
transplant period are additional risk factors of invasive candi-
diasis. In LT recipients specifically, choledochojejunostomy 
is associated with a higher risk of invasive candidiasis com-
pared to a choledochocholedochostomy anastomosis, as the 
former requires opening of the bowel [194]. Also, prophy-
laxis for spontaneous bacterial peritonitis with fluoroquino-
lones has been found to be an independent risk factor for 
invasive candidiasis in patients undergoing LT [195].

Diagnosis of invasive Candida infection is definitive 
when cultured from a sterile site; however, routine blood 
cultures lack optimal sensitivity, and often diagnosis can be 
missed or delayed. Detection of β-D-glucan, a polysaccha-
ride component of fungal cell walls, can be a useful adjunc-
tive test. However, in a multicenter analysis among LT 
recipients, β-D-glucan was not a reliable test for the diagno-
sis of invasive fungal disease [196]. Treatment for Candida 
spp. infection in liver transplant recipients is similar to the 
general population [197]. Source control, including remov-

ing central venous catheters when determined as the source 
of fungemia, remains important for successful clearance of 
fungemia.

Given the high frequency of invasive Candida infection in 
LT population, antifungal prophylaxis after transplant surgery 
may be considered among patients at increased risk for fun-
gal disease. A randomized, double-blind, placebo-controlled 
trial of fluconazole prophylaxis vs. no antifungal prophylaxis 
after LT demonstrated a decreased rate of fungal colonization 
and both superficial and invasive fungal infection, although 
no difference in mortality was found [198]. Current guide-
lines recommend stratification based on specific risk factors. 
Patients are deemed high risk for invasive candidiasis, if they 
have ≥2 of the following conditions: prolonged or repeat 
operation, retransplantation, renal failure, ≥40 units of cellu-
lar blood products, choledochojejunostomy, or Candida spp. 
colonization in the perioperative period [188]. In one series 
including 30 pre-LT candidates, 81% were found to have 
Candida carriage in gastrointestinal tract [199]. High-risk 
patients are recommended to be treated with an antifungal 
medication. Fluconazole 400 mg daily is sufficient for most 
Candida spp. coverage, though, notably, prevalence of non-
albicans Candida spp. have increased and such infections are 
associated with higher mortality in the immunosuppressed 
host [194]. Duration of antifungal prophylaxis may vary 
by transplant center; however, 4-week duration is common. 
Prophylaxis may be extended based on ongoing risk factors. 
Recipients at low risk for invasive fungal infection may be 
observed without antifungal prophylaxis [200].

While Candida spp. constitute the majority of fungal 
infections during early post-LT period, Aspergillus spp. infec-
tions are rare, albeit a significant, pathogen. In case series 
and retrospective reviews, the incidence of invasive aspergil-
losis (IA) after LT may vary from 1% to 10% [201–203]. 
A multicenter surveillance network of transplant patients 
found an 11% incidence of IA over 5 years post-LT [204]. 
Multiple factors have been correlated with an increased risk 
of IA after transplantation. Retransplantation and the need 
for renal replacement therapy have the highest  association 
[205]. It is theorized that injury to the hepatic reticuloendo-
thelial phagocytes and alteration of platelet-mediated inflam-
mation seen in patients with hepatic dysfunction increase 
susceptibility to tissue-invasive Aspergillus spp. infection 
[206, 207]. Renal failure may directly impact granulocyte 
and macrophage function or may be a marker for other pre-
disposing factors in critically ill patients. Other factors that 
increase risk for IA in the initial 90  days post-LT include 
urgent transplantation, CMV infection, prolonged intensive 
care unit stay, additional surgery, and multiple invasive bac-
terial infections [208].

Historically, IA was most common in the first 90  days 
post-LT and may occur within 30 days after transplant sur-
gery in patients at particularly high risk. However, recent 
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analysis has found a slight shift in the diagnosis of IA to later 
post-transplantation period (>90 days) [209]. This is specu-
lated to be due to improved overall management of trans-
plant patients, ranging from surgical techniques to improved 
infection prevention and surveillance protocols. In addition, 
CMV infection is a known risk factor for IA, and prophy-
laxis against CMV may have also contributed to shift the 
timing of IA. Recent cases also demonstrated significantly 
lower mortality than in the past from >90% down to 60%; 
however, IA associated with early retransplantation still car-
ries a high mortality [205, 210].

Clinically, pulmonary IA is the most common manifes-
tation followed by disseminated disease. Diagnosis can be 
challenging, as cultures have low sensitivity, since isolation 
of Aspergillus spp. in respiratory tract culture samples in 
most patients represent fungal colonization. Serum fungal 
assays such as galactomannan and β-D-glucan are increas-
ingly utilized to help confirm or rule out IA; however, accu-
racy and reliability of these assays remain uncertain [195]. 
Positive Aspergillus antigen from bronchoalveolar fluid has 
been shown to have high specificity in lung transplant recipi-
ents [211]. A combination of clinical, microbiological, and 
radiographic findings along with hosts’ susceptibility for 
these infections should be considered in making diagnosis of 
IA in patients following LT.

Treatment of IA in liver transplant recipients is similar to 
the general population, as outlined in the Infectious Diseases 
Society of America guidelines [212]. Given the high mortality 
and difficulty in ascertaining correct IA diagnosis in highly 
susceptible transplant patients, it is recommended to initi-
ate anti-mold therapy when IA is strongly suspected, while 
work-up including tissue biopsy is in progress. Voriconazole 
is the drug of choice for primary IA; drug interactions may 
warrant modified dosing for certain antirejection drugs. 
Concomitant reduction of immunosuppression is ideal if fea-
sible. Adjunctive surgery may be warranted in select cases. 
Duration is variable, but a minimum of 12 weeks is typically 
recommended; however, this should be extended based on 
clinical and radiographic treatment response, extent of the 
disease, and level of net immune suppression.

While universal prophylaxis for IA is not routinely rec-
ommended following solid organ transplantation, high-risk 
LT recipients have been shown to benefit from it [179, 200]. 
This targeted prophylaxis is correlated with decreased rates 
of IA and appears to be cost-effective. One retrospective 
single-center review found administering 90  days of vori-
conazole prophylaxis to high-risk patients post-LT had an 
institutional cost of 5.6% of the predicted cost for treating IA 
[213]. The best choice of prophylactic antifungal is not clear. 
Prior studies have investigated echinocandins, liposomal 
amphotericin B, and voriconazole [214–216]. Echinocandins 
are a common choice, given their ease of single daily dosing, 
minimal toxicity, and drug-drug interaction. The most suit-

able choice for anti-mold prophylaxis may vary depending 
on the clinical context.

 Donor-Derived Infections
Unexpected donor-derived infections are a rare occurrence 
with an estimated incidence of 0.2% in solid organ transplant 
recipients [217]. As a result of current screening and prophy-
laxis practices, many viruses such as HIV, CMV, EBV, HBV, 
and HCV are identified early during the procurement period 
of the donor, and therefore, appropriate graft acceptance, 
infection surveillance, and when applicable treatment can 
ensue in the recipient. Unexpected donor-derived infections, 
although uncommon, can be an important complication par-
ticularly in the early post-transplant period. In addition to 
routine pre-transplant screening of the donor whether living 
or cadaveric allografts by history and laboratory screening, 
the procuring surgeon should carefully inspect the organ 
and donor for signs of infection by thorough physical exam-
ination. Surveillance cultures are typically sent that include 
blood, urine, and sputum samples. Peritoneal cultures may 
be warranted in cases of enterotomy and ascitic contamina-
tion to guide postsurgical antibiotic coverage [218]. Active 
infection in the cadaveric donor is not necessarily an abso-
lute contraindication for transplantation; targeted antibiotics 
often can mitigate the risk. However, decisions are made 
on a case-by-case basis. Liver transplant recipients are par-
ticularly vulnerable to acquire bacterial infections via the 
allograft harvested from a donor with bacteremia; this pos-
sibly is related to the large tissue and vascular volume of 
the liver compared to other solid organ transplants [219]. 
Antibiotic prophylaxis may need to be extended in high-
risk scenarios, such as donors with infective endocarditis 
and meningitis [220]. If an active bacteremia is diagnosed 
in the donor, the liver may still be used safely, provided 
that the donor has received appropriate treatment for the 
infection for 48  h and that the recipient receives at least 
14 days of targeted treatment against that infection follow-
ing transplantation [217, 221]. Guidelines suggest that for 
virulent pathogens that can cause endovascular infections 
such as Staphylococcus aureus and Pseudomonas aerugi-
nosa, 2–4 weeks of antibiotic therapy should be considered 
although prolonged course of antibiotic therapy in recipients 
of such allografts has not been clinically validated [222]. 
Isolation of bacteria at a distant tissue site, such as in spu-
tum or urine, usually does not necessitate antibiotic therapy 
in recipients of such donor allografts, with the exception of 
liver grafts from donors with confirmed or suspected bacte-
rial pneumonia or pyelonephritis [222]. In some infections, 
such as severe encephalitis of unclear etiology, allografts 
are typically excluded outright [223].

In addition to bacterial etiologies, reported donor- 
transmitted infections in LT have run the gamut and have 
included viruses, fungi, and parasites [224]. Uncommon 
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diseases may be challenging to diagnose, and donor ori-
gin among other possible exposure and potential infection 
transmission history should be considered for atypical post- 
transplant infection. Some less common viral infections that 
have resulted in allograft infection transmission include West 
Nile virus, lymphocytic choriomeningitis virus (LCMV), 
and rabies; these viruses have been associated with devastat-
ing neurologic morbidity and mortality in recipients of solid 
organ transplantation [139, 225, 226].

The most common fungal pathogens that can be trans-
mitted from donor to recipient are Candida species, 
Coccidioides immitis, and Cryptococcus neoformans [222]. 
Candida can be derived from the organ donor, although 
transmission of Candida spp. to recipients occurs more 
typically from contamination during the organ procurement 
and preservation process [227–229]. Although donor trans-
mission of any endemic mycoses is possible, donor screen-
ing for Coccidioides immitis is the only fungal serology 
that is routinely obtained in donors from endemic regions. 
Prophylaxis with an azole antifungal agent is recommended 
for LT recipients whose donor has a documented positive 
Coccidioides serology [226]. Recently, reports of infections 
due to Cryptococcus neoformans occurring in the early 
post- transplant period have raised possibility of potential 
donor transmission of the dimorphic fungal infection [226, 
230–232]. Donor transmission of Mycobacterium tubercu-
losis has been well documented in the solid organ transplant 
population [217, 233]. Patients with active tuberculosis 
infection should not be considered for organ donation; 
however, latent tuberculous infection in a donor is not con-
sidered contraindication for organ procurement and trans-
plantation. In this setting, treatment of latent tuberculous 
infection in the recipient will mitigate the risk of developing 
active tuberculosis after LT.

Strongyloides stercoralis and Trypanosoma cruzi, the 
causative agents of Chagas disease, are the most common 
parasites that have been associated with donor-transmitted 
parasitic infections. In the solid organ transplant recipient, 
Strongyloides can lead to accelerated intestinal infection 
increasing the risk for polymicrobial bacteremia and bacte-
rial meningitis due to enteric Gram-negative bacilli (GNB) 
or the rare devastating Strongyloides hyperinfection syn-
drome, which is associated with rapidly progressive respi-
ratory failure and death. As a result, donor screening with 
Strongyloides serology should be performed in donors from 
endemic regions such as tropics, subtropics, and Appalachia, 
USA; if serology is positive, recipients should be treated 
with ivermectin [234, 235]. Trypanosoma cruzi donor- 
derived infection is more problematic in patients undergo-
ing heart transplantation; donor serologic screening for T. 
cruzi should be considered for liver allograft donors from 
endemic regions including Mexico and Central and South 
America. If a donor is positive for T. cruzi serology, there is 

no clear contraindication for liver transplantation, as long as 
the LT recipient undergoes regular surveillance for parasit-
emia. Preemptive treatment with benznidazole is initiated for 
patients with a positive T. cruzi PCR assay [236, 237].

Stored pre-transplant serum from both donor and recipi-
ent can be used to test and help confirm allograft-transmitted 
infection. Close collaboration with the national transplant 
authorities, the local organ procurement organizations, and 
appropriate public health agencies is vital for tracking these 
infections and to notify all other organ recipients from such 
donors.

 Opportunistic Infections 1 to 6–12 Months 
After Liver Transplantation

After the first month, surgical recovery is well underway, 
and nosocomial infections become less prevalent. However, 
iatrogenic antirejection drug-induced immunosuppression 
is still high, and thus opportunistic infections are consid-
ered especially common from 1 month to 6–12 months after 
LT. Without prophylaxis, herpesviruses such as herpes sim-
plex virus 1 and 2, varicella zoster virus, and cytomegalovi-
rus, and environmental fungi like Pneumocystis jirovecii are 
important pathogens.

Cytomegalovirus (CMV) is the most important viral infec-
tion in LT recipients and contributes to significant morbidity 
and mortality in this patient population. CMV can manifest 
from asymptomatic viremia, to a syndrome associated with 
fevers and pancytopenia, to invasive target organ disease. In 
LT recipients, the gastrointestinal tract is the most common 
site of CMV involvement and can present as esophagitis, 
gastritis, and enterocolitis but can also involve other sites 
such as the lungs [238]. CMV has a predilection to involve 
the allograft, and therefore CMV hepatitis is an extremely 
common manifestation in LT recipients and can sometimes 
be confused with allograft rejection [239]. The incidence of 
CMV infection in LT recipients varies  depending upon the 
risk group studied, with rates of 18–29% overall; however, 
it has been reported to be as high as 65% in the high-risk 
donor-recipient mismatch (D+/R−) [240–243]. The use 
of CMV prophylaxis with ganciclovir or valganciclovir in 
LT recipients for at least 3 months post- transplantation has 
reduced the incidence in the D+/R− subgroup to 12–30% 
[241, 243–246]. Historically, in LT recipients who do not 
receive CMV prophylaxis, CMV infection occurs within 
3–6  months from the time of liver transplantation, which 
correlates with the period of maximal immunosuppression. 
However, in the setting of CMV prophylaxis, LT recipients 
can experience delayed-onset (also referred to as late-onset) 
CMV disease – after CMV prophylaxis has been discontin-
ued – often occurring >6 months from the time of transplant 
[247, 248]. Delayed-onset CMV infection in LT recipients is 
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more likely to cause tissue- invasive disease as compared to 
early-onset disease [248].

As CMV is an immunomodulatory virus, it has numerous 
indirect effects on the liver allograft. CMV can upregulate 
alloreactive T cells, and it can precipitate allograft rejection. 
In LT recipients, it has been thought to be associated with the 
vanishing bile duct syndrome, chronic ductopenic allograft 
rejection, cholestasis, and ultimately allograft failure [249–
252]. Chronic CMV infection, in the setting of immunosup-
pression, may be related to atrophy of the biliary ducts and 
the development of allograft arteriopathy that is seen with 
chronic allograft failure [253]. It is also postulated that as 
CMV can invade the vascular endothelium, it may be respon-
sible for hepatic artery thrombosis [254, 255]. Finally, CMV 
infection can further augment the immunosuppression of 
transplant patients and places LT recipients at increased risk 
for bacterial, viral, and fungal infections, as well as increased 
risk for EBV-associated post-transplant lymphoproliferative 
disorder (PTLD) [256–258].

Risk factors for CMV infection include CMV D+/R− 
mismatch, lymphocyte-depleting agents such as thymoglob-
ulin and alemtuzumab, high-dose mycophenolate mofetil, 
genetic polymorphisms in the toll-like receptor 2 gene, 
allograft rejection, and retransplantation [259, 260]. Initial 
infection is significantly more likely to cause symptomatic 
illness than reactivation [261]. There are two accepted strate-
gies for prevention. Universal prophylaxis with valganciclo-
vir is one approach and has the added benefit of prophylaxis 
against other herpesviruses. A duration of 3–6  months of 
prophylaxis is typical but may be extended based on clini-
cal factors [262]. Alternatively, a preemptive approach uti-
lizes weekly monitoring for CMV antigenemia or PCR, 
with prompt initiation of treatment for early replication; this 
strategy may be preferable for avoiding drug toxicity. There 
is no definitive recommendation of one approach over the 
other, although universal prophylaxis is preferred in high-
risk transplantations  – specifically CMV D+/R− allograft 
mismatches. A meta-analysis comparing the two in the LT 
population found no difference in the incidence of CMV dis-
ease. Using indirect comparison, there was also no differ-
ence in acute cellular rejection or mortality between the two 
groups, but a decreased incidence of graft loss with universal 
prophylaxis was found [263]. Treatment of CMV infection 
with either oral valganciclovir or intravenous ganciclovir in 
LT recipients is similar to other SOT recipients. Resistance 
to ganciclovir is rare, but more likely in patients with past 
prolonged use of ganciclovir [264].

Pneumocystis jirovecii is ubiquitous in the environment 
but transforms to a common respiratory pathogen for the 
immunosuppressed. Without prophylaxis, the incidence of 
infection in LT recipients has been found to vary from 1% to 
11% [265]. Clinical presentation in SOT recipients is similar 
to individuals with human immunodeficiency virus (HIV), 

though the acuity of symptoms is typically thought to be 
more severe in non-HIV patients. Treatment approach is also 
similar to HIV patients, with trimethoprim- sulfamethoxazole 
(TMP/SMX) being the drug of choice and adjunctive ste-
roids a consideration based on hypoxemia [266]. Prophylaxis 
against Pneumocystis is routinely recommended for the first 
6–12  months in all SOT patients and may be extended as 
needed based on ongoing risk [267]. TMP/SMX is the first 
choice for prophylaxis and has the added benefit of helping to 
prevent other opportunistic pathogens, such as Toxoplasma 
gondii, Listeria monocytogenes, Nocardia spp., Isospora, 
Cyclospora, and some bacterial agents.

With prophylaxis for the most prevalent infections being 
standard, their incidences have overall been reduced, but 
can still occur, typically after the prophylactic course has 
ended. Endemic fungi and Mycobacterial spp. including M. 
tuberculosis are also not uncommon pathogens during this 
post- transplant period. During the time of maximal immuno-
suppression (1–6 months after transplantation), reactivation 
of endemic mycoses can occur but oftentimes present later 
after transplantation and may be due to exogenous infection. 
Cryptococcus neoformans is the third most common fungal 
infection in solid organ transplant recipients, with an inci-
dence that ranges from 0.2% to 5% [268, 269]. In general, 
cryptococcosis is a late infectious complication, occurring 
a median of 16–21  months after transplantation, although 
in liver and lung transplant recipients, it can present ear-
lier – within 12 months post-transplantation [269–271]. The 
most common sites of infection are the lungs and the cen-
tral nervous system, although cutaneous, liver, kidney, and 
osteoarticular involvement can also occur. Disseminated and 
extrapulmonary cryptococcosis has been reported in 50–75% 
of solid organ transplant recipients [271–273]. Liver trans-
plant recipients have a sixfold increase risk for disseminated 
disease as compared to other types of transplant recipients 
[269]. The diagnosis and management of cryptococcosis in 
solid organ transplant recipients have been extrapolated from 
other patient populations (such as HIV) and retrospective/
observational experience and are available as practice guide-
lines from the Infectious Diseases Society of America and 
the AST Infectious Diseases Community of Practice. Initial 
treatment with a lipid preparation of amphotericin B and flu-
cytosine, followed by fluconazole maintenance treatment, is 
recommended [269, 274].

The true incidence of endemic mycoses in the solid organ 
transplant population is not well defined, but infections due 
to Histoplasma capsulatum, Coccidioides immitis/posadasii, 
and Blastomyces dermatitidis have been well recognized. All 
of these infections can occur as a result of reactivation or as 
an exogenous new infection. Histoplasma capsulatum is a 
soil-based pathogen which has been well recognized to be 
endemic in the Ohio-Mississippi River Valley region of the 
USA. Histoplasmosis is a relatively uncommon infection in 
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solid organ transplant recipients, with an incidence of <1%, 
even in endemic regions. Histoplasmosis usually presents 
within the first 2 years after transplant, but there can be wide 
variability regarding the time of presentation [275–278]. In 
solid organ transplant recipients, it presents as progressive 
disseminated histoplasmosis that includes pulmonary and 
extrapulmonary manifestations such as hepatosplenomegaly, 
pancytopenia, and gastrointestinal and mucosal involve-
ment. Coccidioidomycosis is endemic in the southwestern 
states including Southern California, as well as Mexico, and 
Central America. Most cases occur within the first year of 
transplant, with a reported incidence of 1.4–6.9% in endemic 
regions [279]. Due to depressed cellular immunity in solid 
organ transplant recipients, severe pneumonia, as well as 
dissemination to skin, bones, joints, meninges, and organ 
allograft can occur [280–283]. Patients with a prior history 
of coccidioidomycosis or a positive Coccidioides serology 
prior to transplantation should receive fluconazole pro-
phylaxis after transplantation [280]. The endemic regions 
for blastomycosis include the Midwest, south central and 
southeastern regions of the USA, and provinces of Canada 
along the waterways. Blastomycosis is rare in solid organ 
transplant recipients, and an incidence of only 0.14% was 
noted over a 16-year observational period [284]. The treat-
ment for the endemic mycoses includes a lipid preparation 
of amphotericin B and the azoles, and recommendations 
and guidelines for the diagnosis and management have been 
established [280].

Overall, a range of opportunistic infections may occur 
during this time of high immunosuppression post-LT, war-
ranting a broad differential for patients presenting with 
infectious symptoms [285].

 Community-Acquired/Late Infections

Beyond 6–12 months, graft function has ideally stabilized, 
and immunosuppressive medications can slowly be mini-
mized. This decreases the net state of immunosuppression 
and consequently the risk of opportunistic infections; how-
ever, there is always some ongoing risk. Infections during 
this phase are typically community-acquired. A 5-year 
study at a large transplant center found a prevalence of 183 
hospitalizations for infectious complications post-LT, with 
145 (79%) occurring in the post-6-month period. The same 
study found respiratory infections to be the most frequent 
etiology overall for solid organ recipients, accounting for 
26.9% of late infections. The next most common etiologies 
were sepsis/bacteremia (13.1%), liver/biliary tract (12.4%), 
genitourinary (12.2%), CMV (7.5%), and fever of unknown 
origin (8%) [286]. Community-acquired infections in post- 
transplant patients may also present with more severe clini-
cal manifestations [287]. Less common pathogens, such 

as fungi, parasites, and mycobacteria, are also seen in the 
post- 6- month period, sometimes related to diminished 
vigilance for environmental exposure prevention over time. 
Infections due to Nocardia spp. are relatively uncommon, 
with an overall incidence of 0.7–3.5% in solid organ trans-
plant recipients and only a reported incidence of 0.1% in 
LT recipients [288–290]. The median time to the onset of 
Nocardia infection in a European cohort was 17.5 months 
after transplantation, and infection was associated with 
corticosteroid use, tacrolimus use, and elevated calcineurin 
trough levels within the preceding month; interestingly, the 
use of TMP/SMX was not protective [291]. Recently there 
has been an emergence of non-Aspergillus mold infec-
tions in the solid organ transplant patient population. The 
occurrence of these mold infections can have a bimodal 
distribution, and in one study, 37.8% occurred within 
6  months of diagnosis, and 33% occurred >2  years from 
the time of transplantation. In that same study, the median 
time to development of an invasive mold infection in the 
LT recipients was 81 days [292]. The most common non-
Aspergillus molds were the Mucorales, Fusarium spp., and 
Scedosporium spp. The most common sites of infection for 
these molds were the lungs, sinuses, skin, and dissemina-
tion to the central nervous system. The dematiaceous molds 
that include Exophiala, Alternaria, Dactylaria, Curvularia, 
Cladophialophora, Verruconis gallopava, and others have 
been reported in the solid organ transplant populations as 
case reports and small case series [293]. This group of 
molds most often manifests as skin and soft tissue infec-
tions but can disseminate to the central nervous system. In 
one case series, the median time to onset was 22 months 
after transplantation, and the cutaneous presentation was 
associated with a good outcome [294].

Viral infections associated with the presence of chronic 
immunosuppression can also occur and include late-onset 
CMV infection, EBV-associated PTLD, JC virus infection 
associated with progressive multifocal leukoencephalopa-
thy (PML), and HHV-8 infection associated with Kaposi’s 
sarcoma. Liver transplant recipients have an intermediate 
risk for the development of EBV-associated PTLD as com-
pared to other solid organ transplant recipients. One center 
reported an incidence of PTLD in 6.3% of their pediatric LT 
recipients and an incidence of 1.2% in the adult LT recipients 
[295]. The cumulative incidence of PTLD in LT recipients 
has been estimated to be 1–2% over 5 years [296]. The high-
est risk factors for EBV-associated PTLD is due to primary 
infection as a result of an EBV D+/R− mismatch, in addi-
tion to a higher level of immunosuppression [297]. While 
the majority of cases occur within 1 year of transplantation, 
a 0.25% incidence has been noted in LT recipients at 1 year. 
Guidelines and recommendations have been established 
for the monitoring, diagnosis, and management of EBV- 
associated PTLD [298].

3 Infections in Liver Transplantation



62

Infection with Mycobacterium tuberculosis (MTb) can 
occur during the period of maximal immunosuppression and 
well beyond that time period. Treatment of active MTb in 
all solid organ recipients poses a challenge for drug dosing, 
due to the strong interaction between rifampin (and other 
rifamycins) and calcineurin inhibitors or rapamycin. For LT 
recipients in particular, the likelihood of drug-induced hepa-
totoxicity is increased, warranting careful medication man-
agement [298]. Substitution of one or more first-line drugs 
may be needed, based on the liver function at baseline and 
during the course of treatment; frequent lab monitoring and 
consultation with a MTb expert is advised [143]. Directly 
observed therapy is generally preferred for transplant recipi-
ents and is vital when alternative regimens are employed. 
Some experts recommend a minimum 9-month treatment 
course for all solid organ transplant patients, due to a con-
cern for increased mortality with shorter courses [299].

Individuals with chronic allograft dysfunction requiring 
higher maintenance immunosuppression should be consid-
ered at ongoing high risk for opportunistic disease and thus 
continued on appropriate prophylaxis as necessary.

 Prophylaxis/Prevention of Infections

As detailed above, there are standard screening recommen-
dations and protocols for prophylaxis against the most com-
mon opportunistic pathogens, particularly P. jirovecii, CMV, 
and Candida spp. Vaccination is another crucial prevention 
strategy. Despite the clear preventive benefits, vaccination 
rates have been suboptimal in LT recipients [300]. Due to 
chronic immune dysfunction, patients with advanced liver 
disease may have diminished antibody response to vaccina-
tion [301]. Consequently, it is advisable to administer vac-
cines as early as indicated [302]. Live vaccines are generally 
contraindicated post-transplant.

National guidelines for perioperative antibiotics recom-
mend piperacillin-tazobactam or cefotaxime plus ampi-
cillin as standard prophylaxis in liver transplantation; 
however, individual centers may vary their protocol [303]. 
A 4-year single-center review found that 53% of surgical 
site infections were caused by multidrug-resistant bacteria, 
emphasizing the need for a tailored prophylactic approach, 
based on patients’ histories and local antibiotic resistance 
patterns [157].

 Relapse of HBV and HCV Post-liver 
Transplantation

HBV reinfection rates of the allograft were previously 
reported to range between 80% and 100% in the 1980s. 
Based on 2-year graft survival of only 50%, many centers 

discontinued offering OLT in this population for a time 
[304]. Additionally, in the absence of antiviral therapy, some 
patients have developed fibrosing cholestatic hepatitis, a rap-
idly progressive and often fatal condition [305]. However, 
the introduction of HBIG and antiviral medications in the 
late 1980s has significantly improved post-transplant sur-
vival in such patients.

There are several risk factors for HBV reinfection after 
liver transplant. Patients at higher risk include those with 
positive hepatitis B e antigen (HBeAg), negative HBeAg but 
high HBV DNA level, or history of pre-transplant antiviral 
drug resistance. Patients at lower risk include those with cir-
rhosis and low HBV DNA level with or without antiviral 
medication, coinfection with hepatitis delta virus (HDV), or 
fulminant HBV infection [306].

Subclinical HBV reactivation has been reported in 
HBsAg-negative and HBcAb-positive recipients who have 
received livers from HBsAg-negative and HBcAb-negative 
recipients. However, this low-grade viral replication has not 
been associated with the development of positive HBsAg or 
active viral hepatitis. Therefore, antiviral therapy is not indi-
cated in this scenario [307].

HCV infection recurs in the allograft in greater than 95% 
of HCV+ liver allograft recipients [308]. Advanced donor 
age and high-intensity immunosuppression such as the use 
of bolus steroids or thymoglobulin can influence the sever-
ity of HCV recurrence after OLT [309, 310]. Although the 
course of HCV recurrence may be variable after liver trans-
plant; up to 20% of patients develop allograft cirrhosis within 
5 years of transplantation [311]. HCV+ recipients have dem-
onstrated lower patient and graft survival when compared 
to patients transplanted for other indications. HIV coinfec-
tion has also correlated with diminished post-transplant sur-
vival. Fibrosing cholestatic hepatitis is a rapidly progressive 
condition that develops in 5–10% of HCV+ liver transplant 
recipients, at times within the first year after transplant, and 
often leads to diminished survival [312]. Differentiating 
recurrent HCV from ACR can be difficult due to overlap-
ping histologic features, but certain findings such as lobular 
or  interface hepatitis and lymphoid follicles may be more 
suggestive of HCV infection.

 HBV Prophylaxis

All patients with HBV infection prior to transplantation 
should be continued on antiviral therapy after undergoing 
OLT.  Additionally, patients without HBV infection who 
receive livers from isolated HBcAb+ donors should also be 
started on antiviral therapy. Most often either entecavir or 
tenofovir are utilized, and the choice of a specific agent is 
made based on prior treatment history and side effect profiles 
of individual antiviral drug.
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The role of HBIG in the current era remains unclear. 
Prior to the discovery of potent antiviral agents, HBIG was 
often used long-term as standard prophylaxis with reduc-
tion in the risk for HBV recurrence [313]. However, high-
dose intravenous HBIG is expensive and may not provide 
additional benefit compared to the use of oral antiviral 
agents alone, especially in low-risk patients. In high-risk 
patients, HBIG may be discontinued after 1 year following 
transplantation.

 HCV Treatment Post-liver Transplantation

Ideally, most patients with HCV should be treated with anti-
viral therapy prior to transplant. However, pre-transplant 
antiviral therapy may be difficult to tolerate and less effec-
tive in patients with decompensated cirrhosis. Specifically, 
the use of protease inhibitors for HCV is generally not rec-
ommended in patients with decompensated cirrhosis.

Currently, there are several options for treatment of gen-
otype 1 HCV in post-OLT patients. Ledipasvir/sofosbuvir 
combination therapy after OLT with weight-based ribavi-
rin for 24  weeks has been associated with a 96% SVR12 
rate in patients with Metavir fibrosis stage F0 to F3 or those 
with compensated cirrhosis. In patients with decompensated 
cirrhosis, SVR rates range between 60% and 88% depend-
ing on degree of hepatic impairment [314]. Simeprevir and 
sofosbuvir with or without ribavirin for 12–24  weeks has 
been associated with SVR12 rates greater than 80% in both 
cirrhotic and non-cirrhotic patients [315, 316]. Daclatasvir 
in combination with sofosbuvir with or without ribavirin 
for 24 weeks after OLT demonstrated a 91% SVR12 rate in 
patients with severe recurrent HCV infection. The SVR12 
rate was notably lower when daclatasvir was administered 
with simeprevir with or without ribavirin for 24  weeks 
[317]. The fixed-dose PrOD combination (paritaprevir, rito-
navir, ombitasvir, dasabuvir) with ribavirin for 24  weeks 
resulted in a 96% SVR24 rate in patients with mild fibro-
sis, in whom the treatment commenced after transplantation 
[318]. CNI troughs must be monitored carefully with the 
use of simeprevir or paritaprevir. Newer regimens includ-
ing elbasvir/grazoprevir and sofosbuvir/velpatasvir have 
yet to be studied in liver transplant population with HCV 
infection.

There are limited data for non-genotype 1 HCV infection 
in patients undergoing OLT. Daclatasvir in conjunction with 
sofosbuvir with or without ribavirin can be used in patients 
with genotype 2 or 3 HCV infection. Patients with genotype 
4 HCV can be managed with either ledipasvir/sofosbuvir 
given with or without ribavirin or daclatasvir and sofosbuvir 
along with or without ribavirin. Sofosbuvir/velpatasvir has 
pangenotypic coverage and may be another option, although 
data in OLT recipients have yet to be reported.

 Other Hepatitis Virus Infections After 
Transplantation

 Hepatitis A Infection After Liver Transplant

Hepatitis A virus (HAV) is contracted through a fecal-oral 
route. Although most patients with HAV experience a self- 
limited course, acute liver failure may develop in less than 
1% of infected individuals. Patients over 50  years of age 
and those with other chronic liver diseases are at higher risk 
to develop fulminant liver failure [319]. Accordingly, it is 
generally recommended that patients with chronic liver dis-
ease, including cirrhosis, should be vaccinated in the pre- 
transplant setting. Despite vaccination, a subset of anti-HAV 
IgG+ patients may lose anti-HAV IgG antibodies within the 
first 2 years after liver transplantation [320]. Whether loss 
of the anti-HAV IgG antibodies correlates with true loss of 
immunity and need for booster immunization(s) remains 
unclear. HAV vaccine is safe to administer in the post-trans-
plant setting, although serologic response is often lower than 
seen in patients vaccinated prior to undergoing allograft 
transplantation [321]. Assuring receipt of two vaccine doses 
and deferring vaccination to a later time when the patient is 
on a lower level of immunosuppression may improve sero-
logic response in patients requiring further vaccine doses 
after transplantation [322, 323]. The specific implications 
of HAV infection in patients undergoing liver transplanta-
tion are not well described. However, as this patient popula-
tion tends to be older, and may develop chronic liver disease 
following OLT, the risk for severe HAV infection may be 
greater. Additionally, chronic drug-induced immunosup-
pression may promote HAV replication by subverting hosts’ 
immune surveillance.

 Hepatitis E Infection After Liver Transplant

Infection from the hepatitis E virus (HEV) was previously 
thought to be an uncommon disease in Western countries. 
Past reports had described a self-limited illness, which is 
noted more often in developing regions in Asia and Sub- 
Saharan Africa. However, HEV is being increasingly diag-
nosed in Europe and the USA, particularly over the past 
decade. Complications such as fulminant liver failure or 
severe hepatic decompensation have been described in a 
small minority of patients, particularly those who are preg-
nant or have chronic liver disease [324–326].

Traditionally, HEV transmission has been attributed to 
consumption of contaminated water and/or food, including 
pork products or venison. Due to its perceived rarity, most 
Western countries have not routinely tested blood or organ 
donors for HEV. However, a case of HEV transmission dur-
ing blood transfusion was described in a patient following 
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liver transplantation [327]. Additionally, there have been 
reports of potential cases of liver allograft-transmitted HEV 
infection with subsequent development of chronic hepatitis 
and cirrhosis of the transplanted allograft [328, 329].

In most immunocompetent individuals, HEV tends to 
cause an acute infection that resolves spontaneously. In con-
trast, chronic HEV infection defined as persistence of viral 
infection for greater than 3  months has been described in 
greater than 60% of solid organ transplant recipients fol-
lowing a primary HEV infection during the post-transplant 
period [330]. Among solid organ transplant (SOT), recipients 
of liver allografts are considered at highest risk for chronic 
HEV infection. Most infections are due to HEV genotype 3. 
In such patients, persistent HEV infection after transplan-
tation may increase the risk for rapidly progressive hepatic 
fibrosis which may ultimately result in graft failure [331]. 
Extrahepatic manifestations of HEV infection such as cryo-
globulinemia have also been reported in patients, including 
those who have undergone solid organ transplantation [332].

Studies from France have shown that incidence of HEV 
in patients undergoing OLT ranges between 2.8 and 4.8 per 
100 person years [333, 334]. Due to the variable sensitivity 
of HEV-IgM assays and delayed IgG response after trans-
plantation, HEV RNA may be a more useful test for the 
diagnosis of chronic HEV infection in such patients [335]. 
Furthermore, it is important to note that SOT recipients may 
still contract new HEV infection despite the presence of pre-
transplant anti-HEV seropositivity [126].

Diagnosis of new HEV infection after transplantation 
should prompt a reduction in antirejection drug-related 
immune suppression; nearly a third of transplant recipients 
may resolve HEV chronic infection with this measure alone 
[123]. Specific immunosuppressive medications may cor-
relate with risk of HEV persistence in transplant patients. 
In vitro studies have demonstrated increased HEV replica-
tion in the setting of tacrolimus, cyclosporine, and mTOR 
inhibitors [336, 337]. However, in one clinical study, liver 
or kidney transplant recipients who developed chronic HEV 
infection were more likely to have been on tacrolimus rather 
than cyclosporine [123]. In contrast, in  vitro studies have 
demonstrated that mycophenolate mofetil reduces HEV 
replication, and this finding has been correlated in a clinical 
study where heart transplant patients taking mycophenolate 
mofetil were more likely to clear post-transplant HEV infec-
tion [338]. Corticosteroid use does not appear to affect HEV 
replication [129].

Patients with persistent HEV infection even after reduc-
tion of immunosuppression are candidates for antiviral 
therapy. In solid organ transplant recipients, ribavirin at a 
dose of 8 mg/kg given for at least 3 months can lead to sus-
tained virologic response in the majority of patients [339]. 
Dose adjustments may be necessary based on renal func-
tion and during the course of therapy if patients develop 

medication- induced anemia. Smaller studies have demon-
strated that PEG-interferon alpha over a 3–12 month period 
may lead to viral clearance, although treatment is associ-
ated with significant adverse effects and may precipitate 
graft rejection [340, 341].
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 Introduction

The primary indication for kidney transplantation is end- stage 
renal disease (ESRD) severe enough to require renal replace-
ment therapy (RRT; e.g., dialysis) to sustain an individual’s 
life. Kidney transplantation results in improved patient sur-
vival and improved quality of life when compared to patients 
who remain on renal replacement therapy. Unfortunately, the 
demand for organs greatly outweighs kidney availability, a 
trend which has persisted over the past several decades. In 
2015, the national Organ Procurement and Transplantation 
Network/Scientific Registry of Transplant Recipients 
(OPTN/SRTR) reported that 97,680 patients were on the 
waiting list, of which 61,234 were active [1]. The SRTR esti-
mates that approximately 50% of listed patients have been on 
dialysis for at least 4 years [1]. Briefly, there are three types of 
kidney transplants which include (1) deceased donor kidney 
transplant, (2) living-related donor kidney transplant, and (3) 
living-unrelated donor kidney transplant. A total of 18,597 
adult and pediatric kidney transplants including multi-organ 
transplantation occurred in 2015, of which 5626 were liv-
ing donor transplants [1]. Regardless of the kidney transplant 
type, kidney transplantation offers a survival benefit as com-
pared to patients on either hemodialysis or peritoneal dialy-
sis. This survival advantage is likely due to the incorporation 
of better immunosuppressive regimens, improved manage-
ment of the medical comorbidities in the posttransplantation 
period, and improved preventive and treatment strategies 
for infectious complications during the posttransplantation 
period. Renal allograft and patient survival statistics can 
be found at https://optn.transplant.hrsa.gov/data/view-data-
reports/national-data/#. In general, renal allograft and patient 
survival rates are better for living-related donor type versus 
deceased donor type renal allograft. Deceased donor 5-year 
renal allograft and patient survival are 74.3% and 82.9%, 
respectively, while living donor 5-year renal allograft and 
patient survival are 85.5% and 91.9%, respectively.

More than 40% of ESRD in the United States is second-
ary to diabetes mellitus (DM)-related nephropathy, for which 
select patients are candidates for pancreas transplantation. 
The three forms of pancreas transplantation include simulta-
neous pancreas kidney (SPK), pancreas after kidney (PAK), 
and pancreas transplant alone (PTA); all achieve similar end-
points of curing an individual’s insulin-deficient DM, pre-
venting diabetic nephropathy and halting and often reversing 
the secondary complications of DM including retinopathy, 
neuropathy, gastroparesis, ketoacidosis, and hypoglycemic 
unawareness. Most candidates for pancreas transplanta-
tion suffer from long-standing type 1 diabetes with risk for 
severe secondary complications. Select patients with type 
2 DM who are insulin-deficient and demonstrate pheno-
typic features of type 1 DM can also benefit from pancreas 
transplantation.

A large number of patients whose progressive chronic 
kidney disease (CKD) eventually meets criteria for kid-
ney transplantation will experience many years of medical 
decline. This clinical deterioration includes constitutional 
symptoms such as increasing fatigue and malaise associ-
ated with CKD-related anemia. Other comorbidities of CKD 
include progressive cardiovascular disease, peripheral and 
autonomic neuropathy, bone disease, and sexual dysfunc-
tion. The social and emotional toll of CKD is extensive and 
profound, affecting not just patients but also their depen-
dents and extended family. The transplant center assessment, 
therefore, focuses on the spectrum of morbidity associated 
with CKD, including the medical, surgical, immunologic, 
nutritional, and psychosocial condition of each candidate for 
the purpose of discerning the risks of surgery and the intro-
duction of immunosuppression versus the potential benefit 
that may be achieved through transplantation.

 Transplantation Options

It is increasingly appreciated that an individual’s overall state 
of health prior to transplantation is an important factor in 
determining their subsequent clinical outcome. Accordingly, 
understanding transplant surgical complications resulting 
in infection often requires a consideration of the underly-
ing medical condition of the kidney or kidney/pancreas 
transplant recipient prior to surgery. The same risk factors 
for surgical site infection (SSI) that have been well enumer-
ated by organizations such as the National Healthcare Safety 
Network (NHSN) similarly apply to kidney and kidney/
pancreas transplant patients. These risk factors include age, 
obesity, malnutrition, prolonged preoperative hospitaliza-
tion, infection at distal sites, cancer, hyperglycemia, immu-
nosuppression, and duration of surgery [2]. Beyond these 
general risk factors, the immediate period after transplanta-
tion is critical in determining surgical risk of infection as the 
allograft organ(s) is recovering from perioperative ischemia-
reperfusion injury and the recipient is receiving peak level 
immunosuppression therapy. Furthermore, the details of the 
surgical technique itself used in the transplant operation are 
highly relevant to surgical infectious complications.

The multidisciplinary team will determine which of 
the kidney transplant categories is most appropriate for a 
potential recipient and may include deceased donation from 
brain- dead deceased donor, donation after cardiac death, 
or high kidney donor profile index kidney or living dona-
tion from a related or unrelated donor. Based on projections 
of survival benefit following transplantation, an individual 
candidate may be suited for one or more of these transplant 
options. Of the three types of pancreas transplants noted 
above, SPK is performed most commonly to address the 
multiple morbidities of the diabetic transplant candidate 
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and shows superior survival compared to kidney transplant 
alone in this population [3].

 Surgical Approaches and Complications

Except for one critical difference, the surgical approach 
is similar between kidney transplant and kidney/pancreas 
transplant. Both operations involve either midline or curvi-
linear incisions in the lower abdomen, with dissection and 
ligation of the inferior epigastric vessels, mobilization of the 
ipsilateral rectus muscle and gonadal structures, ligation of 
proximal and distal lymphatics in the ipsilateral iliac fossa, 
and mobilization of the ipsilateral common, external, and 
occasionally internal iliac arteries and veins. Both kidney and 
pancreas are connected to the iliac vessels for perfusion and 
venous drainage. The kidney transplant ureter is usually con-
nected to the extraperitoneal portion of the bladder; rarely, 
the transplant ureter is insufficient in length to reach the 
bladder and is therefore connected to the recipient’s native 
ureter. It is important to note that a standard kidney trans-
plant does not involve opening the peritoneum and avoids 
contact with the bowel or other intraperitoneal organs. The 
kidney allograft is transplanted into the retroperitoneal space 
in either the right or left lower abdominal quadrants. There 
is preference to transplanting the kidney allograft on the left 
side in patients receiving an SPK or in anticipation of a PAK 
transplant. Conversely, in pancreas transplantation, the duo-
denal segment surrounding the head of the pancreas allograft 
is commonly connected intra-abdominally to the recipient’s 
jejunum in a side-to-side configuration to accomplish enteric 
exocrine drainage. A minority of transplant surgeons prefer 
to connect the transplant duodenum to the recipient bladder.

When evaluating or risk-stratifying pancreas transplant 
recipients for surgical infectious complications, it is critical 
to know whether the pancreas transplant involves bladder 
or enteric exocrine drainage. The incidence of urinary tract 
infections (UTIs) is significantly higher with bladder drain-
age [4]. It is thought that the highly alkaline, bicarbonate- 
rich exocrine drainage of the pancreas leads to injury to the 
mucosal lining of the recipient bladder and the alterations in 
acid-base balance of the urine combine to cause higher rates 
of UTIs. The incidence of peritonitis is higher with bowel 
drainage, as leakage of pancreatic enzymes into the abdo-
men together with enteric leakage can lead to peritonitis and 
intra-abdominal abscess [5]. It is likewise critical to ascertain 
whether the pancreas transplant has encountered any techni-
cal complications. A high-volume pancreas transplant group 
reported a much higher incidence of bacterial and fungal 
complications in the cohort of patients who experienced any 
significant surgical complication [6]. For example, compli-
cations including hematuria and urethral stricture following 
bladder drainage may lead to UTIs, prostatitis, epididymitis, 

and pyelonephritis [7]. Furthermore, the readmission rate 
for pancreas transplant recipients is well-known to be much 
higher than for kidney recipients. This increased incidence 
results from higher rates of dehydration, increased rates of 
rejection, and increased rates of infection. Higher rates of 
hospitalization in the pancreas transplant population place 
these patients at higher risk for healthcare-associated infec-
tions (HAI).

Similar to pancreas transplant, recipients of kidney trans-
plants with postoperative complications are at an increased 
risk of infectious complications. Well-described complica-
tions of kidney transplant include lymphocele, subcutaneous 
hematoma, peri-allograft hematoma, urine leak, and ureteral 
stricture. If not addressed in a timely fashion, all of these 
surgical complications can lead to allograft kidney dysfunc-
tion, and also secondary systemic infection in recipients can 
be life-threatening. An important factor that may affect ini-
tial allograft function is the cold ischemic time in deceased 
donor kidney allografts. After surgical removal of a kidney 
from a donor, it is placed in cold preservation fluid, prior 
to transplantation into the recipient; this period of time is 
known as the cold ischemic time (CIT). Prolonged CIT has 
been associated with delayed graft function and allograft 
failure. There is a proportional increase in allograft fail-
ure for each additional hour of CIT. There is a low rate of 
allograft failure of 4% within first year after transplantation 
with CIT of <36 h [8, 9]. While a threshold CIT has not been 
established, a typical cutoff time is 24 h but may be extended 
up to 48 h at the discretion of the transplant center.

An important factor that could contribute to early risk of 
infection, specifically UTI or allograft pyelonephritis, is the 
placement of a ureteral stent. Ureteral stents may be selec-
tively placed at the time of surgery to prevent a ureteral stric-
ture occurring from a prolonged CIT in a deceased donor 
kidney allograft. Ureteral stents in the absence of persistent 
urinary leak are typically removed via cystoscopy 3–4 weeks 
following transplantation procedure.

Prompt diagnosis and intervention to correct the compli-
cations noted above is critically important, requiring ongoing 
close collaboration between the medical and surgical teams.

 Immunosuppressive Regimens

A primary reason for the improved allograft survival of 
kidney and pancreas transplants in the modern era is the 
broad adoption of induction therapy at the time of trans-
plantation of either organ. Compared to conventional 
 immunosuppressive agent therapy alone, a large number 
of controlled- randomized trials demonstrate that induction 
therapy involving biologic antibodies in addition to conven-
tional immunosuppression is superior in decreasing kidney 
and pancreas transplant rejection and allograft failure rates 
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[10]. An exception to this general rule is made for geneti-
cally identical donor-recipient transplants due to the signifi-
cantly reduced immunologic risk for graft rejection in this 
relatively small cohort of patients. Induction agents can be 
classified as either depleting or nondepleting antilymphocyte 
agents. The optimal prophylactic induction therapy for kid-
ney and kidney/pancreas transplantation remains controver-
sial. In general, transplant centers in the United States use 
alemtuzumab or rabbit antithymocyte globulin (rATG) as 
first-line induction, both of which are lymphocyte-depleting 
agents but have very different mechanisms and side-effect 
profiles. Patients who cannot tolerate, or have mitigating cir-
cumstances that preclude, first-line induction will generally 
receive basiliximab induction, a nondepleting interleukin-2 
receptor antagonist.

In addition to induction therapy, all recipients of kid-
ney and kidney/pancreas transplants receive maintenance 
immunosuppressive therapy with a combination of agents 
including corticosteroids such as prednisone; calcineurin 
inhibitors like cyclosporine A, tacrolimus; mTOR inhibitors, 
everolimus, sirolimus; antiproliferative agents such as myco-
phenolate mofetil, mycophenolate sodium, or belatacept, a 
costimulation inhibitor. Although the optimal maintenance 
regimen remains unclear, well over 90% of solid organ trans-
plant recipients in the modern era are discharged home on 
a regimen including tacrolimus as the primary maintenance 
drug. Tacrolimus is a calcineurin-inhibitor (CNI) drug that 
decreases organ rejection rates by inhibiting production of 
interleukin-2, a molecule that promotes development and 
proliferation of T cells in response to the detection of a for-
eign antigen. Maintenance immunotherapy is required in 
kidney and kidney/pancreas transplant recipients to prevent 
acute rejection and the loss of the allografts over the long 
term. The first year following transplantation is generally 
the period of highest immunosuppression levels. The over-
all level of immunosuppression is slowly reduced overtime, 
with many factors influencing this gradual taper including 
allograft function as well as history of rejection or infection.

 Pretransplantation Issues Concerning End- 
Stage Renal Disease and Dialysis Patients

Of the approximately 120,000 people awaiting transplan-
tation in the United States, the vast majority, over 99,000, 
await kidney transplants [11]. The majority of patients who 
undergo renal transplantation will have been on dialysis prior 
to transplantation, leaving them vulnerable to infection in 
the pretransplant setting that may impact their eligibility for 
transplantation or the course of the transplant itself. In 2014, 
4761 patients died while waiting for a kidney transplant, and 
another 3668 people became too sick to receive a transplant 
[11, 12]. The median wait time for an individual’s first renal 

transplant was 3.6 years and may be longer in certain regions 
of the country [12, 13]. Wait time continues to accrue if a 
patient is inactivated, as may happen while being treated for 
infection or completing pretransplantation evaluation; inac-
tive patients now make up approximately 40% of those listed 
for transplant [14].

 Infectious Complications of Hemodialysis 
and Peritoneal Dialysis

The major bacterial infections in patients on hemodialysis 
include catheter-related bloodstream infections and respira-
tory tract infections; infection is the second leading cause 
of death after cardiovascular causes in patients undergoing 
maintenance hemodialysis [15]. The rates of bloodstream 
infections vary, depending upon the type of hemodialysis 
catheter used, with arteriovenous fistulas having the lowest 
rates of infection. Catheter-related bloodstream infections 
have been reported to occur in 0.3/100 patient-months for 
native arteriovenous fistula, 0.7/100 patient-months for arte-
riovenous grafts, 4.6/100 patient-months for cuffed hemodi-
alysis catheters, and 7.3/100 patient-months for non-cuffed 
hemodialysis catheters [16]. In the HEMO study, the authors 
noted that 21% of the first infection-related hospital admis-
sion was due to a vascular access infection [17]. The authors 
also noted that while only 7.6% of the study population had 
hemodialysis catheters for vascular access, these catheters 
accounted for a disproportionate amount of vascular access 
infections (32%), as compared to arteriovenous fistulas/grafts 
[17]. It has been estimated that there is a tenfold increase 
in the relative risk of bloodstream infections with tunneled 
hemodialysis catheters as compared to arteriovenous fistu-
las [18]. One prospective study of 472 patients who had a 
recently placed hemodialysis catheter reported that 35% of 
patients experienced a catheter-related bloodstream infection 
at 3 months, and 54% experienced a catheter- related blood-
stream infection at 6  months [19]. Despite these increased 
rates of infection associated with tunneled hemodialysis cath-
eters, the prolonged maturation time for arteriovenous fistulas 
necessitates temporary use of such catheters for most patients 
initiating hemodialysis. The most common causative organ-
isms for bloodstream infections in hemodialysis patients are 
due to staphylococcal species, specifically Staphylococcus 
aureus, and coagulase-negative staphylococci such as 
Staphylococcus epidermidis [15]. Bloodstream infections 
due to S. aureus occur as a result of infection with a person’s 
own endogenous strain, as >50% of patients on hemodialysis 
are carriers of S. aureus [20, 21]. The high rate of S. aureus 
carriage and colonization, or both, the presence of indwell-
ing vascular access catheters, and uremia-related neutrophil 
dysfunction, contribute greatly to the high rates of S. aureus 
infections in this patient population [20]. It has been estimated 
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that in patients on hemodialysis who are colonized with S. 
aureus, 65% of these isolates were resistant to methicillin 
[22]. Methicillin-resistant Staphylococcus aureus (MRSA) 
is common among hemodialysis patients, and therefore 
empiric treatment with vancomycin is warranted in patients 
with suspected bloodstream infections [23]. Infections due 
to enterococci and Gram-negative rods can occur, although 
such infections are less common [15]. In addition to blood-
stream infections, metastatic foci of infection may be seen, 
most typically with bloodstream infections due to S. aureus. 
The common types of infections associated with metastatic 
foci from bloodstream infection include endocarditis, osteo-
myelitis especially involving the vertebral column, epidural 
abscesses, septic arthritis, and septic pulmonary emboli [15, 
22]. Persons receiving hemodialysis are 17.8 times more 
likely to develop endocarditis than the general population, S. 
aureus accounting for 57.9% of cases [24, 25]. Furthermore, 
the rates of metastatic foci of infection were noted to be more 
common with S. aureus and have been reported to occur in 
10–40% of patients with S. aureus bacteremia [26, 27].

Patients on hemodialysis are also at increased risk for 
respiratory tract infections [15] due to community-acquired 
pathogens such as Streptococcus pneumonia, as well as 
healthcare-associated pathogens, given their frequent expo-
sure to the healthcare setting. Seasonal influenza is also 
common among persons on hemodialysis; therefore, annual 
influenza vaccine is indicated for this high-risk population. 
It is extremely important that patients on hemodialysis be 
vaccinated for both influenza and pneumococcus, because 
pneumonia- associated death rates are 14–16 times higher 
as compared to the general population [28]. Mycobacterium 
tuberculosis is another important pulmonary pathogen in the 
hemodialysis population, and screening for latent tubercu-
losis infection is routinely preformed during pretransplant 
evaluation of potential renal allograft recipients.

The most common infectious complication of chronic peri-
toneal dialysis is peritonitis. It is estimated that the rate of peri-
tonitis in patients initiating peritoneal dialysis is 42 per 100 
patient-years [29]. Another study observed that 37% of patients 
on peritoneal dialysis developed peritonitis with an annual rate 
of 0.37 episodes of peritonitis per year at risk [30]. Infections 
at the exit site of peritoneal dialysis catheters have also been 
reported. Several large observational studies have reported that 
Gram-positive cocci account for 50–60%, Gram-negative rods 
accounted for approximately 15%, and fungi accounted for 
approximately 2% of cases of peritonitis due to peritoneal dial-
ysis [31, 32]. The majority of Gram- positive cocci infections 
are due to coagulase-negative staphylococci and S. aureus [32], 
although Enterococcus species including vancomycin-resistant 
Enterococcus (VRE) have been reported. Gram-negative enter-
ics and Pseudomonas aeruginosa are also associated with peri-
tonitis in peritoneal dialysis patients. It has been reported that 
non-pseudomonal Gram-negative rods have a worse outcome 

than peritonitis due to coagulase-negative staphylococcus or 
S. aureus [33]. Peritonitis due to Pseudomonas aeruginosa 
can result in significant morbidity and is often associated with 
catheter exit- site infections [34]. Fungi are a relatively rare 
cause of peritonitis in this setting; however, the most common 
cause is Candida species – most often due to Candida albi-
cans, Candida parapsilosis, and Candida glabrata [35]. Other 
unusual fungal pathogens have been reported and include 
Aspergillus species, Paecilomyces, Penicillium, Zygomycetes, 
and Rhodotorula [35, 36]. Overall, fungal peritonitis is associ-
ated with high mortality rates of 20–30% as well as marked 
inflammation of the peritoneal membrane resulting in dropout 
from peritoneal dialysis [35]. In patients on peritoneal dialy-
sis who undergo kidney transplantation, there appears to be an 
ongoing risk for the development of peritonitis, and therefore 
many authors recommend the immediate removal of the peri-
toneal dialysis catheter as opposed to waiting for the establish-
ment of renal allograft function [37]. While good outcomes for 
kidney transplantation in patients on peritoneal dialysis have 
been reported, Martins et al. found less favorable results among 
patients undergoing simultaneous pancreas-kidney transplants 
who utilized peritoneal dialysis, as compared to those on 
hemodialysis at the time of transplantation, including higher 
rates of thrombosis-driven relaparotomy, pancreatic loss due to 
infection, thrombosis- related kidney loss, and inferior survival 
with infection as the leading cause of death [38].

The management of bloodstream infections due to hemo-
dialysis vascular access catheters and peritonitis associated 
with peritoneal dialysis is beyond the scope of this chapter. 
Treatment guidelines are available at: http://cid.oxfordjourn-
als.org/content/49/1/1.full and http://www.pdiconnect.com/
content/30/4/393.full.pdf, respectively [23, 39].

 Viral Infections in Hemodialysis Patients 
and Considerations for Kidney 
Transplantation

Blood-borne pathogens due to viruses are important clini-
cal aspects in the management of patients receiving hemo-
dialysis. The most important viruses include hepatitis B 
virus (HBV), hepatitis C virus (HCV), and human immu-
nodeficiency virus (HIV). HBV and HCV transmission 
have also been documented in peritoneal dialysis patients, 
albeit at a significantly lower rate [40]. The prevention and 
 management of these viruses are crucial in patients being 
considered for kidney and kidney-pancreas transplantation.

The transmission of viral hepatitis is a real concern for 
hemodialysis patients and staff. As recently as 2013, a patient 
acquired novel hepatitis B virus (HBV) infection through 
contamination in her dialysis center from a source patient 
who had failed renal transplantation and reactivated quies-
cent HBV infection [41]. Guidelines target both prevention 
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of infection via available vaccinations as well as routine test-
ing and infection prevention measures to prevent nosocomial 
transmission and can be fully reviewed at the CDC website 
for Dialysis Safety  – http://www.cdc.gov/dialysis/guide-
lines/index.html [42].

A national surveillance study of US dialysis centers in 
2002 showed a 1% prevalence of dialysis patients who were 
seropositive for hepatitis B surface antigen (HBsAg) and an 
annual infection incidence of 0.12% [43]. Although most 
HD patients who acquire HBV infection will not develop 
severe or fulminant hepatitis, only a minority will clear the 
infection converting to HBsAg negative. These patients are 
more likely then patients without kidney disease to have per-
sistent antigenemia and chronic elevation of liver enzymes 
[44]. Once additionally immunosuppressed after transplanta-
tion, even those who seemingly cleared infection previously 
may reactivate, particularly if they never developed surface 
antibodies (HBsAb) [45].

Hepatitis B vaccination is recommended for susceptible 
dialysis and CKD patients as well as healthcare workers, 
including those at dialysis centers [46]. In the same 2002 
survey, approximately half of hemodialysis patients and 90% 
of staff received vaccination, and both groups had increasing 
vaccination rates over the 5-year period [43]. Ideally, HBV 
vaccination, which occurs at intervals of 0, 1, and 6 months, 
is administered prior to the initiation of dialysis, as well as 
for peritoneal and home dialysis patients who may require 
in-center hemodialysis in the future. Vaccination prior to 
dialysis has been shown to result in higher immunogenicity 
or antibody titers [47]. Hemodialysis and immunocompro-
mised patients require a “double dose” (40 μg) of HBV vac-
cine and should have follow-up serologic testing to confirm 
vaccine response. If titer response 1–2  months following 
completion of the vaccine series is not ≥10 mIU/mL, a sec-
ond vaccination series should be administered. Hemodialysis 
patients should undergo yearly HBsAb testing with admin-
istration of a booster dose if titers subsequently decline to 
<10  mIU/mL [48]. The list of recommended vaccines for 
patients on dialysis being considered for kidney transplanta-
tion is outlined in Table 4.1.

Risk factors for HBV infection among hemodialysis 
patients in non-endemic regions include [43, 50, 51]:

• Lack of a protocol for HBV-infected patients
• Patients in the same center positive for HBsAg
• Lack of separate space and dialysis machines for HBsAg- 

positive patients
• Low (<50%) HBV vaccination rates within a dialysis unit
• Preparation of injectable medications outside of a dedi-

cated medication room, such as on a cart or in a treatment 
area

• Longer duration on hemodialysis, with 4% higher odds 
ratio of HBV prevalence per year

Those patients known to be chronically infected with 
HBV should be treated, with the goal of maintaining unde-
tectable viral loads and normal transaminases. Patients both 
with and without cirrhosis are at risk for hepatocellular car-
cinoma so should undergo regular liver cancer screening. 
Entecavir (Baraclude®, Bristol-Myers Squibb, Princeton, 
NJ) and tenofovir (Viread®, Gilead Sciences, Foster City, 
CA) are the most commonly used agents and have a high 
barrier to resistance in HBV. For patients on hemodialysis, 
either agent should be administered once every 7 days after 
dialysis. Lamivudine (Epivir®, ViiV Healthcare, Quebec, 
Canada) is an alternative option administered at a decreased 
daily dose but has a lower barrier to resistance. After trans-
plantation, doses must be adjusted with improvement of renal 
function. Of note, due to the recognized potential nephrotox-
icity of tenofovir, alternative agents may be considered in 
some cases. Tenofovir alafenamide (TAF, Gilead Sciences, 
Foster City, CA) was approved as a part of combination 
antiretroviral therapy in HIV patients and provides a more 
favorable toxicity profile with regard to renal and bone labo-
ratory measurements. Early studies using TAF show prom-
ise for the treatment of chronic HBV and may be another 
option during post-kidney transplantation period [52, 53]. 
It is important to confirm HIV negativity when treating for 
HBV to avoid development of HIV resistance as these agents 
are active against both viruses, and treatment of HIV would 
require at least two additional antiretroviral agents.

Reported hepatitis C virus (HCV) prevalence of US and 
European dialysis centers ranges from 2.6% to 22.9%, with 
a mean of 13.5% [54]. HCV infection is associated with 
an increased relative risk for all-cause and cardiovascular 
 mortality in dialysis patients [55]. Nosocomial HCV trans-
mission may be influenced by prevalence of HCV within a 
dialysis unit, low personnel-to-patient ratio, or dialysis in 
close proximity to HCV-infected patients [56, 57] although 
this may largely be avoided with strict adherence to infec-
tion control practices. Increased HCV prevalence was asso-
ciated with longer duration on hemodialysis, male gender, 
Black race, diabetes, coinfection with HBV, prior renal 

Table 4.1 Recommended vaccinations for adults with renal disease – 
2016 CDC Guidelines [49]

aYearly influenza (inactivated only for renal transplant recipients)
Tdap (once in adulthood, then Td booster every 10 years)
Pneumococcal (PCV13, then PPSV23 at least 8 weeks later)
Hepatitis B (higher 40 μg dose)
aZoster (Shingrix, age >50 or taking/anticipating immunosuppressive 
therapy)
Human papilloma virus (females up to age 26, males up to age 21)
aMMR (born after 1957 if not already vaccinated or having immunity)
aVaricella (born after 1980 not already vaccinated or having 
immunity)

aLive virus vaccinations are not recommended for transplant recipients
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transplant, or alcohol or substance abuse in the preceding 
12  months. Whereas, HCV seroconversion was associated 
with longer time on dialysis, HIV/AIDS or HBV infection, 
and recurrent cellulitis or gangrene, at the patient level and 
an increase in facility HCV prevalence, at the center level 
[54]. Approximately half of centers reported a seroconver-
sion during the 2–4-year study period. An increase in highly 
trained staff was associated with both lower HCV prevalence 
and risk of seroconversion.

HCV infection has been identified as an independent risk 
factor for graft loss and mortality in renal transplant patients 
[58–60]. It should be noted that these studies were conducted 
before the widespread use of direct-acting agents (DAAs) 
against HCV infection. While combinations of DAAs such 
as sofosbuvir (Sovaldi®, Gilead Sciences, Foster City, CA)/
simeprevir (Olysio®, Janssen Therapeutics, Titusville, NJ) 
and ombitasvir/paritaprevir/ritonavir/dasabuvir (Viekira 
Pak®, AbbVie Inc., North Chicago, IL) have revolutionized 
the treatment of chronic HCV infection, data on the use of 
these agents in patients with chronic kidney disease is still 
evolving. The approval of fixed dose elbasvir and grazopre-
vir combination Zepatier (Merck & Co. Inc., Whitehouse 
Station, New Jersey) in January 2016 marked the first DAA 
therapy approved for patients with HCV genotypes 1, the 
most common in the United States and genotype 4 infections 
in patients on hemodialysis [61]. In the C-SURFER study, 
genotype 1 patients with eGFR less than 30  mL/min per 
1.73 m2, (76% of whom were on hemodialysis, 20% treat-
ment experienced and 6% with hepatic cirrhosis) experienced 
94% sustained virologic response (SVR) after 12 weeks of 
therapy [62]. Genotypes 2, 3, 5, and 6 still require the use 
of sofosbuvir-based regimens which is renally excreted and 
has limited data in patients on hemodialysis. A small series 
including 11 hemodialysis patients and 1 peritoneal dialy-
sis patient found lower SVR rates in the dialysis group but 
reported only minor adverse events including fatigue, rash/
itching, anemia, diarrhea, and decreased appetite with a regi-
men of half-dose sofosbuvir plus simeprevir [63]. Another 
study involving pre- and post-kidney or kidney/liver trans-
plant recipients included ten patients on dialysis who were 
treated with daily sofosbuvir with good tolerability and SVR 
rates [64]. In the United States, use of sofosbuvir is currently 
approved for patients with eGFR >30  mL/min. The 2008 
Kidney Disease Improving Global Outcomes (KDIGO) 
guidelines, sponsored by the National Kidney Foundation, 
recommend treatment prior to renal transplantation as sus-
tained virologic response (SVR) before transplant reduces 
the risk of hepatic and extrahepatic complications after 
transplantation [65]. In certain regions with very high organ 
demand, however, transplantation of a HCV-positive donor 
kidney will drastically shorten wait times, and therefore 
many providers may choose to delay treatment until after 
transplantation. Data supports the use of renal graft from 

HCV-positive kidney donors showing improved survival in 
recipients of such grafts versus remaining on the transplant 
waitlist and continued dialysis [66].

Lee et al. published a multicenter cohort study comparing 
HBV-mono-infected or HCV-mono-infected to seronega-
tive kidney transplant recipients and found that patients with 
HBV had worse survival but no difference in graft function 
as compared to HBV-negative patients [67]. Hepatic compli-
cations constituted the primary cause of increased mortality. 
There was improved patient survival on entecavir compared 
to lamivudine. While HCV infection did not lower patient 
survival, it was associated with an increased incidence of 
renal allograft failure and acute rejection.

As a result of the widespread use of effective combina-
tion antiretroviral therapy for the treatment of HIV infection, 
morbidity and mortality due to opportunistic infections and 
neoplasms has declined dramatically. Therefore, the major 
morbidity and mortality has now shifted to other causes such 
as cardiovascular etiologies, chronic kidney disease, end- 
stage liver disease, and non-opportunistic malignant neo-
plasms [68]. Chronic kidney disease and the need for renal 
replacement therapy in HIV-infected patients are multifacto-
rial; the common causes include HIV-associated nephropa-
thy, immune complex disease, coinfection with HBV and 
HCV, HIV-associated thrombotic microangiopathy, drug 
toxicity, and medical comorbidities such as hypertension 
and diabetes that are often encountered in patients receiv-
ing antiretroviral medications. Several HIV cohort studies 
have observed that 3.1–6% of HIV-infected patients have 
chronic kidney disease and 1.7% of patients have end-stage 
renal disease [69, 70]. HIV prevalence in the hemodialysis 
population varies between 0.67% and 20%, which reflects 
the overall prevalence of HIV within that region [71, 72].

Stock et al. led a multicenter prospective study of renal 
transplantation in HIV-infected persons which found 3-year 
patient and graft survival rates of 88% and 74%, respectively, 
which fell between national rates for recipients 65 years and 
older and all comers [73]. Additionally, there was no evi-
dence of accelerated HIV disease progression or virologic 
failure in the posttransplantation period [73]. However, 
there were surprisingly higher rates of allograft rejection, 
up to 33% [73]. Risk factors for acute allograft rejection in 
the multivariate model included transplant from a deceased 
donor and cyclosporine use, whereas a higher posttrans-
plantation CD4+ T-cell count was marginally protective. 
More recently, using the Scientific Registry of Transplant 
Recipients (SRTR) data of 510 HIV-positive adult kidney 
recipients, Locke et  al. found that HIV-negative and HIV 
mono-infected kidney transplant recipients had similar graft 
survival and patient survival, whereas HIV/HCV coinfected 
patients had worse outcomes [74]. They identified several 
risk factors to predict higher rates of graft loss among HIV- 
positive kidney transplants that should be taken into account 
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in the pretransplantation process: HCV coinfection increased 
risk by 2.72-fold; >3 human leukocyte antigen (HLA) mis-
matches increased risk by 1.80-fold in coinfected recipients 
plus 3 HLA mismatches having an amplified 3.86-fold risk 
of graft loss [59]. These very encouraging findings support 
the role of kidney transplantation as a viable option for HIV- 
infected persons with chronic kidney disease on dialysis.

As for all solid organ transplant recipients, potential can-
didates for kidney or kidney-pancreas transplant should have 
HIV virologic control before proceeding to transplantation. 
While transplant protocols may vary by hospital, gener-
ally recipient criteria for potential HIV-positive recipients 
include a CD4+ T-cell count of 200 cells per cubic millime-
ter or greater, undetectable HIV plasma RNA level, a stable 
antiretroviral regimen, and no active opportunistic infection, 
which were the selection criteria for the prospective multi-
center HIV kidney transplant study [73].

Dr. Elmi Muller was the first surgeon to transplant HIV- 
positive recipients with kidneys from aviremic HIV-positive 
donors at the Groote Schuur Hospital in Cape Town, South 
Africa in 2008 [75]. The results of this case series of 27 HIV 
recipients who received kidneys from deceased HIV-infected 
donors noted 5-year posttransplant patient and allograft sur-
vival rate of 74% and 84%, respectively, among individuals 
with well-controlled HIV disease [75]. Beginning in 2016, 
select centers in the United States have begun performing 
HIV-positive to HIV-positive renal transplants in addition 
to positive-to-positive liver transplants as part of a multi-
center research trial (ClinicalTrials.gov identifier number: 
NCT02602262).

Mittal et al. reported the first pancreas transplant alone in 
an HIV-positive recipient with good outcomes [76]. Reported 
outcomes of SPK transplants in HIV-positive patients have 
been mixed with two of four patients in a review series expe-
riencing graft failure including one death [77].

Common infections in the pretransplantation period are 
summarized in Table 4.2.

 Pharmacologic Considerations in Patients 
with Chronic Kidney Disease Undergoing 
Kidney Transplantation

Patients on hemodialysis also require careful titration of 
renal-dosed medications before and after transplant. In the 
pretransplant setting, this may translate to limited HCV 
treatment options or difficulty optimizing a pretransplant 
HIV regimen. In the posttransplant setting, this may lead to 
resistance or failure of virologic suppression if antiretrovirals 
are underdosed, for instance, or breakthrough opportunis-
tic infections if prophylactic antimicrobials are underdosed. 
Specifically, antiretroviral agents which require dose modifi-
cation in patients with chronic kidney disease include reverse 
transcriptase inhibitors emtricitabine, lamivudine, and tenofo-
vir. In general, the protease inhibitors, non-nucleoside reverse 
transcriptase inhibitors, and integrase inhibitors do not war-
rant dose adjustment in the setting of chronic kidney disease 
[78]. However, in managing HIV- infected patients in the pre-
transplant period, consideration should be given to selecting a 
regimen that avoids drug interactions with anticipated immu-

Table 4.2 Common infections in the prerenal transplant (dialysis- dependent) period

System Infection Organisms
Bloodstream (hemodialysis) Catheter-related bloodstream infection Staphylococcus aureus, coagulase-negative 

staphylococci
Less commonly enterococcus species, Gram-negative 
bacteria

Metastatic foci of bloodstream infection: endocarditis, 
osteomyelitis (especially vertebral), epidural abscess, 
septic arthritis, septic pulmonary emboli

Same as that causing bloodstream infection

Respiratory tract Pneumonia, upper respiratory tract infection Community acquired pathogens, especially 
Streptococcus pneumoniae
Healthcare acquired pathogens
Seasonal influenza

Tuberculosis Mycobacterium tuberculosis
Intra-abdominal (peritoneal 
dialysis)

Peritonitis Gram-positive cocci, especially coagulase negative 
staphylococci and Staphylococcus aureus (50–60%)
Gram-negative bacilli, including Pseudomonas 
aeruginosa (15%)
Fungi, especially Candida albicans, C. parapsilosis, 
C. glabrata; also reported Aspergillus species, 
Paecilomyces, Penicillium, Zygomycetes, and 
Rhodotorula (2%)

Catheter exit site infection Gram-positive cocci, especially S. aureus and 
Streptococcus spp.

Hepatic Viral hepatitis Hepatitis B virus, Hepatitis C virus
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nosuppressives introduced after transplantation. Specifically, 
protease inhibitors are potent inhibitors of CYP3A4 isoen-
zymes and can result in increased drug exposure of the calci-
neurin inhibitors [78]. Conversely, the NNRTIs can result in 
decreased drug exposure of the calcineurin inhibitors [78]. 
Regimens that include integrase inhibitors such as raltegra-
vir lack drug interactions with the CYP450 system and may 
be a preferred regimen for appropriate patients [79]. More 
recently, cobicistat, a potent inhibitor of CYP3A4 isoen-
zyme, has been complexed to several antiretrovirals in order 
to improve drug exposure. It can be anticipated that cobicistat 
will also interact with the antirejection immunosuppressive 
regimen, and therefore avoidance of these agents should be 
considered when constructing an antiretroviral regimen for an 
HIV-infected kidney transplant candidate. Maraviroc, which 
is an HIV CCR5 entry inhibitor, may show promise in the 
posttransplantation setting, as this may provide the added 
benefit of improved allograft survival, as loss or blockade of 
the CCR5 receptor has been associated with reduced allograft 
rejection rates [80].

Conversely, overdosing of certain antimicrobials or anti-
retrovirals in the setting of pretransplant declining renal func-
tion or posttransplant acute or chronic allograft rejection may 
negatively impact graft function, as may be seen with the use 
of tenofovir or trimethoprim-sulfamethoxazole (Table  4.3). 
Other important anti-infective agents that could result in 
significant drug interactions with the immunosuppressive 
regimen due to CYP 450 isoenzyme inhibition include the tri-

azole antifungal agents such as fluconazole and voriconazole 
(Table 4.4). These agents can cause increased drug exposure 
of immunosuppressives such as the calcineurin inhibitors.

 Pretransplantation Screening for Potential 
Recipients

Routine screening testing to be done for renal transplant 
candidates mirrors that of other solid organ transplant can-
didates and includes serologic testing for immunity to vari-

Table 4.3 Commonly used anti-infectives in the renal transplant recip-
ient requiring dose adjustment for renal function

Medication Indication/use
Acyclovir/valacyclovir HSV prevention and treatment
Aminoglycosides (amikacin, 
tobramycin, gentamicin)

Gram-negative bacterial infection

Amphotericin B Fungal infection, especially 
Aspergillus spp. and Zygomycetes

β-lactam and cephalosporin 
classes

Bacterial infection

Ciprofloxacin, levofloxacin Treatment of bacterial infections, 
treatment of Polyoma BK Virus 
(PyBKV) infection

Colistin Gram-negative bacterial infection
Daptomycin Gram-positive bacterial infection
Emtricitabine, lamivudine, 
tenofovir

HIV therapy

Ertapenem, meropenem, 
imipenem

Resistant Gram-negative bacterial 
infection

Fluconazole Candida prevention and treatment
Foscarnet Resistant CMV and HSV infection
Ganciclovir/valganciclovir CMV prevention and treatment
Trimethoprim- 
sulfamethoxazole

Urinary tract infection and 
Pneumocystis prevention and 
treatment

Vancomycin, intravenous Resistant Gram-positive bacterial 
infections

Table 4.4 Anti-infectives modulating cytochrome P450 drug metabo-
lism (anti-infectives and immunosuppressants metabolized via CYP450 
isoenzyme)

Inducers Inhibitors
Post-transplant 
maintenance 
immunosuppressants 
that are CYP450 
substrates

Will accelerate 
substrate 
metabolism and 
decrease drug 
effect

Will slow substrate 
metabolism and 
increase drug effect

Nevaripine 
(CYP3A4, 
CYP2B6)

Ciprofloxacin 
(CYP1A2)

Cyclosporine (CYP3A4)

Efavirenz 
(CYP3A4)

Clarithromycin 
(CYP3A4)

Everolimus (CYP3A4)

Etravirine 
(CYP3A4) 
Rifampin, 
Rifabutin 
(CYP1A2, 
CYP2C9, 
CYP2C19, 
CYP3A4)

Cobicistata (CYP3A4, 
CYP2D6)

Prednisone (CYP3A4)

Erythromycin 
(CYP3A4)

Sirolimus (CYP3A4)

Etravirine (CYP2C9, 
CYP2C19)

Tacrolimus (CYP3A4)

Fluconazole (CYP2C9, 
CYP2C19, CYP3A4)
Isavuconazole 
(CYP3A4)
Isoniazid (CYP2C19)
Itraconazole (CYP3A4)
Ketoconazole 
(CYP3A4)
Metronidazole 
(CYP2C9)
Posaconazole 
(CYP3A4)
Ritonavir (as part of a 
boosted protease 
inhibitor regimen)b 
(CYP2C9, CYP2C19, 
CYP2D6, CYP3A4)
Terbinafine (CYP2D6)
Trimethoprim- 
sulfamethoxazole 
(CYP2C9)
Voriconazole 
(CYP3A4, CYP2C19, 
CYP2C9)

aAs part of a boosted HIV regimen with atazanavir, darunavir, 
elvitegravir
bBoosted protease inhibitor regimens: Atazanavir, darunavir, or lopina-
vir with ritonavir
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cella, measles, mumps and rubella, serologic and nucleic 
acid testing (NAT) for HIV, HBV, and HCV, and screens 
for syphilis and latent tuberculosis. Patients from endemic 
regions may additionally undergo screening for latent stron-
gyloidiasis, coccidioidomycosis, and, rarely, histoplasmosis, 
HTLV, or trypanosomiasis. The recipient’s CMV and EBV 
serostatus should be established by serology [81]. Patients 
may remain listed for years awaiting deceased donor renal 
allograft transplantation, and screening for viral infections 
such as HBV and HCV should be kept up to date. Serologic 
screening tests and recommended imaging are summarized 
in Table 4.5.

As with other solid organ transplant recipients, renal 
transplantation places recipients at an increased risk of devel-
oping tuberculosis (TB), estimated at 20–74 times higher 
risk among solid organ transplant recipients, so testing for 
latent tuberculosis should be included as part of routine pre-
transplantation screening [82]. It has been well established 
that patients on hemodialysis are 6–25 times more likely 
to develop tuberculosis as compared to the general popula-
tion [83]. Moreover, latent tuberculous infection (LTBI) has 
been reported to be as high as 20–70% in the hemodialysis 
population [83]. Therefore, screening for LTBI, and treat-
ment of LTBI, is warranted in all patients on hemodialysis 
and of particular importance for those who are being consid-
ered for listing for kidney transplantation. Most dialysis cen-
ters routinely perform annual tuberculin skin testing (TST). 
Presence of uremia in patients with chronic kidney disease 
undergoing HD alters macrophage and T-cell functions; the 
resulted anergy has been noted in as many as 44% of such 

patients compared with 16% anergy in the general popula-
tion, making TST less optimal screening tool for this popula-
tion [83]. A retrospective study of dialysis patients found the 
two-step, or boosted, TST to have a sensitivity of 14% and 
specificity of 88% among dialysis patients using an abnor-
mal chest X-ray as a proxy [84]. Two studies demonstrated 
that a single-step TST had a sensitivity of 11.3% and 14.7%, 
and an additional 12.1% and 13.1% of the hemodialysis 
patients, respectively, had a positive TST using the two-step 
method [83]. Given concerns for poor sensitivity of TST in 
the dialysis population, most transplant centers now rely 
on serum interferon-gamma release assays (IGRA) using 
QuantiFERON-TB Gold in tube (Qiagen, Victoria, Australia) 
or T-SPOT.TB (Oxford Immunotec, Oxfordshire, England). 
In hemodialysis patients, the sensitivities of IGRAs for the 
diagnosis of LTBI have ranged from 22% to 71.4%, and 
the specificity was noted to be as low as 41.9% and as high 
as 100% [83]. In renal transplant patients, TST and IGRA 
results may have only fair agreement, but TST induration 
size may correlate with positive IGRA [85]. In a prospec-
tive study following potential kidney transplant recipients 
after TST or IGRA testing, Kim et  al. found that 13% of 
312 patients had positive TST or clinical risk factors requir-
ing pretransplant isoniazid (INH) therapy and none of these 
patients developed active tuberculosis. In the remaining 272 
patients, 71 had a positive T-Spot alone and a negative TST; 
these patients did not receive INH, and four patients went 
on to develop active tuberculosis infection after undergoing 
kidney transplantation. This study demonstrates that T-spot 
is a more effective method for screening latent tuberculosis 
in patients being evaluated for kidney transplantation [86]. 
Based on the high rates and heightened risk of active tuber-
culosis disease in patients with chronic kidney disease on 
dialysis, screening for latent and active TB is an essential 
part of the pretransplant evaluation. While it appears that 
IGRAs may be the preferred screening modality for LTBI, 
if TST is the only available modality, then a two-step TST 
should be performed. Active TB needs to also be ruled out 
based on a careful assessment of signs and symptoms, and a 
chest X-ray should be performed as part of the pretransplant 
evaluation. In high-risk patients, or patients with indetermi-
nate results, high-resolution CT imaging of the thorax may 
be warranted. Recommendations for the screening, diagno-
sis, and management of TB in solid organ transplant recipi-
ents are available and should be implemented as part of the 
pretransplant evaluation [87].

Though not a routine part of pretransplant screening, an 
abnormal pretransplant urodynamic assessment is associ-
ated with more frequent urinary complications [88]. Other 
screenings have been proposed to estimate the risk for bacte-
rial and opportunistic infections (OIs) during posttransplant 
setting require further validation studies. It was interesting to 
note that a measured immune risk phenotype prior to trans-

Table 4.5 Infectious screening for the pre-renal transplant recipient

Laboratory testing
HIV Ag/Ab (4th generation) assay and Nucleic Acid Test (NAT)
Hepatitis serologies:
  Hepatitis A antibody
  Hepatitis B surface antigen, surface antibody, core antibody, and 

NAT
  Hepatitis C antibody and NAT
Vaccination titers: measles, mumps, rubella, varicella
Syphilis screen – either treponemal or nontreponemal test
Latent TB screen – generally interferon gamma release assay 
preferred over tuberculin skin test
CMV IgG antibody
EBV antibodies
Based on regions of endemicity
  Strongyloides antibody
  Coccidioides serology
  T. cruzi serology
Imaging
Chest radiography
  Should be performed for any patient with a positive TB screening 

test
  May warrant further evaluation if pulmonary nodules suggest 

infectious etiology, such as fungal or mycobacterial infection
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plantation defined as +CMV serology plus CD4/CD8 ratio 
<1 and/or CD8 T cell count >90th percentile was associated 
with higher risk for severe bacterial infections and OIs after 
transplantation [89].

 Living Donor and Deceased Donor Screening 
for Occult Infection

In 2014, 5537 of 17,107 kidney transplants came from living 
donors [12], and an increasing number are donated via paired 
exchange in which potential recipients with willing donors 
may be matched in a larger pool to those with more compat-
ible kidneys. Five hundred forty-four such unrelated paired 
donations were performed in 2014 [11]. Any potential living 
kidney donor must undergo their own screening evaluation 
for occult infection prior to transplantation including clinical 
history and laboratory evaluation for HIV, HBV, HCV, CMV, 
and Epstein-Barr virus (EBV) serostatus, syphilis screen, 
and TB screening. At-risk live donors, defined by regional 
and seasonal infection-risk variation, may additionally 
require screening for coccidioidomycosis, strongyloidiasis, 
West Nile virus, and latent or subclinical Trypanosoma cruzi 
infection [90]. Although there is currently no data regarding 
Zika virus screening among solid organ graft donors, liv-
ing kidney donors from Zika virus endemic areas may have 
prior infection. The Organ Procurement and Transplantation 
Network (OPTN)/United Network for Organ Sharing 
(UNOS) Ad Hoc Disease Transmission Advisory Committee 
does not recommend prior Zika virus infection as a strict 
exclusion criteria from organ donation; however, the risk of 
donor-derived infection should be balanced with benefits of 
transplantation [91]. As the Zika virus outbreak continues 
in Central and South America, the Caribbean, Mexico, and 
now parts of Florida and Texas, this will likely be an evolv-
ing area of research and guidelines as Zika-infected donors 
are assessed for organ donation and renal or other transplant 
recipients travel to the evolving endemic regions and develop 
new Zika virus infection after undergoing transplantation.

There is an increasing number of deceased donor renal 
allografts coming from high infection-risk donors (HRD), 
in part driven by an ongoing epidemic of recreational drug 
use and overdose deaths. The US Public Health Service 
currently defines 12 criteria for being at increased risk of 
recent HIV, HBV, and/or HCV infection, with concern 
of transferring infection via allograft during a “window” 
period where recently acquired viremia is not yet detect-
able by antibody or nucleic acid testing [92] (see Tables 4.6 
and 4.7). Actual risk of HIV acquisition during the window 
period has been estimated between 0.04 and 4.9 per 10,000 
donors based on NAT testing. The window for highest HIV 
infection risk exists in injection drug users (4.9 per 10,000 
donors), men who have sex with men (4.2 per 10,000), com-

mercial sex workers (2.7 per 10,000), incarcerated donors 
(0.9 per 10,000), donors exposed to HIV through blood (0.6 
per 10,000), donors engaging in high-risk sexual activi-
ties (0.3 per 10,000), and hemophiliacs (0.035 per 10,000) 
[93]. Pooled risk of window period HCV transmission from 

Table 4.6 Special situation donor criteria

High-risk donor criteria
Extended criteria 
donor

People who have had sex with a person known 
or suspected to have HIV, HBV, or HCV 
infection in the preceding 12 months

Donor aged 
>60 years
Donor aged 
>50 years, plus two 
of the following:

Men who have had sex with men (MSM) in the 
preceding 12 months

  History of 
hypertension

  Serum creatinine 
≥1.5

Women who have had sex with a man with a 
history of MSM behavior in the preceding 
12 months

  Death resulting 
from a stroke

People who have had sex in exchange for 
money or drugs in the preceding 12 months
People who have had sex with a person who 
had sex in exchange for money or drugs in the 
preceding 12 months
People who have had sex with a person who 
injected drugs by intravenous, intramuscular or 
subcutaneous route for nonmedical reasons the 
preceding 12 months
A child who is ≤18 months of age and born to 
a mother known to be infected with, or at an 
increased risk for, HIV, HBV or HCV infection
A child who has been breastfed within the 
preceding 12 months and the mother is known 
to be infected with, or at increased risk for, 
HIV infection
People who have injected drugs by intravenous, 
intramuscular, or subcutaneous routes for 
nonmedical reasons in the preceding 12 months
People who have been in lockup, jail, prison, or 
a juvenile correctional facility for more than 72 
consecutive hours in the preceding 12 months
People who have been newly diagnosed with, 
or have been treated for, syphilis, gonorrhea, 
Chlamydia, or genital ulcers in the preceding 
12 months
People who have been on hemodialysis in the 
preceding 12 months – at increased risk for 
recent HCV infection only

Table 4.7 Window period lengths

Serology
Nucleic acid test 
(NAT)

HIV Third-generation/standard serology: 
19–20 days

5–6 days

Fourth-generation/combined Ag/Ab 
serology
  7–15 days

HCV 58–65 days 3–5 days
HBV 36–44 days 20–25 days
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HRDs ranges from 0.027 to 32.4 per 10,000 donors, with 
the highest risk categories being injection drug users (32.4 
per 10,000), commercial sex workers and donors exhibiting 
high-risk behavior (12.3 per 10,000), men who have sex with 
men (3.5 per 10,000), incarcerated donors (0.8 per 10,000), 
donors exposed to HIV-infected blood (0.4 per 10,000), and 
hemophiliacs (0.027 per 10,000) [93].

As of 2010, approximately 9% of deceased kidney donors 
were classified as HRD [94]. A decision analytic Markov 
model of renal failure treatment modalities estimated that 
use of HRD kidneys as compared to discarding these organs 
would result in higher patient survival, a greater number of 
quality-adjusted life years (QALY) (5.6 vs. 5.1  years per 
patient), more kidney transplants, and lower cost of care 
($60,000 vs. $71,000 per QALY). They estimated a lower 
total number of infections, 13.1 vs. 14.8 infections per 1000 
patients over 20 years occurring in recipients of HRD organs 
because of the increased time on hemodialysis if HRD organs 
are discarded, which in turn carries higher HCV incidence 
[95]. Because HRDs tend to be younger with less medial 
comorbidities, recipients of HRD renal transplants have a 
significantly improved 5-year graft survival compared with 
non-HRD expanded criteria donor kidney recipients of 84% 
vs. 78%, respectively (p < 0.001) [96].

 Infectious Diseases Considerations 
for Incompatible Kidney Transplant Recipients

Some potential kidney transplant recipients may have oth-
erwise acceptable donors except for the presence of pre-
formed human leukocyte antigen (HLA) antibodies or ABO 
blood group incompatibility. Similarly, some patients on 
the wait list for a deceased donor may be highly sensitized, 
often due to previous blood product transfusion, pregnancy 
or prior transplantation, and subsequently have longer 
wait times and decreased likelihood of finding a suitable 
donor. These patients may be candidates for HLA or ABO-
incompatible kidney transplant. Recipients of incompatible 
kidney transplants have a survival benefit over patients who 
do not undergo transplantation or wait for a deceased donor 
allograft, with an 8-year survival benefit significant across all 
levels of donor-specific antibody [97]. To prevent antibody- 
mediated rejection and graft loss in these cases, patients 
undergo pretransplantation desensitization with rituximab, 
intravenous immunoglobulin (IVIG), and/or plasmapher-
esis, although specific protocols vary by center. Rituximab is 
associated with numerous potential adverse events, includ-
ing cytopenias/hypogammaglobulinemia and increased 
infectious risks (see Table 4.8). In the United States, ritux-
imab carries a boxed warning for HBV reactivation which 
may lead to fulminant hepatitis, liver failure, or death [98]. 
Patients should be screened for HBV typically as part of rou-

tine pretransplant screening; see the section above entitled 
Pretransplantation Screening for Potential Recipients prior 
to treatment. Those with positive surface antigen should start 
treatment, and patients with negative HBsAg and a positive 
core antibody (HBcAb) should have ongoing monitoring for 
reactivation [98, 99]. HBV reactivation has been reported 
greater than a year after rituximab therapy [98, 100]. Other 
newly acquired or reactivated viral infections at increased 
risk following rituximab use include CMV, herpes simplex 
virus (HSV), parvovirus B19, varicella zoster virus (VZV), 
West Nile virus, and HCV [98]. Rituximab also carries a 
boxed warning against progressive multifocal leukoen-
cephalopathy (PML) due to JC polyomavirus [98]. Data has 
been mixed as to increased risk of infection after incompat-
ible kidney transplant but generally shows at least a trend 
toward increased viral infection and surgical complications 
[101–103]. However, actual increased risk may be impacted 
by immunosuppressive regimen, splenectomy, or precon-
ditioning regimen all of which may vary between centers, 
making it difficult to standardize risks across the population 
as a whole [103]. Overall patient and allograft survival and 
acute rejection are comparable to HLA and ABO compatible 
kidney transplants [101, 102].

 Infections in the Posttransplantation Period: 
An Overview

Infections contribute significantly to the morbidity and mor-
tality that is experienced in the solid organ transplant recipi-
ent. It is estimated that infections account for 15–20% of the 
causes of mortality in kidney transplant recipients, although 
this has been declining over the past several years due to 

Table 4.8 Infectious risks associated with rituximab use [98, 104]

Bacterial/
mycobacterial

Sepsis, sinusitis, nasopharyngitis, bronchitis, 
pneumonia, cellulitis, urinary tract infection, 
colitis
Mycobacterium avium, Mycobacterium kansasii

Viral Hepatitis B reactivation
Cytomegalovirus (CMV)
Herpes simplex virus (HSV)
Parvovirus B19
Varicella zoster virus (VZV)
West Nile virus (WNV)
Hepatitis C
Progressive multifocal leukoencephalopathy 
(PML) caused by JC virus
BK virus

Fungal Pneumocystis pneumonia
Parasitic Babesiosis
Non-infectious Infusion reaction (fever, rigors, nausea, pruritus, 

angioedema, hypotension, headache, vomiting, 
rash, and other symptoms) may mimic acute 
infection
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improvements in anti-infective prophylaxis strategies [105]. 
Candidates for kidney and kidney-pancreas transplantations 
carry with them their own “baggage” that places them at risk 
for infectious complications, specifically uremia which is 
associated with depressed T-cell functions, as well as diabe-
tes mellitus which contributes to hosts’ suppressed immune 
response, and the potential hyperglycemia that places patients 
at risk for infection after surgery. Several factors contribute to 
infections following transplantation and include (1) environ-
mental and external factors such as pathogens acquired from 
the healthcare environment including Gram- negative enteric 
bacteria or the external environment like endemic mycoses 
or molds; (2) reactivation of prior infections in the recipient 
such as HSV, VZV, and CMV; (3) donor-derived infections; 
(4) iatrogenic complications associated with surgery or hos-
pitalization; and (5) overall state of immunosuppression due 
to antirejection regimen and infection with immunomodula-
tory viruses such as CMV, EBV, HBV, HCV, or HIV or both 
[106, 107]. Another factor that is unique to kidney transplant 
recipients is the type of renal replacement therapy that pre-
cedes transplantation. Postoperative infection rates are nota-
bly higher in patients on peritoneal vs. hemodialysis prior to 
undergoing transplantation (67.5% vs. 25.9%; p < 0.00001) 
[108]. A timeline has been proposed by several authors [107] 
to categorize the types of infections that are encountered in 
the posttransplantation period and will be addressed here.

 Early Infections Following Kidney 
and Kidney-Pancreas Transplants

The immediate posttransplantation period has been defined 
as <30 days from the time of transplantation and is most typ-
ically due to healthcare-acquired pathogens, although donor-
derived infections can also occur in rare situations.

 Early Infections: Risk Factors

There are numerous risk factors associated with the devel-
opment of infectious complications in the initial posttrans-
plantation period. The majority of these early infections are 
healthcare acquired, and are related to the risk of exposure to 
the healthcare setting, and risk of complications of the actual 
surgical procedure. Other unique factors also contribute to 
infection risk and are reviewed below.

A Cochrane analysis found insufficient evidence to link 
early (<14 days) or late (>14 days) steroid withdrawal or ste-
roid avoidance to risk of infection in the postoperative period 
[109]. They identified only one trial in which significantly 
more urinary tract infections (UTIs) were reported in the 
late withdrawal group compared to steroid avoidance, with 
a relative risk of 0.41 [110].

Markers reported to be independent predictors of infec-
tion in the kidney transplant population include elevated 
ferritin, magnesium deficiency, and vitamin D deficiency, 
although they may be altered by other illness or physiologic 
stressors, therefore warranting further study [111–113].

Hypogammaglobulinemia, defined as IgG level <350 mg/
dL, has also been identified as a risk factor for severe oppor-
tunistic infection and higher number of infections in the first 
3  months after transplantation compared to patients with 
normal serum immunoglobulin levels and may be modifiable 
with immunoglobulin infusions and monitoring of levels 
[114, 115].

Approximately one in three renal transplant recipients 
will have an early readmission occurring within the first 
30  days after renal transplantation [116]. Infectious com-
plications appear to be an important cause for early read-
mission. A large retrospective review identified surgical site 
problems as the primary cause of early readmission, which 
may include superficial wound infection or symptomatic 
perinephric fluid collection. The second most common rea-
son for readmission was UTI with or without bloodstream 
infection, followed by pneumonia and fever of unknown ori-
gin. Other nonsurgical complications leading to readmission 
included colitis, epididymitis, neutropenia, leukocytosis, 
pancreatitis, cholangitis, lower extremity cellulitis, and PD 
catheter infection. Discharge-level factors associated with 
readmission included electrolyte abnormalities and delayed 
graft function. Previously published data has also cited older 
age, black race, low educational level, and medical comor-
bidities such as hypertension, obesity, diabetes mellitus, 
cardiovascular disease, HCV, stroke, chronic obstructive 
pulmonary disease, prior transplant, and frailty as risk fac-
tors for early readmission. Donor risk factors associated with 
recipient readmission include age, expanded criteria donor 
status, donation after circulatory death, and cold ischemic 
time. Transplant risk factors include HLA mismatch, length 
of stay, lack of induction therapy, waitlist time, delayed graft 
function, and, in one study, weekend discharge [117–120].

 Early Infections: Surgical Complications

Renal transplant recipients are at risk for the typical post-
operative complications and infections of immunocompetent 
surgical patients. The most common infections include surgi-
cal site infections, urinary tract infections, hospital-acquired 
pneumonia, and central line-associated bloodstream infec-
tions (CLABSI) [106]. The typical causative bacterial organ-
isms are those that are most commonly associated with the 
particular site of infection. Therefore, it can be anticipated 
that surgical site infections are predominantly due to Gram- 
positive cocci, in particular Staphylococcus aureus, whereas 
UTIs are commonly due to enteric Gram-negative bacilli. 
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UTIs are the most common infection in renal transplant 
recipients, with US Renal Data System reporting a cumula-
tive incidence of 17% within the first 6  months following 
transplantation [121]. Ureteral stents placed at the time of 
renal allograft transplantation confer increased risk for UTI 
within the first month following transplant (11.4% vs. 0.3% 
of non-stented allograft recipients; P < 0.001) [122].

In addition to the typical postsurgical infectious compli-
cations, there are risks unique to the kidney transplantation 
procedure. Perfusion fluid (PF) used following deceased 
donor nephrectomy, if contaminated, may lead to serious 
infection in the recipient [123]. Use of empiric antifungal 
agents in the perioperative period is routinely given in case 
of yeast contamination of PF [123]. Ranghino et al. analyzed 
recipients with bacterial contamination of PF and found an 
overall incidence of 38.4%, with half being staphylococci 
and 9.9% Candida albicans. Targeted preemptive therapy 
of PF contamination did not reduce the rate of PF-related 
allograft infection, which were low despite high frequency of 
such contamination. The authors suggest a reasonable reduc-
tion in the use of antibiotic therapy can be considered along 
with close monitoring.

As many as 10–34% of pancreas transplant recipients 
experience complications requiring relaparotomy [124–
126], most commonly due to vascular graft thrombosis and 
intra- abdominal infection but also pancreatitis, bleeding, and 
stump and anastomotic leaks [125, 126]. Approximately half 
of those undergoing relaparotomy require graft pancreatec-
tomy [126], but this may be performed in as many as 70% of 
patients when done for leaks or abscesses [125, 126]. Risk 
factors for early relaparotomy include donor age >40 years 
and recipient obesity [125] as well as bladder drainage versus 
enteric drainage (18.2% vs. 5.8%; p < 0.05). Relaparotomy 
did not significantly affect patient survival consistently 
between studies, but relaparotomy is consistently associated 
with significantly lower graft survival [125–127].

Clinically significant peripancreatic fluid collections 
(PPFC) were found in 16% of pancreas-kidney transplant 
recipients in a study by Singh et al. [128]. The majority of 
PPFCs occurred within the first month and may occur up 
to 3 months after undergoing transplantation. Most patients 
required relaparotomy except for two in this series who 
underwent drainage by interventional radiology. Over half 
(56%) of PPFC were infected; all had bacterial infection 
with the most common organisms being Enterococcus fae-
calis, coliform/enteric pathogens, Staphylococcus spp., and 
lactobacillus, and 10% of these patients’ cultures addition-
ally isolated Candida. Multidrug-resistant (MDR) bacteria 
were isolated in 11%. Similar patient and kidney graft sur-
vival was seen in patients with and without PPFC; however, 
significantly lower total pancreas graft survival resulted 
(68% vs. 85%), and a greater incidence of infection was also 
observed (75% vs. 46%; P < 0.05) during 5 years follow-

ing transplantation. Patients with PPFCs had significantly 
greater incidence of recurrent UTI (58% vs. 36%), bacte-
remia (31% vs. 3%), and fungal (28% vs. 1%) and viral 
infection (28% vs. 14%) compared to patients without the 
evidence of PPFC (p < 0.001) [128].

 Early Infections: Healthcare-Acquired 
Infections

As noted above, kidney and pancreas-kidney recipients are at 
risk of typical postoperative and nosocomial infectious com-
plications in the early posttransplantation period, as well as 
unique infectious risks related to their transplantation.

In addition to the healthcare-acquired pathogens noted 
above, a growing problem in hospitals is the increased inci-
dence of Clostridium difficile infection (CDI) colitis. Higher 
CDI incidence has been reported in the solid organ trans-
plant population [129]. Unique CDI risk factors in the kid-
ney and kidney-pancreas transplant population include male 
gender (82% vs. 48%; p  =  0.003), deceased donor recipi-
ents (84% vs. 64%; p  =  0.045), leukopenia (18% vs. 4%; 
p = 0.038), recent gastrointestinal procedure within the pre-
ceding 3 months (18% vs. 4%; p = 0.038), and more days of 
cumulative and restrictive antimicrobial exposure and more 
cephalosporin use (43% vs. 16%; p = 0.008).

Infection with MDR and extensive drug-resistant organ-
isms is also of increasing concern worldwide and in patients 
undergoing allograft transplantation. In transplant recipients, 
exposure to prolonged stays in intensive care units, extensive 
preemptive and empiric use of broad-spectrum antibiotics 
and immunosuppressive antirejection therapy, and sys-
temic corticosteroids may be the harbingers of these severe 
infections. Extended-spectrum beta-lactamase (ESBL)-
producing Enterobacteriaceae such as Escherichia coli and 
Klebsiella pneumoniae have become increasingly prevalent. 
In SOT recipients with Klebsiella pneumoniae infection, 
over half may be ESBL producers [130]. ESBL-producing 
Enterobacteriaceae have been isolated in up to 11% of urinary 
cultures in one hospitalized kidney transplant cohort [131]. 
The urinary tract is the most commonly infected site in renal 
transplant recipients with MDR infection [132–134], and 
MDROs accounted for 69% of isolates in symptomatic renal 
transplant recipients with UTI [132]. Comparison of bacte-
rial species and susceptibilities in a renal transplant popula-
tion over 10 years has shown a significant increased presence 
of Klebsiella pneumoniae (9.5% vs. 15.6%), Pseudomonas 
aeruginosa (1.8% vs. 7.9%), and Enterobacter cloacae (0.6% 
vs. 3.1%) as well as higher drug non- susceptibility rates for 
all antibiotic classes with the exception of fosfomycin [132]. 
Routine perioperative antimicrobial prophylaxis may be 
ineffective against resistant bacteria or yeast that may have 
been present in the donor allograft or bloodstream at the time 
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of procurement [135]. In deceased liver donors, risk of donor 
allograft infection with any bacterial organism is increased if 
the donor received vasopressors (p = 0.22) or cardiopulmo-
nary resuscitation (p = 0.036) or had a prolonged intensive 
care unit stay of 7 days or more (p ≤ 0.0001) [136], although 
as little as 2 days may be sufficient for the donor to acquire 
an MDR organism (MDRO) [137]. Transmission of resistant 
pathogens leads to high morbidity and mortality. In a ter-
tiary care hospital outbreak with Klebsiella pneumoniae car-
bapenemase (KPC)-producing K. pneumoniae, the incidence 
of KPC infection in renal transplant recipients was 26.3%, 
and overall 30-day mortality among the SOT recipients was 
42% [133]. A prolonged outbreak of carbapenem-resistant 
Enterobacter gergoviae involving renal transplant recipients 
identified flaws in infection prevention practices of cleaning 
and handling urinary devices as a contributing factor for the 
infection risk [134]. Recipient risk factors for acquisition 
included advanced age, ureteral stent use, retransplantation, 
and male gender. A kidney-pancreas recipient with donor-
derived carbapenem- resistant Acinetobacter baumannii 
(CRAB) with blaOXA-23 carbapenemase gene who died less 
than 1 week following transplant had developed widespread 
and deep-seated infection including acute mitral valve endo-
carditis with splenic and renal septic emboli, myocarditis, 
peritonitis, and pneumonia which were confirmed on post-
mortem examination [138].

The above data demonstrates that MDR organisms such 
as ESBL producing Enterobacteriaceae, carbapenem- 
resistant Enterobacteriaceae (CRE), Pseudomonas, and 
Acinetobacter spp. substantially contribute to morbidity and 
mortality in recipients of solid allograft transplant. Therefore, 
clinicians caring for these patients will need to be aware of 
their local hospital antibiograms when making empiric anti-
biotic selection for suspected infection in this high-risk 
patient population.

 Early Infections: Donor-Derived Infection

Huaman et  al. analyzed UNOS data on all primary, single 
organ deceased donor kidney transplants from 2008 to 2013 
and found an incidence of donor blood culture positivity 
in 8.1% of cases [139]. Donor blood culture positivity was 
associated with delayed graft function but did not impact 
graft or patient survival. Although bacterial colonization at a 
distant site, such as the respiratory tract, in a renal allograft 
recipient does not warrant uniform use of antibacterial ther-
apy, it may rarely signify unrecognized bacteremia [135]. 
Return of positive donor blood cultures after transplantation 
may warrant treatment in the recipient. The most common 
pathogens include coagulase-negative staphylococci and 
Staphylococcus aureus, although Gram-negative infections 
are being seen in increasing numbers. The exact duration is 

unknown, but it is recommended to treat the recipient with 
targeted antibiotics for a minimum of 7–10 days [140, 141]. 
Use of a kidney allograft from a donor with respiratory colo-
nization of KPC or CRAB may still be considered with close 
follow-up, but urine culture positivity with these resistant 
organisms should be considered a contraindication to use of 
that kidney unless infection is eradicated prior to transplan-
tation [135]. Donor bacteremia with an MDRO should like-
wise be avoided if recognized prior to transplantation [135].

The risk of donor-derived viral hepatitis and HIV is 
low, but donor-derived transmissions have been docu-
mented. A quantitative review of the literature including 
9 studies with 1385 kidney recipients found only 45 had 
seroconversion of hepatitis B markers [142]. Hepatitis B 
core antibody accounted for the majority of those who 
tested positive after receiving a core antibody positive 
graft. Only 0.28% of recipients converted to surface anti-
gen positivity, and there was no symptomatic hepatitis nor 
were patient or graft outcomes worse with seroconversion 
[135, 142]. Both HCV and HIV have been inadvertently 
transmitted when donors had unrecognized infection. The 
first known transmission of HIV and HCV to four recipi-
ents- two kidneys, liver, and heart- resulted in two deaths 
and allograft failure in the other two recipients [143]. 
Human error has been a factor in other instances of trans-
plantation of HIV-positive organs into negative recipients. 
In Taiwan, miscommunication by phone between a trans-
plant coordinator and laboratory technician with regard to 
an HIV test resulted in five recipients being transplanted 
with HIV-positive organs, including heart, liver, lungs, 
and two kidneys [144]. Patients were started on postexpo-
sure prophylaxis (PEP) within 36 h after transplant, and 
reportedly, follow-up testing of the recipients was nega-
tive for HIV; the duration and exact PEP regimen as well 
as interval to follow-up testing were not defined. Three 
Italian patients also received HIV-positive organs as the 
result of an error in documentation after misreading of 
a computer printout [145]. Further testing from a tissue 
bank laboratory was faxed on a weekend without verbal 
communication and resulted in a delay of 5 days until the 
donor’s status was recognized by the transplanting insti-
tution. These patients also received HIV medication and 
have had negative HIV NAT testing and functioning grafts 
reported at 7  years after transplantation [135]. In both 
situations, neither donor’s family was aware of their HIV 
status. Transmission and accidental use of HIV-positive 
renal allografts has not been limited to deceased donors. 
In 2009, an adult male potential donor tested negative 
for HIV 79  days before transplant but had unprotected 
sex with a male with unknown HIV status in the interval 
before transplantation [146]. The kidney recipient had a 
posttransplantation course complicated by hospitaliza-
tions for febrile illness, renal insufficiency and possible 
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rejection and then tested positive for HIV and had a CD4 
cell count <100 cells/μL when hospitalized with refrac-
tory oral and esophageal candidiasis.

Human T-cell lymphotropic virus type 1 (HTLV-1) is 
another retrovirus that has had documented transmission via 
organ transplantation [147]. HTLV-1 has pockets of ende-
micity worldwide, but seroprevalence is extremely low in 
the United States, accounting for 0.0034% among blood 
donors [148]. It is largely asymptomatic, but in a minority 
of patients (2–5%), it may cause adult T-cell leukemia- lym-
phoma or, even more rarely, HTLV-1-associated myelopa-
thy, also known as tropical spastic paraparesis [149]. Twelve 
published cases of HTLV- 1- associated myelopathy from 
Spain and Japan, including nine kidney recipients, reviewed 
by Ramanan et al., have resulted from reactivation, primary 
infection, and donor- derived infection [147]. The first donor-
derived case in the United States, reported in 2014, occurred 
after deceased donor renal transplantation from a donor who 
emigrated from the Dominican Republic in childhood and 
resulted in recipient myelopathy at 5 months after transplant 
[147]. The low seroprevalence in the United States led to a 
high degree of organ wastage due to false-positive results as 
well as a lack of FDA-licensed testing in many organ pro-
curement organization (OPO) labs, so in 2009 the OPTN 
ceased to recommend universal donor screening [149].

In the early posttransplantation period, clinicians should 
be aware of the rare possibility of donor-derived neurotropic 
viruses. Transmission of West Nile virus (WNV) has also 
occurred as a donor-derived infection after transplantation 
[135]. The kidney may be the site of prolonged WNV rep-
lication and shedding, and testing of urine instead of blood 
has been proposed [135]. The first two clusters of rabies 
transmission via SOT to non-vaccinated recipients reported 
development of symptoms and death within 6  weeks of 
transplantation [135, 150]. Recently a renal allograft recipi-
ent developed delayed donor-derived rabies at 18  months 
after transplantation; however, three other recipients from 
the same donor survived [151]. Clusters of donor-derived 
lymphocytic choriomeningitis virus (LCMV) have been 
reported with poor survival outcomes in the recipients [152].

Donor-derived infections due to other miscellaneous 
causes have occurred. Immunosuppression is a risk factor for 
dissemination of latent Strongyloides infection, which may 
persist for decades after leaving an endemic area, typically 
subtropical climates but also portions of the Southeastern 
United States. Hyperinfection syndrome from massive lar-
val proliferation and autoinfection after SOT immune sup-
pression carries a mortality rate of greater than 50% [153]. 
Kidney recipients may reactivate in the setting of profound 
immunosuppression, but donor-derived infection has also 
occurred, with the majority of reported cases in the United 
States occurring in renal transplant recipients [154]. While 
Chagas disease due to Trypanosoma cruzi is endemic in 

Central and South America, it is estimated that 300,000 per-
sons living in the United States are infected with T. cruzi 
[155]. Transfusion-related and donor-derived infections have 
occurred predominantly in heart transplant recipients. In 
2001, donor-derived Chagas disease from a cadaveric donor 
from Central America occurred in three recipients: one kid-
ney transplant, one kidney-pancreas, and one recipient of 
hepatic allograft. The recipient of kidney-pancreas transplant 
was febrile and diagnosed after a finding of trypomastigotes 
on a peripheral blood smear; the other recipients were later 
found to have positive culture for Chagas disease parasite. 
Despite treatment with nifurtimox, the kidney-pancreas and 
liver recipients died of myocarditis and hepatic and renal 
failure, respectively [156]. Primary infection and reacti-
vation have also been documented, most typically in car-
diac transplant recipients, however rarely a cause for renal 
allograft failure [157].

Common infections in the early postoperative period are 
summarized in Table 4.9.

 Opportunistic Infections in Kidney 
and Pancreas-Kidney Transplant Recipients, 
First 6 Months Following Transplantation

 Opportunistic Bacterial Infections

Solid organ transplant recipients as a whole are at greatly 
increased risk of TB infection, usually reactivation of latent 
infection, and carry a 20- to 74-fold higher rates than the gen-
eral population [82, 158]. The cumulative incidence in renal 
transplant recipients is 5%, with approximately 40% of cases 
occurring in the first year [159]. Pulmonary TB represented 
78% of cases, including disseminated disease. Predictably, 
active tuberculosis infection has an unfavorable impact on 
graft and patient survival, particularly in patients with dissemi-
nated disease [158, 159]. Therefore, IGRA testing for latent TB 
infection should prompt treatment for latent TB in renal trans-
plant recipients and has shown to reduce the risk for serious TB 
active infection in this group (RR 0.31) [158]. Those treated 
with isoniazid (INH) have no significant difference in the inci-
dence of hepatitis. Most centers elect to treat with INH to avoid 
the drug-drug interactions between rifampin and steroids, as 
well as its effect on decreased CNI drug exposure and serum 
levels. However, there is data to support the use of rifampin-
based regimens; they were well tolerated, without untoward 
effect on allograft function or increased risk for rejection [160].

Nontuberculous mycobacterial (NTM) infections are 
rare in renal transplant patients. A single-center study over 
a 7-year period identified 34 cases of NTM disease in SOT 
recipients, with only three episodes noted in kidney or 
kidney-pancreas recipients [161]. Mycobacterium absces-
sus and Mycobacterium avium intracellulare were the most 
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common pathogens, and the lung was the most common site 
of disease. Lung transplant recipients had the highest risk 
of infection. Infections due to Nocardia species are a rela-
tively uncommon cause of infection in kidney and pancreas 
allograft recipients.

 Fungal Infections

The risk of reactivation of endemic dimorphic fungal infec-
tions depends on individuals’ exposure to the specific geo-

graphic locations. Histoplasma capsulatum is the most 
widely prevalent endemic dimorphic fungi causing human 
illness (see Fig. 4.1). Assi et al. reviewed over 150 histoplas-
mosis cases occurring in solid organ transplant recipients over 
a 7-year period, 67% of which occurred in kidney, kidney- 
pancreas, and pancreas recipients [162]. The median time to 
diagnosis was 27 months after transplantation; however, one-
third of cases were diagnosed in the first year. Disseminated 
disease was present in 81% of the cases, and approximately 
one-third had severe disease requiring care in ICU. A 10% 
attributable mortality was observed with Histoplasma infec-

Table 4.9 Common infections in the early (≤30 day) post-kidney or kidney-pancreas transplantation period

Route of 
acquisition Infection Organisms Risk factors
Surgical Urinary tract infection Gram-negative bacilli (especially Enterobacteriaceae and 

Pseudomonas aeruginosa), Enterococcus spp.
Placement of ureteral stents (kidney 
recipients), bladder drainage method 
(pancreas recipients)
Candiduria: contamination of perfusion 
fluid

Surgical site infection Gram-positive cocci, less commonly Gram-negative bacilli Obesity, older age, impaired glycemic 
control

Pyelonephritis due to 
contamination of 
perfusion fluid

Staphylococci (50%), Candida species (10%)

Anastomotic leaks and 
peripancreatic fluid 
collections (pancreas 
recipients)

Enteric Gram-negative bacilli Enteric drainage method
Enterococcus spp., Staphylococcus spp., Lactobacillus, 
Candida spp.; multidrug-resistant organisms (11%)

Healthcare 
acquired

Urinary tract infection Enterococcus spp., enteric Gram-negative bacilli especially 
E. coli

Presence of urinary catheter

Pneumonia Gram-negative bacilli, S. aureus Mechanical ventilation especially if 
prolonged, aspiration, chronic lung 
disease

Central line-associated 
bloodstream infection 
(CLABSI)

Staphylococcus spp., Enterococcus spp. Indwelling central vascular catheter
Gram-negative bacilli

Colitis Clostridium difficile Deceased donor, leukopenia, recent 
gastrointestinal procedure in the 
preceding 3 months, more days of 
cumulative and restrictive antimicrobial 
exposure, more cephalosporin use

Multidrug resistant 
organism (MDRO) 
infection, most 
commonly in the 
urinary tract

ESBL-producing Enterobacteriaceae (especially E. coli and 
Klebsiella pneumoniae), P. aeruginosa and Enterobacter 
cloacae; carbapenemase-producing K. pneumoniae (KPC); 
carbapenem-resistant Acinetobacter baumannii (CRAB); 
vancomycin-resistant enterococci (VRE)

Prolonged intensive care/hospital stays, 
extensive antibiotic exposure

Donor- 
derived

Urinary tract infection 
(donor bacteriuria)

Enteric Gram-negative bacilli

Bloodstream infection 
(donor bacteremia)

Coagulase-negative staphylococci, Staphylococcus aureus, 
less commonly Gram-negative bacilli

Viral hepatitis Hepatitis B virus, hepatitis C virus High-risk donor
Human error (such as in testing or 
reporting donor serologies)

Retrovirus infection HIV, HTLV HTLV: Donor from endemic region
HIV: High-risk donor
Human error (such as in testing or 
reporting donor serologies)

Neurotropic virus West Nile virus, rabies virus, LCMV
Parasitic infection Strongyloides stercoralis, Trypanosoma cruzi Donor from endemic region
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tion and most deaths occurring within 1 month of infection 
diagnosis. Older age and severity of fungal disease were risk 
factors for death in these high-risk patients with histoplas-
mosis. Urinary histoplasma antigen was the most sensitive 
diagnostic test and was positive in 93% of the cases.

Coccidioidomycosis, caused by the dimorphic fungi 
Coccidioides immitis and Coccidioides posadasii, is endemic 
to the Southwestern United States, particularly Arizona 
and Southern California, as well as Northern Mexico and 
Central America [164] (Fig. 4.2). Coccidioidomycosis typi-
cally causes a self-limiting febrile illness with respiratory 
features; however, dissemination with multi-organ involve-

ment may occur in immunocompromised patients and car-
ries a substantial morbidity and mortality [164, 166, 167]. 
Dissemination rates in dialysis and renal transplant recipi-
ents are high between 25% and 75%; the spleen, kidneys, 
skin, pancreas, bone marrow, thyroid, lymph nodes, and 
CNS are the common extrapulmonary sites involved [166, 
167]. The median time between transplantation and infection 
was 6 months, although infections have been seen 4 years 
after transplantation. Prophylaxis against coccidioidomyco-
sis may be targeted in renal transplant recipients with recent 
infection or positive serology at the time of transplantation.

Cryptococcus neoformans is an encapsulated yeast found 
in soil, frequently associated with contamination by bird 
feces, and may be inhaled by a human host. It is the third 
most common invasive fungal infection in SOT recipients, 
following Candida and Aspergillus [168]. Cryptococcosis 
may manifest as meningitis, pulmonary infection, skin 
disease, or dissemination infection. Cryptococcosis may 
present with greater delay than other fungal infections; the 
median time to onset was 575 days in a large surveillance 
study of invasive fungal infection in SOT recipients [168]. 
Kidney transplant recipients may present with cryptococcal 
disease even later than liver or lung recipients [169]. A recent 
single-center survey found 1.2% incidence of cryptococco-
sis, which included disseminated, meningeal, and cutaneous 
disease [170]. Half of their cases occurred within the first 
6  months following transplantation. Additional immuno-
suppression risk factors were noted in half of these patients 
including concurrent CMV infection with leukopenia or 
increased drug-induced immunosuppression preceding the 
cryptococcal infection. Blood cultures were positive in only 
half of cases. Cryptococcal immune reconstitution inflam-
matory syndrome (IRIS) is an increasingly recognized com-
plication in SOT recipients, and clinical presentation may 
not be too dissimilar to what has been extensively reported 
in patients with AIDS receiving highly active antiretroviral 
therapy [169].

The incidence rate of invasive aspergillosis (IA) is lower 
in renal allograft recipients compared with other solid 
organs transplantation. Since renal transplants are the most 
frequently performed transplants, the overall burden is 
highest [171]. The estimated incidence of IA in renal trans-
plant recipients is <0.5% [172, 173]. Approximately half of 
episodes occur in the first 3–6 months after transplantation 
although late IA 6 months after undergoing transplantation 
procedures occurs more commonly in renal than other SOT 
recipients [171, 173]. Risk factors for early IA seen within 
3 months of transplant procedure include a longer duration 
of renal replacement therapy pretransplant and the presence 
of leukopenia [174] as well as acute rejection and the need 
for dialysis in the first weeks [171]. Risk of late IA is asso-
ciated with donor CMV seropositivity [174]. Underlying 
lung disease and chronic heart failure also increase the risk 

Areas Endemic for Histoplasmosis

Highly endemic
Moderately endemic
Mildly endemic
Suspected endemic

Fig. 4.1 Areas endemic for histoplasmosis [163]. (Reprinted from 
National Center for Emerging and Zoonotic Infectious Diseases, 
Centers for Disease Control and Prevention (CDC). 21 Nov 2015. 
http://www.cdc.gov/fungal/pdf/histoplasmosis-lifecycle508c.pdf)

Areas Endemic for Coccidioidomycosis

Highly endemic Established endemic Suspected endemic

Fig. 4.2 Areas endemic to coccidioidomycosis. Known and suspected 
areas where the fungus that causes Valley fever lives in the United States 
[165]. (Reprinted from National Center for Emerging and Zoonotic 
Infectious Diseases, Centers for Disease Control and Prevention 
(CDC). Aug 2016. http://www.cdc.gov/features/valleyfever/)
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for IA [171, 173]. The patients with IA were also more 
likely to have had a bloodstream infection, CMV disease, 
HCV, or low lymphocyte counts in the immediate postop-
erative period, although these may be surrogate markers of 
overall profound immunosuppression or healthcare expo-
sures [171]. Mortality ranges from 40% to 60%, most of 
which is attributable to IA [171, 174]. Positivity of serum 
galactomannan correlates with increased mortality [173, 
174]. Of survivors, 25% experienced graft loss. Renal 
allograft aspergilloma has been reported occurring late 
after transplantation. Graft aspergilloma typically requires 
a surgical approach in addition to systemic mold-active 
antifungal drug therapy although successful medical treat-
ment alone has been reported [175]. Treatment of aspergil-
losis in any SOT recipient requires careful adjustment of 
CNI dosage in conjunction with azole use, typically vori-
conazole. Intravenous voriconazole contains cyclodextrin 
for solubility and may accumulate in the setting of renal 
dysfunction and dialysis, although it does not cause pro-
found toxic effects. The liposomal formulation of ampho-
tericin B (AmBisome®, Gilead, Foster City, CA) does not 
achieve adequate penetration for fungal pyelonephritis, 
and the nonliposomal formulation (amphotericin B deoxy-
cholate) must be used, which carries higher risk of renal 
dysfunction, electrolyte abnormalities, as well as infusion- 
related reactions and discomfort.

Prophylaxis against Pneumocystis jiroveci, formerly P. 
carinii, pneumonia (PCP) is universally recommended in 
solid organ transplant recipients. The incidence of PCP in 
renal transplant recipients ranges from 0.6% to 14%, and the 
period of greatest risk occurs between 2 and 6 months after 
transplantation [176, 177]. PCP is the most common opportu-
nistic infection leading to ICU admission in renal transplant 
recipients, and approximately one-half require mechanical 
ventilation [178]. Trimethoprim- sulfamethoxazole (TMP-
SMX) is the prophylactic agent of choice as it is the most 
effective and also prophylaxes against additional patho-
gens, including Toxoplasma gondii, Listeria monocyto-
genes, Nocardia spp., and urinary pathogens. TMP-SMX 
may also prevent infection with Nocardia, although break-
throughs have been reported while on PCP drug prophylaxis. 
Concerns specific to renal transplant recipients include the 
need for dose adjustment in the setting of delayed graft func-
tion or fluctuating renal function. Hyperkalemia and a mild 
increase in serum creatinine level, though not truly reflec-
tive of an actual decrease in renal dysfunction, may occur 
during TMP-SMX therapy, which may be difficult to man-
age in some renal allograft recipients. For patients with 
sulfa allergy or an inability to tolerate TMP- SMX, dapsone, 
inhaled pentamidine, or atovaquone are alternative therapies 
that are less effective and do not provide additional prophy-
laxis against the aforementioned pathogens. PCP coinfection 
with CMV is common, and definitive diagnosis should be 

pursued to ensure treatment of all active pathogens [176]. 
Any late allograft dysfunction and subsequent use of T-cell 
depleting immunosuppression and corticosteroids should 
prompt resumption of PCP prophylaxis.

Outbreaks of pneumocystis pneumonia have also 
occurred among renal transplant recipients in Europe, Japan, 
and Canada [179–181]. The Canadian outbreak represented 
the first such in North America in recent decades [179]. 
All patients had received 1 year of TMP-SMX prophylaxis 
after transplantation. The median time between transplant 
and PCP infection was over 10 years. Affected patients had 
lower eGFR (29.3 mL/min vs 66.3 mL/min, p = 0.028) and 
lymphopenia (0.51 × 109/L vs 1.25 × 109/l, p = 0.002). Four 
patients who had genotyping done had an identical fungal 
strain. Overlapping ambulatory care visits were identified 
as the potential source of transmission. Genotyping done in 
the Canadian and other cohorts has identified a predominant 
strain being responsible for outbreaks, presumably from a 
common human or environmental source [179, 180]. After 
an outbreak, the entire renal transplant population should 
resume prophylaxis for 6–12 months [179–181].

 Viral Infections

 BK Polyomavirus Virus
BK polyomavirus (BKV) is a small double-stranded DNA 
virus in the polyomavirus family with four serologic groups 
and genotypes, each of which may elicit specific, non-cross- 
reactive antibody responses [182]. It was discovered in 1971 
and named for the index patient’s initials [183]. Infection is 
thought to be acquired in childhood via oral and respiratory 
secretions, and initial infection is generally mild in patients 
with intact immune function [183]. Among the general 
population, seroprevalence is estimated between 60% and 
80% with highest seroprevalence of 91% between the ages 
of 5 and 9 years [184, 185]. Age and BKV titers have a sig-
nificant association with linearly declining titers at a rate of 
8.7% per 10 years [184, 185]. BKV infects proximal tubule 
epithelial cells, where it persists and, when reactivated by 
immune suppression, replicates and produces infectious 
virus particles within the cells [186]. While immunosup-
pression likely plays a role in reactivation of the virus, 
mouse models also show mechanical and chemical injury 
contributing to newly acquired infection or BKV infection 
reactivation [187].

BKV infection is an important cause of renal allograft 
dysfunction and graft loss. The most common presenta-
tions include asymptomatic rise in creatinine, nephropathy, 
and ureteral stenosis. Hemorrhagic cystitis is an uncommon 
manifestation in renal transplant recipients but is the most 
common presentation of BKV infection in hematopoietic 
stem cell transplant recipients [183]. In kidney transplant 
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recipients who develop an unexplained rise in creatinine, 
BKV PCR in urine and serum should be obtained as part of 
the evaluation.

Incidence has been increasing since the mid-1990s, 
thought to be due to the use of more intensive immunosup-
pression regimens [188]. Incidence of BKV infection peaks 
around 1 and 3 months following transplantation; infections 
do occur later within the first year after transplantation [189–
192]. Asymptomatic BKV shedding may be found in up to 
10% of the general population and approximately 20–32% 
of renal transplant candidates [184, 185, 191–194].

Because the BKV seroprevalence is so high in the gen-
eral population, it is not considered an exclusion criterion 
for donors, although seronegative recipients may acquire 
donor- derived BKV infection. In a study of 20 donor-recipi-
ent pairs, sequencing was consistent with donor derivation of 
BK infection [195]. Measurable presence of BKV pretrans-
plant is considered a risk factor for posttransplant BK virus 
replication, higher rates of graft dysfunction, and higher 
serum creatinine levels [192–194], although no association 
was found between pretransplant BK viruria and posttrans-
plant BK viruria or viremia in a 2016 prospective study by 
Bicalho et al. [191].

Fluoroquinolone (FQ) prophylaxis against BKV showed 
promise in in vitro and observational studies and was pro-
posed to inhibit host topoisomerase used by the virus for 
replication but failed to prevent infection in prospective 
and randomized controlled trials [182, 196–198]. Lebreton 
et al. completed a 3-month prospective study of ciprofloxa-
cin prophylaxis in patients who had additional pretransplan-
tation immune suppression and found that neither rates of 
BKV infection nor bacterial infection differed [197]. Knoll 
et  al. performed a double-blinded placebo controlled trial 
with 3  months of levofloxacin prophylaxis, which did not 
prevent BK viruria [196]. The levofloxacin prophylaxis was 
associated with an increased risk of adverse events such as 
bacterial resistance and nonsignificant increased risk of sus-
pected tendonitis. A systematic review concluded that FQ 
prophylaxis is ineffective in preventing BKV infection and 
found no significant differences in FQ-resistant infection 
[198]. Brennan et al. found that randomized use of tacroli-
mus versus cyclosporine A did not impact the incidence of 
future BK viruria or viremia, although in patients who did 
develop viruria, levels were highest in tacrolimus and lowest 
in cyclosporine A treated patients [199].

BKV infection progresses to nephropathy in 1–10% of 
kidney transplant recipients [190]. Preemptive PCR moni-
toring of viral DNA in urine or blood is recommended, usu-
ally at least monthly immediately after transplant, and then at 
3 months’ interval (Fig. 4.3). Elevated BKV DNA levels in 
blood should trigger further evaluation and an early reduction 
in drug-induced immunosuppression to prevent progression to 
nephropathy [190]. BKV viruria typically precedes viremia by 

6–12 weeks and may be present in 10–40% of renal transplant 
recipients without any clinical or histological evidence of BK 
nephropathy [183, 190, 199, 200]. Persistent high-level viruria 
for more than 2 months or viremia PCR ≥10,000 copies/mL 
in the setting of renal dysfunction have an increased positive 
predictive value for BKV nephropathy [190, 200]. Because 
of the frequency of viral shedding in the urine, some centers 
use viremia as a screening methodology, which may be more 
predictive and identify a narrower group of patients for closer 
monitoring. The advantages of screening for viruria or urine 
decoy cells include a high negative predictive value and less 
invasive testing [190]. Renal biopsy remains the gold stan-
dard for diagnosis and should be pursued if viruria or viremia 
is present in high sustained levels or is seen in conjunction 
with elevated creatinine or persistent urine cytologic changes, 
although some centers will elect to make changes in immuno-
suppression and treat based on high sustained viremia alone.

“Decoy cells” are epithelial cells with typical cytopathic 
effects including enlarged nuclei and basophilic nuclear 
inclusions and are characteristic for BKV infection that can 
be seen in urine cytology. JC virus is another human poly-
omavirus that may cause the presence of decoy cells in urine. 
However, infection with JC virus is more likely to be asymp-
tomatic and less likely to result in polyomavirus nephropa-
thy [200]. Risk factors for graft loss in recipients with BKV 
infection include serum creatinine >2 mg/dL, early BK virus 
nephropathy within the first 6 months following transplant, 
and presence of microvascular inflammation including glo-
merulitis and peritubular capillaritis [201]. Other identi-
fied risk factors can be further classified as donor-related, 
recipient- related, and transplant-related, although there is 
some discordance between studies, such as preceding CMV 
infection as a potential risk factor, indicating an area of 
evolving understanding [183, 190, 202–210]. (Table  4.10) 
Protective factors include centers with higher transplant vol-
ume and living kidney donation [203].

Standard of care involves reduction of immunosuppres-
sion which is typically sufficient to clear viremia and viruria 
plus decoy cells or both. Reduction of immunosuppression is 
less likely to clear decoy cells due to JC virus infection, with 
<50% clearance versus 93% clearance in patients with BKV- 
associated decoy cells; this being said, the observed risk of 
graft loss is minimal even in those who fail to clear decoy 
cells in the urine following reduced antirejection-associated 
immune suppression [200]. The mTOR (mammalian tar-
get of rapamycin) inhibitors have in vitro antiviral activity, 
therefore replacing CNIs with these agents have been sug-
gested for select patients with immunological risk for BK 
nephropathy [188, 189]. Use of cyclosporine A in place of 
tacrolimus has also been suggested in patients with persistent 
BK viremia [190]. The proposed adjuvant therapies include 
fluoroquinolones, leflunomide, cidofovir, and intravenous 
immunoglobulin (IVIG) [183, 190].
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BK Polyomavirus in Solid Organ Transplantation

Screening

if allograft dysfunction
q1 - 3 months or

BKV viruria

Comments

Testing options:

Urine EM (PyV aggregates) or
Urine cytology (decoy cells) or

Urine BKV load (>7 log10 cp/mL)

>4 log10 cp/mL or equivalent

BKV viremia

Plasma BKV load

- Drug toxicity
- Recurrent disease

Other diagnosis?
- Acute rejection,

Reduce calcineurin inhibitors
Reduce antiproliferative
drugs

Adjunct treatment
- add cidofovir?
- switch to leflunomide?
- add IVIG?

Follow-up
Serum creatinie q1wk

Allograft biopsy?
Raise immunosuppression?

Plasma BKV load q1 - 2wks
(Clearing within 8 - 36 wks)

Pattern Staging into
PyVAN A, B1,B2,B3,C

positive

negative

positive

Allograft
biopsy

Positive
“definitive PyVAN”

Reduce
Immunosuppression

BKV Viremia

Negative
“resolved PyVAN”

Negative or not done
“presumptive PyVAN”

if allograft biopsy

Fig. 4.3 BK polyomavirus 
screen. Screening and 
management of kidney 
transplant patients for BKV 
replication and polyomavirus-
associated nephropathy 
(PyVAN) [190]. (Reprinted 
with permission from Hirsch 
and Randhawa [190] with 
permission from John Wiley 
and Sons)

Table 4.10 Risk factors for BK polyomavirus nephropathy

Donor-related risk factors Recipient- related risk factors Transplant-related risk factors
HLA-mismatch
Deceased donor
High BK virus-specific antibody titers 
(suggesting more recent exposure and possibly 
higher burden in the kidney)
Female gender
Ischemia-reperfusion injury
Advanced donor age

Pediatric recipients or older age
Male gender
Low or absent BK virus- specific antibody titers
White or African American ethnicity

Ureteral stents or trauma
Delayed graft function
Acute rejection
Antirejection treatment
Steroid exposure
Lymphocyte-depleting induction
Higher immunosuppressive drug levels
Tacrolimus-based suppression regimen
Diabetes mellitus
Cytomegalovirus infection
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After clearing plasma BKV DNA and nephropathy by 
histology, a cautious increase in maintenance immunosup-
pression can be considered [190]. Cases of IRIS have been 
described with BKV infection [190, 211]. With close moni-
toring, re-transplantation may be considered and carries a 
93% graft survival rate 3 years after transplantation [212]. 
Dharnidharka et  al. found that 17.5% would require inter-
vention for recurrent infection [212].

Brincidofovir is an oral form of cidofovir that shows 
promise as a future therapeutic option [182]. Research 
focused on ELISPOT assay may also help to better define the 
immune response to BKV in individualized treatment deci-
sions [213]. Rare but increasing reports of long-standing PV 
nephropathy and renourinary neoplasms also warrant ongo-
ing evaluation [214].

 Human Adenovirus
Human adenoviruses (AdV) are non-enveloped double- 
stranded DNA viruses within the Adenoviridae family [215] 
which have also been seen with increasing frequency due to 
use of more potent immunosuppression [215]. There are 7 
species (A–G) which are further subdivided into serotypes, 
of which 52 have been identified [215]. Certain serotypes are 
associated with particular disease manifestations [215, 216]. 
In immunocompetent patients, it causes self-limited respi-
ratory, gastrointestinal, and conjunctival disease year-round 
and is most commonly seen in children or military recruits 
[215]. In renal transplant recipients, it causes hemorrhagic 
cystitis or tubulointerstitial nephritis [216] and may lead to 
acute graft rejection and systemic dissemination [217–221]. 
Species B serotypes 7, 11, 34, and 35 are particularly associ-
ated with hemorrhagic cystitis. In addition to gross hematu-
ria, patients may present with dysuria and fever as well as 
coinfection with bacterial UTI, BK virus infection, or con-
current AdV viremia [217]. Time to onset following trans-
plantation may vary widely from days to a year or more, but 
most will fall in the first 1–3  months after transplantation 
[215, 217, 220].

Humar et al. detected plasma adenovirus DNA in 6.5% of 
kidney recipients over a 1-year study period [222]. Among 
all SOT recipients, over half (58%) were asymptomatic, 
while another 21% had vague or nonspecific symptoms. The 
remaining patients experienced gastrointestinal or respira-
tory symptoms at equal rates of 10.5% each. No effect on 
acute graft rejection was observed; however, subsequent 
CMV infection rates were higher in kidney transplant recipi-
ents with adenovirus viremia.

Unlike preemptive CMV and BK screening following 
renal transplantation, adenovirus screening is not routinely 
performed. If disease is suspected, the diagnosis can be 
established with PCR or with rapid antigen tests such as 
immunofluorescence assays in respiratory samples or by 
enzyme immunoassay, immunochromatography, or latex 

agglutination in stool samples [216]. While most serotypes 
grow well in cell cultures, with the exception of serotypes 40 
and 41, viral culture may take up to 28 days for viral growth 
and ex  vivo cytopathic changes to appear in the cell line 
cultures [215, 216]. Typical cytopathic effects seen in tis-
sue include nuclear enlargement, peripheral condensed chro-
matin, and basophilic nuclear inclusions representing viral 
particles [216, 218], and renal biopsy may additionally show 
tubular cell necrosis. Many patients may continue to shed 
virus for a prolonged period of time after recovery from an 
infection or in asymptomatic patients without the evidence 
of viral disease.

The U.S. Food & Drug Administration (FDA) has not 
approved any agent for the treatment for AdV infection. 
Cidofovir is active against all AdV serotypes and widely 
used for treatment of AdV disease in the immunosuppressed 
population [215]. Cidofovir undergoes intracellular conver-
sion to become the preferred substrate for the AdV DNA 
polymerase, leading to viral DNA chain termination [223]. 
For mild cases a reduction in drug-induced immune sup-
pression alone may be sufficient, although no standardized 
algorithm exists. Cidofovir carries a significant risk of neph-
rotoxicity, which can be seen in up to half of patients, and 
neutropenia and uveitis may occur [216]. It requires renal 
dose adjustment and should be given with probenecid and 
intravenous hydration to mitigate the risk of nephrotoxic-
ity. Thrice-weekly dosing may be less nephrotoxic however 
may result in breakthrough of CMV or HSV infections 
[216]. CMX001, or brincidofovir, the lipid conjugate of 
cidofovir, achieves higher intracellular levels compared 
with cidofovir, does not carry the same nephrotoxicity risk 
and shows promise as a potentially safe and effective treat-
ment for AdV infection [223].

Serial quantitative PCRs are useful in monitoring the 
course of disease and defining the end of therapy [220]. 
Median duration of AdV infection in the urinary tract is 
15 days [217]. Use of IVIG for patients with hypogamma-
globulinemia may also be helpful as an adjunctive therapy 
[114, 216].

 Cytomegalovirus (CMV)
Like BKV, CMV seroprevalence is common in the general 
population, typically following a primary infection in child-
hood that then establishes lifelong latency. Human CMV is 
a β herpes virus and the largest virus to infect humans [224]. 
Seroprevalence rates in the United States reach 60–70% and 
rates are near 100% in parts of Africa [224, 225]. In healthy 
adults, infection may be asymptomatic or present with fea-
tures of acute infectious mononucleosis. Similar to HSCT, 
in solid organ transplant recipients CMV is associated with 
serious and potentially life-threatening illness. The virus 
itself additionally encodes genes that downregulate the host 
immune system [224].
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CMV infection in renal transplant recipients may present 
as asymptomatic viremia, CMV syndrome typically consist-
ing of fever, malaise, leukopenia and thrombocytopenia, or 
end-organ, tissue-invasive disease. The most common site of 
CMV organ disease in renal transplant recipients involves the 
upper or lower gastrointestinal tract presenting as esophagi-
tis, enteritis, and/or colitis [226, 227]. CMV disease involv-
ing the lungs, retina, pancreas, and liver is less common in 
these patients. In general, tissue-invasive CMV disease has a 
predilection to involve the allograft of solid organ transplant 
recipients [228]. The renal allograft may be the site of sub-
clinical or latent CMV disease, viruria being not uncommon 
in renal transplant recipients [229]. However, among vire-
mic renal transplant recipients, viral inclusions are found in 
<1% of biopsies performed for increasing serum creatinine 
levels [230]. In an observational study, the majority of these 
biopsies showed interstitial nephritis with tubulitis, although 
a wide spectrum of histopathology has been associated with 
CMV in the renal allograft [230]. In this select subgroup of 
patients with CMV viral inclusions, treatment with ganci-
clovir and documented clearance of virus had not resulted in 
normalization of serum creatinine levels. In patients receiv-
ing a pancreas or pancreas-kidney transplant, gastrointestinal 
disease is the most common manifestation of tissue-invasive 
CMV disease [231].

Donor and recipient CMV serostatus is an important 
determinant in prevention strategies for CMV infection 
following transplantation. In early prophylaxis trials using 
valacyclovir, between 48% and 67% of patients in the con-
trol group developed CMV disease within the first year after 
transplant [232, 233]. CMV seronegative recipients (R−) 
had a far higher incidence of CMV disease than their sero-
positive counterparts (48% vs. 6%) [232]. Biopsy- confirmed 
acute graft rejection 6 months after transplantation occurred 
in more than half of patients in whom antiviral prophylaxis 
was not given [232, 233]. A large prospective study of 609 
kidney and kidney-pancreas recipients, who received stan-
dardized universal CMV prophylaxis, found 17.7% devel-
oped CMV viremia over a 4-year period of which 88% were 
asymptomatic [210]. Those with symptomatic CMV disease 
presented with either CMV syndrome or tissue-invasive dis-
ease [210]. Infection occurred at a median of 5.6  months 
after transplant. Multivariate analysis identified D+/R− 
serostatus (p ≤  0.0001), donor age >50 years (p = 0.013), 
higher mean tacrolimus dose (p = 0.0009), and higher mean 
mycophenolic acid blood level (p = 0.01) to be risk factors 
for CMV infection. D−/R− status is the lowest risk for CMV 
infection. Authors found symptomatic CMV infection, when 
compared with asymptomatic viremia or no viremia, to have 
a significantly negative impact on graft survival, conferring a 
3.5 times higher risk for graft loss (p = 0.04) [210]. A pooled 
analysis of randomized controlled trials found patients 
receiving mTOR inhibitors were significantly less likely to 

have CMV viremia, infection, or end- organ disease as com-
pared to those receiving mycophenolate [234].

Disease rates are similar among pancreas transplant recip-
ients. A study of 130 simultaneous pancreas-kidney (SPK) 
or pancreas after kidney (PAK), all of whom received anti-
viral prophylaxis for a median duration of 49 days, had an 
overall CMV infection rate of 24%, which diverged when 
classified by recipient serostatus to 44% in D+/R− and 8.2% 
in R+ group [235]. Another large retrospective study of pan-
creas and pancreas-kidney recipients found CMV infection 
in 17.1%; asymptomatic viremia was noted in 4.8%, and 
CMV disease including CMV syndrome or tissue-invasive 
disease was present in 10.2% of patients [231]. The cumula-
tive incidence of CMV infection was 20% within 10 years 
after transplantation [231]. Risk factors for the total cohort 
included D+/R− status (OR = 16.075), preceding non-CMV 
infections such as bacterial, fungal, or other viral infec-
tions (OR  =  6.362), and duration of antiviral prophylaxis 
(OR  =  0.984) [235]. Among the D+/R− group, only non- 
CMV infection was identified as a risk factor for CMV dis-
ease (OR  =  10.7). In another large group of 407 pancreas 
recipients, the incidence of CMV infection was 20.2% in 
D+/R−, 16.5% in D+/R+, 5.0% in D−/R+, and 2.8% in D−/
R−; most of these infections occurred 3 months and beyond 
after transplantation [236]. Infection was less common in 
SPK. Immune suppression was not reduced in 72%, and no 
CMV-related deaths or graft loss were noted.

Valganciclovir prophylaxis after renal transplantation 
is protective against CMV, HSV, and varicella zoster virus 
(VZV). Nevertheless, routine monitoring should be done 
with pp65 antigen or quantitative CMV PCR at regular inter-
vals or if there is clinical suspicion of CMV disease. The 
longest duration of prophylaxis is recommended for those 
at highest risk of CMV infection – those with D+/R− status. 
The American Society of Transplantation (AST) Infectious 
Diseases Community of Practice regularly updates CMV 
guidelines, including recommendations for prophylaxis 
[228] (Table  4.11). Universal prophylaxis may be more 

Table 4.11 Risk, recommended prophylaxis, and duration by donor/
recipient CMV serostatus

Donor/
recipient 
CMV status

Degree of 
relative 
risk

Prophylaxis agents and 
dosing, assuming normal 
renal function

Minimum 
duration of 
prophylaxis

D+/R− Highest 
risk

Valganciclovira 900 mg 
oral daily

6 months

D+/R+, 
D−/R+

Moderate 
risk

Valganciclovira 900 mg 
oral daily

3–6 months

D−/R− Lowest risk Acyclovir 400 mg oral 
twice daily or 
valacyclovir 500 mg oral 
twice dailyb

3 months

aOral ganciclovir 1gram three times daily may be substituted
bD−/R− prophylactic approach may vary by transplant center
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cost- effective than a preemptive monitoring strategy, which 
employs regularly scheduled CMV PCR monitoring [234]. In 
the setting of acute rejection and treatment with lymphocyte- 
depleting agents or high-dose corticosteroids, resumption of 
valganciclovir prophylaxis for 1–3 months is warranted. A 
preemptive strategy may alternatively be considered [228].

Treatment is twofold, including reduction of immuno-
suppression and targeted inhibition of the viral DNA poly-
merase with intravenous ganciclovir or oral valganciclovir. 
Oral valganciclovir can be used in patients with mild to mod-
erate disease, whereas intravenous ganciclovir is indicated 
for patients with severe or life-threatening disease and high 
CMV viral loads or in patients with unpredictable enteric 
drug absorption [228]. Induction treatment should be main-
tained for a minimum of 2  weeks but should be extended 
until resolution of symptoms and virologic suppression has 
been documented using antigenemia or PCR [228].

Treatment options for drug-resistant CMV include high- 
dose intravenous ganciclovir (7.5–10  mg/kg every 12  h), 
foscarnet, and cidofovir. Both ganciclovir and valganciclovir 
require intracellular phosphorylation into ganciclovir mono-
phosphate via phosphotransferase, a product of the UL97 
gene of CMV. Monophosphate is then phosphorylated by cel-
lular enzymes to ganciclovir triphosphate [224]. Mutation in 
the UL97 gene results in ganciclovir-resistant virus and may 
be seen in patients requiring repeated treatment courses and 
following long-standing low drug level exposure. Viral resis-
tance to ganciclovir may vary depending on the site of muta-
tion [228]. In this setting, high-dose ganciclovir or foscarnet 
may be considered, based on individual genotypic assays. 
The addition of the UL54 gene mutation can confer cross-
resistance to ganciclovir, foscarnet, and cidofovir [228].

Potential toxicities from CMV treatment in renal trans-
plant recipients are considerable. Myelosuppression may 
be seen with ganciclovir and valganciclovir, compounded 
by concurrent use of trimethoprim-sulfamethoxazole pro-
phylaxis in many cases. Additionally, as renal function may 
improve or fluctuate in the posttransplantation setting, dose 
adjustments of valganciclovir prophylaxis may lag, leading 
to inadequate intracellular levels and breakthrough infection 
or development of de novo drug-resistant viral isolates. Use 
of either foscarnet or cidofovir carries risk for significant 
nephrotoxicity, making management of resistant virus in the 
renal transplant recipient additionally challenging. Foscarnet 
therapy requires close electrolyte monitoring as hypocal-
cemia, hypomagnesemia, and hypophosphatemia may also 
result [224]. Cidofovir undergoes uptake by the proximal 
convoluted renal tubular cells, leading to cell degeneration 
and necrosis which may be irreversible and require patients 
to receive renal replacement therapy [237]. Adequate intra-
venous hydration should be maintained, and coadminis-
tration of probenecid reduces cidofovir reuptake by renal 
tubular cells.

 Epstein-Barr Virus
Epstein-Barr virus (EBV), another of the human herpes 
viruses, causes acute infectious mononucleosis among immu-
nocompetent individuals and lymphoma in HIV- infected 
individuals. It is transmitted through saliva, body fluids such 
as with sexual contact, blood transfusion, or via organ trans-
plantation. Within the SOT population, EBV infection may 
cause posttransplant lymphoproliferative disorder (PTLD). 
PTLD incidence varies by type of SOT and occurs at the 
lowest rates in renal transplant recipients, with an approxi-
mate incidence of 0.46% in the first year and then 1.1–1.4% 
cumulative incidence by 5 years after undergoing transplan-
tation [238–240]. However, as renal transplants are by far the 
most commonly performed among the solid organs, kidney 
transplant recipients make up the highest absolute number 
of PTLD cases [238]. Using the UNOS database, the PTLD 
rate among pancreas transplant recipients was estimated at 
1% with a mean follow-up time of 5 years [241]. Risk factors 
for development of PTLD in the pancreas allograft recipients 
were similar to those identified in renal allograft patients.

Identified risk factors for development of PTLD in renal 
transplant recipients include history of pretransplant malig-
nancy, fewer HLA matches, or treatment with antithymo-
cyte globulin (ATG) or muromonab-CD3 (OKT3) [239]. A 
10-year single-center prospective trial, however, found no 
significant association between induction or maintenance 
immunosuppression regimens and occurrence of PTLD 
[238]. Recipient age has had conflicting impact on develop-
ment of PTLD between American and French registry data 
[239, 240]. Recipient EBV serostatus is considered to be 
the most important factor in development of PTLD. Use of 
mycophenolate and azathioprine are associated with a lower 
risk of PTLD, whereas IL2-receptor inhibitors and siroli-
mus use do not appear to impact the risk for PTLD [239]. 
Monthly EBV PCR testing has a low positive predictive 
value of 16.7%, although a 95.2% negative predictive value 
is  appealing [238]. Nevertheless, regular monitoring is stan-
dard of care in most centers, and KDIGO guidelines sug-
gest monitoring high-risk (EBV D+/R−) kidney transplant 
recipients for EBV with NAT testing, and that any patients 
with increasing EBV load have a reduction in immunosup-
pression [242] (Table 4.12).

Table 4.12 Epstein-Barr virus monitoring in high-risk* renal trans-
plant recipients [242]

Time after transplantation Recommended frequency of monitoring
First week Once
3–6 months At least monthly
6–12 months Every 3 months

Additional monitoring is recommended after treatment for acute 
rejection
*High risk is considered EBV seropositive donor and seronegative 
recipient (D+/R−)
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The role of prophylaxis in preventing PTLD remains 
ill- defined. Although antiviral prophylaxis is not gener-
ally given to target EBV or prevent the development of 
PTLD specifically, when routine antiviral prophylaxis 
became widespread both acyclovir prophylaxis for HSV 
and ganciclovir or valganciclovir for CMV prophylaxis 
demonstrated a decline in PTLD rates [243–245]. This 
was first observed in a cohort of pancreas-kidney recipi-
ents receiving different anti-CMV prophylactic regimens 
including oral acyclovir or intravenous ganciclovir fol-
lowed by oral acyclovir [244]. A multicenter, case-control 
study of renal transplant recipients assessed the impact 
of immunosuppressive and antiviral therapy on PTLD 
in this population and found that prophylactic antiviral 
use was associated with up to 83% PTLD risk reduction 
[246]. For every 30 days of ganciclovir use, risk of PTLD 
during the first year was 38% lower, with an odds ratio 
of 0.62. Acyclovir was less effective but still resulted in 
reduced risk for PTLD (odds ratio 0.83). Results were 
strongest within the first year following transplantation. 
A retrospective registry study of over 44,000 deceased-
donor kidney transplants found nearly identical rates of 
lymphoma during the first year after transplant among 
patients who did and did not receive ani-CMV prophy-
laxis [247]. They did, however, find a complete absence 
of lymphomas in patients who had received anti-CMV 
immunoglobulin in the first year following transplanta-
tion. This protection did not extend beyond 1 year, and all 
three groups developed lymphoma at similar rates in the 
subsequent 5 years. A prospective randomized trial with 
EBV D+/R−solid organ recipients found no difference in 
(1) incidence of detectable EBV viral load within the first 
year posttransplant, (2) time to first detectable viral load, 
or (3) time to high-level viral load between patients given 
ganciclovir for 3  months or ganciclovir plus immune 
globulin therapy [248]. Three of these 34 patients devel-
oped PTLD, all of whom were in the immune globulin 
treatment group.

The treatment of PTLD is complicated and involves 
reduction in iatrogenic antirejection drug-mediated immune 
suppression, antiviral therapy, and rituximab-based che-
motherapy regimens. Five-year survival of renal transplant 
recipients with PTLD is just over 60% [239, 240]. Graft 
PTLD has an improved 5-year survival rate of approximately 
80% [240]. Older age, pretransplant malignancy, OKT3 use, 
HBV or HCV infection, late-onset PTLD, and multiple site 
involvement or high Ann Arbor staging have been identi-
fied as risk factors for death [239]. Good prognostic markers 
include mycophenolic acid use which was associated with 
improved survival [239, 240]. Among pancreas allograft 
recipients with PTLD, 1-, 3-, and 5-year survival rates were 
91%, 76%, and 70%, compared to 97%, 93%, and 88% in 
patients without PTLD [241].

 Community-Acquired/Late Infectious 
Complications in Kidney and Pancreas-Kidney 
Transplant Recipients

As renal transplant recipients approach 1 year and beyond 
after transplantation, they are more likely to acquire 
community- based infections. Up to 6% of renal recipients 
will have a life-threatening complication requiring ICU 
admission, most at or beyond the 6-month posttransplant 
mark [178]. The most common ICU diagnoses for these 
admissions are cardiac pulmonary edema, bacterial pneu-
monia, acute graft pyelonephritis, and bloodstream infec-
tion. The most common opportunistic infection is PCP, with 
approximately half needing mechanical ventilation. The most 
common immune suppression-associated systemic toxicities 
include drug-related neutropenia, sirolimus-related pneu-
monitis, and posterior reversible encephalopathy syndrome 
(PRES). Acute kidney injury is common with 40% requiring 
renal replacement therapy. Hospital mortality ranges up to 
30%, while half of patients are discharged free from dialysis.

In a matched, case-control propensity-adjusted study of 
SOT and non-SOT controls with blood culture proven sep-
sis, of which approximately 40% of the SOT were kidney 
or pancreas-kidney transplants, those with SOT were more 
likely to have:

• A higher number of comorbidities [OR 8.2]
• Higher sepsis-related organ failure assessment scores 

[OR 1.2]
• Presence of nosocomial infection [OR 36.3]
• Appropriate initial antibiotics [OR 0.04]
• Lower white blood cell count [OR 0.93] [249]

Interestingly, after adjustment for clinical presentation, 
severity of illness, and types of infection, SOT recipients with 
sepsis had a significantly lower risk of death at 28 days and 
90 days when compared with non-SOT patients [249]. The 
authors suggest that immune suppression for transplantation 
may account for this survival benefit due to modulation of the 
inflammatory response. These patients were also, however, 
more likely to receive initial appropriate antibiotics, and it was 
not reported if these patients received earlier or more infec-
tious disease consultations to assist with treatment of sepsis 
although presumably most SOT recipients are well-linked to 
care and counseled to call their center early on for any sign 
or symptom of possible infection [250]. A large retrospec-
tive study using University Health System Consortium ICD 
coding data found SOT recipients hospitalized with sepsis 
or severe sepsis were more likely to be younger and insured 
by Medicare and found a similar lower in-hospital mortality 
compared to non-SOT patients for those with kidney, liver, 
and kidney-pancreas transplants but not those with heart or 
lung transplant who in fact had higher mortality rates [251].
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For patients with pancreas or pancreas-kidney trans-
plants, urinary tract infections are the most common urologi-
cal complications, followed by hematuria, bladder calculi, 
reflux pancreatitis, and urine leaks related to the pancreatic 
graft [252]. The urinary bladder drainage method in pancreas 
transplantation is associated with a higher frequency of uro-
logic complications and rarely requires conversion to enteric 
diversion [252–254]. Flow issues should be considered in 
any kidney or pancreas-kidney recipient as abnormal or 
blocked flow may increase risk for infection and may com-
plicate success in achieving cure or preventing recurrence.

Asymptomatic bacteriuria is common and may account for 
approximately half of diagnosed UTIs in renal transplant recip-
ients [255]. The bulk of asymptomatic bacteriuria occurs in the 
early posttransplantation period – particularly the first month – 
with enteric pathogens such as Enterococcus faecalis and 
Escherichia coli [255, 256]. Identified risk factors for asymp-
tomatic bacteriuria include female gender, induction with ATG, 
presence of comorbidities, acute rejection, and CMV infection. 
Treatment in renal transplant recipients has ranged from 30% 
to 100% in series, but evolution to symptomatic UTI is similar 
between treated and untreated patients, and in both groups, it is 
typically not the same bacterial pathogen to cause the asymp-
tomatic bacteriuria and the UTI [255, 256]. El Amari et  al. 
found persistent bacteriuria in nearly half of treated episodes 
with selection of a resistant pathogen in 78% [256]. Conversely, 
more than half of untreated patients (59%) may have spontane-
ous bacterial clearance in the urine, particularly if they have 
low-grade bacteriuria without pyuria. Traditionally, however, 
asymptomatic bacteriuria was treated in the posttransplanta-
tion period with the intent of preventing future UTI or devel-
opment of graft pyelonephritis; this approach continues to be 
controversial. In a randomized controlled trial, kidney trans-
plant recipients underwent systematic screening for asymp-
tomatic bacteriuria beyond the second month after transplant 
and found no differences in the frequency of pyelonephritis, 
lower UTI, acute rejection, graft function, and all-cause mor-
tality up to 24 months among the antibiotic treatment group vs. 
patients randomized to no antibiotic control group [257]. There 
were no additional complications of antibiotic use including 
Clostridium difficile colitis or colonization or infection with 
drug-resistant organisms in the antibiotic treatment group.

Pyelonephritis in the renal transplant recipient has distinct 
clinical characteristics. It is defined as the presence of fever 
plus urinary culture growth with greater than 105 CFU/mL and/
or bacteremia along with at least one of the following symp-
toms: pain over the allograft site, chills, cystitis with dysuria, 
increased urinary frequency, or urgency [258, 259]. The inci-
dence rate of acute graft pyelonephritis is 4.4 episodes per 100 
patient-years [258]. In this study, risk factors for the develop-
ment of acute graft pyelonephritis included the presence of 
glomerulonephritis as the underlying disease and the previous 
occurrence of at least two episodes of asymptomatic bacteri-
uria, and odds ratio was higher with increasing number of epi-
sodes of asymptomatic bacteriuria. As mentioned above, the 

relationship between asymptomatic bacteriuria and the devel-
opment of acute graft pyelonephritis remains unsettled. In the 
3-year follow-up, there was no significant difference in levels 
of serum creatinine, creatinine clearance, or 24-h proteinuria 
between patients with and without acute graft pyelonephritis.

Candiduria may represent asymptomatic colonization or, 
less commonly, true infection. Generally, it does not war-
rant treatment in adults unless they are neutropenic or will 
be undergoing urinary tract instrumentation. Ureteral stents 
remaining in place after transplantation may become colo-
nized and make candiduria difficult to clear. Echinocandins 
do not achieve adequate levels in the urine to be used for 
treatment, whereas fluconazole and nonliposomal ampho-
tericin B may be used. In challenging cases of azole-resis-
tant candiduria or fungal pyelonephritis, flucytosine may be 
added but is generally not used alone due to a low barrier for 
development of resistance during or following monotherapy. 
Surgical evaluation may be needed in some cases of pyelone-
phritis, particularly due to Aspergillus spp. [175].

Rejection often mimics infection and should be included 
in the differential diagnosis of patients presenting with renal 
allograft dysfunction and fever. Nearly half of patients with 
allograft failure are hospitalized with fever within 6 months 
of failure [260]. Patients weaned off immunosuppression 
after failure have less documented infection than those 
patients maintained on immunosuppression (38% vs. 88%, 
p < 0.001), although they are at risk for increased alloim-
munization. In both groups, the most common infection is 
dialysis catheter-related bloodstream infection. Hospitalized 
patients with documented infection are less likely to have 
allograft nephrectomy performed (30% vs. 81%; p < 0.001). 
Mortality was higher in simultaneous pancreas-kidney recip-
ients and those hospitalized with documented infection.

Emerging fungal pathogens in the renal transplant pop-
ulation tend to occur late after 18 months following trans-
plantation [261]. Relevant pathogens include Scedosporium, 
Pseudallescheria spp. and Fusarium spp., Zygomycetes 
such as Rhizopus, Mucor, and dermatiaceous molds like 
Ochroconis, Verruconis, Cladophialophora, Bipolaris, 
Rhinocladiella, and Fonsecaea species. The most common 
sites of infection include respiratory tract and paranasal 
sinuses, skin, and central nervous system.

Dermatophytosis is common in renal transplant recipi-
ents, occurring in 42% of patients in one screening study 
[262]. Infection was chronic lasting more than a year in 40% 
of the patients. Tinea cruris and tinea corporis were the most 
common infections observed, with Trichophyton rubrum 
being a common pathogen.

Post-kidney or kidney-pancreas transplant recipients are 
at risk for malignancies which occur later posttransplantation 
and are associated with the use of chronic immunosuppressive 
therapy. A malignancy of infectious origin is Kaposi Sarcoma 
(KS), due to reactivation or donor-derived acquisition of 
human herpes virus 8 (HHV-8) [263]. Incidence ranges from 
0.5% in Western and Northern countries to approximately 5% 
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in Mediterranean regions, the Middle East, and South Africa. 
The skin is the primary site of KS, but visceral organ involve-
ment can occur as well; involvement of the allograft is rare. 
An approach to treatment may involve reduction of immune 
suppression, change of regimen to include an mTOR inhibitor 
such as sirolimus, which has an antiviral effect, local treat-
ments including laser, surgery, cryotherapy or radiotherapy, 
or systemic chemotherapy in severe cases.

As patients get farther out from transplant, they may engage 
in more outdoor activities or travel with the potential for exposure 
to infection, and the risk of acquiring severe travel-related illness 
is higher in immunocompromised persons [264]. An increasing 
number of parasitic infections are reported in SOT recipients, 
including intestinal giardiasis in a SPK recipient [265] and stron-

gyloidiasis, of which kidney recipients constitute the majority 
of donor-derived infections [154]. Travel-related Chikungunya 
has been reported in an HIV-positive renal transplant as well 
[264]. West Nile virus is another mosquito-borne illness but 
endemic to parts of the United States. Transplant recipients have 
a higher risk of neurological complications from WNV [135, 
266], as seen in three kidney and pancreas-kidney recipients in 
the 2012 epidemic, two of whom survived after treatment with 
IVIG [266]. Transmission of WNV has also occurred as a donor- 
derived infection after transplantation [135]. The kidney may be 
the site of prolonged WNV replication and shedding, and testing 
of urine instead of blood has been proposed [135].

Common infections beyond the first month posttransplan-
tation are summarized in Table 4.13.

Table 4.13 Common infections in the intermediate and late (community phase) post-kidney or kidney-pancreas transplantation period

Category Infection Organisms Route of acquisition Risk factors
Bacteria and 
mycobacteria

Asymptomatic bacteriuria (AB), 
urinary tract infection, acute graft 
pyelonephritis

Enteric Gram-negative 
bacilli (especially E. 
coli), Enterococcus spp.

Community acquired, 
healthcare associated

For AB: female gender, induction 
with antithymocyte globulin, presence 
of comorbidities, acute rejection, 
CMV infection
Acute graft pyelonephritis: ± recurrent 
asymptomatic bacteriuria
In pancreas-kidney transplant: 
vesicular drainage method

Bacterial pneumonia S. pneumoniae, S. 
aureus, Gram-negative 
bacilli, atypical bacteria

Community acquired, 
healthcare associated

Bloodstream infection S. aureus, coagulase- 
negative staphylococci

Community acquired, 
healthcare associated

Graft failure with resumption of 
hemodialysis, particularly via 
temporary catheter

Tuberculosis, most commonly 
pulmonary and disseminated

Mycobacterium 
tuberculosis

Primary: Reactivation Positive IGRA test, from an endemic 
region, increased immunosuppressionSecondary: Donor-derived, 

community acquired
Fungus Endemic mycoses Histoplasma 

capsulatum, 
Coccidioides immitis, 
C. posadasii, less 
commonly Blastomyces 
dermatitidis

Reactivation, primary 
community acquisition

Living in region of endemicity

Cryptococcosis (meningitis, 
pulmonary infection, cutaneous 
disease, dissemination)

Cryptococcus 
neoformans, 
Cryptococcus gattii

Environmental 
(inhalation)

Pneumocystis pneumonia Pneumocystis jiroveci, 
formerly P. carinii

Primary: Environmental 
(inhalation)

Use of T-cell depleting 
immunosuppression including steroids

Secondary: Healthcare- 
associated outbreak

Aspergillosis A. fumigatus, A. niger, 
other species

Environmental 
(inhalation)

Renal replacement therapy, 
leukopenia, allograft rejection, 
comorbid lung disease or heart failure, 
CMV

Other mold infection (respiratory 
tract infection, sinusitis, skin/
dermatophytosis or central 
nervous system infection)

Zygomycetes, 
dematiaceous molds, 
Scedosporium/
Pseudallescheria, 
Fusarium species

Environmental

Dermatophytosi: 
Trichophyton rubrum

Urinary tract infection, 
pyelonephritis

Candida species, 
Aspergillus species

Endogenous, 
environmental, 
healthcare associated

Candiduria: presence of ureteral stents

(continued)
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 Use of Antimicrobial Prophylaxis 
in the Kidney and Pancreas-Kidney 
Transplant Recipient

The use of antimicrobial prophylaxis is a vital tool in pre-
venting infection and complications in kidney and pancreas- 
kidney transplant recipients. Infection rates have improved 
with the introduction of standardized antimicrobial prophy-
laxis after transplant [267]. The ideal prophylaxis targets dis-
eases that are either common or carry significant morbidity 
and mortality and confers little toxicity. Cost-effectiveness 
may be a consideration when comparing prophylactic modal-
ities as well. If a patient has significant allergies to antibiotics 
that are known before transplant, consultation with an aller-
gist may be considered for allergy testing to better delineate 
options for treatment in the event of infection after transplant.

Trimethoprim-sulfamethoxazole (TMP-SMX) is the cor-
nerstone of antimicrobial prophylaxis in renal transplant 
recipients, with the aim at preventing urinary tract infections, 
pyelonephritis, urosepsis, and pneumocystis pneumonia. 

Prior to its routine use in renal transplant recipients, 30–40% 
of recipients developed UTIs within the first 4 months fol-
lowing transplantation, and they were often associated with 
Gram-negative bacteremia, significant graft dysfunction, 
and relapse [267]. KDIGO guidelines recommend its use 
for at least 6  months after transplantation with the indica-
tion of preventing urinary tract infections and pneumocystis; 
prophylaxis should be extended or reinstituted for at least 
6 weeks after treatment for acute rejection [242]. TMP-SMX 
carries potential added benefits as it also confers protection 
against additional pathogens, such as Toxoplasma gondii, 
Listeria monocytogenes, and Nocardia spp., among others 
[268, 269]. TMP-SMX is inexpensive and easily accessible 
but may cause significant adverse reactions in some patients, 
including cytopenias, hepatic necrosis, and drug rashes rang-
ing from urticaria to Stevens-Johnson syndrome (SJS) and 
toxic epidermal necrolysis (TEN) [269]. While the sulfa-
methoxazole may be nephrotoxic at high doses, the trime-
thoprim may cause a minor, generally ≤0.4 mg/dL increase 
in serum creatinine without truly impacting glomerular fil-

Table 4.13 (continued)

Category Infection Organisms Route of acquisition Risk factors
Viral Polyomavirus nephropathy BK virus, JC virus 

(rare)
Primary: Reactivation HLA mismatches, deceased donor, 

high donor BK virus-specific Ab 
titers, low or absent recipient BK 
virus-specific Ab titers, higher overall 
immunosuppressed state, allograft 
injury (delayed graft function, 
ischemia-reperfusion injury), ureteral 
stents, CMV infection

Secondary: Donor- 
derived in a seronegative 
recipient

Asymptomatic viremia, CMV 
syndrome (fever, malaise, 
cytopenias), tissue-invasive 
disease (esophagitis, enteritis/
colitis, pneumonitis, hepatitis, 
viruria, or rarely renal allograft 
involvement)

Cytomegalovirus Primary: Reactivation Donor positive/recipient negative 
serostatus, allograft rejectionSecondary: Donor- 

derived in a seronegative 
recipient, transfusion 
related with non- 
leukoreduced blood 
products, or rarely new 
community acquisition

Adenovirus hemorrhagic cystitis, 
allograft rejection, respiratory 
tract disease, gastroenteritis, 
hepatitis, myocarditis, 
dissemination

Adenovirus Reactivation, primary 
community acquisition

Posttransplant 
lymphoproliferative disorder 
(PTLD)

Epstein-Barr virus Primary: Donor-derived Recipient EBV-negative serostatus, 
history of pretransplant malignancy, 
fewer HLA matches, overall higher 
immunosuppressed state

Secondary: Reactivation

Hepatitis Hepatitis B virus, 
hepatitis C virus

Reactivation, donor 
derived

Chronic HBV or HCV infection in 
recipient, high-risk donor

Progressive multifocal 
leukoencephalopathy (PML)

JC virus Reactivation

Kaposi sarcoma (KS) of skin or 
viscera

Human herpes virus 8 
(HHV8)

Primary: Reactivation Regionality (Mediterranean, Middle 
East, South Africa)Secondary: Donor- 

derived in a seronegative 
recipient

Parasitic Disseminated strongyloidiasis Strongyloides 
stercoralis

Reactivation, primary 
community acquisition

History of residence in or travel to an 
endemic region
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tration rate as it inhibits tubular creatinine secretion [270, 
271]. This effect is more pronounced in patients with chronic 
kidney disease or higher serum creatinine prior to use [270]. 
It must be dose adjusted in the setting of renal allograft dys-
function if creatinine clearance falls below 30 mL/min [269]. 
Hyperkalemia and GI upset may also be dose-limiting side 
effects in some patients. Other options for pneumocystis 
prophylaxis include dapsone, which may have cross-allerge-
nicity with TMP-SMX and may rarely cause life-threatening 
hemolysis in patients with or without glucose-6-phosphate 
dehydrogenase (G6PD) deficiency or methemoglobinemia. 
Atovaquone is administered as an oral solution and may 
cause gastrointestinal upset. Inhaled pentamidine should be 
used with caution in patients prone to bronchospasm and is 
the least effective agent against PCP as it may not prevent 
upper lobe pneumocystis or the rare extrapulmonary pneu-
mocystis infection. These alternative agents do not confer 
protection against the broader range of pathogens covered 
by TMP-SMX.

Despite TMP-SMX broader antimicrobial coverage, how-
ever, retrospective data is conflicted as to its effectiveness 
in preventing asymptomatic bacteriuria or UTI and trends 
toward increased amoxicillin and TMP-SMX resistance 
within 30  days of use [272, 273]. Conversely, it has been 
shown to reduce the incidence of sepsis in renal transplant 
recipients as compared to those without prophylaxis [274]. 
Randomized controlled trials, however, have shown efficacy 
of TMP-SMX prophylaxis. Renal transplant recipients ran-
domized to receive TMP-SMX had fewer hospital days with 
fever and bloodstream infections when receiving high-dose 
prophylaxis (320/1600 mg daily, compared to 160/800 mg 
daily). Both doses, however, were effective in preventing uri-
nary tract infection after, but not before, catheter removal. 
TMP-SMX use did not result in colonization or infec-
tion with TMP-SMX-resistant Gram-negative bacilli, and 
patients were less likely to be colonized with Candida, pos-
sibly due to less antibiotic treatment for infection; however, 
their infections were more likely to be caused by resistant 
bacteria than the placebo group. TMP-SMX prophylaxis was 
found to be cost-beneficial and to have minimal effect on 
the hosts’ microflora [275]. Another randomized, controlled 
trial using various doses of TMP-SMX found that prophy-
laxis with high dose (320/1600  mg daily) reduced UTI in 
the first month after transplant as compared with patients 
given low or moderate dose prophylaxis [276]. For patients 
intolerant of TMP-SMX, ciprofloxacin has been studied as 
an  alternative for UTI prophylaxis. Low-dose ciprofloxacin 
(250 mg daily) as compared to single strength (80/400 mg 
daily) TMP-SMX daily for 6 months showed ciprofloxacin 
to be at least as effective as TMP-SMX in preventing urinary 
tract infection and had better tolerability [277]. Pneumocystis 
pneumonia occurred in 14% of the ciprofloxacin group; no 
cases were observed in the TMP-SXM group; however, a fol-

low-up uncontrolled study found ciprofloxacin prophylaxis 
combined with monthly aerosolized pentamidine was effec-
tive in preventing both UTI and pneumocystis pneumonia.

The use of routine perioperative surgical prophylaxis, 
typically directed at preventing wound infections, will vary 
by center protocol. Among a retrospective study of 349 renal 
transplant recipients who received TMP-SMX but not addi-
tional perioperative antibiotic prophylaxis, wound infections 
developed in only 7 patients (2%) and were more common 
in obese and older patients [122]. All wound infections in 
the study period were superficial and responded well to 
wound drainage and outpatient antibiotic therapy. Without 
additional perioperative antibiotic prophylaxis, the incidence 
of UTI in the first postoperative month was still low, occur-
ring in 1.7% of patients overall, although this was notably 
higher in patients who had ureteral stents (11.4% vs 0.3%, 
P < 0.001). The authors suggest that, given the rarity of peri-
operative bacterial infection in the renal transplant population 
on TMP-SMX prophylaxis, routine perioperative antibiotic 
prophylaxis be restricted to patients older than 60, with a 
body mass index greater than 35, or complicated transplants 
requiring ureteral stents in order to reduce emergence of drug 
resistance, costs, and adverse events. However, most centers 
still opt to give at least short-term prophylaxis with cefazolin 
or similar agents, and this remains an area for ongoing study.

Oral and esophageal Candida prophylaxis with clotrima-
zole lozenges, nystatin, or fluconazole is recommended for 
1–3 months after transplantation and for 1 month after treat-
ment with antilymphocyte antibody [242]. This is also effec-
tive against contamination of perfusion fluid with Candida 
species. Use of fluconazole requires concurrent adjustment 
and monitoring of immunosuppressant levels.

Prophylaxis for tuberculosis should be given for renal 
transplant recipients diagnosed with latent TB infection or 
those meeting criteria for non-transplant patients such as a 
known active TB exposure. Screening and diagnosis of latent 
TB in the renal transplant recipient is discussed further in the 
Pretransplantation Screening for Potential Recipients section. 
In the case of renal or pancreas-renal transplant recipients 
where bridging therapy with dialysis is an option, there is 
generally sufficient time in the pretransplant evaluation for 
patients to undergo TB screening, have imaging done to rule 
out active disease, discuss prophylaxis options, and begin – or 
possibly even complete – treatment prior to transplantation. 
However, latent TB should never be a barrier to proceeding 
to urgent or life-saving transplantation, but treatment should 
be started as soon as possible after transplant, ideally within 
1 month. A notable exception is patients undergoing simulta-
neous liver -kidney transplant who may not tolerate the hepa-
totoxic side effects of TB prophylaxis until after transplant. 
The most frequently used prophylactic regimens include daily 
INH for 9 months or rifampin daily for 4 months, although use 
of rifampin in the posttransplant period has greater potential 
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for interaction with a number of commonly used antirejection 
medications. Substitution of rifabutin may have less profound 
drug-drug interactions [242] but is not recommended among 
the first-line latent TB regimens by the CDC [278]. Use of 
either isoniazid or rifampin should prompt a discussion with 
the patient regarding hepatotoxicity side effects and symp-
toms of acute liver failure; regular liver function testing is 
advised. Patients with diabetes, renal failure, HIV, alcohol-
ism, and malnutrition are at increased risk of developing neu-
ropathy from INH use and should take concurrent pyridoxine 
for prevention of drug-induced neurotoxicity [279]; in most 
clinical practices, all patients on INH will receive pyridoxine 
as it has little adverse effect.

CMV prophylaxis with oral ganciclovir or valganciclo-
vir should be administered to all kidney transplant recipients 
who do not fall into the donor-negative/recipient-negative 
CMV serostatus group for at least 3 months after transplan-
tation and for 6 weeks after treatment with a T-cell depleting 
antibody [242]. For the highest risk serogroup (D+/R−), pro-
phylaxis should be extended to 6 months [228]. CMV pro-
phylaxis also confers a protective effect against other herpes 
viruses, including HSV, VZV, and EBV.

For kidney transplant recipients who experience frequent 
HSV outbreaks, prophylactic antiviral medication may be 
considered [242]. If a known varicella exposure occurs in 
a susceptible recipient, varicella zoster immunoglobulin or 

intravenous immunoglobulin (IVIG) can be administered 
within 96 hours of exposure; if neither varicella Ig or IVIG 
is available or greater than 96 hours have elapsed since expo-
sure, a 7-day course of oral acyclovir can be started within 
7–10 days following exposure [242].

A general summary of antimicrobial prophylaxis use is 
outlined in Table 4.14.
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 Introduction

Intestinal and multivisceral transplantation (IMVTx) has 
evolved from being an experimental procedure to become 
an effective treatment for patients with irreversible intestinal 
failure (IF) and life-threatening complications from parenteral 
nutrition (PN) [1]. The availability of more potent immuno-
suppression compared to the early era, especially the use of 
tacrolimus and of induction therapy, resulted in decreased 
incidence of acute rejection and improved patient survival 
up to 90% at 1-year post-transplant in experienced centers, 
comparable to the survival of patients on home PN. However, 
IMVTx poses a greater immunological and infectious chal-
lenge compared to other solid organs. Unlike the liver or kid-
ney transplant, the intestinal and multivisceral grafts contain 
a large number of immune cells, and their lumen is heavily 
colonized by microbes that are transferred to the recipient. 
As a consequence, on the one hand, the intestine is a highly 
immunogenic graft being so heavily populated by immune 
cells; on the other hand, it carries a high risk of infections 
given the rich composition of microbes. In fact, severe acute 
rejection remains the main cause of graft loss and death, and 
infectious complications cause major morbidity pre- and 
post-transplant. Furthermore, sepsis with multi-organ failure 
is a major cause of death after treatment of severe rejection. 
Therefore, the balance between effective immunosuppres-
sion and prophylaxis of infections is a major challenge in 
the management of IMVTx recipients. In addition, IF in 
itself presents a combination of risk factors for severe infec-
tions in the IMVTx candidate, including short gut, bacterial 
overgrowth, prolonged central venous access for PN, and 
others. Furthermore, the transplant candidate often carries 
the sequelae of prior complex abdominal surgery, resulting 

in defects of the abdominal wall, enterocutaneous fistulae, 
chronic obstruction, and abscesses. The complexity of sce-
narios presented by patients with IF and by IMVTx recipients 
makes them among the highest risk among transplant recipi-
ents. Over the last decade there has been significant progress 
in the management of IMVTx patients including a better 
understanding of the immunologic mechanisms at play in the 
gut and improved treatment of infections. At the same time, 
increasing interest has been focused on the role of the gut 
microbiome (see below) in the pathogenesis of intestinal and 
extraintestinal disease. These recent discoveries are likely to 
translate in improved outcomes of IMVTx recipients. In this 
chapter, after a brief presentation of current indications and 
outcomes of IMVTx, we outline recent advances in intestinal 
immunology and describe specific risk factors for infections 
associated with IF and IMVTx. We also discuss the current 
management of common infections after IMVTx.

 Indications for Intestinal and Multivisceral 
Transplantation and Types of Graft

According to the 2009 Intestinal Transplant Registry report, 
more than 2200 IMVTx have been performed worldwide 
since 1985 [2]. However, the number of transplants per-
formed so far has only recently increased, reaching 200 
transplants/year only in the last 4 years. Therefore, IMVTx 
represents the most recent development in abdominal organ 
transplantation. In addition, unlike liver or kidney transplants 
that are performed in virtually every transplant program, 
IMVTx is performed in very few specialized centers: as of 
2009, only 8 centers worldwide have performed 100 IMVTx 
or more; therefore current experience remains concentrated 
in very few transplant programs.

The indication for IMVTx as recognized by the Centers 
for Medicare and Medicaid Services [3] is irreversible IF 
defined as the loss of nutritional autonomy of the gut associ-
ated with life-threatening complications of PN including liver 
failure, loss of central venous access secondary to thrombosis,  
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systemic sepsis from line infection requiring hospitalization, 
and frequent episodes of dehydration [4–6]. The most com-
mon cause of IF is short bowel syndrome secondary to a num-
ber of different etiologies in adults and children (Table 5.1). 

Other causes of IF include motility disorders, malabsorption 
(mucosal defects), and neoplasms of the mesentery.

The intestine is transplanted either as isolated small intes-
tine or combined with the liver in patients with parenteral 
nutrition-associated liver failure (PNALD). Alternatively, 
patients with disease involving the foregut and/or the entire 
colon receive a multivisceral graft that, in addition to the 
small intestine, includes the stomach and/or the colon 
(Fig. 5.1).

The donor colon (usually the cecum, right and trans-
verse colon) is included in the graft in selected recipients 
with absent native colon in order to improve water reab-
sorption and prevent severe dehydration episodes and renal 
failure. Since the colon carries a higher microbial load than 
the small intestine, in the initial experiences of IMVTx, the 
colon was excluded from the graft to reduce the risk of sep-
sis post- transplant [7]. However, more recent reports dem-
onstrated that the infection risk and graft survival associated 
with inclusion of the colon are comparable to non-colon 
grafts [8, 9].

Table 5.1 Causes of short bowel syndrome in adults and children

Adult Pediatric (congenital)
Mesenteric vein thrombosis and/or bowel 
ischemia

Gastroschisis

Crohn’s disease requiring multiple small 
bowel resections

Intestinal atresia

Abdominal trauma due to gunshot wounds Intestinal volvulus
Radiation enteritis Congenital short small 

bowel
Recurrent small bowel obstruction Necrotizing 

enterocolitis
Motility disorders
Neoplasm’s of the mesentery (e.g., GISTa)
Iatrogenic complications of multiple 
abdominal surgeries

aGastrointestinal stromal tumor

a b c

Fig. 5.1 Three types of transplants in intestinal failure. When the small 
intestine (jejunoileum) is transplanted alone, it is referred to as an iso-
lated intestinal transplant (Panel a), with systemic drainage to the vena 
cava. A composite liver and intestinal transplant usually includes the 
duodenum and an intact biliary system and portal circulation, with the 
native foregut preserved (Panel b). In a multivisceral transplant, which 
involves the liver, stomach, duodenum, pancreas, and small intestine, 

the foregut is removed, and a new stomach is transplanted (Panel c). 
This type of transplant sometimes includes the colon, kidney, or both. 
The transplanted organs are shown in pink, and the native organs or 
structures are shown in light brown. (From Fishbein [1]. http://www.
nejm.org/doi/full/10.1056/NEJMra0804605. Copyright © (2009) 
Massachusetts Medical Society. Reprinted with permission)
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 Immunosuppression

Given the higher immunogenicity of the intestinal graft 
and higher incidence of acute rejection compared to other 
solid organ transplants, IMVTx recipients receive heavier 
immunosuppression compared to other organ recipients. 
Although protocols vary between centers, generally immu-
nosuppression regimens for IMVTx include induction with 
T cell- depleting agents such as thymoglobulin or alemtu-
zumab or the non-T cell-depleting anti-CD25 interleukin-2 
receptor blockers (basiliximab, daclizumab). Alemtuzumab 
(Campath) is a monoclonal antibody targeting CD52 used 
in some conditioning regimens for bone marrow transplan-
tation, kidney transplantation, and islet cell transplantation. 
Maintenance immunosuppressive treatment is usually with 
a combination of tacrolimus, sirolimus, mycophenolate 
mofetil, and corticosteroids. The introduction of the calci-
neurin inhibitor tacrolimus in 1990 made a significant impact 
in reducing the incidence of rejection and improving survival 
compared to the cyclosporine era [10]. Recently, with the 
use of the newer induction regimens, acute cellular rejection 
rates within the first 90 days have been reported to decrease 
to 30–50% [1]. Target tacrolimus trough levels are typically 
higher than levels maintained in other abdominal organ 
transplants: 20–25 ng/ml for the first month with gradual de 
crease to the 12–20 range for the first 6  months and then 
5–8 indefinitely. Monitoring for rejection includes frequent 
surveillance endoscopy and biopsy. Episodes of rejection are 
graded as mild, moderate, or severe according to established 
parameters based on crypt apoptosis and distortion of the 
epithelial architecture [11, 12]. Treatment of rejection man-
dates increased immunosuppression based on the severity of 
the rejection episode: mild and moderate rejection is gener-
ally treated with pulse corticosteroids and increased tacroli-
mus levels, whereas severe rejection is usually treated with T 
cell- depleting antibodies (thymoglobulin or alemtuzumab). 
Traditionally the target of immune therapy against rejec-
tion has focused on T cell-mediated mechanisms. Recently, 
antibody- mediated mechanisms responsible for acute and 
chronic allograft damage are being investigated and targeted 
by novel therapies, especially in kidney and heart trans-
plantation. Although donor-specific antibodies have been 
implicated in worsening episodes of IMVTx rejection [13], 
a definite entity of antibody-mediated rejection has not been 
established in IMVTx [14].

Antibacterial agents against intraluminal-colonizing 
organisms such as aerobic Gram-negative bacilli and anaer-
obes (e.g., ciprofloxacin and metronidazole) are often added 
to the treatment of severe rejection given the high risk of 

bacterial translocation and sepsis associated with exfoliation 
of the intestinal mucosa. Prophylaxis of opportunistic infec-
tions post-transplant generally follows established guide-
lines adopted for other solid organ transplants. However, due 
to the high rates of rejection, prophylaxis is often intensi-
fied or extended beyond the standard duration and is usually 
resumed during treatment of rejection episodes and will be 
described in more detail below.

 Immunology of the Intestine

The gut has the largest mucosal surface in the body, estimated 
to extend up to 200 m2, making it a very efficient absorptive 
surface for nutrients. At the same time, the intestinal mucosa 
is a protective barrier against invasion of pathogens. The 
barrier is constituted of a single layer of columnar epithelial 
cells (enterocytes) linked at the apico-lateral membranes by 
intercellular tight junctions to prevent the paracellular dif-
fusion of luminal contents. As discovered in recent studies, 
the intestinal epithelium functions not only as a mechanical 
barrier but also as an immune barrier. In case of B cell defi-
ciency, for example, the enterocyte takes on immune func-
tions at the expenses of metabolic function by upregulating 
INF pathways and reducing the expression of genes of fat 
uptake and metabolism, as evidenced by the occurrence of 
lipid malabsorption in HIV [15]. In addition, enterocytes 
actively participate to defense mechanisms by interacting 
with immune cells: goblet cells, for example, which are typi-
cally producing mucous for the mucosal barrier, are also able 
to deliver luminal antigens to dendritic cells of the lamina 
propria, and goblet cell deficiency or dysfunction in mice 
and humans has been linked to the development of intesti-
nal inflammation [16]. The impact of immune functions of 
the intestinal epithelium on the barrier function of the graft 
during posttransplant immune depletion is still incompletely 
understood and may have implications on the risk of rejec-
tion post-transplant.

In addition to the intestinal epithelium, other barrier 
structures limit the invasion of pathogens: a layer of mucins 
(membrane-bound glycoproteins or glycocalyx) produced by 
the goblet cells, secretory IgA, and antimicrobial peptides 
(defensins) secreted by Paneth cells. Within the epithelium 
and underneath it, a large number of immune cells (lympho-
cytes, macrophages, and dendritic cells) populate the intesti-
nal mucosa and the mesenteric lymph nodes. These immune 
cells are constantly exposed to foreign antigens and to resi-
dent bacterial flora. In normal conditions, a delicate balance 
is maintained between immune protection from infection 
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and tolerance to harmless antigens of commensal microbes 
and nutrients. Special mechanisms regulate this balance in 
the intestinal wall, and the interplay between different cell 
populations of the intestinal wall is only beginning to being 
discovered. Alterations of the immune homeostasis of the 
gut are increasingly being recognized and implicated in the 
pathogenesis of inflammatory bowel disease and of extraint-
estinal autoimmune disorders [17]. Also, breach to the intes-
tinal barrier predisposes to bacterial translocation (see below) 
and sepsis. The complex equilibrium between tolerance to 
nutrients and rejection of potential pathogens is maintained 
by special characteristics of the immune cells of the intes-
tine, different from immune cells of the rest of the body. 
Intestinal macrophages, for example, unlike macrophages 
present in other organs, have the ability to clear antigens 
from the lamina propria without mounting an inflamma-
tory response. Indeed, intestinal macrophages do not express 
the LPS coreceptor (CD14), the Fc receptors (CD89, CD16, 
CD32, and CD64), or receptors for IL-2 (CD25) and IL-3 
(CD123). In addition, intestinal macrophages do not produce 
pro-inflammatory cytokines IL-1 and TNF after stimulation 
with LPS [18]. This role of intestinal macrophages is criti-
cally important to maintain a noninflammatory state within 
the lamina propria of the gastrointestinal tract. In fact, despite 
close proximity with immunostimulatory bacteria, intestinal 
macrophages acquire profound “inflammatory anergy” while 
retaining avid scavenger and host defense functions. A sec-
ond important component of mononuclear phagocytes of 
the intestinal mucosa is constituted by dendritic cells (DC). 
Several subsets of DC have been characterized at multiple 
levels: in the lamina propria, in isolated lymph follicles, in 
Peyer’s patches, and in mesenteric lymph nodes. DC are char-
acterized by very high plasticity, their phenotype and func-
tion being driven by local tissue factors. DC in the intestine 
can both drive or suppress effector responses: in the lamina 
propria, DC extend dendrites between enterocytes, penetrate 
epithelial tight junctions, and sample luminal contents and 
microbiota [19, 20], thus priming naïve T cells for an immune 
response. Other sub-types of DC (CD103+ DC) promote the 
conversion of naïve T cells into regulatory T cell via TGF-β 
and retinoic acid [21]. Therefore, under normal circumstances 
the aggregate function of DC of the intestine contributes to 
maintain intestinal immune homeostasis. Mutations in genes 
coding for bacterial sensing receptors such as NOD2 in DC 
have recently been described [22] and are likely to impact on 
the risk of infections and/or rejection after IMVTx. Finally, 
several studies have recently highlighted the features of mul-
tiple subsets of T cells in the gut (T-helper 17 cells, γδ T cells, 
natural killer (NK) cells, and NK T cells). These cells contrib-
ute to the mucosal response to pathogens by secreting cyto-
kines which in turn induce the secretion of chemokines and 
antimicrobial peptides, thereby orchestrating the response of 
the mucosal barrier against pathogens. In particular, Th17 

cells [23], a subset of T-helper cell distinct from Th1 and Th2, 
have recently been shown to play multiple roles in the gut 
defense including recruitment of neutrophils to areas of bac-
terial infection, induction of proliferation of enterocytes, and 
production of defensins [24–26].

 Microbes

Unlike other transplants that are sterile, the intestine is trans-
planted with a large content of intraluminal commensal 
microbes. In the past, the intestinal graft used to be “decon-
taminated” at the time of procurement by flushing the lumen 
with antimicrobial decontamination solution. The chemical 
damage of such solutions to the graft mucosa and the rec-
ognition of the important role of the intraluminal flora have 
made this decontamination now obsolete.

The intestinal lumen is populated by a tremendous num-
ber of commensal microorganisms, estimated to reach 1014 
bacteria belonging to over 1000 species, predominantly 
comprised of the heterogeneous, Gram-positive phylum 
Firmicutes (which includes organisms such as Bacillus sp., 
Lactobacillus, and Clostridia sp.) and the Gram-negative 
anaerobic bacilli, Bacteroides. Importantly, the cumulative 
genetic material carried by intestinal microbes (microbiome) 
is 100× the size of the human genome. Microbes play mul-
tiple roles in host metabolism, including energy recovery 
from nutrients, generation of digestible carbohydrates and 
short-chain fatty acids from otherwise nondigestible fibers, 
and synthesis of amino acids and vitamins. In addition, intra-
luminal microbes exert immune functions advantageous to 
the host including competition with pathogens and mainte-
nance of the trophism of the colonic epithelium by synthesis 
of short-chain fatty acids, like butyrate, an essential growth 
factor for colonic enterocytes [27]. An increasing interest 
has recently focused on the role of gut microbiota in health 
and disease and on the mechanisms regulating this symbiotic 
relationship between microbes and human intestine [28, 29]. 
Both beneficial and deleterious effects are being discovered 
as a consequence of alterations or manipulations of this equi-
librium (i.e., alteration of the gastrointestinal microbiome 
also known as dysbiosis). In fact, germ-free animals are more 
susceptible to infections; on the other hand, colonization of 
germ-free mice with a single bacterial species is sufficient 
to enhance the mucosal immune system, including increased 
numbers of intraepithelial lymphocytes and increased activ-
ity of local antigen-presenting cells (APCs) [30]. Intestinal 
bacterial commensals communicate via innate detection sys-
tems (nucleotide oligomerization domain [NOD] and other 
Toll-like receptors [TLRs]) to generate adaptive lymphoid 
tissue and maintain intestinal homeostasis: the peptidogly-
can of Gram-negative bacteria induces the generation of 
isolated lymphoid follicles in the intestinal wall which later 
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mature into large B cell clusters [31]. In IMVTx intraluminal 
pathogens can be the source of sepsis following damage to 
the mucosal barrier secondary to rejection or preservation 
injury (translocation; see below). Finally, although the exact 
cause-effect relationship remains to be clarified, alterations 
of the intraluminal flora of the graft have been recently asso-
ciated with increased risk of rejection [32].

 Bacterial Translocation

Damage to protective barriers of the intestinal mucosa results 
in bacterial translocation, the passage of viable bacteria or 
their products, such as lipopolysaccharide and bacterial 
DNA, from the gut lumen to extraintestinal sites [27]. Under 
normal circumstances, a low-grade portal vein endotoxemia 
of gut origin is rapidly cleared by the reticuloendothelial sys-
tem of the liver. The diseased gut, however, can translocate 
endotoxin in large amounts such that systemic endotoxemia 
can be present in patients with acute inflammatory bowel dis-
ease [33] and in children with necrotizing enterocolitis, even 
in absence of bacteremia [34]. A recent study documented 
increased bacterial DNA in the intestinal wall of children with 
NEC [35]. The systemic consequences of bacterial transloca-
tion (endotoxemia) include damage to the vascular endothe-
lium with induction of intravascular coagulation, increased 
muscle protein degradation, suppression of cellular immu-
nity, cholestasis, and septic shock. The mechanisms leading 
to translocation include direct transmucosal migration across 
the bowel wall toward the mesenteric lymph nodes or migra-
tion into the peritoneal cavity. Pretransplant intestinal stasis 
and bacterial overgrowth increase the risk of translocation. 
Posttransplant immunosuppression and damage to the bowel 
wall secondary to ischemia-reperfusion, infection, (especially 
viral) or rejection result in altered permeability of the graft 
mucosa and increased risk of bacterial translocation. Episodes 
of graft dysfunction requiring resumption of parenteral nutri-
tion result in protein depletion and increased mucosa per-
meability [36]. Cicalese et al. [37] found 44% incidence of 
bacterial translocation in human IMVTx with an average of 
1.9 episodes per patient (defined as simultaneous positivity 
of stool and blood culture); a third of all episodes of bacte-
rial translocation occurred within the first month post-trans-
plant, and risk factors included prolonged cold ischemia time 
(>9 hours), inclusion of the colon in the graft, and rejection.

 High Infection Risk in Intestinal 
Transplantation

As compared to other types of solid organ transplantation, 
IMVTx recipients present a unique clinical situation that 
predisposes them to an exceedingly high risk for infectious 

complications. Rates of infection have been reported to be 
as high as 90% [38] and are likely related to the high den-
sity of microbes within the donor intestinal allograft and the 
potential for bacterial translocation associated with damaged 
intestinal mucosa in the setting of acute rejection. This cou-
pled with the need for higher levels of immunosuppression 
necessary to treat and prevent rejection can result in a “per-
fect storm” for the development of infection. This high risk 
of infection begins during the pretransplant period and per-
sists throughout the perioperative and postoperative periods 
and remains an important threat in the years of follow-up in 
patients who have undergone successful IMVTx. Table 5.2 
demonstrates the major risk factors for infection in persons 
with intestinal failure and small intestinal transplantation.

 Risk of Infection in the Pretransplantation 
Period in Patients with Short Bowel Syndrome

Intestinal failure in both adult and pediatric patient popula-
tions is associated with multiple medical comorbidities that 
can result in multiple hospital admissions and prolonged 
lengths of stay which increases the exposure to and infection 
with healthcare-associated pathogens. Patients with IF and 
short gut syndrome are at particular risk for infection due 
to (1) anatomical alterations as a result of their underlying 
disease and/or surgical interventions, (2) the relative immu-
nosuppression associated with protein-calorie malnutrition, 
and (3) the presence of intravascular catheters and gastroje-
junostomy tubes for nutritional support.

Table 5.2 Risk factors for infection in patients with intestinal failure 
and small intestinal transplantation

Pre-transplant risk factors Post-transplant risk factors
Intra-abdominal anatomic 
abnormalities resulting in:

Technically complicated surgery

  Recurrent enterocutaneous 
fistulas

Intestinal allograft with dense 
microbial burden

  Recurrent intra-abdominal 
abscesses/peritonitis

Intensive immunosuppression

  Bacterial translocation Rejection
Total parenteral nutrition   High rates of acute rejection
  Recurrent CLABSIsa Mucosal injury with rejection
  Fungemia
Immunosuppression 
secondary to malnutrition

  Bacterial translocation

Frequent hospitalizations   Bloodstream infections/sepsis
  Increased risk for HCAIsb   Possible decreased absorption of 

anti-infective prophylactic 
medication

  Colonization/infection with 
MDROsc

Recurrent hospitalizations
  Increased risk for HCAIsb

  Colonization/infection MDROsc

aCentral line-associated bloodstream infections
bHealthcare-associated infections
cMultidrug-resistant organisms
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The underlying diseases experienced by patients with IF 
often result in multiple surgical procedures such as the resec-
tion of ischemic bowel (as in the setting of mesenteric throm-
bosis) or the resection and repair of multiple intra-abdominal 
fistulae (as experienced in Crohn’s disease). Additionally, 
these patients also develop spontaneous intra-abdominal 
abscesses from perforations associated with diseased bowel. 
Enterocutaneous fistula formation is another common com-
plication in this patient group and may serve as a source of 
abdominal sepsis and colonization with enteric bacteria as 
well as streptococcal and staphylococcal species. It is esti-
mated that 80% of deaths associated with enterocutaneous 
fistulas are due to abdominal sepsis [39–41]. Enterocutaneous 
fistulas can be associated with peritonitis and discrete intra- 
abdominal abscesses. Approximately 50% of patients with 
enterocutaneous fistulas will have an intra-abdominal abscess 
present on abdominal imaging [42]. Therefore it is important 
for clinicians caring for patients with IF and enterocutaneous 
fistulas to have a high index of suspicion for intra-abdominal 
infections. Although the indications for a surgical approach 
in this setting is beyond the scope of this chapter, success-
ful management of intra-abdominal abscesses associated 
with enterocutaneous fistulas using computed tomographic 
percutaneous drainage has been successful at our center, as 
well as being reported by others [43]. Patients with entero-
cutaneous fistulas complicated by intra- abdominal infection 
also require appropriate antibiotic therapy  – which often 
times is of an extended duration, due to either recurrences or 
failure to adequately drain the abscess cavity. The need for 
prolonged antibiotic treatment in this patient population as 
well as a prolonged hospital length of stay can place them at 
risk for colonization and infection with multidrug-resistant 
organisms [44–46].

Intestinal failure is associated with malnutrition. Protein- 
calorie malnutrition can contribute to a patient’s net state of 
immunosuppression and results in an increased risk of infec-
tion. Malnutrition is associated with T lymphocyte depletion 
and their response to mitogens, failure of B cells to respond 
appropriately to antigen presentation, and decreased func-
tion of neutrophils [47]. Savendahl and colleagues dem-
onstrated that in the setting of a 7-day fast, there can be a 
decrease in circulating CD3 lymphocytes, as well as CD4 
T-helper lymphocytes. In that same study, there was an atten-
uated IL-2 response to mitogen stimulation [48]. Neonates 
with necrotizing enterocolitis and congenital abnormalities 
resulting in short gut syndrome may be in a more precarious 
situation than adults with short bowel syndrome as a result 
of their immunologic immaturity. Therefore it is impera-
tive that patients with short bowel syndrome are cared for 
by physicians with expertise in hyperalimentation and nutri-
tional supplementation. Unfortunately, the chronic use of PN 
places patients at risk for catheter-related bloodstream infec-
tions and liver disease. It is estimated that 50% of patients 

on chronic PN will develop liver disease within 5–7 years 
[49]. Chronic liver disease can also contribute to the level of 
immunosuppression in this patient population, being associ-
ated with defects in humoral immunity and neutrophil dys-
function. These patients often have decreased capacity for 
the opsonization of foreign antigens due to hypocomple-
mentemia [50]. Neutrophil chemotaxis and adherence is 
also depressed in patients with liver disease [51]. Finally, 
it has been noted that in cirrhotic patients, the sinusoi-
dal macrophages (Kupffer cells), which play an important 
role in the clearance of bacteria and foreign antigens, may 
be bypassed due to portosystemic shunting [52]. Overall, 
patients with short bowel syndrome who are being consid-
ered for small intestinal transplantation may experience sec-
ondary immunodeficiency either due to their nutritional state 
or PN-induced chronic liver disease.

Parenteral nutrition is an important treatment for patients 
with short bowel syndrome but carries with it a risk for central 
line-associated bloodstream infections (CLABSIs). In a pro-
spective study evaluating home infusion therapy in 827 out-
patients, the rate of infection was 0.99 infections/1000 days. 
The use of PN was an independent risk factor for the devel-
opment of infection [53]. Other risk factors are micronutrient 
deficiency and immune dysfunction. Central line-associated 
bloodstream infections are important causes of hospitaliza-
tion and may contribute to both morbidity and mortality in 
this patient group during the pretransplant period. In one 
study, PN was identified as the most important risk factor 
for the development of CLABSI [54]. In addition to isolated 
bacteremia, chronic central vascular catheter use is associ-
ated with endovascular infections such as endocarditis and 
suppurative thrombophlebitis.

In the neonatal population with short bowel syndrome, 
CLABSIs are quite common and in one study occurred in 
66% of children on home PN within the first 6 months of 
hospital discharge [55]. In that same study, the highest inci-
dence occurred within the first month, and the most common 
infections were due to polymicrobial causes followed by 
Gram-positive, Gram-negative, and fungal causes, respec-
tively [55]. Moreover, the use of PN in the neonatal patient 
population with short bowel syndrome has been associated 
with the relatively rapid development of cholestasis, and this 
has been observed as a complication of infection and sepsis 
[56, 57].

In one observational study, the risk of CLABSIs in 
patients receiving chronic PN (mean duration of follow-up 
was 4.5  years) was noted to be 80.9% [58]. Additionally, 
78.9% of these patients had more than one CLABSI, and 
23.8% of these episodes were polymicrobial [58]. Although 
the majority of patients with CLABSIs present with either 
fevers or a clinical syndrome consistent with sepsis, in one 
study, 33% of patients with SBS and liver disease on PN had 
occult bacteremia just prior to their intestinal transplantation. 
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This patient group had more postoperative days of mechani-
cal ventilation and a more prolonged length of stay as com-
pared to patients who did not have occult bacteremia at the 
time of transplantation [59].

 Microbiology of CLABSIs

Although patients with SBS are a clinically unique popu-
lation, it is reasonable to assume that the microbiology of 
CLABSIs is similar to other patient populations. There are no 
large studies on the causes of CLABSIs in persons on chronic 
PN who are awaiting IMVTx. It has been our experience that 
these patients have CLABSIs due to similar pathogens such 
as staphylococci, enterococci, Candida species, and Gram-
negative bacilli. The SCOPE (Surveillance and Control OF 
Pathogens of Epidemiological Importance) study reported on 
a total of 24,179 cases of CLABSIs in hospitalized patients 
over a 7-year period and noted a rate of 60 cases/10,000 
patient admissions. In this study, Gram-positive organisms 
accounted for 65%, Gram-negative bacilli accounted for 
25%, and fungi accounted for 9.5% of CLABSIs. The most 
common isolates were coagulase- negative staphylococci 
(31%), Staphylococcus aureus (22%), Enterococcus (9%), 
Candida species (9%), Escherichia coli (6%), Klebsiella 
species (5%), Pseudomonas species (4%), Enterobacter spe-
cies (4%), Serratia species (2%), and Acinetobacter bau-
mannii (1%) [60].

In general, patients with SBS often require frequent hos-
pitalizations and are likely to have similar microbiologi-
cal causes of CLABSIs. However, there are several factors 
that distinguish this patient group and warrant further con-
sideration when assessing these patients for a presumed 
CLABSI. Although colonization by skin flora (staphylococci 
and streptococci) is the most likely source of CLABSIs, due 
to alterations in the integrity of the gastrointestinal tract, 
they may be at increased risk for enteric pathogens such as 
Gram- negative bacilli, enterococci and vancomycin-resistant 
enterococci. As these patients are on PN, the role of con-
taminated infusates as a source needs to also be considered. 
Gram-negative organisms such as Serratia and Pseudomonas 
species have been associated with infusate contamination 
[61, 62]. Candida parapsilosis fungemia has been associated 
with contaminated TPN infusate [63–65].

In addition to the risk of contaminated infusate, patients 
with SBS have numerous risk factors that are associated 
with invasive candidiasis and candidemia. Specifically, 
these include the chronic use of central vascular catheters, 
the use of broad-spectrum antibiotics, the use of PN, and 
multiple intra-abdominal surgical procedures [66–68]. 
Candidemia has been associated with mortality rates as high 
as 47% in adults and 29% in children [67]. While C. albi-
cans remains the most common isolate, non-albicans spe-

cies such as C. glabrata have been reported more recently 
[68, 69]. Furthermore, PN appears to place these patients at 
increased risk for fungemia due to all Candida species and 
has also been associated with Candida chorioretinitis and 
endophthalmitis in other patient populations receiving PN 
[70–72].

Practice guidelines for the treatment and management of 
CLABSIs have been established [73]. In addition to appro-
priately targeted antibiotic therapy, catheter removal is war-
ranted for CLABSIs due to Staphylococcus aureus, Candida 
species, and multidrug-resistant Gram-negative bacilli. 
Catheter removal is also warranted in the setting of sepsis 
and the presence of or evidence of metastatic foci of infec-
tion [73]. Unfortunately, this patient population is also at risk 
for catheter-associated thrombosis which may often limit 
vascular access options and in select situations may result 
in the need for line salvage in the setting of a bloodstream 
infection. Antibiotic lock therapy and ethanol lock therapy 
have been employed to supplement systemic antibiotic ther-
apy when considering line salvage [73–75].

Additionally, in a small study of pediatric patients with 
either small intestinal transplantation or SBS on PN who had 
frequent CLABSIs, the use of tobramycin lock therapy was 
effective in reducing CLABSIs and decreasing the number of 
hospital admissions due to CLABSIs [76]. Practice guidelines 
for the treatment of catheter-related bloodstream infections 
have been published and report additional information on 
this important management issue [73]. In summary, patients 
with SBS, who are being considered for IMVTx, have both 
anatomical and immunological alterations that predispose 
them to bacterial and fungal infections. Bloodstream infec-
tions and intra-abdominal infections are the most common 
infectious complications that these patients experience prior 
to transplantation. The routine use of PN, as well as the fre-
quent need for hospitalization, places them at increased risk 
for healthcare-associated infections due to multidrug-resis-
tant pathogens and Candida species prior to the time of their 
transplantation. Therefore this unique patient group carries a 
risk of antimicrobial selection pressure that may need to be 
considered when choosing for a surgical antibiotic prophy-
lactic regimen at the time of transplantation.

 Pretransplant Evaluation

The pretransplant evaluation includes not only a compre-
hensive assessment of the patient’s clinical status to rule out 
contraindications for transplant but also optimization of the 
nutritional status, patient’s compliance, and adequate sup-
port system post-transplant. This is essential for IMVTx 
patients because the hospital stay is often more prolonged 
than other transplants and the posttransplant recovery period 
may be slow and complicated by infections or need for repeat  
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surgery. Since virtually every IMVTx candidate presents 
with a significant infection history (catheter-related bacte-
remia, previous multiple operations), the optimization of 
nutrition and compliance and support system are important 
to reduce the infection risk post-transplant. The panel of 
 pretransplant laboratory tests in the evaluation of the IMVTx 
candidate is comparable to the panel of other organ recipi-
ents and includes viral serology (hepatitis A, hepatitis B, 
hepatitis C, herpes simplex virus, CMV, EBV, human immu-
nodeficiency virus, varicella-zoster virus, measles, rubella) 
and toxoplasmosis. Patients with a positive tuberculin skin 
test (PPD) pre-transplant or a history of prior tuberculosis 
undergo additional screening to rule out active disease. The 
use of interferon-gamma release assays has not yet been stud-
ied in this patient population but may offer some benefit in 
screening patients for latent tuberculous infection, based on 
some data from its use in liver transplant candidates [77, 78]. 
Imaging studies (Doppler survey of central veins, echocar-
diogram, and computed tomography imaging of the thorax, 
abdomen, and pelvis) assess the patency of central vessels 
and rule out occult or known foci of untreated/unresolved 
infections such as bacterial endocarditis due to frequent 
episodes of pretransplant bacteremia or fungemia or intra-
abdominal abscess as a complication of an enterocutaneous 
fistula. Aggressive management of pretransplant infections 
in order to reduce the infection risk post-transplant includes 
repair of enterocutaneous fistulae and of abdominal wall 
defects when feasible, drainage of abscesses, and manage-
ment of bacterial overgrowth. The identification of pretrans-
plant colonizing flora may assist in decisions regarding an 
individualized peri-transplant prophylactic antimicrobial 
regimen, although in one study, pretransplant stool surveil-
lance cultures were not predictive of the types of bacteria 
that were isolated in the setting of a documented infection in 
the post-transplant setting [79]. Pretransplant vaccination is 
recommended as for other solid organ transplant recipients 
(see guidelines of AST Infectious Disease Community of 
Practice, AJT) [80]. Inactivated vaccines are recommended 
for post-transplant immunization. Although theoretically the 
administration of foreign antigen for the purpose of vaccina-
tion can cross-reactivate clones of immune cells, there has 
been no definite documentation of increased risk of rejection 
related to vaccination.

 Approach to Common Post-intestinal 
Transplant Infections

 Timeline of Infections

The timeline of post-transplant infections in solid organ 
transplant recipients has traditionally been classified into 
(1) perioperative (first 4  weeks) post-transplantation often 

due to healthcare-associated infections and due to under-
lying disease/chronic condition; (2) early post-transplan-
tation (1–6  months), often due to opportunistic pathogens 
due to higher levels of immunosuppression; and (3) late 
post- transplantation (>6  months) often due to community- 
acquired pathogens, molds, as well as manifestations of 
later viral infections and infection-related neoplasms such as 
post-transplant lymphoproliferative disorders [PTLD] asso-
ciated with prolonged enhanced immune suppression [81]. 
In IMVTx recipients this timeline is not well delineated and 
is often altered by several factors which include (1) pro-
longed hospital stay in the post-transplantation period as a 
result of the complications, (2) the relatively higher rates of 
repeat surgery, (3) the need for recurrent hospitalizations due 
to other complications, (4) a more intensive immunosuppres-
sive regimen and maintaining tacrolimus at higher levels for 
more prolonged durations as compared to other types of solid 
organ transplant recipients, (5) higher rates and often numer-
ous rejection episodes, and (6) the risk of bacterial transloca-
tion that can be associated with mucosal damage that is seen 
with rejection. As a result, these patients appear to always be 
at risk for the bacterial and fungal infections that are typi-
cally seen within the first month post- transplantation and are 
often encountered months and even years after transplanta-
tion  – depending upon the number of readmissions that a 
patient experiences. Additionally, there is a persistence of 
the risk of hospital-acquired infections well beyond the first 
month as these patients often have prolonged initial lengths 
of stay post-transplantation. Therefore healthcare-associ-
ated bacterial infections and fungal infections (due primar-
ily to Candida species and Aspergillus) remain a persistent 
or reemergent threat throughout the lifetime of IMVTx 
recipient. While it is expected that the risk of opportunistic 
pathogens is highest from 1 month through 6 months post-
transplantation, given the relatively high rates of rejection, the 
clinician caring for these patients needs to “reset” this time-
line after each rejection episode, and appropriate prophylaxis 
should be continued or resumed. These rejection episodes 
can theoretically contribute to the risk of bacterial or fungal 
infections as the damaged mucosa allows a portal of entry for 
colonizing intestinal bacteria and Candida species. Finally, 
the bioavailability and drug exposure of prophylactic agents 
such as trimethoprim- sulfamethoxazole, valganciclovir, and 
the azole antifungal agents may demonstrate wide variability 
in the setting of acute and chronic intestinal allograft rejec-
tion; therefore, opportunistic infections could potentially 
occur despite the use of these prophylactic agents.

There is only one published prospective study that defines 
a timeline for the development of various types of infections. 
In a small cohort of IMVTx recipients, it was noted that the 
median time from the day of transplant to the development of 
bacterial infections was 11 days, viral infections (CMV and 
EBV) was 91 days, and fungal infections was 181 days [38]. 
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Based on our own clinical experience and the limited reports 
in the medical literature, IMVTx recipients may always be 
at risk for bacterial and fungal infections – especially if they 
have been recently hospitalized. Although viral infections 
can typically occur within 1–6 months from transplantation, 
the numerous rejection episodes may extend this risk to the 
late post-transplantation period (i.e., >6 months). Therefore 
we will divide our discussion of infections in IMVTx 
recipients as follows: (1) the “immediate” post-transplant 
period (<6 weeks) and (2) the “later” post-transplant period 
(>6  weeks). Bacterial infections will be addressed in the 
“immediate” posttransplantation period section, whereas 
viral, fungal, and parasitic infections will be presented in 
the “later” posttransplantation section. A proposed timeline 
and the most common infections in IMVTx are depicted in 
Table 5.3.

 Perioperative Infections

 Overview, Incidence, and Risk Factors
Infection continues to be an important cause of morbidity 
and mortality in patients receiving IMVTx [1, 82, 83]. In 
one series, infection was the attributable cause of mortality 
in 17.8% of intestinal transplant recipients and was present 

in 76.2% of the patients who had died [83]. Furthermore, in 
one large retrospective series, infection was the second most 
common cause associated with allograft loss after rejection 
[82]. It is estimated that nearly 90% of patients who have 
undergone IMVTx develop a bacterial infection by their fol-
low- up at 6 months [83], and approximately 61% develop a 
bloodstream infection during their first 6 months post shown 
to occur in 58–80% of patients who have undergone IMVTx 
[38, 83, 84]. As most of the studies are small and there is no 
uniformity in the type of induction and maintenance immu-
nosuppressive regimens, it is difficult to establish clear risk 
factors that predispose this patient group to such high rates of 
infection. For example, in one study, there were similar rates 
of bacterial infections within the first month of transplanta-
tion (approximately 60%) when induction therapy with dacli-
zumab (humanized monoclonal antibody to the alpha subunit 
of the IL-2 T cell receptor) was compared to alemtuzumab 
[85]. It has been postulated that these high rates of infection 
are related to bacterial translocation of intraluminal enteric 
gut flora from the intestinal allograft to sterile sites such as 
the peritoneum and the bloodstream. It is conceivable that the 
presence of bacterial flora within the small bowel allograft 
could gain access to the lymphatics and bloodstream in the 
immediate postoperative setting as a result of microscopic 
gastrointestinal mucosal trauma which could occur during 
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Table 5.3 Common infections in small intestinal and multivisceral transplant recipients
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cold ischemia time. Additionally, there are animal models 
that have demonstrated that bacterial translocation has been 
associated with antibiotic use, bacterial overgrowth and gas-
trointestinal dysmotility,  malnutrition, use of TPN, and isch-
emic injury and subsequent bowel reperfusion [37, 86, 87]. 
All of the above factors are seen in this patient group and can 
be further compounded by the high level of immunosuppres-
sion that is necessary to prevent rejection of this allograft 
which is rich in lymphoid tissue. In the setting of small 
bowel allograft rejection, the mucosal injury could facilitate 
bacterial translocation, and this has been reported in approxi-
mately 10% of patients who had undergone IMVTx [37]. In 
that same study, by obtaining simultaneous stool samples, it 
was estimated that 44% of the patients who had developed 
infections (approximately 2.0 episodes/patient) had experi-
enced bacterial translocation that resulted in a documented 
infection. Bacterial translocation was most commonly docu-
mented during the first postoperative month at an incidence 
of 31%. The organisms that were most commonly associ-
ated with bacterial translocation were coagulase-negative 
staphylococci, Klebsiella pneumoniae, Enterococcus faeca-
lis, Enterococcus faecium, and Enterobacter cloacae [ 37]. 
A prolonged ischemic time (>9 hours) and the inclusion of 
a colon as part of the allograft were associated with bacte-
rial translocation [37]. More recently, it has been noted that 
colonic inclusion was not associated with an increased risk 
of bacteremia [88], and colonic inclusion as part of the small 
bowel allograft is considered to be an appropriate option in 
the management of IF in patients with SBS [8]. The role of 
bacterial translocation as a contributory cause may be further 
supported by the predominance of enteric pathogens that 
are noted as a cause of infection in this patient population 
[84]. It has also been reported that the microbial environ-
ment of the small intestinal allograft shifts from a popula-
tion of predominantly anaerobic bacteria to a population of 
Enterobacteriaceae and lactobacilli [89].

The role of donor-derived and recipient-derived infections 
has contributed to the infectious disease-associated morbid-
ity in solid organ transplant recipients during the immediate 
postoperative period [90]. The role of donor- derived infec-
tions may be increasingly important in the setting of small 
intestinal transplantation as the small bowel allograft (with 
or without the colon) has a high density of bacterial flora 
[37]. It is also possible that these donors, while hospitalized, 
can develop intestinal colonization by drug- resistant enteric 
bacteria. Concern over the risk of transmission of bacterial 
and fungal infections from the donor allograft has resulted 
in the use of gut decontamination protocols at many centers 
[39, 82, 83]. In a rat model of orthotopic small intestinal 
transplantation, rats were given polymyxin E and tobramy-
cin by orogastric gavage postoperatively. There was a signifi-
cant reduction in the amount of enteric bacteria in the ileum 
and cecum and marked reduction in bacterial translocation 

to the mesenteric lymph nodes of the group that received the 
postoperative gut decontamination as compared to the group 
that did not receive gut decontamination [91]. Selective gut 
decontamination protocols are employed postoperatively and 
given as an oral suspension via a gastrostomy or jejunostomy 
tube into the intestinal allograft. These gut decontamination 
suspensions target predominantly enteric Gram-negative 
organisms and fungi and have included various combina-
tions of polymyxin, tobramycin, gentamicin, clindamycin, 
nystatin, and amphotericin B [38, 83, 84]. The routine use of 
selective gut decontamination in the intestinal allograft is no 
longer being employed at our center due to concerns that this 
practice may result in a “less favorable” intraluminal micro-
bial environment.

Recipient-derived infections have also contributed to 
the postoperative infectious complications in solid organ 
transplant recipients, including the transmission of resis-
tant organisms [90, 92]. One study has demonstrated 
the high prevalence of extended-spectrum B-lactamase 
(ESBL)-producing Klebsiella pneumoniae in stool surveil-
lance cultures of pediatric patients who were undergoing 
or have received liver or small intestinal transplantation 
[92]. Bacteremia due to ESBL-producing Klebsiella pneu-
moniae was also noted in this patient population, which 
supports the hypothesis that colonization of the recipient 
with multidrug- resistant organisms can result in infections 
post- transplantation [92]. It is interesting to note that in 
another study, there was no concordance between the types 
of organisms isolated from stool surveillance cultures preop-
eratively and the types of organisms associated with docu-
mented infections in the post-intestinal transplant period 
[79]. Although there is no definitive data, donor-derived and 
recipient- derived infections likely play an important contrib-
utory role in the immediate posttransplantation period, and 
clinicians may consider altering the perioperative antimicro-
bial regimen based on prior microbiological history.

 Infections in the “Immediate” 
Posttransplantation Period (<6 Weeks)

The complicated nature of the surgical procedures used in 
small intestinal and multivisceral transplantation places this 
patient population at increased risk for healthcare-associated 
infections in the immediate postoperative period. These 
patients tend to have prolonged postoperative lengths of stay 
which expose them to the microbial environment of the hos-
pital. Therefore the predominant initial infectious diseases 
threat to these patients is bacterial and fungal infections 
which are characteristic of the types of infections that accom-
pany any critically ill patient who has undergone extensive 
intra-abdominal surgery. Based on our observations and pre-
vious discussion, the “immediate” posttransplantation period 
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will be defined as <6 weeks from the time of transplantation. 
This is a somewhat arbitrary cutoff, as these patients can 
experience these types of infections any time post transplan-
tation, given their need for hospital readmission due to vari-
ous complications such as rejection, surgical complications, 
acute kidney injury, etc.

 Sites of Infections in the “Immediate” 
Posttransplantation Period
As in other critically ill postoperative patients, healthcare- 
associated infections predominate at this time and most 
commonly involve the bloodstream, surgical site, abdomen, 
respiratory tract, and urinary tract. It has been our experi-
ence that the mean length of stay for adult patients who have 
undergone IMVTx is 24 days; this increases to 42 days in 
patients who develop one or more infections. In patients who 
develop multiple infections (>2), the length of stay increases 
to 71  days [ 84]. Based on our observations and those of 
others, bacterial infections occur in at least 58% of patients 
within the first 4 weeks post-transplantation and then increase 
to approximately 80% by 8 weeks post transplantation [83, 
84]. The incidence of bacterial infections decreases to 3% 
per month after 6 months from the time of transplantation 
[83]. Initial bacterial infections occur very early in the post-
operative period with a mean or median time to first infection 
of 9–11 days [38, 83, 84].

Bloodstream infections and sepsis are an important cause 
of bacterial infection and represent 26–59% of all bacterial 
sites of infection during the early postoperative period [38, 
83, 84]. In one study, 1.6 episodes of bacteremia occurred per 
patient, with 2.1 episodes occurring in patients with this type 
of infection [83]. The 6-month cumulative incidence in adults 
and pediatric patients who had undergone IMVTx at our center 

was noted to be 61% and was more common in patients who 
had also received a liver as part of their transplantation [88]. 
Pediatric transplant recipients were also more likely to develop 
a bloodstream infection than the adult patients. This same study 
did not find an association between the inclusion of a colon 
or acute rejection with regard to the development of a blood-
stream infection, which may call into question the role of bac-
terial translocation in the setting of rejection [88]. Interestingly, 
we have observed that bacterial infections preceded episodes of 
rejection by 15 days in the majority of patients who developed 
allograft rejection within the first month [84].

The predominant causative organisms associated with 
bloodstream infections were Gram-positive cocci – account-
ing for 59–66% of the isolates – followed by Gram-negative 
enterics accounting for 34–41% of the isolates, and Candida 
species accounting for approximately 3% of the isolates [83, 
88]. Of note, Enterococcus species (including vancomycin- 
resistant Enterococcus faecium) were noted to be the most 
common Gram-positive isolate identified which supports the 
intestinal tract as a source [88].

The management of bloodstream infections is beyond the 
scope of this chapter but clearly includes source control (i.e., 
central vascular catheter removal or drainage of an intra- 
abdominal abscess), along with appropriate targeted antimi-
crobial treatment.

Intra-abdominal infections including intra-abdominal 
abscesses, infected intra-abdominal fluid collections, and 
peritonitis are quite common and account for approximately 
13–37% of bacterial infections within the immediate postop-
erative period (Fig. 5.2) [38, 83, 84].

It was noted in one study that the presence of an intra- 
abdominal abscess and a positive peritoneal culture was 
associated with a high mortality within the first month of 

Fig. 5.2 CT scan of abdominal fluid collection post-Tx pre- and post-percutaneous drainage. (Fluid culture: E. faecium)
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diagnosis (approximately 30%) in small intestinal transplant 
recipients [83]. Collectively, enteric pathogens including 
pseudomonas aeruginosa, Enterococcus species (including 
vancomycin-resistant Enterococcus), Enterobacter cloacae, 
E. coli, and Candida species have been most commonly 
reported [83, 84]. Given the reportedly high mortality rate, it 
is imperative to establish a diagnosis in an effort to improve 
patient outcomes. The use of computed tomography (CT) to 
identify intra-abdominal fluid collections and/or abscesses 
should be employed if there is a high index of clinical sus-
picion. Management options can include CT-guided percuta-
neous drainage of intra-abdominal fluid collections as well 
as exploratory laparotomy and intra-abdominal washout 
along with appropriate targeted antimicrobial agents.

Respiratory tract infections including healthcare- 
associated pneumonia (HCAP) account for 14–17% of bac-
terial infections in small intestinal recipients [38, 83, 84]. 
It has been reported that 39.5% of HCAPs occur within 
the first 2 months post-transplantation, with a median onset 
of 36.5  days. The microbiology of HCAPs in this patient 
population does not differ from other patient populations 
and includes Pseudomonas aeruginosa, Klebsiella pneu-
moniae, Escherichia coli, Acinetobacter baumannii, and 
Staphylococcus aureus [83, 84],. The clinician caring for 
these patients should refer to the practice guidelines for the 
diagnostic and management of HCAP (Practice Guidelines 
for HCAP, IDSA). Other atypical bacterial respiratory 
pathogens have not been reported in this patient population. 
Although tuberculous and non-tuberculous Mycobacteria 
can cause disease in solid organ transplant recipients (often 
between months 1–6 post-transplantation), to date, no cases 
have been reported in IMVTx recipients. We have seen a case 
of pulmonary infection with Nocardia asteroids that dissemi-
nated to the central nervous system in a multivisceral trans-
plant recipient – occurring many months after transplantation.

Surgical site infections account for 9–17% of bacterial 
infections in small intestinal transplant recipients, with a 
higher percentage due to Gram-negative enterics as the caus-
ative pathogens [83, 84]. Urinary tract infections accounted 
for 15–17% of the bacterial infections in small intestinal or 
multivisceral transplant recipients [38, 84]. There have also 
been other types of bacterial infections reported at other mis-
cellaneous sites which include empyema, cholangitis, sinus-
itis, otitis media, and septic arthritis [83].

As discussed previously, multidrug-resistant organisms 
may be a common occurrence in small intestinal and mul-
tivisceral transplant recipients. It has been our experience 
that drug-resistant organisms account for 47% of all bacte-
rial infections within the immediate postoperative period, 
with 71% of Gram-positive cocci demonstrating significant 
resistance and 39% of Gram-negative enterics exhibiting 
significant resistance. Vancomycin-resistant Enterococci 
accounted for 75% of all enterococcal isolates, and 100% 

of Staphylococcus aureus isolates were methicillin resistant. 
Thirty-one percent of Klebsiella and E. coli isolates were 
ESBL-producing, and 39% of Pseudomonas aeruginosa 
isolates were multidrug-resistant [84]. The predominance of 
these multidrug-resistant organisms in the immediate post-
operative period raises the possibility to consider empiric 
coverage for multidrug-resistant organisms based on local 
antimicrobial resistance patterns when an infection is 
suspected.

 Antimicrobial Prophylaxis in the Peri- 
and Postoperative Transplant Periods
Although protocols are often center-specific, antimicrobial 
prophylaxis against bacterial, fungal, viral, and protozoal 
pathogens follows many of the same principles as in other 
solid organ transplantations. Perioperative prophylaxis for 
bacterial infections includes agents such as ampicillin/sul-
bactam, as well as piperacillin/tazobactam. The duration of 
surgical prophylaxis varies from 3  days to approximately 
7 days and is often center-specific. At our center, ampicil-
lin/sulbactam has been the preferred agent of choice and is 
maintained for at least 3 days postoperatively or until biopsy 
confirms mucosal integrity of the allograft. Some centers 
also employ the use of selective gut decontamination in the 
donor allograft and recipient (see above).

Antifungal prophylaxis with azole therapy such as flu-
conazole, as well as a lipid preparation of amphotericin B, 
has been used by most centers. It has been our practice to 
discontinue fluconazole once the first allograft biopsy was 
noted to be normal. Some centers maintain antifungal pro-
phylaxis until the time of hospital discharge [38]. Significant 
drug interactions exist between the azole antifungals, fluco-
nazole, and voriconazole, with tacrolimus due to inhibition 
of cytochrome P450 isoenzymes [93]. Therefore, the initia-
tion or discontinuation of azole antifungal agents needs to be 
coordinated with the close monitoring of tacrolimus levels.

All IMVTx recipients receive intravenous ganciclovir at a 
dosage of 5 mg/kg every 12 hours to prevent infection with 
cytomegalovirus (CMV) and other herpes viruses. At our 
center, patients are usually maintained at this induction dose 
for at least 2 weeks and then are switched to maintenance 
dosing with oral valganciclovir. Most centers also employ 
the use of CMV hyperimmune globulin for CMV prophy-
laxis. We routinely use CMV hyperimmune globulin at a 
dosage of 150 mg/kg weekly until postoperative day 30.

Prophylaxis for Pneumocystis jiroveci with trimethoprim- 
sulfamethoxazole is also initiated postoperatively and 
maintained for at least 6 months after transplantation. It is 
not unreasonable to consider lifelong prophylaxis due to 
the high level of immunosuppression that these patients 
undergo. Trimethoprim-sulfamethoxazole may also provide 
 prophylaxis against Toxoplasma gondii, Listeria monocyto-
genes, and some Nocardia species.
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 Infections in the “Late” Post-transplant Period 
(>6 Weeks)

 Viral Infections

Cytomegalovirus (CMV)
CMV, a double-stranded DNA herpesvirus, is among the 
most common viral infections post-transplantation and 
causes significant morbidity. Here we discuss aspects of 
CMV infection pertinent to IMVTx and refer to published 
guidelines for issues related to aspects common to other 
solid organ transplantations [94–96].

Historically, CMV has been a major cause of morbidity 
since the early era of intestinal transplantation. In the first 
report on 38 patients, an incidence of 39% of CMV dis-
ease was found, most commonly during the second month 
post- transplantation and affecting the intestinal graft in 
81%. Factors associated with disease were donor +/recipient 
serostatus, isolated intestinal transplantation, and the amount 
of immunosuppression (tacrolimus levels and cumulative 
corticosteroid dose) [97]. In early reports there was no signifi-
cant impact on survival at 1 and 2 years [97, 98]. Importantly, 
undetectable CMV plasma viremia by PCR was reported in 
48% of patients with clinical and histopathological invasive 
CMV disease [97, 99]. In pediatric recipients CMV disease 
was reported with a lower incidence than in adult recipi-
ents (24%), at a median of 53 days post- transplantation, and 
affecting the intestinal allograft in 90%. Importantly, no CMV 
disease occurred in the subgroup of D−/R– patients [98]. 
Resolution of CMV occurred in >90% cases after 2–4 weeks 
of antiviral therapy, but recurrence rates as high as 50% were 
documented, similar to adult intestinal allograft recipients 
and to other solid organ transplant recipients [94]. The cumu-
lative doses of corticosteroid boluses and steroid recycles 
were associated with a higher incidence of CMV in children 
[98]. More recent experience in pediatric intestinal transplant 
recipients reported an 18% incidence of CMV infection post-
transplantation and a decreased incidence of invasive CMV 
disease (7%) [100] compared to earlier experience. At our 
center, we observed an 18.2% incidence of CMV infection/
disease among 88 adult and pediatric IMVTx recipients over 
a 5-year period [101]. The majority of invasive CMV disease 
involves the intestinal allograft, and recurrences are reported 
between 50% and 86% [98, 100]. Furthermore, CMV disease 
significantly shortened survival with an 11-fold increase in 
mortality risk when not only the direct cytopathic effects of 
CMV were considered but also the indirect immunomodula-
tory effects and the associated increase risk of other infec-
tions including EBV and subsequent PTLD [100].

The donor and recipient CMV serologic status is an impor-
tant predictor of post-transplant CMV infection [5, 99]. The 
highest risk for development of invasive CMV, recurrent 
CMV, and ganciclovir-resistant CMV is in CMV- seronegative 

recipients of a CMV-seropositive donor (D+/R–). While not 
an absolute contraindication to transplantation, D+/R– sta-
tus is an indication for more intensive monitoring and more 
stringent preventive strategies post-transplantation than in 
donor/recipient pairs with a lower risk of CMV. However, the 
seropositive recipient, regardless of donor status, is at risk for 
CMV reactivation and usually receives either prophylaxis or 
preemptive monitoring and therapy. Irrespective of donor/
recipient serostatus, intestinal transplant recipients are at high 
risk for CMV disease, given the heavy immunosuppressive 
regimens (including high tacrolimus levels) used in these 
patients. Although practices remain center-specific, some pro-
grams (including ours) now exclude CMV-seropositive donor 
intestinal allografts for CMV-seronegative recipients who 
are awaiting isolated small intestinal transplantation. In fact, 
CMV disease in D+/R– takes much longer to resolve histo-
logically (up to 7 months) and, in addition to involving the 
graft, also more frequently involves the native gastrointestinal 
tract [98]. It is also an established practice that seronegative 
recipients receive CMV-negative blood products during the 
transplant and postoperatively.

Manifestations of CMV infection and disease post- 
intestinal transplantation include asymptomatic detectable 
CMV DNA, a viral syndrome (fever, myalgia, leukopenia, 
elevated transaminases), and end-organ involvement. CMV 
enteritis post-transplantation, in addition to systemic symp-
toms, manifests with increased ileostomy output or diar-
rhea and gastrointestinal bleeding and affects the intestinal 
allograft more than the native gastrointestinal tract [98, 100]. 
Endoscopic findings of CMV allograft enteritis vary between 
mild (superficial ulceration) (Fig.  5.3) and severe mucosal 

Fig. 5.3 Mild CMV allograft enteritis. (Courtesy of Dr. Stuart 
Kaufman)
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damage (Fig. 5.4) with the potential for bowel perforation, 
especially following T cell depletion therapy (e.g., thymo-
globulin) for acute rejection.

Histologic features suggestive of CMV allograft enteritis 
include mucosal damage (crypt and villous loss), plasma cell 
and lymphocyte infiltrate with few eosinophils, and CMV 
inclusion bodies (Fig. 5.5) with positive CMV immunostain-
ing [102].

In IMVTx recipients, other organs are less frequently 
involved and include the lungs [98], liver, and kidneys. 
One patient at our center developed a CMV polyradiculitis 
that resulted in a severe sensory-motor deficit of the lower 
extremities.

Generally early prophylaxis is recommended for all 
intestinal transplant recipients with intravenous ganciclovir 
for 14–100  days post-transplant in association with CMV 
immune globulin followed by oral valganciclovir. The 
optimal duration of antiviral prophylaxis is not uniformly 
established, and options vary between 3 and 6  months to 
indefinitely. After completion of prophylaxis, CMV DNA 
PCR is monitored indefinitely for preemptive resumption 
of therapy, and intravenous ganciclovir is usually resumed 
during treatment of acute rejection episodes. Prophylaxis 
in the form of valganciclovir and CMV immunoglobulin is 
costly, but it lowers the risk in such a high-risk population 
like intestinal transplant recipients. As in other solid organ 
transplants, late-onset CMV disease is a potential problem 
with prophylaxis, occurring in 15–30% of cases after dis-
continuation of prophylaxis, whereas CMV resistance has 

been observed with both prophylaxis and preemptive therapy 
[94]. The efficacy of prophylaxis with either CMV immune 
globulin (CMVIG) or intravenous immune globulin (IVIG) 
in combination with ganciclovir/valganciclovir in high-risk 
transplant recipients has been investigated in few studies 
[103, 104], but in intestinal transplantation, practices remain 
center-based.

The treatment of CMV disease follows guidelines estab-
lished for other solid organ transplant recipients and usually 
includes intravenous ganciclovir at a dose of 5 mg/kg every 
12  hours for 2–4  weeks or until negative viral replication 
[105, 106]. Oral valganciclovir 900 mg twice daily may be 
considered as long as the intestinal allograft is functioning. 
In most other patient populations, oral valganciclovir may 
achieve similar drug exposure as intravenous ganciclovir 
given its good bioavailability (approximately 60%). The 
pharmacokinetics of valganciclovir in small intestinal trans-
plant recipients has not been extensively studied, although 
one case report noted a bioavailability of 64.7% when used 
for CMV prophylaxis in a small intestinal recipient [107]. 
However in the setting of the small intestinal transplant 
recipient, intravenous ganciclovir may be preferred over val-
ganciclovir, as valganciclovir may provide sub-optimal drug 
exposure when allograft function is questionable (as in the 
setting of acute or chronic rejection). In the setting of CMV 
allograft enteritis, it is our preference to treat with intrave-
nous ganciclovir to ensure adequate drug exposure. Many 
centers including ours employ the use of CMV hyperim-
mune globulin in addition to intravenous ganciclovir for the 
treatment of invasive CMV disease.

Ganciclovir-resistant CMV has been reported in 1–2% 
of solid organ transplant recipients, and risk factors include 

Fig. 5.4 Severe CMV allograft enteritis. (Courtesy of Dr. Stuart 
Kaufman)

Fig. 5.5 CMV enteritis with inclusion bodies and inflammatory 
infiltrate
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prolonged oral prophylaxis, D+/R– serostatus, and heavy 
immunosuppression [94, 96]. At our center we noted a rate 
of nearly 6% for ganciclovir-resistant CMV among all of our 
IMVTx recipients. However, in those patients with either 
CMV viremia or invasive disease, we documented a rate 
of 31% of ganciclovir resistance, which appears to be the 
highest rate among all types of solid organ transplantations 
[101]. In our series, all patients with ganciclovir resistance 
were D+/R– serostatus, and 80% (4/5) of these patients had 
invasive CMV allograft enteritis. Two of the 5 patients with 
ganciclovir resistance had both the UL 97 and UL 54 muta-
tion [101]. The diagnosis of CMV resistance is confirmed 
by genotypic testing, and treatment options include lower-
ing baseline immunosuppression level, intravenous foscar-
net adjusted for renal function, cidofovir, or leflunomide. 
Recently a case has been reported of multidrug-resistant 
cytomegalovirus in a modified multivisceral transplant recip-
ient [108].

Although it is established that intensified immunosup-
pression to treat rejection increases the risk of subsequent 
CMV infection, it is also commonly recognized that CMV 
increases the risk of rejection at least in kidney transplant 
recipients. The mechanism is attributed to an immunostimu-
latory effect of both CMV infection and CMV disease [98, 
109], but to date a definite link between CMV and rejection 
has yet to be established in IMVTx [98].

Epstein-Barr Virus (EBV)
Epstein-Barr Virus (EBV) is another double-stranded her-
pesvirus. EBV-related posttransplant lymphoproliferative 
disorders (PTLD) are feared complications among all solid 
organ transplants. EBV infects, transforms, and immortal-
izes B lymphocytes and in transplant recipients may progress 
to PTLD due to inadequate anti-EBV cytotoxic T cells. It 
can also progress from EBV-driven proliferation to EBV- 
independent lymphoma. Guidelines have been published 
on the diagnosis and management of EBV-related disease 
in solid organ transplant [110]. Among organ transplant 
recipients, IMVTx are at the highest risk for development of 
PTLD (up to 32%) compared to other solid organ transplant 
recipients (1–12%) [110]. However, the incidence of PTLD 
in IMVTx recipients has recently decreased to 5–10% com-
pared to the early era (30%) secondary to routine quantita-
tive EBV DNA PCR monitoring [111]. In fact, patients with 
undetectable or low viral loads for the first 6 months after 
IMVTx are unlikely to develop PTLD regardless of their 
pretransplant EBV serological status [112]. The decreased 
incidence of acute rejection after IMVTx (and its treatment) 
has also contributed to reduce the incidence of EBV-related 
disease [111].

EBV-seronegative recipients of a graft from an EBV- 
seropositive donor are at greatest risk of post-transplant 
infection, although EBV-seropositive recipients remain at 

significant risk [111]. Usually PTLD follows primary EBV 
infection in seronegative recipient (most commonly pediatric 
recipients) of an EBV-seropositive graft, although PTLD can 
also develop in the seropositive recipient secondary to EBV 
reactivation under the influence of augmented immunosup-
pression. Protocols for the surveillance of EBV, diagnosis, 
and management of PTLD in solid organ transplant patients 
have been published elsewhere [110, 113].

The timing of development of PTLD is most commonly 
within the first year post-transplant, but cases have been 
described as late as 10 years post-transplant, especially EBV- 
negative PTLD or the rare T cell PTLD [114].

Main risk factors for PTLD are primary EBV infec-
tion post-transplantation and the net state of immuno-
suppression, especially the use of high dose or repeated 
courses of antilymphocyte globulins which impact on 
the cytotoxic activity of EBV-specific T cells [110, 115]. 
Cytomegalovirus infection may also contribute to the net 
state of immunosuppression and is known to be a risk factor 
for PTLD [110].

Clinical manifestations of EBV infection post- 
transplantation include infectious mononucleosis (fever, 
malaise, exudative pharyngitis, lymphadenopathy, hepato-
splenomegaly, and atypical lymphocytosis), specific organ 
diseases such as hepatitis, pneumonitis, gastrointestinal 
symptoms, and hematological manifestations such as leu-
copenia, thrombocytopenia, hemolytic anemia, and hemo-
phagocytosis. Manifestations of PTLD are multiple and 
include subcutaneous hard and immobile nodules, general-
ized lymphadenopathy, snoring in children due to adenoi-
dal hypertrophy, mouth breathing with ulcerating palatine 
tonsils, pneumonia with lung and/or mediastinal masses, 
diarrhea secondary to diffuse small bowel mucosal infiltra-
tion, gastrointestinal bleeding in case of multiple ulcerating 
lesions, and abdominal pain with or without bowel obstruc-
tion [111, 116]. PTLD of the intestinal graft can be discov-
ered incidentally during routine surveillance endoscopy for 
rejection or following symptoms of mass, abdominal pain, 
partial obstruction, feeding intolerance in children, fever, 
and gastrointestinal bleeding [111].

Endoscopically PTLD of the graft may present as a pro-
truding intramural mass with central umbilication (Fig. 5.6) 
which histologically appears as a lymphocytic mass with-
out follicular organization (Fig. 5.7) and positive on CD20 
immunostaining (Fig. 5.8).

Histological diagnosis of PTLD is confirmed by in situ 
hybridization of EBV DNA and the more sensitive RNA 
in situ hybridization targeting EBV-encoded small nuclear 
RNA (EBER) [117].

Prophylaxis with antivirals (ganciclovir) does not impact 
on EBV-driven B cell proliferation but may reduce the num-
ber of EBV-infected cells, thus reducing the risk of PTLD 
especially in EBV D+/R– mismatch [114].
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The treatment of PTLD includes reduction of immuno-
suppression in combination with intravenous ganciclovir, 
CMV immune globulin, and rituximab (anti-CD20 mono-
clonal antibody) [118]. The response to reduction of immu-
nosuppression is variable (between 20% and 80%) based 
on different weaning protocols and on the heterogeneity 
of disease (localized/diffuse, monomorphic/polymorphic). 
Aggressive reduction of immunosuppression requires 
frequent endoscopy and biopsy to monitor the graft for 
rejection.

Although used off-label, the anti B cell antibody (ritux-
imab) has been used with success in the treatment of PTLD, 

with response rates reported between 50% and 60%, and a 
low incidence of relapses are also reported [119–121].

Localized PTLD involvement of the graft represents the 
only situation potentially cured with limited resection and 
preservation of the graft, whereas diffuse involvement of 
the graft and/or poor response to therapy often mandates 
allograft enterectomy.

Most resistant cases of PTLD are considered for chemo-
therapy (based on cyclophosphamide and corticosteroids), 
with remission rates of 60% but with significant 2-year mor-
tality of 30–50% often related to toxicity of chemotherapy 
[122, 123].

Intestinal Allograft Viral Enteritis
Overall, bacterial and viral infections target the intesti-
nal graft with an incidence up to 39% after IMVTx [124], 
especially in infants and children. Two thirds of allograft 
infections are secondary to viral enteritis which, in addi-
tion to systemic DNA viruses CMV, EBV, and adenovirus, 
include enterotropic RNA viruses norovirus and rotavirus. 
The morbidity and mortality associated with systemic DNA 
viruses are significant, whereas infections with enterotropic 
viruses are usually associated with a lower mortality risk. 
Viral enteritis may be clinically indistinguishable from rejec-
tion, but it is critical to differentiate between these entities 
because treatment of rejection could result in viral dissemi-
nation. Conversely, decreasing immunosuppressive therapy 
for presumed viral enteritis may promote graft rejection. 
Furthermore, it is important to identify the correct pathogen 
because antiviral treatment may improve CMV infection, 
whereas no standard treatment is established for adenoviral 
or other viral infections.

Adenovirus
Adenovirus is a systemic DNA virus with tropism for mul-
tiple cell lines, including enterocytes. Like EBV, adenovi-
rus may remain latent in lymphoid tissue thus exposing the 

Fig. 5.6 PTLD: endoscopically protruding intramural mass with cen-
tral umbilication. (Courtesy of Dr. Stuart Kaufman)

Fig. 5.7 PTLD: intramural lymphoid mass with absent follicular 
organization

Fig. 5.8 PTLD: CD-20 [B-cell marker] stain
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recipient to the risk of reactivation post-transplantation. 
Adenovirus infection is more common in infants than 
in young children and adults with an incidence reported 
between 20 and 50% in pediatric intestinal transplant series 
[125–127], and in 80% of the cases, it occurs within the first 
6 months post-transplantation. In a recent study, 36% of the 
cases were diagnosed in the first month, 32% in the follow-
ing 5 months, 16% of the cases between 6 and 12 months 
after transplantation, and 16% after 1 year [100].

The intestinal allograft is more susceptible to adenovi-
ral infection than other target organs, with an incidence of 
up to 80% of infections involving the intestinal graft [128]. 
The spectrum of manifestations of adenoviral infection var-
ies between early asymptomatic viral replication, usually of 
donor origin, to adenoviral enteritis which is usually related 
to level of immunosuppression within the first 6–12 months 
post-transplant (Fig. 5.9).

Cases of late infection are sporadic. The main manifesta-
tion of adenoviral enteritis is usually osmotic diarrhea, infre-
quently accompanied by fever and rarely by gastrointestinal 
bleeding. Endoscopic appearances also vary and include ery-
thema, edema, and increased mucous production, often not 
limited to the transplanted intestine but also involving the 
native bowel. Histologically the main features of adenovi-
ral enteritis are apoptosis (like in rejection), villous injury 
(usually more prominent than in rejection), and cytopathic 
nuclear inclusions, the latter being a key component to dif-
ferentiate adenoviral infection from rejection [129, 130].

The diagnosis is confirmed by serum and tissue DNA 
PCR and by immunohistochemistry (Fig. 5.10).

Usually mild adenoviral infection is limited to the graft 
in the setting of low immunosuppression, involves more the 
ileum than the jejunum, (unlike norovirus and rotavirus that 
affect more the jejunum than the ileum; see below), persists 
usually for 1–2  weeks, and only rarely produces extra GI 
manifestations. On the contrary, a more severe disease is 
usually associated with heavy immunosuppression like after 
treatment for rejection and causes multi-system involvement 
(the lungs, liver, pancreas) with significant mortality up to 
20% [126]. Routine monitoring in the peripheral blood is 
not recommended in solid organ transplant recipients [131]. 
We monitor adenovirus DNA PCR in small children with 
suspicious viral illness or episodes of graft dysfunction. 
The management of adenoviral infection includes support-
ive treatment, reduction of immunosuppression levels, and 
cidofovir [131]. Although there is no established antiviral 
treatment for adenovirus infection, cidofovir is considered 
the standard of care. However, data are lacking to evaluate 
the efficacy and the response rate of adenovirus enteritis to 
cidofovir in IMVTx.

Rotavirus
Rotavirus enteritis presents with sudden watery osmotic diar-
rhea causing significant dehydration requiring intravenous 
fluid resuscitation and often temporary parenteral  nutrition. 
Like other causes of viral enteritis, it usually affects the pedi-
atric population, although adult recipients are not excluded 
from infection [132]. The severity and duration of infec-
tion are related to the intensity of immunosuppression and 
are typically worse during the first months after transplant. 
Endoscopically the infection appears with mild erythema, 
villous atrophy, and edema (Fig.  5.11) or normal mucosa. 

Fig. 5.9 Adenovirus allograft enteritis. (Courtesy of Dr. Stuart 
Kaufman)

Fig. 5.10 Adenovirus allograft enteritis: enlarged and atypical nuclei 
with positive immunohistochemical stain for antibody to adenovirus 
(H&E-stained and immunohistochemical-stained sections, 200×)
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The endoscopic jejunal changes are often more visible than 
the ileal. The differentiation between viral enteritis and acute 
rejection is not endoscopically or histologically immedi-
ate: key endoscopic features of rejection include a coarse 
mucosal surface with focal erosions. On biopsy, rejection is 
characterized by single/multiple crypt apoptosis with nuclear 
fragmentation, but usually, unlike in viral infections, the sur-
face epithelium is preserved.

Other histological characteristics of rotavirus enteritis are 
villus blunting, mixed inflammatory infiltrate, superficial 
epithelial disarray, and goblet cell depletion (Fig. 5.12).

The diagnosis is confirmed by culture and immunos-
taining. The treatment for patients with rotaviral infection 
includes supportive care and endoscopic surveillance of the 
graft with biopsy while the patient is recovering. Although 
most cases are self-limited, rejection can be associated with 
or follow rotavirus infection in up to 69% of patients with 
rotaviral enteritis [132] and requires prompt diagnosis and 
treatment. Mechanisms implicated in rejection during or 
after infection include diarrhea-related poor drug absorption 
resulting in sub-therapeutic tacrolimus levels and immune 
activation secondary to viral infection.

Norovirus
Norovirus, a single-stranded RNA virus, is a common cause 
of acute self-limited enteritis in healthy persons but can cause 
protracted diarrhea and severe dehydration especially in pedi-
atric IMVTx recipients [133, 134]. In the immunocompetent 
host, epidemics caused by this virus are particularly common 

among persons confined to institutions and other enclosed 
areas and often spread by contaminated foods. In the immu-
nosuppressed population and after IMVTx, the incidence of 
norovirus infection is not known given the absence of estab-
lished monitoring strategies. The timing of infection varies 
between 17  days and 1  year post-transplant in the limited 
published series [134].

Typically norovirus enteritis is characterized by protracted 
excretion of viruses (up to 80 days) [134] and by persistent 
osmotic diarrhea worsened by enteral feeding. Prolonged 
excretion of norovirus into ileostomy fluid from immunosup-
pressed infants may be a risk factor for nosocomial spread. 
Although antibodies produced in response to acute infec-
tion may be long-lasting, there is the potential for recurrent 
disease with the same or heterotypic strain. Histologically 
norovirus enteritis shows apoptosis involving both villous 
enterocytes and crypts, making it more challenging to differ-
entiate from rejection based solely on biopsy. The diagnosis 
is confirmed by RT-PCR of biopsy material and of intestinal 
fluid [133]. Management of norovirus enteritis includes sup-
portive care with intravenous fluids, nutritional supplemen-
tation, and reduction of maintenance immunosuppression 
levels (target trough tacrolimus levels <10 ng/ml, discontinu-
ation of sirolimus, and reduction of steroid dose). Although 
often protracted, the infection is usually self-limited with 
restoration of normal graft function and limited morbidity 
unless superimposed to other infections (adenovirus, CMV).

 Fungal Infections
The increased availability of diverse and potent immunosup-
pressive drugs has improved the outcomes of IMVTx but at 
the same time has increased the risk of opportunistic infec-
tions, including fungal infections. As in other solid organ 
transplant recipients, fungal infections pose major challenges 
in the management of small intestinal transplant recipients. 

Fig. 5.11 Rotavirus allograft enteritis. (Courtesy of Dr. Stuart 
Kaufman)

Fig. 5.12 Rotavirus allograft enteritis
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Usually fungal infections are healthcare-acquired infections 
due predominantly to Candida species and Aspergillus. Risk 
factors for fungal infections in the IMVTx recipients include 
the use of central venous catheters, PN, broad-spectrum 
antibiotics, intra-abdominal surgery requiring reoperation, 
and intensive immunosuppressive regimens. Candida and 
Aspergillosis are the two major fungal pathogens in small 
intestinal transplant recipients, with a reported incidence 
of approximately 25% [128, 135] and will be discussed 
here. While a number of other fungal infections have been 
reported in other types of solid organ transplant recipients 
[136], the endemic mycoses, as well as emerging molds, 
have rarely been reported in the small intestinal and multi-
visceral transplant recipient and are covered in the section 
entitled “Miscellaneous Infections” [137].

Candida
Candida spp. are the most common invasive fungal infec-
tions after solid organ transplantation, and this trend is also 
seen in IMVTx recipients [66, 138]. While Candida is usu-
ally a healthcare-associated infection occurring during the 
first 3  months post-transplantation in other solid organ 
recipients, in intestinal transplantation it can also occur later 
as it may be associated with intensification of immunosup-
pression (i.e., corticosteroids) for the treatment of rejection 
episodes. In a study of pediatric small bowel recipients, it 
was noted that nearly 80% of candidemia episodes occurred 
greater than 6 months from the time of transplantation, with 
a median time of 163 days post-transplantation [128]. At that 
same center, it was noted that approximately 70% of pedi-
atric small intestinal transplant recipients developed funge-
mia within 1 year of transplantation and was associated with 
TPN and antibiotic use [100]. The incidence of invasive can-
didiasis is reported to be up to 28% of intestinal transplant 
recipients [38, 139].

The main risk factors for Candida infection in small intes-
tinal transplant recipients are the presence of central vascular 
catheters, use of PN, exposure to broad-spectrum antibiot-
ics, use of immunosuppression for induction and rejection 
episodes, anastomotic leaks or intra-abdominal collections, 
the need for multiple abdominal surgical procedures, and 
the presence of a multivisceral graft. Additional risk fac-
tors common to other transplants are renal failure and recent 
CMV infection.

The clinical manifestations of Candida infection in 
this patient population post-transplantation predominantly 
involve the bloodstream and the abdominal cavity. In one 
series, candidemia accounted for 66%, and Candida intra- 
abdominal infections accounted for 29% of all yeast infec-
tions [128]. Other sites of infection include the urinary tract 
and respiratory tract. We have observed an endovascular 
infection at a mesenteric anastomotic site due to Candida 
albicans in a small intestinal transplant recipient.

In general, C. albicans accounts for approximately 50% 
of all infections, and non-albicans Candida species collec-
tively account for the other 50%. However in the small intes-
tinal transplant recipient, 63% of Candida infections are due 
to non-albicans Candida, and C. albicans account for only 
37% [128]. The diagnosis of invasive candidiasis depends on 
the demonstration of candida in sterile body sites, although 
culture methods, especially blood cultures, often have lim-
ited sensitivity (70%) [66].

Many centers employ the use of antifungal prophy-
laxis (usually with fluconazole) in the immediate postop-
erative period. The duration of fluconazole prophylaxis for 
Candida infection is variable and may be up to 4 weeks post- 
transplantation, but it is prolonged further in the presence of 
ongoing intestinal mucosal injury or in the setting of rejec-
tion episodes.

Candidemia has been associated with a mortality risk up 
to 40% [140] especially if empiric antifungal treatment is 
delayed until positive blood cultures are documented [141]. 
The management of candidemia follows the same guidelines 
as used for other patient populations [66]. Empiric treat-
ment of candidemia may include the triazole agents such 
as fluconazole and voriconazole, the echinocandins such 
as caspofungin and micafungin, and the lipid preparations 
of amphotericin B.  Based on limited data from one series 
[128], as well as our own observations [84], empiric anti-
fungal therapy targeted at non-albicans Candida species 
such as Candida glabrata should be considered in the set-
ting of fungemia. As fluconazole prophylaxis is used at our 
center, echinocandins are used initially for the management 
of candidemia until final species identification is available. 
In addition, it is recommended to remove infected central 
venous catheters, to obtain ophthalmologic exam to rule out 
candida chorioretinitis/endophthalmitis and maintain intra-
venous antifungal treatment for at least 2 weeks after there 
is documented clearance of blood cultures [66]. As stated 
previously, there are significant drug interactions between 
the azole antifungal agents and tacrolimus; therefore, close 
monitoring of tacrolimus levels should be performed when 
these agents are used and then discontinued [93].

Aspergillosis
Aspergillus spp. is a common filamentous mold in the envi-
ronment that usually does not cause significant disease in the 
immunocompetent population. In the immunosuppressed 
patient, it may invade the lungs (invasive aspergillosis; see 
Fig. 5.13) and spread to other organs, including the sinuses, 
brain (Fig. 5.14), gastrointestinal tract, skin, and very rarely 
the bones.

Invasive aspergillosis represents only 1–3% of invasive 
fungal infections in small intestinal transplant recipients but 
is associated with significant morbidity and mortality up to 
60–90% [142–144]. The most important risk factor for the 
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development of aspergillosis in solid organ transplant recipi-
ents is the net state of immunosuppression associated with 
the intensity of the immunosuppressive therapies, as well 
as coinfection with immunomodulatory viruses such as 
CMV. As there are no case-controlled studies in the IMVTx 
population that determine risk factors for invasive asper-
gillosis, probably the most appropriate comparison can be 

made with liver transplant recipients (as many small intes-
tinal transplant recipients include a liver). Factors that are 
associated with an increased risk of invasive aspergillosis in 
liver transplant recipients include re-transplantation, kidney 
injury requiring renal replacement therapy, CMV infection, 
and prolonged stay in an ICU [145–150].

Notably, acute kidney injury, CMV infection, and pro-
longed ICU stays are important postoperative complications 
in the small intestinal transplant recipient and potentially 
could increase the risk of aspergillosis in this patient popula-
tion as well.

The most common site of infection due to Aspergillus 
are the lungs, and patients may present with fever, cough, 
chest pain, and shortness of breath. Angioinvasion results in 
necrosis of tissue, which may ultimately lead to cavitation 
(Fig. 5.13) and/or hemoptysis. In the few cases reported in 
the literature, as well as our own observations, dissemination 
to the central nervous system appears to be common [143]. 
A definitive diagnosis of invasive aspergillosis can be diffi-
cult to make without confirmed histopathology demonstrat-
ing tissue invasion of the mold. As there are no large case 
series in the small intestinal transplant patient population, 
clinicians should use guidelines that are established for other 
solid organ transplant recipients [142].

There are no established guidelines for the prophylaxis 
of invasive aspergillosis in IMVTx recipients. The treatment 
of invasive aspergillosis includes voriconazole as the first-
line agent. Alternatives may include liposomal amphotericin 
B, caspofungin, micafungin, and posaconazole. The surgi-
cal excision or debridement of single lung lesions may be 
indicated for persistent or life-threatening hemoptysis or for 
lesions invading the pericardium or lesions not responding to 
maximal antifungal therapy. Depending on location, access, 
and potential neurological sequelae, surgical resection is 
also considered in selected cases of intracranial aspergillosis 
(Fig.  5.14). Due to the lack of data in the small intestinal 
transplant patient population, optimal management should 
be based on established guidelines [142].

 Miscellaneous Infections
Although bacteria, fungi, and viruses are the predominant 
causes of infection in the IMVTx recipient, this section will 
address the isolated and unusual case reports that have been 
reported in the literature in this specific patient population.

Pneumocystis jiroveci is an important cause of pneu-
monia in solid organ transplant recipients as well as other 
 immunocompromised hosts but has only rarely been seen 
in IMVTx recipients. We have seen one case in an adult 
with an isolated small intestinal transplant recipient. There 
are two case reports of Pneumocystis pneumonia in pediat-
ric patients. One case occurred in an 8-month-old who had 
intestinal failure and a congenital immunodeficiency with 
abnormal lymphocyte function who underwent a small intes-

Fig. 5.13 Invasive lung aspergilloma

Fig. 5.14 Intracranial post-transplant aspergilloma
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tinal and liver transplantation. The postoperative course was 
complicated by Pneumocystis pneumonia and graft versus 
host disease, and the child expired on the 23rd postopera-
tive day [151]. The other case of Pneumocystis pneumonia 
occurred in a 2.5-year-old who underwent a living-related 
small intestinal transplantation that was complicated by four 
episodes of rejection and CMV infection and ultimately suc-
cumbed to Pneumocystis pneumonia 16 months after trans-
plantation [152]. Donor-derived disseminated toxoplasmosis 
has been reported in a pediatric patient who had received a 
small intestinal transplantation [153].

Several intestinal parasites have been identified as causes of 
infection in small intestinal transplant recipients. In one case 
series of cryptosporidioses among pediatric solid organ trans-
plant recipients, one case of cryptosporidioses was diagnosed 
in a small intestinal transplant recipient which did resolve with 
treatment [154]. There is also a single case report of Isospora 
belli infection that was diagnosed 3 months after a successful 
small intestinal transplantation which resolved with treatment 
with trimethoprim- sulfamethoxazole [155]. There have been 
two case reports of infection due to Strongyloides stercora-
lis in isolated intestinal transplant recipients, one of which 
was complicated by Strongyloides hyperinfection syndrome 
and associated with polymicrobial bacteremia and menin-
gitis [156, 157]. We have also recently observed a case of 
Strongyloides infection in a multivisceral transplant recipient 
(personal communication, J. Timpone). What is interesting to 
note about all three of these patients is that the source of the 
Strongyloides was donor derived [156, 157]. All three cases 
were treated with (and responded to) ivermectin, although one 
case also received thiabendazole [156, 157].

Isolated cases of endemic mycoses have not been reported 
in the small intestinal and multivisceral transplant population; 
however, cryptococcosis has been identified. In one retro-
spective review of solid organ transplant recipients at a single 
center, one case of cryptococcal meningitis was reported in a 
small intestinal transplant recipient [158]. Molds other than 
aspergillus have been rarely reported in small intestinal and 
multivisceral transplant recipients. There is an isolated case 
report of an invasive sinusitis due to Trichoderma longibra-
chiatum in an adult patient on tacrolimus and prednisone who 
had received a combined small intestinal and liver transplan-
tation. The patient was treated with surgical debridement, 
amphotericin B, and itraconazole with resolution of the infec-
tion [159]. There was also a case report of an invasive esoph-
agitis due to the dematiaceous fungus Cladophialophora 
bantiana in a small intestinal transplant recipient [160].

There have been two cases of mucormycosis reported: one 
case of Cunninghamella bertholletiae cutaneous infection 
which occurred in the setting of treatment of acute rejection 
1 year after multivisceral transplantation [161] and one case 
of Lichtheimia ramosa (formerly Absidia species) infection 
presenting as gastrointestinal hemorrhage occurring 5 days 

postoperatively in the stomach allograft of a modified mul-
tivisceral transplant recipient [162]. Given the intensity of 
immunosuppression seen in this patient population, infec-
tions due to unusual molds should be anticipated by the cli-
nicians caring for these patients.

Infections due to Mycobacterium tuberculosis have 
not been reported in small intestinal and multivisceral 
transplant recipients, although this population may be at 
increased risk. There has only been one case report of non-
tuberculous mycobacteria, and this was a surgical site infec-
tion due to Mycobacterium abscessus, occurring 8 months 
post- transplantation [163]. Disseminated infections due to 
Nocardia species have been reported. In an adult patient with 
an isolated small intestinal transplant, prostatitis and bacte-
remia due to Nocardia asteroides complex were reported 
[164]. The patient was successfully treated with ceftriax-
one and trimethoprim-sulfamethoxazole [164]. We have 
observed another patient at our center who had undergone 
a multivisceral transplantation and then developed dissemi-
nated infection due to Nocardia asteroides involving the 
lungs and the central nervous system. This patient was suc-
cessfully treated with a prolonged course of meropenem and 
trimethoprim-sulfamethoxazole.

The most common viral infections have already been 
discussed previously. Notably, in one small case series 
(n  =  11), infections due to human herpesvirus 6 have not 
been reported in a patient population that was not receiving 
valganciclovir prophylaxis [165]. However in another case 
series (n = 27), two cases of HHV-6 have been reported in 
two pediatric small intestinal transplant recipients presenting 
with pancytopenia and encephalitis which responded to gan-
ciclovir [163]. In that same case series, there was one case of 
BK polyoma virus infection that presented with hemorrhagic 
cystitis and viremia occurring 5 months after small intestinal 
transplantation [163].

 Conclusion

Intestinal and multivisceral transplantation have become 
effective treatment options for patients with irreversible 
intestinal failure although the immunological and infectious 
challenges remain significant. Effective antiviral, antibacte-
rial, and antifungal agents are now available and significantly 
reduce the morbidity risk in intestinal transplant recipients. 
Advances in understanding the immunological homeostasis 
of the gut will likely result in improved immunosuppressive 
regimens to manage intestinal allograft rejection and ulti-
mately decrease the rates of infection in this population.
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Infections in Limbs, Integuments, 
and Face Transplantation

Justin M. Broyles and Chad R. Gordon

 Introduction

Solid organ transplantation poses a unique problem in 
the prophylaxis, treatment, and prevention of microbial 
colonization and infection. Early infection remains one of 
the most important causes of morbidity and mortality in 
patients undergoing solid organ transplantation. By nature 
of the immunosuppressive regimen, the patient is continu-
ally at risk for developing infections which threaten the 
survivability of the transplanted allograft. A myriad of fac-
tors dictates the solid organ transplant recipient’s risk of 
infection, including time from transplant procedure, anti-
microbial prophylaxis, environmental exposure, and immu-
nosuppressive regimen given to prevent and treat graft 
rejection. The net sum of all of these factors dictates that 
patient’s overall risk for developing infectious complica-
tions would provide direction in how to develop and imple-
ment strategies for prevention and effective management of 
such complications.

Infections in solid organ transplant recipients can be 
classified into three broad categories based upon the length 
of time from transplantation [1, 2]. In the 1st month after 
surgery, infections that occur are similar to those of other 
solid organ transplants or surgeries involving that region of 
the body. These include superficial and deep surgical site 
infections, catheter-related infections, ventilator-associated 
pneumonia, and urinary tract infections [1]. The risk factors 
which appear to contribute to these infections include (1) 
prolonged mechanical ventilation, (2) prolonged indwelling 
intravascular catheter placement, (3) prolonged ICU stay, 
and (4) the development of hematomas or seromas at the 
surgical site [3–6]. Upon recognition of these problems, 
immediate action should be taken to remove the suspected 
potential source for infection. Additionally, judicious cul-
ture-directed antibiotics should be initiated in an effort to 

eradicate the suspected organism(s). Some of the more viru-
lent organisms that can be associated within this 1st month 
following transplant surgery include methicillin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant 
Enterococcus (VRE), and Gram-negative organisms includ-
ing Klebsiella and Pseudomonas spp. Rarely, the allograft 
may be contaminated or procured from a donor with active 
systemic infection, which virtually ensures the recipient 
will become colonized or infected due to graft-transmitted 
pathogen.

The second category in the posttransplant infection time-
table ranges from the 2nd to 6th month after initial trans-
plantation. This period is dominated by opportunistic 
infections that result from the immunosuppressive actions 
of the various posttransplant medications given to the 
patient. These infectious can be either derived from the 
environment, recrudescence of remotely acquired latent 
infections, or worsening of subclinical infections acquired 
from the donor allograft [2]. Common infections which 
occur during this initial phase are oral candidiasis and the 
reactivation of herpes simplex virus (HSV), type I or 
II.  Common guidelines dictate prophylaxis against these 
pathogens with either nystatin or clotrimazole for thrush 
prevention or acyclovir or valacyclovir for HSV suppression 
[7–10]. Other more serious viral infections that occur during 
this timeframe include cytomegalovirus (CMV), Epstein-
Barr virus (EBV), parvovirus, polyomaviruses, hepatitis B 
virus (HBV), and hepatitis C virus (HCV). Fungal coloniza-
tion and subsequent invasive disease can also occur during 
this window, and common culprits are Aspergillus spp., 
Pneumocystis jirovecii, and Cryptococcus spp. Six months 
after the transplant, the patient enter the third and final time-
frame for infection risk [11, 12]. From this point on the 
patient will fall into one of three distinct populations. The 
first group is comprised of patients who have done well up 
to this point and are candidates to have their immunosup-
pression gradually reduced. These patients will slowly 
approach the infection risk of the general population that 
resides in patients proximity, albeit, these individuals will 
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harbor some degree of increased susceptibility for the com-
munity-acquired infections. Therefore, annual influenza 
vaccinations and updated new-generation  pneumococcal 
vaccinations are especially important in transplant recipi-
ents [13, 14]. The second group of patients is characterized 
by patients who have had difficulties with rejection and have 
to have their immunosuppressive regimen intensified. 
Because of this, these patients will maintain an infection 
risk identical to those seen in the patients during the second 
period following transplantation. Finally, a third group of 
patients is comprised of patients who have done well but 
will develop effects of long-term viral infections such as BK 
polyomavirus, CMV, HBV, HCV, and human papillomavi-
rus infection (HPV) [2] (Table 6.1).

Comprehension of this timetable is essential and provides 
guidance to healthcare providers in effective prevention, 
anticipating, and treating infections that may be encountered 
in individuals undergoing composite tissue allotransplanta-
tion. While this may not be an absolute timetable, it should 
however serve as a guide in evaluation of each individual 
patient to better refine protocols and treatment interventions.

 Treatment Modalities in Solid Organ 
Transplantation

There are three ways to prevent and treat infections in solid 
organ transplant patients. The most obvious way to eradicate 
an active infection is with the most effective antimicrobial 
regimen. Prophylaxis is the administration of antimicrobial 
agents to a susceptible population of patients in order to pre-
vent expected or anticipated infections during various post-
transplant periods. Preemptive therapy is the administration 
of antimicrobial agents to a subgroup of patients defined by 
certain clinical characteristics that predicts a heightened risk 
for a specific infectious disease.

 Unique Considerations in Composite Tissue 
Allotransplantation

Each solid organ transplant hosts its own unique properties 
which make perioperative care unique. Facial and hand com-
posite tissue allotransplants can consist of many different 
types of tissue such as skin, fat, muscle, bone, nerves, lym-
phatics, and mucosal services, all of which have a variety of 
antigenic properties [15, 16]. Therefore, such patients 
demand a higher degree of drug-induced immune suppres-
sion comparable to recipients of other interval visceral trans-
plants. Anatomic and physiologic features of a particular 
transplant can dictate unique treatment considerations. For 
example, the alveolar lining in a lung transplant recipient is 
exposed to the outside environment leading to infections 
resulting from environmental colonization of the mucosal 
surfaces due to specific community- and hospital-acquired 
pathogens. Composite tissue transplant recipients, such as 
face and limb allografts, also share direct contact with the 
external environment. Therefore, these transplants can be 
prone to unique infections not routinely seen in patients 
undergoing other internal visceral transplantations.

Composite facial transplantation, depending upon the 
extent of the anatomy of the transplanted graft, may contain 
many unique mucosal surfaces. These include oral mucosa, 
nasal mucosa, sinus mucosa, and the mucosa of the upper 
airways. The oral mucosa can be a source of many patho-
genic microorganisms including Streptococcus spp., 
Capnocytophaga spp., Candida spp., and various microaero-
philic and facultative anaerobic bacteria. The sinuses, nasal 
mucosa, and upper airways can harbor fungal spores includ-
ing Aspergillus and Rhizopus, among other rare filamentous 
molds that can result in serious invasive disease during the 
posttransplant periods of iatrogenic drug-induced immune 
suppression [17–19]. Additionally, the patients, both donor 
and recipient, may become colonized by any variety of drug- 
resistant potential pathogens prior to undergoing transplanta-
tion procedure. These organisms may become clinically 
relevant after transplantation resulting in soft tissue infec-
tions, pneumonia, and various other difficult-to-treat sys-
temic infections [20–24].

Both facial and hand allotransplantation grafts contain 
large amounts of donor-derived external skin. While native 
skin is normally colonized by a host of innocuous microor-
ganisms, it is possible that allograft skin may be colonized 
with certain pathogens such as Staphylococcus aureus, 
Propionibacterium spp., diphtheroids, Corynebacterium, 
and other various Gram-negative organisms. This should be 
kept in mind when devising strategies for prevention and 
treatment protocols for possible surgical site infections in 
these high-risk patients. Additionally, these risks can be 
potentiated by an extended stay in intensive care units or pro-
longed hospitalization [25–28].

Table 6.1 Timing of infectious complications in solid organ 
transplants

<1 month 1–6 months >6 months
Aspergillus Aspergillus Aspergillus, atypical 

molds
Candida Adenovirus Community-acquired 

pneumonia
Aspiration CMV CMV
Catheter-related 
infectious

Cryptococcus 
neoformans

EBV

Clostridium difficile 
colitis

EBV HSV

HSV HSV HSV encephalitis
Wound infectious Pneumocystis 

carinii
JC polyomavirus 
infection

(Staphylococcus 
aureus)

VZV
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 Bacterial Infections

The exposed oral surfaces of a composite facial allotrans-
plant expose the recipient to donor-derived pathogens as well 
as continuous exposure of the environmental microflora. 
Immediate oral antimicrobial prophylaxis should concen-
trate on organisms such as Streptococci, Capnocytophaga 
spp., anaerobic bacteria, and Candida spp. Ampicillin- 
sulbactam provides adequate bacterial prophylaxis for these 
patients and should be implemented immediately [29]. 
Nystatin or clotrimazole can provide treatment as well as 
prophylaxis for Candida spp. during this period. If the patient 
develops an oral infection despite prophylactic measures, the 
source should be immediately assessed, and culture-directed 
antibiotic therapy should be promptly given. If there is any 
concern for methicillin-resistant Staphylococcus aureus 
(MRSA) or Gram-negative bacterial infection, empiric ther-
apy with vancomycin and piperacillin-tazobactam should be 
started. The duration of prophylaxis is dependent upon a 
myriad of factors including physician judgment, duration of 
ICU stay(s), healing of intraoral suture lines, and intensity of 
antirejection drug-induced immune suppression.

The face transplant recipient is at a heightened risk for 
bacterial infection involving the paranasal sinuses. Close 
attention must be directed toward fevers or leukocytosis in 
the absence of any obvious clinical sign of infection. Serial 
imaging of the sinuses can be performed, and endoscopic 
cultures may be obtained if sinusitis is suspected [30]. The 
common bacterial pathogens include Streptococcus pneu-
moniae, Moraxella catarrhalis, Staphylococcus aureus, and 
other streptococci species. However, care must be taken to 
exclude fungal etiology.

Patients who receive hand or face transplants have similar 
risks of acquiring pneumonia as recipients of other solid 
organ transplants. Risk factors for the development of pneu-
monia in transplant patients include mechanical ventilation, 
prolonged ICU stay, sedation, history of smoking cigarettes, 
and patients with underlying asthma or COPD [31, 32]. Face 
or hand transplant patients who develop pneumonia within 
the 1st month following transplantation are often susceptible 
to pathogens associated during ICU stay such as Pseudomonas 
aeruginosa, Klebsiella pneumonia, Acinetobacter spp., and 
MRSA. These infections can be either healthcare-associated 
pneumonia (HAP), ventilator-associated pneumonia (VAP), 
or community-acquired pneumonia (CAP).

Antimicrobial prevention of pneumonia in the immuno-
suppressed solid organ transplant recipients has been advo-
cated by many. One of the more effective prophylactic 
therapies in solid organ transplant recipients is the use of 
trimethoprim-sulfamethoxazole for the first 6  months fol-
lowing transplantation [33–36]. At many transplant centers, 
the incidence of Pneumocystis jirovecii pneumonia in 
patients who do not receive prophylaxis is greater than 10%. 

Prophylaxis with trimethoprim-sulfamethoxazole may also 
reduce the risk of other important opportunistic pathogens 
such as Listeria monocytogenes, Toxoplasma gondii, and 
Nocardia asteroides.

Patient undergoing composite tissue allotransplants are 
also at higher risk for catheter-related infections. The use of 
indwelling intravascular devices is nearly universal in this 
population due to the need for accessible vascular access for 
medications, transfusion of blood and blood products, moni-
toring of physiologic parameters, blood draws, and paren-
teral nutritional supplementation. Bloodstream infection due 
to microorganisms other than coagulase-negative staphylo-
coccus thought to be related to an infected intravascular 
devise; it is prudent to remove such infected devices, espe-
cially in the severely immunocompromised transplant recipi-
ents. Finally, all lines should be discontinued when no longer 
needed.

Diarrhea is a common problem in solid organ transplant 
recipients [37–39]. Clostridium difficile is the most common 
cause of healthcare-associated diarrhea. In the hospitalized 
population, Clostridium difficile is responsible for 10–25% 
of cases of antibiotic-associated diarrhea [40–42]. The risk 
of becoming colonized with toxigenic Clostridium difficile 
in hospitalized patients is proportional to the length of stay, 
and most colonization occur within 3 weeks after hospital-
ization [43, 44]. The incidence of Clostridium difficile infec-
tion (CDI) in solid organ transplant recipients is highest 
within the first 3 months due to the immunosuppressive regi-
men and frequent antimicrobial exposures [45]. Face and 
hand transplant patients are likely to receive multiple antimi-
crobial agents for prevention and treatment of bacterial 
infection and are at an elevated risk for Clostridium difficile 
infection. Diagnosis is confirmed by stool assay identifying 
the virulent Clostridium difficile or one or more if its toxins. 
Patients with CDI commonly present with copious, malodor-
ous diarrhea, elevated white blood cell count, persistent 
fever, and abdominal pain. This may progress to abdominal 
distention, ileus, toxic megacolon, bowel perforation, com-
plicated peritonitis, and sepsis requiring emergent colec-
tomy. Treatment options include cessation of the offending 
antibiotic drug when possible, treatment with oral vancomy-
cin, and intravenous metronidazole in combination with oral 
vancomycin for patients with serious illness [46].

 CMV Infection and End-Organ Disease

CMV infection has traditionally been one of the more devas-
tating infectious complications following solid organ trans-
plantation. Seroprevalence of CMV in the general population 
approaches 60–80% depending upon the region. Therefore, 
most organ donors and recipients have prior exposure to 
CMV infection [47, 48]. Accordingly, CMV infection occurs 
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in 50% of solid organ transplant recipients within the first 
3 months if no antiviral prophylaxis is given.

CMV is a beta herpesvirus that retains a lifelong latency 
following the primary exposure/infection. It is an immuno-
modulatory virus that can cause many secondary immuno-
logic phenomenon in addition to the primary infection [49, 
50]. Posttransplant infection occurs either as a reactivation 
of latent remotely acquired infection or via acquisition of 
the virus from the donor tissue or unscreened blood or 
blood products. Individuals who are CMV seronegative 
prior to transplantation and acquire the virus from the donor 
tissue are at the highest risk for invasive CMV disease, 
which in most cases result in a devastating complication 
due to the immunologic novelty of the newly acquired viral 
infection compounded by the severity of drug-induced 
immune suppression given in the early posttransplant 
period.

CMV infection can manifest itself in one of three clinical 
scenarios. Asymptomatic viremia refers to detectable levels 
of CMV in a peripheral blood assay in the absence of clinical 
symptoms. CMV syndrome describes the signs and symp-
toms of acute CMV infection. This includes fevers, chills, 
myalgias, leukopenia, thrombocytopenia, and elevation of 
liver function tests. Finally, end-organ CMV disease refers to 
specific tissue damage caused by mostly uninterrupted intra-
cellular CMV replication. Histopathology of the affected tis-
sue demonstrates CMV inclusion bodies. Various forms of 
CMV tissue invasive disease include CMV pneumonitis, 
hepatitis, esophagitis, gastritis, enteritis, retinitis, colitis, and 
encephalitis [51].

The two major prevention strategies against CMV infec-
tions in face and hand transplantation are prophylaxis and 
preemptive therapy. Prophylaxis refers to providing antiviral 
drug for infection prevention given to at risk patients who 
undergo transplantation. Preemptive therapy refers to pro-
viding antiviral therapy to individuals with evidence of high 
risk for CMV end-organ disease such as those with asymp-
tomatic CMV viremia. When universal prophylaxis was 
compared with preemptive therapy, results indicated that 
both strategies were comparable in preventing CMV disease 
and reducing the incidence allograft rejection in solid organ 
transplantation [52–54]. Although the strategies appeared to 
equally prevent CMV disease, patients who received uni-
versal anti-CMV prophylaxis were less likely to experience 
potentially life-threatening bacterial and fungal infections 
due to probably immune-modulating effect of CMV reacti-
vation or acute infection, especially in the severely immu-
nocompromised transplant recipients [55]. Both preemptive 
and universal prophylactic strategies have reduced the rate 
of symptomatic CMV infection to <10%. The most com-
monly used drug for CMV prophylaxis is valganciclovir, 
and at most transplant center, it is continued for 3 months 
following transplantation. In the face transplant performed 

at the Cleveland Clinic, intravenous ganciclovir followed by 
oral valganciclovir is given for 5 months.

Prophylaxis and preemptive CMV treatment is not with-
out consequence. Both ganciclovir and valganciclovir have 
the potential for causing drug-induced multi-lineage myelo-
suppression resulting in profound neutropenia, anemia, and 
severe thrombocytopenia. Additionally, these drugs can pro-
duce renal dysfunction, gastrointestinal toxicities, and men-
tal status changes. Ganciclovir and valganciclovir are both 
potentially teratogenic, and this should be kept in mind if the 
patient undergoing transplantation is of childbearing age. 
Due to their potential for promoting adverse reactions, gan-
ciclovir and valganciclovir should not be administered 
together.

The effects of acute CMV infection can be devastating in 
the presence of a face or hand transplant. This has been illus-
trated most notably in the second French face transplant that 
was performed in 2007. This patient developed ganciclovir- 
resistant CMV infection with an episode of acute rejection. 
This episode required 8 weeks of therapy with foscarnet to 
prevent continuing rejection and declining CMV viremia 
[56]. Foscarnet therapy can result in renal failure requiring 
renal replacement therapy. Therefore, great care must be 
practiced when starting the patients on high-dose foscarnet 
induction therapy.

The impact of CMV infection in the setting of composite 
tissue allotransplantation has been clearly illustrated in its 
brief history [57, 58]. In a cohort of hand transplants form 
Pittsburg, PA, five of nine patients had clinically relevant 
CMV infection. Two of these patients had high viral loads; 
several had relapsing or remitting courses of treatment with 
combination of foscarnet and cidofovir. The face transplant 
patient from the Cleveland Clinic developed refractory CMV 
viremia. Her treatment was further complicated by recurrent 
neutropenia associated with ganciclovir and valganciclovir 
usage despite supportive care with recombinant myeloid 
growth factor use such as granulocyte colony-stimulating 
factor. Other antiviral medications have been considered; 
however, the risk posed by these medications was deemed 
too high in an already tenuous situation. Foscarnet is neph-
rotoxic and in the absence of adequate precautions can 
lead to urogenital contact ulceration. Cidofovir can lead 
to nephrotoxicity, cytopenias, and ocular problems. After 
consultation with multiple specialty services, she received 
the investigational drug CMX001 (combines Chimerix’s 
 Lipid-Antiviral- Conjugate Technology with cidofovir) under 
emergency IND from the FDA. The implementation of this 
regimen resulted in reduced CMV viral load, which after 
6  weeks of therapy became undetectable in the peripheral 
blood [59].

CMV infection remains an important pathogen in solid 
organ transplantation; it appears as if this association may be 
particularly strong in patients undergoing composite tissue 
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allotransplantation [56–58]. Indeed, CMV infection has been 
a major complication in two of the first four face transplants 
as well as five of nine hand transplant recipients. While most 
would advocate not performing seropositive transplants to a 
seronegative recipient, however, the high CMV seropreva-
lence in the general population makes this approach imprac-
tical by severely limiting the donor graft pool. Future 
research in safe and effective new antiviral drugs, standard-
izing CMV prevention and preemptive treatment strategies, 
will ensure the greatest benefit for patients undergoing com-
posite tissue allotransplantation.

 Other Viral Infections

Viruses other than CMV can contribute to morbidity and 
mortality after solid organ transplantation. These agents 
commonly display temporal patterns of infection, with the 
1st month displaying HSV seropositive recipients at height-
ened risk of HSV-1 and HSV-2 infection [60]. The 2nd to 6th 
months following transplantation are characterized by low-
ered cell-mediated immunity due to the intensifying effects 
of immunosuppression. CMV is the most serious infection 
during this period. Six months after transplantation, varicella- 
zoster virus (VZV) reactivation resulting single or multiple 
dermatomal herpes zoster or disseminated disease may 
occur. Human papillomavirus (HPV), adenoviruses, respira-
tory syncytial virus (RSV), influenza, and parainfluenza can 
occur at any time, although severe disease is witnessed in the 
first 3 months following transplantation [61, 62] (Figs. 6.1 
and 6.2). A thorough understanding of the various infectious 
presentations and their treatments will prepare the team to 
deal with these problems as they arise.

HSV1 is a ubiquitous virus and reaches a prevalence of 
80% among people over the age of 60. This virus may reac-
tivate as cutaneous and mucosal eruptions presenting as 
painful vesicular lesions. HSV2 is less common with a prev-
alence of 30% among adults in the general population. The 
clinical presentation can be genital, perianal, or generalized 
mucocutaneous vesicular lesions. Additionally, there is a 
potential for disseminated visceral disease involving the 
lungs, gastrointestinal tract, and central nervous system. 
Because the incidence of clinically significant disease in 
HSV seropositive recipients’ approaches 70%, antiviral pro-
phylaxis with acyclovir is recommended during the first 
4 weeks after transplantation [64]. The first face transplant 
recipient in France received HSV prophylaxis; however, she 
developed orolabial HSV on day 185 posttransplant, which 
responded to a combination of oral valacyclovir and topical 
acyclovir cream [26].

The VZV is a highly transmissible virus that causes chick-
enpox and varicella zoster. After primary infection, the virus 
remains dormant in the dorsal root ganglia. Approximately 
90% of adults are either varicella-seropositive or have immu-
nity from prior immunization. Majority of VZV infections in 
transplant recipients are as a result of reactivation of dormant 
remotely acquired virus. In seronegative patients, vaccina-
tion should be given at least 4 weeks prior to the anticipated 
transplantation procedure. Additionally, the live-attenuated 
virus should be avoided after the patient has undergone 
transplantation.

Epstein-Barr virus may cause clinically symptomatic dis-
ease any period after organ transplantation. Posttransplant 
lymphoproliferative disorder (PTLD) is a life-threatening 
complication due to EBV reactivation and may present with 
a variety of features ranging from reactive lymphadenopathy 
to malignant treatment-refractory lymphoma. Risk factors 
include (1) recent EBV infection, (2) coinfection with CMV, 
and (3) profound drug-induced immune suppression [65, 
66]. Prescreening of transplant recipients may identify a 
patient who is seropositive and help guide therapy. However, 
there is no clear established role for antiviral prophylaxis. If 
patients are found to have PTLD, the mainstay of treatment 
is reduction in immunosuppression. However, new strategies 
in treating PTLD in solid organ transplants include anti-
 CD20 monoclonal antibodies given in an effort to limit the 
proliferation of EBV-infected immortalized cells.

Various other herpesviruses such as herpesvirus 6 (HHV- 
6) can cause infection in transplant patients. Seropositivity in 
the general population is high, and reactivation following 
transplantation may occur resulting in pancytopenia, pneu-
monitis, hepatitis, and meningoencephalitis. To date, there 
has been no clear antiviral prophylaxis established. 
Herpesvirus 8 (HHV-8) is the primary agent of Kaposi sar-
coma, Castleman’s disease, and body cavity or primary effu-
sion lymphoma. There is no clear role for antiviral 

Fig. 6.1 Hand transplant displaying papillomavirus-associated warts 
at the back of both hands at 9 months after double forearm transplanta-
tion [63]. (Reprinted from Schneeberger et  al. [63], with permission 
from Springer)

6 Infections in Limbs, Integuments, and Face Transplantation



146

prophylaxis for this pathogen, and reduction in drug-induced 
immune suppression remains the cornerstone for treating 
patients with HHV 8-related disease.

Both HBV and HCV have been exhaustively studied 
within the solid organ transplant population. Many studies 
have been performed identifying the virus’ role in predicting, 
performing, and recovering from liver failure and liver trans-
plantation. To date, there have been no hand or face trans-
plant donors or recipients who have been seropositive for 
HBV or HCV. However, vaccination against HBV is univer-
sally recommended in the preoperative setting.

The clinical manifestations of respiratory viral diseases 
are often typical, and solid organ transplant recipients are at 
risk to develop more severe and prolonged illness. Symptoms 
include congestion and rhinorrhea to an increasingly severe 
lower respiratory tract infection. Because there is no pathog-
nomonic symptom for a specific virus, judicious culturing or 
preferably nested PCR respiratory pathogen panels should 
be performed for any transplant patient suspected respiratory 
viral disease. Influenza, parainfluenza, RSV, and adenovi-
ruses may result in severe lower respiratory tract infections, 
and every effort must be made to deter progression to lower 
respiratory disease. Prevention is the most important strategy 
for respiratory viruses. Infection control measures are criti-
cal and should be strictly implemented in the transplant 
units. Accordingly, patients with suspected influenza or other 
respiratory viruses should be isolated using standard and 
droplet precautions. Additionally, the patients and healthcare 
workers should receive mandatory annual influenza vaccina-
tion. If the patient is found to have influenza, treatment 
should be implemented according to seasonal viral drug- 
resistance profile; common agents used in prevention and 
treatment of influenza viral infections include M2 inhibitors 
and neuraminidase inhibitor. By implementing policies such 
as strict adherence to handwashing, contact and droplet pre-

cautions as part of hospital infection control strategies, and 
unwavering compliance with annual influenza vaccination 
recommendations, infection rates can be reduced in these 
highly susceptible patients with the potential for devastating 
respiratory viral disease.

 Fungal Infections

Universal antifungal prophylaxis in solid organ transplanta-
tion is not accepted based on available data. However, tar-
geted prophylaxis according to risk criteria is generally more 
evidence based. Additionally, one can start antifungal ther-
apy based upon a positive diagnostic test prior to clinically 
evident disease. This allows for appropriate dosing of anti-
fungal agents at an early stage of infection and the reduction 
of unnecessary treatment and toxicity. Candida, Aspergillus, 
and Cryptococcus species are the most frequent causes of 
infection in patients undergoing solid organ transplantation. 
Histoplasma capsulatum and Coccidioides immitis can cause 
serious disease, albeit, such infections are only prevalent in 
certain geographic regions and are less common.

Invasive fungal infections can be broadly categorized 
into one of two groups, geographically endemic fungi and 
opportunistic fungal infections. Geographically endemic 
fungi are endemic to a particular region and present as reac-
tivation of a remotely acquired latent infection or a newly 
acquired primary infection in a person visiting these spe-
cific regions. Opportunistic infections rarely cause clinically 
relevant invasive disease in immunocompetent patients and 
have no geographical restriction. Examples of opportunis-
tic fungi include Candida, Aspergillus, and Cryptococcus 
neoformans.

Candida yeast is the most common opportunistic fungal 
infection in organ allograft recipients. Candida is part of the 

Fig. 6.2 Hand transplant displaying disseminated erythema and papu-
lous lesions as signs of rejection at 55 days after hand transplantation. 
Histology demonstrated perivascular and interstitial mononuclear cell 

infiltrates [63]. (Reprinted from Schneeberger et al. [63], with permis-
sion from Springer)
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normal microflora of skin and orointestinal tract; it also fre-
quently colonizes lower genitourinary mucosa in women. 
Oral candidiasis is common in the early posttransplant 
period. Other forms of infection include catheter-related can-
didemia and deep surgical site infections. The treatment for 
topical and mucosal candidiasis is nystatin or clotrimazole 
and frequently suggested for oral prophylaxis. The first full- 
face transplant recipient in France developed oral candidiasis 
on postoperative day 18. The initial presentation of “diffuse 
erythema and edema” appeared indistinguishable from acute 
graft rejection and illustrated the importance of recognizing 
and treating these infections when they occur. The patient’s 
symptoms resolved with systemic antifungal therapy.

Cryptococcus is an encapsulated yeast found in the soil 
and has the potential for severe invasive systemic disease in 
the immunocompromised patients. Most cases of cryptococ-
cal disease occur during 1st year after transplantation [67]. 
Fungal meningitis, cellulitis, and pneumonia are common 
diseases. An increased intracranial pressure in patients with 
cryptococcal meningitis mandate neurosurgical decompres-
sion along with combination antifungal drugs and other 
aspects of medical management.

Coccidioidomycosis and histoplasmosis are both endemic 
to certain geographic regions in the United States. 
Coccidioidomycosis is found predominantly in the south-
western United States. Fungal spores are acquired through 
inhalation. Infections are mostly seen within the 1st year fol-
lowing transplantation and often present as reactivation of 
remotely acquired infection [68, 69]. The infection presents 
clinically with acute respiratory infection. Generally, the dis-
ease will resolve rapidly, but a small percentage of patients 
may go on to develop chronic pulmonary disease. A smaller 
number of patients will progress to develop disseminated 
disease involving skin, joints, and central nervous system. 
Histoplasmosis is the most prevalent fungus in the Americas. 
It is geographically centered in the Midwest region of the 
United States. Most infections are asymptomatic; however, 
disseminated pulmonary disease can occur in the immuno-
compromised individuals.

Aspergillus is ubiquitous filamentous mold commonly 
isolated from soil and water. Transmission of the fungus 
is via inhalation of infectious germinating microconidia. 
Infection in immunocompetent patients is rare, and this fun-
gus typically only becomes invasive in individuals who are 
severely immunocompromised. The principal manifestation 
of invasive fungal disease involves the lower respiratory 
tract resulting in bronchitis, fungal lung nodules that may 
progress to necrotizing pneumonia and systemic dissemi-
nation. Lung transplant recipients are at a higher risk than 
other solid organ recipients, in part, due to the exposure of 
allograft to the external environment and prolonged respira-
tory tract fungal colonization prior to undergoing transplan-
tation procedure.

Risk factors for the development of invasive fungal infec-
tions include prolonged ICU stay, extensive exposure to 
broad-spectrum antibiotics, diabetes mellitus, exposure to 
agricultural or horticultural products, and marijuana smok-
ing [70]. Preventative strategies include avoidance of expo-
sures in the hospital and limitation of environmental 
exposure once discharged from the hospital. The face trans-
plant patient at Cleveland Clinic received prophylaxis with 
voriconazole, which had to be discontinued due to an eleva-
tion in liver enzymes and derangement of tacrolimus serum 
levels. This difficulty is seen with several commonly used 
triazole antifungal drugs. Additionally, the patient was mon-
itored for histoplasmosis with the urinary Histoplasma anti-
gen for approximately 4 months due to exposure to chickens 
early in life. Fortunately, this patient never developed inva-
sive fungal disease and did well without antifungal 
prophylaxis.

 Other Infections in Face and Hand 
Transplantation

Because of the intense immunosuppression required in 
composite tissue allotransplantation, the patients are at 
risks for a myriad of infectious agents. In addition to tra-
ditional bacterial and viral pathogens, these patients are 
at risk for mycobacterial and parasitic infections. Because 
these pathogens can be difficult to detect and devastat-
ing if they become disseminated, a thorough preoperative 
screening for Mycobacterium tuberculous, Strongyloides 
stercoralis, Leishmania spp., and Trypanosoma cruzi 
should be performed. Patients with a history of exposure 
to Mycobacterium should be screened using new-generation 
gamma interferon release assays and offered isoniazid pro-
phylaxis for untreated latent tuberculosis infection. Positive 
Strongyloides serology should prompt the consideration of 
preoperative ivermectin therapy.

 Immunization Strategies in Composite 
Tissue Allotransplantation

Face and hand transplants are entirely elective operations; 
therefore, care must be taken to ensure that the patients 
have exhaustive evaluation for prevention and prophylaxis 
prior to becoming a candidate for transplantation. Several 
infections are associated with an increased risk of solid 
organ graft rejection and dysfunction. Infections are a 
major determinant of the patient’s overall prognosis. 
Interventions to prevent infection include vaccination, anti-
microbial prophylaxis, and preemptive therapy. A thorough 
evaluation of vaccination and immunization status prior to 
transplantation includes a thorough history and physical 
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examination, a complete vaccination history, and standard 
measurement of titers for HBV, HCV, VZV, varicella, mea-
sles, mumps, and rubella.

To further optimize the patient’s status prior transplanta-
tion, they should undergo further serologic evaluation for 
CMV, HSV I and II, VZV, EBV, human immunodeficiency 
virus, HBV, HCV, Treponema pallidum, C. neoformans, and 
Toxoplasma gondii. Additionally, if the patient lives in an 
endemic area or there is suspicion for infection, additional 
serologic titers should be sent for S. stercoralis, Leishmania 
spp., T. cruzi, Histoplasma capsulatum, and Coccidioides 
immitis. One should keep in mind that the patient risks losing 
immunity with higher degree of immunosuppression; there 
needs to be a well thought-out delicate balance between risk 
assessment for certain infections and prevention and treat-
ment for such infections.

The patient should receive appropriate vaccinations 
prior to transplantation and initiation of immunosuppres-
sive therapy. Pneumococcal vaccine should be administered 
if not given in the prior 5 years [71]. Tetanus-diphtheria-
acellular pertussis (Tdap) should be given if the last tetanus 
immunization was greater than 10 years before transplan-
tation [72]. HBA and HBV vaccines should be given to 
seronegative or patients with low titers. Seasonal influenza 
vaccination, including H1N1 when recommended by the 
Centers for Disease Control and Prevention, should be 
administered according to existing guidelines. Poliovirus 
and Haemophilus influenza vaccines should also be given if 
the vaccination status is questionable [71]. Finally, women 
aged 9–26 years of age should receive the HPV vaccina-
tion. The indications for recombinant HPV vaccination 
may possibly extend in the future. To these authors’ knowl-
edge, there have been no studies to assess long-term effi-
cacy of pretransplant vaccination in this patient population. 
Due to an increased risk of infection, patients who have 
started immunotherapy should not receive live-attenuated 
vaccines.

 Lifestyle Adaptations in Composite Tissue 
Allotransplantation

Once the patient’s immediate surgical needs have been met, 
the face or hand transplant patient enters the recovery period. 
Here, the patient has been discharge from the inpatient hos-
pital setting, and they begin intensive physical and occupa-
tional therapy as well as psychosocial rehabilitation. In this 
period, it is imperative that the patient is educated for poten-
tial environmental exposure risks and how to avoid them. 
Recipients of face and hand transplants can enjoy many of 
the activities of everyday life; however, there are certain pre-
cautions regarding water, food, animals, and travel-related 
exposure that should be addressed and periodically rein-

forced. For instance, the face transplant patient at Cleveland 
Clinic suffered from transient diarrheal illness. Further 
investigation revealed Aeromonas in her stool and drew 
attention to the issues surrounding well water as a potential 
source for the infection.

Patient should try and consciously limit their exposure to 
pets and other animals, including farm animals. Face and 
hand transplant patients can be owners of dogs, cats, and 
other pets, and their emotional attachment to these animals is 
often strong due to the fact that many of the patients have had 
difficulty integrating into the society prior to transplantation. 
The patient should be screened and educated that further 
exposure to the animals is not without significant risk. For 
example, exposure to cat feces can lead to T. gondii infec-
tion. Birds and parrots can transmit fungal infections as well 
as Chlamydia psittaci. Finally, reptiles and amphibians can 
transmit Salmonella typhi. With meticulous education, 
screening, and prevention, these patients can minimize their 
infectious risk.

 Concomitant Facial and Upper Extremity 
Transplantation

The combination of facial and upper extremity transplanta-
tion appears to provide a solution to one of the most chal-
lenging problems in reconstructive surgery. This large 
surgical undertaking puts an increased stress on the already 
strained immune system. Undoubtedly, the most puzzling 
aspect of this proposed solution is unquestionably how the 
immunosuppressive regimen will change.

It is evident that larger composite tissue allografts contain 
more donor-derived epidermis. The skin, the largest organ in 
the human body, contains a variety of immune cells includ-
ing Langerhans cells and keratinocytes making it the most 
antigenic tissue component in the allograft. It is not clear as 
to whether this type of increased antigenic load directly 
equates to the need for increased levels of immunosuppres-
sion and whether this would equate with negative outcomes. 
To date, there has been no difference in rejection between 
wrist-level hand versus more extensive higher levels trans-
plantation with more allograft donor skin involved although 
there are several conflicting studies indicating amplified 
immunologic responses with an increased antigenic quantity 
of donor skin transplanted [73, 74].

Additionally, it is unclear if a larger transplant will 
increase the infection risk. Although intuitive, it is unclear 
if any additional precautions should be taken and if peri-
operative topical skin care has any role in preventing these 
infections. What is clear is that as composite tissue allotrans-
plantation becomes more commonplace and these operations 
become more aggressive, our understanding in the spectrum 
of infectious complications will improve.
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 Conclusions

All patients undergoing long-term immunosuppression for 
solid organ transplantation are at risk for the development of 
infectious complications that could not only threaten the 
viability of the transplanted graft, but this may also threaten 
their life. As we enter the era of reconstructive transplanta-
tion, these risks cannot be understated. It is important that 
the medical and surgical teams, the patient, and the patient’s 
family are aware of the risk and benefits of this life improv-
ing intervention as well as the signs and symptoms of sec-
ondary complication such as infections, graft rejection, and 
drug toxicities. While face and extremity transplants appear 
to have much in common with solid organ transplants, it is 
clear that certain subtleties do exist. Namely, the apparent 
unique microflora in facial transplant and the seemingly 
increased risk of CMV infection and rejection appear to pro-
vide new avenues for investigation. Future work should pro-
vide greater insight into the novel strategies for safe effective 
CMV prevention and treatment of end-organ disease.
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Principles of Hematopoietic Stem Cell 
Transplantation
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 Introduction

Hematopoietic stem cell transplantation (HSCT) refers to the 
process of intravenous infusion of self-renewing hematopoi-
etic stem and progenitor cells to restore normal hematopoi-
esis and/or treat malignancy. The term “hematopoietic stem 
cell transplantation” has replaced the term bone marrow 
transplantation because the current advances in the field of 
transplantation have allowed these self-renewing progenitor 
and stem cells to be derived not just from bone marrow but 
also from peripheral blood and umbilical cord blood. In 
addition, HSCT can be further characterized according to 
whether they are obtained from the patients themselves 
(referred to as autologous transplantation), a genetically 
identical twin (referred to as syngeneic transplantation), or 
from another individual (referred to as allogeneic transplan-
tation). After decades of refinement, transplantation of both 
autologous and allogeneic hematopoietic stem cells has 
become increasingly safe and effective. HSCT now forms an 
integral part of the curative treatment of hematological 
malignancies, metabolic disorders, and benign hematologi-
cal disorders including hemoglobinopathies, immune defi-
ciency syndromes, as well as inherited and acquired marrow 
failure syndromes. Thus, not surprisingly, the NMDP reports 
more than 50,000 autologous and allogeneic transplants 
being done worldwide annually for the treatment of various 
disorders [1].

The initial concept of the curative potential of HSCT was 
through allowing increased, myeloablative doses of chemo-
therapy to be given while avoiding the risk of permanent 
marrow aplasia. While this may be true for autologous 
HSCT, the basis for allogeneic HSCT is engraftment of 

donor-derived hematopoietic stem cells into the recipient. 
These cells reconstitute hematopoiesis and immunity. 
Following successful transplantation, recipients are consid-
ered chimeras with hematopoietic and immune cells derived 
from the donor, while mesenchymal and epithelial tissues 
remain predominantly host derived. Importantly, there is an 
additional component of an immunotherapeutic graft-versus- 
leukemia effect, mediated by immunologically competent 
lymphocytes within the donor graft, which helps improve 
chances for a cure. The evidence for this graft-versus-tumor 
effect (GVT) has been clearly demonstrated by studies which 
show (1) an inverse correlation between relapse and severity 
of graft-versus-host disease (GVHD) and a comparatively 
higher rate of relapse following syngeneic or autologous 
HSCT using the same myeloablative conditioning regimen 
[2], (2) a higher incidence of relapse rates in T-cell-depleted 
grafts, and, most significantly, (3) the observations that donor 
lymphocyte infusions (DLIs) given at a time distant from the 
original conditioning regimen can treat leukemia relapse 
successfully. In addition, the potency of the GVT effect var-
ies among the various diseases [3–6]. Indolent lymphoid and 
myeloid malignancies are most responsive to GVT effects, 
with durable remissions noted after modulation of immuno-
suppression or DLI in patients with chronic myeloid leuke-
mia, chronic lymphoid leukemia, and follicular lymphoma 
[7]. In contrast, diseases such as high-grade lymphoma and 
acute lymphoblastic leukemia appear less susceptible to the 
GVT effect, although patients with GVHD do have a reduced 
risk for relapse [8]. The rapid rate of proliferation of these 
malignancies may also outpace a developing immune 
response leading to a generally poor response to 
DLI.  Reduced-intensity conditioning (RIC) regimens were 
developed based on the potency of the GVT effect rather 
than the intensity of the conditioning regimen. The advent of 
RIC regimens has made HSCT accessible to older and more 
medically infirm patients.

Other progresses in the field of HSCT have included the 
increasing use of alternative donor sources such as umbilical 
cord blood transplants and haploidentical transplantations 
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again allowing HSCT to be made accessible to patients who 
have no matched donors and who previously would have 
been precluded from a HSCT. These transplantations how-
ever are associated with higher risks of morbidity and mor-
tality, including higher risks of infective complications, due 
to delayed immune reconstitution.

In this chapter, we aim to look at some important princi-
ples of HSCT including the immunobiology of stem cell 
transplantation, as well as the impact of HSCT on the host 
immune system, and discuss the principles of immune recon-
stitution following HSCT. In addition, we will also discuss 
the choice of preparative regimens, stem cell sources, the 
importance of post-transplant immunosuppressive therapy, 
as well as the indications for HSCT.  The complications 
related to HSCT will be briefly touched upon, but these will 
be covered in greater detail in the relevant chapters.

 Historical Perspectives of HSCT

There has been increased interest in the use of marrow cells to 
facilitate hematopoietic reconstitution since the late nine-
teenth and early twentieth century, with reports of the use of 
oral, intramuscular, and intramedullary injections of marrow 
infusions to facilitate hematopoietic recovery in patients with 
leukemia or marrow aplasia. In 1939, Osgood et al. reported 
the first unsuccessful attempt to treat a patient with aplastic 
anemia using intravenous infusion of viable marrow cells [9]. 
These early attempts, however, were carried out in isolation, 
and it was not until the clinical observations of the severe 
myelosuppressive effects of radiation among nuclear bomb 
survivors at Hiroshima and Nagasaki that concerted research 
efforts were started to develop methods to reverse the myelo-
suppressive effects of radiation, including the use of marrow 
infusion. Early pivotal work by Jacobson et al. in 1948 dem-
onstrated that mice who had splenic shielding could survive 
otherwise lethal doses of irradiation with marrow recovery 
[10]. He further showed that bone marrow failure following 
otherwise lethal doses of irradiation could also be prevented 
by infusing either spleen cells or bone marrow cells from a 
litter mate into the animal [11]. The mechanisms of these 
findings were initially poorly understood and attributed to 
either a hormone or growth factor contained in the infusion. 
Further studies however in the 1950s and 1960s debunked the 
“hormonal theory” and confirmed that it was the living cells 
within the marrow infusion that were responsible for hemato-
poietic recovery. These studies formed the initial basis for the 
development of stem cell infusion as a treatment for leukemia 
and bone marrow failure. Further advances in the field of 
HSCT came with the understanding of the concept of histo-
compatibility, as a result of the canine studies done by 
E. Donnall Thomas and colleagues in Seattle in the 1960s. 
They noted that in lethally irradiated dogs, marrow grafts 

from mismatched littermates always failed, while grafts 
between dog lymphocyte antigen (DLA)-matched donors and 
recipients showed improved survival. They also demonstrated 
that the administration of a short course of MTX for immuno-
suppression after grafting improved the long-term survival of 
matched recipients [12–14]. This understanding of the major 
histocompatibility complex (MHC) and human leucocyte 
antigens (HLA) as the major determinants of graft rejection 
further advanced laboratory studies and clinical applications 
of allogeneic HSCT. This led to the first successful reports of 
clinical HSCT for patients with immunodeficiency disorders, 
aplastic anemias, and advanced leukemias in the late 1960s 
and early 1970s [7, 15–17].

The initial transplants were associated with significant 
morbidity and mortality as a result of complications from 
infections and graft-versus-host disease (GVHD). In the last 
10–20 years, however, the outcomes of HSCT have improved 
dramatically due to refinements in the transplant approach, as 
well as better supportive care/infectious disease management. 
Better tissue typing of donors and recipients using molecular 
methods and improved understanding of the pathogenesis of 
GVHD and improved GVHD prophylactic measures have led 
to reduced rates of both acute and chronic GVHD. Improved 
and novel, reduced-intensity conditioning regimens, together 
with the increased numbers of matched unrelated donor 
(MUD) registries and development of alternative stem cell 
sources including cord blood and haploidentical sources, 
have made HSCT more accessible to a larger patient popula-
tion, who would have been ineligible for transplant previ-
ously. In addition, improvements in supportive care, and 
especially in the field of infectious diseases, have further 
reduced infection-related morbidity and mortality. The sum-
mation of these exciting developments has led to HSCT being 
a standard treatment option not just for many hematological 
malignancies but also for benign disorders including immu-
nodeficiency syndromes, metabolic disorders, and defective 
hematopoietic states. Rarely, allogeneic HSCT may also have 
a role in situations of nuclear accidents, where it may be used 
to treat victims who receive exposure to marrow-ablative 
doses of radiation, such as following the Chernobyl nuclear 
disaster in 1986 [18]. While such situations are rare, this con-
cept has been brought to the forefront again with the recent 
Japanese Fukushima nuclear disaster, and with the increasing 
use of nuclear resources as a source of energy, as well as the 
constant threat of nuclear warfare worldwide.

 Basic Principles of HSCT

 Immunobiology of HSCT

The fundamental principles underlying the development of 
stem cell transplantation are the use of a combination of 
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drugs and/or radiotherapy (conditioning regimen) to eradi-
cate the underlying disease process and to create space 
within the bone marrow niches for the incoming marrow 
cells. The conditioning regimen also has the role of immu-
nosuppressing the host in order to prevent a host-versus-
graft reaction. Hematopoietic stem cells (HSCs) with the 
capacity for self-renewal and differentiation into the various 
lineages are collected either from the patient (autologous 
transplants) or from the donor (allogeneic transplant). 
Following the conditioning regimen, HSC are then intro-
duced. These cells then migrate through the blood and 
across endothelial vasculature to various organs, and even-
tually to the marrow niches, a process termed homing. 
Homing is a coordinated multistep process, which usually 
occurs rapidly within 24 h, and is the first and most essential 
step in clinical stem cell transplantation. The understanding 
of the details of this complex process remains the work of 
much ongoing research.

Durable engraftment of allogeneic HSC is subsequently 
dependent on the donor CD8+ T cells which are needed to 
overcome any residual host-versus-graft response created by 
the donor-specific host T cells (that remain following the 
conditioning). Donor CD8 and CD4 T cells interact with 
peptide antigens complexed with MHC class I and II mole-
cules, respectively, on antigen-presenting cells (APCs) of the 
recipient. This leads to subsequent donor T-cell proliferation 
and a successful allo-response against residual recipient T 
cells, causing the elimination of the recipient immune sys-
tem. Donor T-cell engraftment is important in establishing 
long-term hematopoiesis. CD34 stem cells and their progeny 
within the graft also help in engraftment by blocking residual 
host T-cell function through a “veto” effect, as well as by 
further differentiating into natural killer (NK) cells which 
favor engraftment through their recognition and killing of 
residual recipient lymphocytes. Once engrafted, donor HSCs 
continue to maintain hematopoiesis as well as aid in immune 
reconstitution within the host.

 Reconstitution of Immunity Following 
Allogeneic HSCT

Reconstitution of immunity post HSCT involves the recon-
stitution of different immune cell subsets, including NK 
cells, the T and B cells, APCs, and the production of 
antibodies.

 Recovery of Innate Immunity

NK cells, derived from the infused CD34 progenitor cells, 
and driven by lymphocyte growth factors and cytokines, are 
the first immune cells to reach normal levels and are crucial 

components of the innate immune system. Donor-derived 
antigen-presenting cells (APC) including monocyte- 
macrophages, dendritic cells (myeloid and plasmacytoid), 
and Langerhans cells also develop from CD34 cells within 
weeks after the transplant and return to normal levels within 
6 weeks following the transplant.

 Recovery of Adaptive Immunity

The initial T-cell recovery in the first 3 months following 
HSCT is dependent on peripheral expansion of post-thymic 
donor T lymphocytes that were transfused within the graft. 
These T cells consist predominantly of central and effector 
memory cells with a smaller population of naive T cells and 
end-stage effector cells. These memory T cells are driven 
by cytokines and the presence of alloreactive antigens, as 
well as reactivating viruses, and expand and mature into an 
expanded memory pool but with decreased diversity in both 
naive and memory lymphocytes. The TCR repertoire result-
ing from these early expansions is typically skewed and 
oligoclonal. These post-thymic cells are largely responsible 
for the success or failure of the transplant through their 
impact on engraftment, GVHD, GVT, and reactivating 
viruses.

While early post-transplant T-cell reconstitution is depen-
dent upon peripheral T-cell expansion, an optimal cellular 
immunity, with a diverse T-cell receptor (TCR) repertoire, is 
only achieved following thymopoiesis, which normally starts 
about 120  days post-transplant. CD4-positive T cells rely 
more on thymic production of naive T cells after HSCT and 
hence reconstitute later than CD8 + T cells, leading to an 
inversion of the CD4/CD8 ratio prior to thymopoiesis. Naive 
T cells are formed by the CD34 precursors within the mar-
row and processed by the recipient thymus to form a new 
immune repertoire. In children and young adults where the 
thymus function is normal, a new T-cell repertoire develops 
within 1–2 years. In contrast, in older patients with limited 
thymic activity, naive T cells and total CD4+ T-cell reconsti-
tution may be impaired indefinitely leading to higher risks of 
opportunistic infections, leukemia relapse, and chronic 
GVHD.

B-cell reconstitution post HSCT recapitulates the normal 
B-cell development. However, this process is commonly 
impaired due to prolonged low levels of circulating B cells, a 
relative deficit of mature B cells due to impaired immuno-
globulin class switching, and a diminished ability to undergo 
somatic hypermutation. The reconstitution of the B-cell 
compartment representing humoral immunity may take up to 
2 years after HSCT and may result in patients being at high 
risks of infection by encapsulated organisms and may also 
result in diminished vaccine responses to infectious antigens 
even after normal B-cell numbers have been achieved.
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 1. The pattern of reconstitution of immunity explains the 
pattern of infective complications seen post- 
transplantation. Re-engraftment (D1-30): Bacterial infec-
tions are commonest during this period followed by 
fungal infections especially candidemia and invasive 
aspergillosis, due to the significant neutropenia while 
awaiting engraftment of HSCs.

 2. Post-engraftment (D30-100): Viral and fungal infections 
(especially mold infections) may develop as a result of 
the defective cellular and humoral immunity, as well as 
defective phagocytic function.

 3. Late post-engraftment (days >100): Risks for viral and 
fungal infections persist until eventual recovery of cellu-
lar and humoral immunity.

Importantly, there are a number of factors that affect 
immune reconstitution post-transplant. These include the 
age of the patient, the transplant preparative regimen, and 
whether anti-T-cell therapy such as antithymocyte globulin 
(ATG) or alemtuzumab was included, the graft source, and 
the development of GVHD. These will be discussed in the 
subsequent relevant sections below.

 Technical Aspects of HSCT

 Tissue Typing and Donor Selection

The major histocompatibility complex (MHC) is the term 
given to genes clustered on the short arm of chromosome six 
that form the human leukocyte antigen (HLA) system. The 
most important HLAs include HLA A, B, and C (found on 
the class 1 loci) and HLA DR, DQ (found on the class 2 
loci). A single set of MHC alleles described as a haplotype 
are inherited from each parent, resulting in HLA pairs. As a 
result of this inheritance, parents are half matched with their 
children, while the probability that two siblings would share 
the same haplotypes would be one in four. In allogeneic 
HSCT, donor and recipient are matched for HLA in order to 
reduce GVHD (where immunologically active cells from the 
graft attack body tissues in the transplant recipient/host) or, 
less commonly, graft rejection (where immunologically 
active cells from the recipient/host reject the donor cells). 
While histocompatibility was previously defined by sero-
logic assays (also called low-resolution HLA typing), the 
development of molecular assays has resulted in the sero-
logic groups being further subdivided into specific alleles 
(high-resolution typing). Studies have shown that HLA 
matching of donors and recipients at a high-resolution level 
(using molecular methods of typing) especially for unrelated 
transplants have been associated with reduced GVHD rates 
and improved overall survival. Currently, a “matched” donor 
is defined on the basis of HLA high-resolution matching at 

four loci, HLA A, B, C, and DRB1, (“8/8” match) or five 
loci, HLA A, B, C, DRB1, and DQB1 (“10/10” match).

Sibling donors are the preferred donor source, because of 
the least risks of GVHD and graft rejection. For patients 
without a fully HLA-matched sibling donor, alternatives 
include an unrelated HLA fully matched donor or partially 
matched cord blood units or a partially HLA-matched family 
member [19–21].

 MUD Donors
Depending on the ethnic background of the patient, the pos-
sibility of identifying a HLA-matched unrelated (MUD) 
donor is between 50% and 80%. As a result of better HLA 
matching with improved molecular typing techniques, the 
current results of matched unrelated donor transplants for 
malignancy are not significantly different compared with 
HSCT from matched sibling donor transplants [22, 23]. This 
has led to the use of MUD HSCTs for patients at an earlier 
stage in their disease, and these transplants now account for 
almost 15% of all allogeneic transplants performed world-
wide. Problems with using MUD donors however include 
the longer time (up to 2–3 months or longer) needed to iden-
tify and procure cells from an unrelated donor, which may 
not be fast enough for patients with rapidly progressive 
malignancies.

 Umbilical Cord Blood Donors
Umbilical cord blood transplantation was first performed 
successfully by Gluckman et al. in a patient with Fanconi’s 
anemia in 1988 [24]. Since then, the field has expanded rap-
idly, with over 25,000 cord blood transplants performed 
worldwide and over 500,000 cord bloods being collected for 
public use. The umbilical cord contains fetal blood collected 
following the delivery of the placenta and separation from 
the fetus and is rich in hematopoietic and progenitor cells 
[25]. Normally up to 50–100 cc of cord blood can be col-
lected from each delivery. The small volumes of cord blood 
available usually results in much lower stem cell dose as 
compared to that collected from peripheral blood or bone 
marrow, for the adult patient. The advantages of umbilical 
cord blood transplant over an unrelated donor include the 
rapidity at which the product can be obtained (usually less 
than 4 weeks). In addition, because of the high percentage of 
naive T cells present within the cord blood, HLA mismatches 
in up to two of six HLAs are acceptable in cord blood trans-
plant, allowing for a higher likelihood of finding a donor for 
a patient with rarer HLA genotypes. The rates of aGVHD 
with UCBTs also appear lower compared with normal 
 unrelated BM transplants, and this is again attributed to the 
high naive T-cell population present within the cord blood 
graft [26]. The low stem cell dose and possibly the smaller 
number of lineage committed late progenitor cells within 
cord blood grafts however, especially for adult patients, lead 
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to higher risks of graft rejection, slower engraftment and 
immune reconstitution, and higher infective complications 
and treatment-related mortality (TRM) compared with unre-
lated HSCTs. In addition, no remaining product is left after 
infusion in the event of disease relapse or graft rejection. 
While there has been no randomized controlled trials com-
paring the outcomes of UCBT to other graft sources, there 
have been a number of retrospective studies in the literature 
which has explored this issue. In one of the largest studies, a 
review of registry data from the CIBMTR, comparing the 
outcomes of 165 myeloablative single UCBT with 888 MUD 
peripheral blood stem cell (PBSC) recipients and 472 MUD 
bone marrow (BM) recipients, it was found that UCBT was 
associated with higher TRM, but overall DFS and OS were 
similar among all three groups [27]. In an attempt to over-
come the poor outcomes associated with the low cell doses in 
the cord blood grafts, there has been a shift toward using 
double rather than single cord blood units [28], as well as 
studies looking at ex vivo expansion of one of the cord blood 
units [29, 30] or the use of CD34 cells from haploidentical 
donors for temporary support while awaiting cord blood 
engraftment [31]. Brunstein et al. reported data from Seattle 
and Minnesota, comparing double UCBT with related, 
matched, or 1-antigen-mismatched MUD and found TRM 
was higher [dUCB (34%, 95% CI, 25%–42%), MRD (24%, 
95% CI, 17%–39%), and MUD (14%, 95% CI, 9%–20%), 
but relapse rates were lower in the UCBT group (15%, 95% 
CI, 9%–22%) compared with MRD (43%, 95% CI, 35%–
52%) or MUD (37%, 95% CI, 29%–46%), leading to com-
parable overall survival among the different groups [32].

 Haploidentical Donors
Haploidentical transplantation is another alternative for 
patients with no unrelated donors. It involves alloHSCT 
using a partially HLA-matched family member among first- 
degree relatives, who share at least one haplotype with the 
potential recipient. The advantage of haploidentical trans-
plantation includes donor availability, since virtually all 
patients should have a haploidentical donor. The initial expe-
riences with haploidentical HSCT using unmanipulated bone 
marrow grafts with standard immunosuppressive therapy 
post-transplant were associated with dismal outcomes with 
high rates of graft rejection, GVHD and TRM, especially in 
the setting of two or more HLA mismatches [33–35]. This 
led to work by several groups to overcome the immunologi-
cal barrier through novel graft manipulation techniques, 
improved GVHD prophylaxis, and the development of new 
conditioning regimens. Most strategies have involved T-cell 
depletion pre-transplant, using either in  vivo techniques 
(using monoclonal antibodies or antithymocyte globulin) or 
ex vivo techniques using T-cell depletion with agglutination 
and E-rosetting methods and CD34+-selected cells, a tech-
nique pioneered by the Perugia group in Italy [19, 36, 37]. 

While these techniques have been associated with marked 
reduction in graft failure and GVHD rates, delayed immune 
reconstitution and high TRM due to infections remain a sig-
nificant deterrence. In addition long-term disease control 
with haploidentical HSCT is limited in patients with active 
disease at time of transplant. Another novel approach in the 
field of haploidentical transplant has been the use of post- 
transplantation cyclophosphamide to overcome the HLA 
barrier [38–40]. It has been shown in animal models that 
both graft rejection and GVHD after histoincompatible BMT 
can be mitigated by the post-transplant administration of 
high-dose cyclophosphamide, which is known to be highly 
toxic to proliferating alloreactive lymphocytes, though high 
relapse rates remain an issue.

Given the differences between the various stem cell 
sources, generally sibling donors are preferred, followed by 
MUD donors. For patients with no MUD donors, the selec-
tion of cord blood versus haploidentical family member 
donor remains largely dependent on institutional expertise, 
in the absence of comparative studies.

 HSC Acquisition

Following identification of a donor, procurement of hemato-
poietic progenitor cells is necessary before proceeding with 
a HSCT. Collection of sufficient numbers of hematopoietic 
stem cells is required for reconstitution of hematopoiesis and 
immunity post-transplantation. These stem cells primarily 
reside in the bone marrow, and in the past, all hematopoietic 
transplantation utilized unfractionated bone marrow cells 
harvested via repeated aspirations from the posterior iliac 
crest. However, HSCs also circulate in low frequency in the 
peripheral blood, and since the 1980s, hematopoietic growth 
factors, primarily granulocyte colony-stimulating factor 
(GCSF), have been used to mobilize higher numbers of HSC 
into the peripheral blood pool, and HSCs are then collected 
via an aphaeresis procedure from the donor [41, 42]. 
Importantly, there are many significant differences in the 
composition of peripheral blood HSC as compared with 
marrow grafts. GCSF-stimulated peripheral blood grafts 
have an approximately two to five times higher HSC concen-
tration than in bone marrow, as well as one log more T cells 
than marrow grafts [43]. In contrast, bone marrow grafts 
contain mesenchymal stromal cells, as well as reticular 
endothelial cells, macrophages, fibroblasts, endothelial pro-
genitor cells, adipocytes, and osteogenic progenitor cells, 
which provide various cell-to-cell interactions essential for 
hematopoiesis and progenitor cell differentiation. Some con-
sistent differences in outcomes identified from comparative 
studies include faster engraftment of all cell lineages, faster 
immune recovery (see section on Immune reconstitution 
post-transplant), and a trend toward more overall and exten-
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sive chronic GVHD rates in PB transplants [44–51]. In addi-
tion, an individual patient meta-analysis using data from the 
nine randomized trials also found an improved overall sur-
vival and disease-free survival in patients with late-stage 
hematologic malignancies disease who received a PBHC 
transplant compared to a bone marrow transplant [52]. The 
results of these studies, as well as the ease of PBHC collec-
tion as compared to BM harvests, have led to increased use 
of PBHC grafts, and currently, about 70% of all allogeneic 
transplants in Europe and worldwide are performed with 
PBHC instead of BM grafts. What is important to realize 
however is that these prospective randomized studies com-
paring PBHC vs. BM transplants have been done in matched 
sibling transplants and mainly included patients with leuke-
mias and other hematologic malignancies. For other patients 
with benign disorders such as aplastic anemia, where a graft- 
versus- tumor effect is not needed, retrospective registry data 
has suggested that BM grafts are the preferred option over 
PBHC grafts because of their lower risks for chronic GVHD 
[53]. In the matched unrelated setting, a large Phase III, ran-
domized, multicenter, trial looking at the issue of PBHC ver-
sus BM graft has been recently reported in abstract form 
[54]. In this large study involving 278 subjects from 50 cen-
ters in the United States and Canada, PBHC grafts appear to 
be associated with higher rates of chronic GVHD and BM 
associated with increased rate of graft failure, with similar 
rates of acute GVHD, relapse, non-relapse mortality and 
overall survival.

Currently, selection of the optimal source of stem cells 
depends on the underlying disease subtype, as well as the 
donor and transplant type. In patients undergoing autologous 
transplantation, PBHCs are now almost universally used in 
preference to BM grafts since chronic GVHD is not an issue 
of concern. For allogeneic matched-related donor trans-
plants, the use of PBHCs will be preferable in patients being 
allografted for advanced leukemias, whereas for transplants 
done for benign disorders such as aplastic anemia, BM grafts 
are preferable. In the unrelated donor setting, the optimal 
graft choice remains unclear, though given the recent intrigu-
ing data from the BMT-CTN studies; the choice for BM ver-
sus PB HSC depends on individuals’ concerns for chronic 
GVHD versus graft failure.

 Preparative Regimens

 Myeloablative Versus Reduced-Intensity 
Conditioning

Following the selection of the appropriate donor and stem 
cell source, patients are then put on conditioning regimens 
prior to the infusion of the hematopoietic stem cells. For 
autologous transplant, where the hematopoietic cells come 

from the patient themselves, the only role of the conditioning 
regimen is tumor eradication. In contrast, in myeloablative 
allogeneic transplant, the conditioning regimens have three 
main roles:

 1. First, reduction of the disease burden to a minimal level
 2. Second, creation of “space” within the marrow microen-

vironment to allow engraftment of HSC
 3. Third, to provide sufficient host immunosuppression to 

prevent graft rejection and allow donor cells engraftment

Until recently, all patients received myeloablative condi-
tioning regimens, defined as a regimen which contained a 
combination of agents expected to produce profound and 
irreversible pancytopenia and myeloablation within 
1–3 weeks from administration and which needed hemato-
poietic stem cell infusion to restore hematopoiesis. When 
given with stem cell rescue, the ability to escalate doses of 
agents used in myeloablative regimens is limited by their 
toxicity to organs and tissues other than the bone marrow.

The discovery of the curative potential of the immune- 
mediated GVT effect has led to increasing use of reduced- 
intensity conditioning (RIC) regimens [55, 56]. These 
reduced-intensity conditioning regimens have been designed 
not to eradicate malignancy but rather to provide sufficient 
immunosuppression and immunoablation to achieve engraft-
ment and allow induction of a GVT effect. They are associ-
ated with lower toxicities and hence can be safely performed 
in many patients in whom HSCT would have been previ-
ously contraindicated. Although all these low-dose nonabla-
tive preparative conditioning regimens devised are broadly 
classified as “reduced-intensity” transplants, there are sig-
nificant differences in the relative degree of immunosuppres-
sion and myelosuppression involved, and they can be further 
divided into the truly nonmyeloablative regimens (NMA) 
and RIC regimens [57]. Nonmyeloablative regimens are 
defined as regimens associated with minimal cytopenia that 
do not require stem cell support. In nonmyeloablative regi-
mens, the conditioning regimen is mainly for immunosup-
pression to allow stem cell engraftment and depends mainly 
on the GVT effect for disease control. The lack of neutrope-
nia with such regimens reduces risks of bacterial sepsis, and 
hence such treatments are very tolerable and may even be 
performed in the outpatient setting. In contrast, RIC regi-
mens are a category of regimens which are intermediate in 
intensity between myeloablative and NMA regimens. These 
regimens have an element of antitumor effect in addition to 
their immunosuppressive effect. They are associated with 
observable aplasia and have greater toxicities compared to 
NMA regimens but have the advantage of greater debulking 
of residual disease. With RIC regimens, cytopenias may be 
prolonged, and stem cell support required, and although 
unlike myeloablative regimens, autologous recovery would 
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eventually occur, the pancytopenia would be of such dura-
tion to cause significant morbidity and mortality.

 GVHD and Its Prophylaxis

GVHD is a major cause of morbidity and mortality in alloge-
neic HSCT patients. Acute GVHD typically occurs within the 
first 100 days post-transplant and is due to the reactivity of the 
mature donor T lymphocytes present in the graft directed against 
disparate major or minor histocompatibility of the host. In con-
trast, chronic GVHD is a syndrome of disordered immune dys-
regulation with features similar to that of a number of 
autoimmune disorders and generally develop between 100 days 
and 2 years post-transplant. These cutoffs however are not abso-
lute, and patients can present with symptoms typical of chronic 
GVHD in the early weeks after transplant and with symptoms 
typical of acute GVHD at times beyond day 100.

The pathophysiology of acute GVHD involves three phases 
[58]. The first phase involves conditioning regimen- related tis-
sue injury, which results in cytokine release, upregulation of 
HLA molecules as well as activation of macrophages, and 
generation of a pro-inflammatory state. In the second phase, 
alloreactive T cells recognize allogeneic antigens presented on 
host dendritic cells and become activated and expand. In the 
third phase, there is generation of effector cells and cytokines 
that are responsible for tissue injury. The skin, GI tract, and 
liver are the primary target tissues of acute GVHD. In contrast, 
chronic GVHD is a syndrome of immune dysregulation with 
generation of autoreactive T cells directed against shared 
MHC determinants and production of autoantibodies. Chronic 
GVHD is related to thymic dysfunction and failure of the thy-
mus to delete autoreactive cells and induce tolerance, and may 
be associated with significant immunosuppression, and a 
higher risk for opportunistic infections.

Pharmacological immunosuppression is generally adminis-
tered for the first 6 months post-transplant to reduce the inci-
dence and severity of GVHD, and the current standard of care 
combines either cyclosporine or tacrolimus with a short course 
of methotrexate [59, 60]. Cyclosporine and tacrolimus prevent 
activation of T cells, whereas methotrexate targets proliferating 
T cells that were activated in the early post-transplant phase by 
host antigens. Addition of corticosteroids is the first line of 
therapy in patients who develop acute GVHD [61], and approx-
imately half of patients have a sustained response with steroid 
dose being able to be tapered off. Steroid-resistant GVHD has 
an unfavorable prognosis. With current immunosuppressive 
prophylaxis, the incidence of acute GVHD is about 25–50% of 
patients after transplants from an HLA identical sibling, and up 
to 60–90% has been reported following transplants from mis-
matched and unrelated donors, while chronic GVHD affects 
25–60% of recipients of allogeneic transplantation who survive 
more than 6 months after transplant.

 Treatment-Related Complications

Hematopoietic transplantation has been associated with a 
number of serious complications including immune- mediated 
processes such as graft failure and graft-versus- host disease, 
toxicities from the pre-transplant conditioning regimen, as 
well as infections related to neutropenia and post-transplant 
immune deficiency. Supportive care post- transplantation 
including hydration, close monitoring, appropriate use of 
growth factors to hasten WBC recovery, appropriate use of 
antimicrobial prophylaxis, and good nutritional support are 
important in preventing these complications. Table 7.1 sum-
marizes the complications associated with HSCT.

 Indications for HSCT

 Malignant Disorders

Both autologous and allogeneic HSCT are now well estab-
lished as important treatments for hematological malignan-
cies. Selection of the type of transplantation (autologous or 
allogeneic) depends on the type of malignancy, age, avail-
ability of a suitable donor, the ability to collect a tumor free 
graft, the stage of disease, as well as disease susceptibility to 
the GVT effect.

Autologous transplants do not require HLA-matched 
donors, as the stem cells come from the patients them-
selves, hence making this process readily available. 

Table 7.1 Complications after hematopoietic transplantation

Immune complications
  Graft rejection
  Acute graft-vs-host disease
  Chronic graft-vs-host disease
Regimen-related toxicity of the preparative regimen
  Mucositis
  Hemorrhagic cystitis
  Veno-occlusive disease of the liver
  Diffuse alveolar hemorrhage and interstitial pneumonitis
Hematologic complications
 Cytopenias
 Hemolytic anemia
 Thrombotic thrombocytopenic purpura and hemolytic disorders
Infections and immunodeficiency
 EBV-associated lymphoproliferative disease
Late complications:
  Growth disturbances
  Endocrine-related issues: e.g., hypothyroidism, hypogonadism, 

and sterility
  Cataracts
  Avascular necrosis
  Secondary malignancies
  Cognitive deficits (with TBI-based regimens)
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Autologous transplants are also associated with lower TRM 
than allogeneic transplants, because of various factors, 
including faster immune reconstitution and lower opportu-
nistic infections, lower risk of life-threatening complica-
tions, and no GVHD issues and only rare graft failure 
issues. The process is hence well tolerated and can be 
offered to older patients.

However, autologous transplants have several drawbacks 
including potential contamination of the autograft by clono-
genic tumor cells that can contribute to relapse, as well as the 
lack of an immune-mediated graft-versus-malignancy effect, 
hence leading to higher relapse rates as compared to alloge-
neic transplants. In addition, the use of high-dose chemo-
therapy, especially in patients with extensive prior therapy, 
may be associated with risks of developing therapy-related 
myelodysplastic syndrome and secondary leukemias.

 Benign Disorders

In addition to their benefits in patients with hematological 
malignancies, allogeneic transplantation is also indicated in 
nonmalignant disorders including immunodeficiency dis-
ease, metabolic diseases, hemoglobinopathies, and aplastic 
anemia as well as other marrow failure syndromes.

Table 7.2 provides recommendations on the appropriate 
timing for transplantation consultation, based on the 2012 
guidelines were developed jointly by the National Marrow 
Donor Program® (NMDP) and the American Society for 
Blood and Marrow Transplantation (ASBMT) [1].

 Future Directions

Over the last two decades, the increased understanding of the 
various aspects of HSCT has led to significant improved 
safety of this procedure and increased applicability of this 
treatment to a larger patient population and provided a means 

Table 7.2 Indications for stem cell transplantation

Hematologic malignancies
(i)   Acute myeloid leukemia (AML)
   High-risk AML including antecedent hematological disease (e.g., 

myelodysplasia (MDS)), therapy-related AML, or induction 
failure

   CR1 with intermediate- or poor-risk cytogenetics or molecular 
markers

   Relapsed AML
(ii) Acute lymphoblastic leukemia (ALL)
   CR1 standard risk or
   CR1 high risk including persistent minimal residual disease, 

poor-risk cytogenetics (e.g., Philadelphia chromosome (t(9;22)) 
or 11q23 rearrangements), high WBC (>30,000–50,000) at 
diagnosis, no CR within 4 weeks of initial treatment, and 
induction failure, persistent minimal residual disease

  ALL after relapse
(iii) Myelodysplastic syndromes (MDS)
   Intermediate-1 or -2(INT-1 or INT-2) or high IPSS score
   Any MDS with poor prognostic features, including older age, 

refractory cytopenias, adverse cytogenetics, transfusion dependent
(iv) Chronic myeloid leukemia
   No hematologic response post-tyrosine kinase inhibitor (TKI) 

initiation

Table 7.2 (continued)

   No complete cytogenetic response post-TKI initiation
   Disease progression
   Intolerance to TKI
   Accelerated phase or blast crisis (myeloid or lymphoid)
(v)   Chronic lymphocytic leukemia (CLL)
    High-risk cytogenetics or molecular features (e.g., 11q or 17p 

deletions, unmutated Ig VH mutational status)
    Short initial remission
    Poor initial response
    Fludarabine-resistant
(vi)  Non-Hodgkin lymphoma
    Follicular
    Poor response to initial treatment
    Initial remission duration <12 months
    Second relapse
    Transformation to diffuse large B-cell lymphoma
  Diffuse large B-cell or high-grade lymphoma
   At first or subsequent relapse
   CR1 for patients with high or high-intermediate IPI risk
   No CR with initial treatment
(vii) Hodgkin lymphoma
    No initial CR
    First or subsequent relapse
(viii) Multiple myeloma
     After initiation of therapy
     At first progression
Other malignant diseases
(i)  Germ cell tumors if
    Short initial remission
    Poor initial response
(ii) Neuroblastoma if
    Short initial remission
    Poor initial response or at progression
Nonmalignant disorders
(i)    Immune deficiency disease (including severe combined 

immunodeficiency syndromes, Wiskott-Aldrich syndrome, 
Omenn syndrome, X-linked lymphoproliferative syndrome, 
Kostmann syndrome): at the time of diagnosis

(ii)   Inherited metabolic disorders (including Hurler’s syndrome, 
adrenoleukodystrophy, and others): at diagnosis

(iii) Hemoglobinopathies
    Thalassemia major: at the time of diagnosis
    Sickle cell disease with aggressive course (CNS or lung 

complications, frequent pain crises)
(iv) Hemophagocytic lymphohistiocytosis (HLH): at diagnosis
(v)   Severe aplastic anemia and other marrow failure syndromes 

(including Fanconi anemia, Diamond-Blackfan anemia, and 
others): at diagnosis

Adapted from the 2012 guidelines developed by the National Donor 
Marrow Program and the American Society for Blood And Marrow 
Transplantation [1]
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of delivering potentially curative treatment in many situa-
tions where it was not previously possible. Areas under cur-
rent development include the improvement preparative 
regimens through the use of molecularly targeted anticancer 
therapies, the broadened use of alternative donors, and con-
tinuous improvement in supportive care for patients. In addi-
tion, promising work has been done with the use of adoptive 
cellular therapy such as the use of T cells with chimeric 
receptor antigens, tumor vaccines, as well as the use of 
expanded NK cells to augment the GVT effects. Major chal-
lenges ahead remain the development of strategies to enhance 
the immune antitumor effect with both autologous and allo-
geneic transplants, as well as strategies to separate the GVT 
effect from the GVHD effect so as to improve upon 
TRM. Carefully planned prospective clinical trials and col-
laborative efforts from the various research groups will be 
necessary to attain these goals.
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Infections in Pediatric Transplant 
Recipients

Aspasia Katragkou, Lucy O’Connor, Emmanuel Roilides, 
and Thomas J. Walsh

 Introduction

Infections are major causes of morbidity and mortality in 
pediatric patients undergoing hematopoietic stem cell and 
solid organ transplantation (HSCT, SOT, respectively). 
They also represent the most significant barrier to short- 
and long- term survival of the implant allograft. Advances 
in pediatric infectious diseases supportive care have 
resulted in the ability of patients to undergo intensive 
immunosuppression and aggressive invasive procedures. 
The achievements during the past 30 years have resulted in 
remarkably improved outcome for pediatric transplant 
recipients. These advances of pediatric infectious disease 
supportive care have contributed substantially to the 
improved survival, outcome, and reduction of suffering and 
pain due to infectious complications.

This chapter reviews the epidemiology, clinical manifes-
tations, and strategies for managing infectious diseases in 
pediatric transplant recipients. Because the immune defects 
and the possible etiologic agents for infection vary with the 
time elapsed since transplantation, the chapter is organized 

in such a manner. Timetables of infection after hematopoi-
etic stem and solid organ transplantation are useful as they 
help differential diagnosis, infection control, and, eventually, 
treatment (Figs. 8.1 and 8.2).

 Pediatric Versus Adult Patients

Pediatric transplant patients are different from their adult 
counterparts in several ways. These include the spectrum of 
underlying diseases requiring transplantation, the intensity 
of chemotherapeutic regimens, and the incidence and sever-
ity of comorbid medical conditions preceding the transplan-
tation. Additionally, the percentage of patients with 
indwelling central venous catheters, the community expo-
sures to infectious pathogens, and maturation of the immune 
system may be different in different ages. Therapeutic and 
diagnostic issues are also different between adults and chil-
dren. Many antimicrobial agents lack pediatric approval or 
rigorous pediatric dose identifying, while important surro-
gate markers for infection have not been validated in chil-
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dren. Notably, a risk stratification system widely evaluated 
or clinically adopted in pediatrics is missing. Lastly, a num-
ber of psychosocial issues including family dynamics are 
remarkably different between adults and children [3, 4].

These differences between adult and pediatric patients 
affect the frequency and nature of episodes of fever and neu-
tropenia. A review of results from four EORTC studies high-
lighted some of these differences [5]. They reported that the 
sites of infection and spectrum of infecting organisms are 
different in children and adults. Children more often do not 
have a clinically apparent site of infection and consequently 
have a higher rate of fever without a source. When a defined 
site is present, children were more likely than their adult 
counterparts to have upper respiratory tract findings. The 
overall incidence of bacteremia is similar; however, the rate 
of death during fever and neutropenia was 1% in children 
compared to 4% in adults [5].

 Infections in Pediatric Hematopoietic Stem 
Cell Transplantation

Hematopoietic stem cell transplantation involves the intrave-
nous infusion of syngeneic, autologous, or allogeneic stem cells 
obtained from bone marrow, umbilical cord blood, and periph-
eral blood. HSCT has become standard of therapy for patients 
with malignant and nonmalignant hematologic diseases, neuro-
blastoma, and a variety of genetic conditions. Infections occur-
ring after HSCT are dependent on the underlying primary 
disease and the suppression of host defenses that occur after 
transplantation. The severity and type of infections that develop 
during HSCT depend on a number of factors including the type 
of transplant, intensity of the preparative regimen, the presence 
of donor T cells, histocompatibility mismatch, preventive ther-
apy against graft-versus-host disease (GVHD), serologic status 
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Fig. 8.1 Timing of infections after hematopoietic stem cell transplantation [1]. (Adapted from Tomblyn et al. [1])
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of the donor and recipient, previous antibiotic exposure, and the 
presence of indwelling medical devices.

 Infections During the Pre-engraftment Phase 
(Phase I)

The pre-engraftment phase begins with the time of the 
conditioning regimen, usually 5–10 days before stem cell 
infusion, and continues until engraftment, about 30 days 
after transplantation. The major host defense defects in 
this period are aplasia with severe neutropenia and disrup-
tions of the mucocutaneous integrity caused primarily by 
the myeloablative effects of the conditioning regimens and 
the use of vascular catheters. Pre-engraftment period is 
similar to that of patients with hematologic malignancies 
with neutropenia after chemotherapy. The most common 
causes of infection in this period are bacteria, fungi, and 
viruses [6, 7].

 Bacterial Infections
Primary bacteremia accounts for approximately one-third 
of all infections in the pre-engraftment period. The spec-
trum of etiologic agents is similar to that in other 
chemotherapy- induced neutropenic patients. Epidemiologic 
data show a predominance of infections caused by Gram-
positive cocci, especially coagulase-negative staphylo-
cocci, while, more recently, other organisms like viridans 
streptococci, Enterococcus spp., and Streptococcus pneu-
moniae have become important causes of bacteremia. The 
rise in staphylococcal and streptococcal infections was 
related to the use of indwelling intravascular catheters and 
antibiotic prophylaxis with fluoroquinolones. Gram-
negative organisms, such as Escherichia coli, Klebsiella 
spp., and Enterobacter spp., are isolated in 30–40% of 
bloodstream infections following transplantation proce-
dure. Methicillin-resistant S. aureus (MRSA), vancomycin-
resistant Enterococcus (VRE), and extended-spectrum 
beta-lactamase (ESBL)-producing Enterobacteriaceae 
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reflect some of the ongoing challenges being particularly 
worrisome as they display high rates of resistance to many 
frontline antibiotics [6].

The frequency of catheter-associated bacteremia may 
vary depending on the institution. The spectrum of etiologic 
agents includes most frequently staphylococcal and strepto-
coccal spp., while other organisms like Corynebacterium 
spp. and Stomatococcus spp. have been implicated.

Pulmonary infections may occur during prolonged neu-
tropenia or later in the course of HSCT with reduced inten-
sity preparatory regimens. During this phase of 
transplantation, most commonly a number of noninfectious 
pulmonary complications may also occur (Table 8.1). A less 
common but potentially lethal infection reported in this 
period is neutropenic enterocolitis or typhlitis. This is a ful-
minant necrotizing process of the gastrointestinal tract 
defined by neutropenia, abdominal pain, and fever. Clinical 
and imaging findings are non-specific. The etiologic agents 
responsible for typhlitis include anaerobes and Gram- 
negative bacilli, especially P. aeruginosa. Clostridium diffi-

cile is recognized increasingly as an important cause of 
typhlitis. Most patients respond to conservative manage-
ment without surgical resection of the involved segment of 
colon [6].

 Fungal Infections
Candida infections typically occur during the second or fol-
lowing weeks of neutropenia, and Aspergillus infections 
typically occur later during the third and subsequent weeks 
of neutropenia. A number of clinical and imaging findings 
may differentiate these common fungal infections [9]. 
Prolonged severe neutropenia, heavy colonization with 
Candida spp., severe acute and extensive chronic GVHD, 
and high-dose systemic corticosteroid therapy are factors 
associated with invasive fungal infections in pediatric HSCT 
patients [10–12].

The last few decades have witnessed an epidemiologic 
shift in invasive fungal infections toward a higher preva-
lence of non-albicans Candida spp. and non-fumigatus 
Aspergillus species. Infections due to Candida tropicalis, 
Candida krusei or Aspergillus terreus, and other molds such 
as Zygomycetes, Fusarium, and Scedosporium are on the 
rise. Most of the filamentous fungi use the respiratory tract 
as their portal of entry and cause sinopulmonary disease. 
They have the capacity for hematogenous dissemination to 
other remote body sites, and due to neurotropism, fungal 
brain involvement is a dreaded complication for such infec-
tions [13–15].

 Viral Infections
The most common viral infection is usually due to herpes 
simplex virus (HSV). It usually occurs within the first 
4 weeks after transplantation coinciding with the maximum 
suppression of the lymphocyte response. Reactivation of 
latent virus is the primary mechanism of infection, while 
donor immunity does not prevent reactivation of disease. 
HSV-seropositive patients before transplantation have 
70–80% risk of developing clinical disease regardless of 
the autologous or allogeneic source of stem cells. Among 
the common disease manifestations are stomatitis, esopha-
gitis, pneumonitis, and bacterial or fungal superinfection of 
the skin lesions. HSV-1 accounts for 85% of all HSV-
related infections, while HSV-2 is relatively unusual. 
HSV-2 infection presents with genital ulcers or extragenital 
vesicles [6, 16].

Enteric viruses such as rotavirus, coxsackie, adenovirus, 
and respiratory viruses like RSV, influenza, and parainflu-
enza are usually seasonal or may also occur in epidemics 
[17]. Among the viruses causing significant morbidity and 
mortality in this population are adenoviruses, which may 
lead to disseminated disease with multiple manifestations 
including hemorrhagic cystitis, pneumonia, nephritis, hepa-
titis, colitis, and pancreatitis [18–20].

Table 8.1 Differential diagnosis of pneumonia in pediatric transplant 
recipients [8]

Localized infiltrates Diffuse infiltrates
Non-neutropenic patients
Bacteria: Streptococcus 
pneumoniae, Moraxella spp., 
Legionella spp., mycobacteria, 
Nocardia spp.

Fungi: Pneumocystis jirovecii, 
Cryptococcus neoformans, 
Histoplasma capsulatum

Fungi: Cryptococcus 
neoformans, Histoplasma 
capsulatum, Coccidioides 
immitis, Aspergillus spp. (the 
latter especially in HSCT 
recipients post-engraftment)

Bacteria: mycobacteria, 
Mycoplasma pneumoniae, 
Chlamydophila pneumoniae, less 
commonly Legionella spp. and 
Nocardia spp.

Viruses: RSV, adenovirus, 
influenza, CMV

Viruses: RSV, adenovirus, HSV, 
VZV, CMV, influenza
Protozoa: Toxoplasma gondii
Drugs: bleomycin, busulfan, 
cyclophosphamide, methotrexate, 
cytosine arabinoside
Radiation

Neutropenic patients
Bacteria: any Gram-positive 
or Gram-negative; 
mycobacteria, Legionella spp., 
Nocardia spp.

Bacteria: any Gram-positive or 
Gram-negative; mycobacteria, 
Mycoplasma pneumoniae, 
Chlamydophila pneumonia, less 
commonly Legionella spp. and 
Nocardia spp.

Fungi: Aspergillus spp., 
Zygomycetes, Fusarium spp., 
Scedosporium spp., other 
filamentous fungi (see text)

Fungi: Pneumocystis jirovecii, 
Cryptococcus neoformans, 
Histoplasma capsulatum

Viruses: RSV, adenovirus, 
influenza

Viruses: RSV, adenovirus, HSV, 
VZV, CMV, influenza
Protozoa: T. gondii
Radiation

Adapted from Pizzo and Poplack [8]
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 Infections During Early Post-Engraftment 
Phase (Phase II)

The post-engraftment phase begins with resolution of the 
neutropenia heralding engraftment, about 30  days after 
transplantation, and continues approximately 100 days after 
transplantation. During this period the risk of infection is 
decreased as major immune defects have resolved. However, 
there are still abnormalities as recovery of the immune func-
tion is asynchronous with different components normalizing 
at varying times and rates. Infections in this period occur 
predominantly due to defects in cell-mediated immunity. 
Other factors that influence the immune response are the 
presence of acute GVHD and deficits in cellular, humoral, 
and reticuloendothelial functions [7, 21].

 Bacterial Infections
Typically, the bacterial infections in this phase are less com-
mon. Gram-positive cocci and less often Gram-negative bac-
teria are the usual bacterial pathogens associated with the 
presence of indwelling vascular catheters and complications 
and consequences from GVHD and anti-GVHD therapy, 
respectively.

 Fungal Infections
Candida spp. and Aspergillus spp. are the predominant fungal 
pathogens during this phase with Candida preceding invasive 
aspergillosis chronologically. Hepatosplenic candidiasis or 
chronic disseminated candidiasis usually appears during this 
phase. It is manifested as fever with abdominal symptoms and 
rising alkaline phosphatase in a patient who has recently recov-
ered from, often prolonged period of, severe neutropenia. 
Imaging reveals multiple lesions called “bull’s eye” in the liver 
and spleen, blood cultures are usually negative, and definitive 
diagnosis requires liver biopsy. Brain abscesses are a common 
manifestation of fungal infections during the period.

Pneumonia due to Pneumocystis jirovecii commonly 
presents with hypoxemia and dyspnea on minor exertion, 
cough, fever, and bilateral interstitial lung infiltrates. After 
the introduction of trimethoprim-sulfamethoxazole prophy-
laxis, the incidence of pneumocystis pneumonia has been 
decreased to less than 5%.

 Protozoan Infections
Toxoplasmosis following HSCT is an infrequent infection 
usually occurring 2–6 months after transplantation as reacti-
vation of latent disease. Cerebral toxoplasmosis is the usual 
manifestation associated with high mortality [22–25].

 Viral Infections
Prior to routine prophylaxis, CMV pneumonitis was a com-
mon cause of viral pneumonia in this phase after HSCT [26]. 
The most frequent causes of CMV infection and subsequent 

disease are reactivation of latent virus in seropositive patients 
and acquisition of CMV from donor marrow in seronegative 
patients [27]. Among CMV-seronegative recipients of HSCT 
from seropositive donors, there is a high risk of death due to 
bacterial infections and invasive mycoses likely due to the 
indirect immunosuppressive effects of CMV infection on 
host innate and adaptive immune function [28]. CMV pneu-
monitis most often occurs between 30 and 100 days after allo-
geneic bone marrow transplantation, coinciding with the 
period of highest risk for the development of acute GVHD 
[29]. CMV pneumonitis is characterized radiographically by 
diffuse bilateral linear or nodular infiltrates. However, CMV 
pneumonitis occasionally may present as a lobar or segmental 
consolidation or as a solitary nodule. The diagnosis of CMV 
pneumonia can be made by isolation of CMV from BAL 
fluid, demonstration of either CMV antigen or nucleic acid in 
pulmonary alveolar macrophages, or characteristic histopa-
thology. Until recently, CMV pneumonitis was associated 
with an extremely high mortality of greater than 85% despite 
the use of a variety of antiviral and immunotherapeutic agents. 
Combined therapy with ganciclovir and intravenous immune 
globulin either pooled or enriched anti-CMV immunoglobu-
lins has improved survival to more than 50% in allogeneic 
HSCT recipients with CMV pneumonitis [30, 31]. Despite 
the limited enrollment and uncontrolled nature of these trials, 
the dramatic results have led to an acceptance of ganciclovir 
and immune globulin combination therapy as a standard of 
care for transplant recipients with CMV pneumonitis.

Although CMV infections predominate in the early post- 
engraftment period, other viral infections may occur. Among 
these adenovirus is increasingly recognized as a significant 
pathogen [32]. The timing of adenovirus infection following 
HSCT is highly variable, and the median time to onset is 
54 days after HSCT [18]. The most severe manifestations of 
adenovirus disease are due to respiratory and hepatic involve-
ment [33]; however adenovirus may cause disease in other 
sites such as the urinary and gastrointestinal tract or occasion-
ally in the central nervous system [32]. Reported mortality is 
as high as 60% in patients with disseminated disease since 
there are few proven therapeutic options [18, 33, 34]. None of 
the approved antiviral agents has proven efficacy for the treat-
ment of severe adenovirus infection [32]. Cidofovir is the most 
widely used antiviral therapy against adenovirus; however, no 
controlled clinical trials have been performed. When used pre-
emptively, cidofovir can reduce adenovirus viral load. 
Adenovirus-specific T-cell therapy is in development [35].

 Infections During Late Post-Engraftment 
Phase (Phase III)

The late phase of HSCT occurs around 100 days after trans-
plantation and is characterized by a declining risk of infec-
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tion. The defects in immune function usually resolve by 
1 year after transplantation; however, they are persistent in 
the presence of chronic GVHD or inadequate stem cell 
engraftment. Further, up to 90% of patients with extensive 
GVHD may demonstrate functional asplenia. At the begin-
ning of this stage, the immune defects concern the cellular 
and humoral arms, which have not fully recovered [21].

 Bacterial and Fungal Infections
At this stage encapsulated bacteria such as Haemophilus 
influenzae, Neisseria meningitidis, and Streptococcus pneu-
moniae are the predominant causes of bacterial infections. 
Usually the infections are localized to the skin, upper respi-
ratory tract, and lungs. Invasive fungal infections are rare in 
this phase, and oropharyngeal candidiasis most frequently 
occurs [6].

 Viral Infections
The usual viral infections in this period are due to VZV, 
which occur up to 60% of pediatric HSCT recipients. Most 
infections represent reactivation of VZV.  Predisposing 
factors to VZV infection are acute and chronic GVHD, 
allogeneic transplant, and lymphoma as underlying dis-
ease [6, 36, 37].

 Infections in Solid Organ Transplantation

Solid organ transplantation is a major therapeutic option 
for many children with end-stage organ failure. For a suc-
cessful SOT, a careful balance between prevention of 
allograft rejection and immunosuppression-associated 
infection plays a central role. The risk of infection in the 
recipients of SOT is determined by the interaction of multi-
tude of factors related to the recipient, the transplantation 
procedure, and the net state of immunosuppression occur-
ring from the pretransplantation until posttransplantation 
period (Table 8.2) [3, 38].

Infections in SOT recipients follow a temporal trend and 
tend to be predictable. While it would be oversimplistic to 
suggest that specific infections occur only at specific time 
points, it is, nevertheless, helpful to divide the period follow-
ing transplantation into specific phases. In each phase spe-
cific organisms predominate; however, infectious disease 
syndromes such as pneumonia can occur at any time during 
the posttransplant period; however, the etiology changes at 
different points in time. The timing of infections can be 
divided into three intervals: early, 0–30 days after transplan-
tation; intermediate, 30–180 days after transplantation; and 
late, >180 days after transplantation (Fig. 8.2) [39]. However, 
polymicrobial infections are not uncommon and may occur 
simultaneously or sequentially. The prototype of this interac-
tion is the immunomodulatory effect of CMV infection, 

which results in immunosuppression and, thereby, promotes 
hosts’ susceptibility for other opportunistic viral, bacterial, 
and invasive fungal disease(s) [40, 41].

 Early Phase Infections During 0–30 Days After 
Transplantation

The net state of immunosuppression at this phase is not great 
despite the high doses of immunosuppressive therapy. 
Therefore, opportunistic infections that are caused by patho-
gens such as Aspergillus, Listeria, and Nocardia are rare. 
There are three main types of infections during this period: 
(1) infections present in the recipient before undergoing 
transplantation, which are exacerbated after the transplanta-
tion due to transplant surgery and immunosuppressive drug 

Table 8.2 Risk factors determining the risk of infections in solid organ 
transplant recipients [3]

Pretransplantation 
factors

Peri- 
transplantation 
factors Posttransplantation factors

Young age Type of organ 
transplanted

Net state of 
immunosuppression

Underlying disease Transplant 
procedure (injury, 
prolonged time, 
technical 
problems)

  Dose, duration, and 
temporal sequence of 
immunosuppressive 
agents (steroids, 
calcineurin inhibitors, 
sirolimus)

Duration and 
frequency of 
hospitalizations

Indwelling 
medical devices

  Rejection and its 
treatment 
(antithymocyte 
globulin, alemtuzumab, 
palivizumab)

Palliative surgery 
before 
transplantation
Complications of 
end-stage organ 
disease

  Host defense defects 
due to underlying 
disease

Malnutrition
Environmental 
exposures 
(community, 
hospitals)

  Technical/anatomic 
abnormalities that 
compromise the 
integrity of 
mucocutaneous barriers

Travel   Neutropenia
  Metabolic abnormalities 

(protein-calorie 
malnutrition, uremia, 
hyperglycemia)

  Viral infections with 
immunomodulating 
effect (CMV, EBV, 
HBV, HCV, HIV)

Environmental exposure 
(community, hospital)
Indwelling medical 
devices

Adapted from Fonseca-Aten and Michaels [3]
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therapy; (2) donor-derived infections which are usually due 
to critical or terminal illness, organ harvesting procedure and 
transport, and donor’s undiagnosed infections such as West 
Nile virus, HIV, rabies, and among others [42–44] as well as 
undiagnosed critical care-related bacterial infections such as 
pneumonia including HAP/VAP, bacteremia, and endovas-
cular infections; and finally (3) infections transmitted peri-
operatively that could also occur in an immunocompetent 
patient. The majority of the infections during the early phase 
after transplantation is of this last variety and determined by 
the technical integrity of the operation and the post-surgery 
use of indwelling medical devices. Early graft injuries result-
ing from tissue ischemia (bile ducts) or reperfusion injury 
(lungs) may later become foci of liver or lung abscesses [45].

 Intermediate Phase Infections (30–180 Days 
After Transplantation)

The infections occurring in this phase are the result of immu-
nosuppression and the immunomodulatory effects of coin-
fecting viruses. There are three types of infections during 
this period: (1) continuation of infections acquired during 
the previous phase; (2) opportunistic viral infections such as 
CMV, Epstein-Barr virus (EBV), herpesvirus-6, and other 
pathogenic viruses like hepatitis B virus and hepatitis C virus 
and HIV. However, other rare viral pathogens such as poly-
omavirus BK and adenovirus have also emerged and (3) 
opportunistic fungal infections due to Pneumocystis jirovecii 
and Aspergillus fumigatus which usually suggest an environ-
mental source. Additionally, infections due to non-endemic 
and endemic dimorphic fungi like Cryptococcus spp., 
Histoplasma, Coccidioides, and Blastomyces are noted dur-
ing this period. Trypanosoma cruzi and Strongyloides sterco-
ralis may cause potentially devastating disease in SOT 
recipients during this period; a thorough travel and potential 
exposure history is crucial for evaluating patients being con-
sidered for organ transplantation [3, 46].

 Late-Phase Infections After 6 Months 
Following Transplantation

There are three types of infections during this period: (1) 
patients with good transplantation outcome requiring mini-
mal immune suppression and good allograft function, in 
which no opportunistic viral infections are at risk from 
community- acquired respiratory viruses such as influenza, 
parainfluenza, and respiratory syncytial virus; (2) patients 
with chronic viral infections that may cause allograft injury 
such as recipients HCV infection of hepatic allograft, bron-
chiolitis obliterans in lung transplant recipients, accelerated 
vasculopathy in heart transplant recipients with CMV infec-

tion, or a malignant condition such as posttransplantation 
lymphoproliferative disorder (PTLD) or skin or anogenital 
cancer; and (3) patients with poor result from transplantation 
like repeated episodes of acute and chronic allograft injury, 
excessive immunosuppression, and chronic viral infections. 
These patients are at risk for opportunistic infections with 
Listeria monocytogenes or Nocardia species, invasive fun-
gal infections such as zygomycetes and dematiaceous molds, 
and unusual organisms like Rhodococcus species [3, 45–47].

 Diagnosis and Laboratory Findings

A careful history and physical examination directed toward 
identifying possible foci of infection is important as a guide 
to further management. As surrogate markers able to accu-
rately evaluate the relative risk for each patient for infection 
do not exist, it is essential that these patients be monitored 
carefully and receive early intervention for signs or symp-
toms of an infectious disease.

Fever in immunocompromised patients may be the first 
and only sign of infection [5, 48]. However, one should keep 
in mind that noninfectious causes such as pyrogenic medica-
tions, transfusions of blood products, and drug reactions may 
also be responsible for a febrile episode. The absence of 
fever in immunocompromised patients with localizing signs 
does not exclude the possibility of an ongoing infection. 
Further, clinical signs and symptoms frequently indicative of 
an infectious process such as pain, warmth, erythema, and 
tissue swelling may be blunted or lacking. Patients should be 
questioned about the presence of any localizing pain or dis-
comfort. Attention on history and physical examination 
should be focused on areas such as the oropharynx, respira-
tory tract, perianal area, central venous catheter sites, and 
any site of recent invasive procedures, as well as the skin and 
soft tissues.

According to the specific phase after transplantation, the 
diagnostic approach should be guided toward the most fre-
quent pathogens (Figs. 8.1 and 8.2). Blood cultures should 
be obtained from all lumens of central venous catheters, 
when present. Volume of blood cultures is the most impor-
tant factor for detection of circulating bacteria and fungi. 
Urine cultures should be routinely submitted where feasible. 
Other cultures should be obtained based on clinical suspi-
cion including stool, cerebrospinal fluid, central line site, or 
surgical wound. A routine complete blood count and serum 
chemistry profile could provide evidence of disease from an 
infectious agent or indicate noninfectious causes of hepatic 
or renal disease such as GVHD.

The diagnosis of a catheter-related versus non-catheter- 
related bacteremia is difficult. Evidence of catheter-related 
infection as opposed to bacteremia from other sources 
includes a greater number of colony-forming units per mil-
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liliter of blood from cultures of the central line compared 
with simultaneous peripheral cultures and positive catheter 
tip cultures. Another approach is to use differential time to 
positive blood culture. However, as peripheral blood cultures 
in pediatric patients are inconvenient and contribute little to 
increasing the diagnostic yield of bacteremia, their utility is 
questionable. The volume of blood drawn is the critical 
determinant for recovery of bacteria during bloodstream 
infections. Thus, two or three blood cultures through the cen-
tral venous catheter, one set per each lumen will provide a 
yield similar to that of central cultures plus peripheral cul-
tures but without the patients’ discomfort and the potential 
for contamination from cutaneous flora.

Nasopharyngeal washes for viral pathogens, including 
respiratory RSV, parainfluenza, influenza, and adenovirus, 
are important in patients with concomitant upper respiratory 
tract infection-like symptoms. Nucleic acid detection assays, 
such as PCR, are useful for detecting and follow-up of the 
response to therapy of certain pathogens like herpesviruses 
and parvovirus B19. The impact of PCR on diagnosis of 
HSV encephalitis is especially apparent [49–53]. Recent 
advances in PCR may assist in noninvasive diagnosis of CNS 
toxoplasmosis and detect Mycoplasma and Chlamydia DNA 
in BAL samples [54, 55].

Serologic testing is useful for diagnosing toxoplasmosis, 
bartonellosis, histoplasmosis, and blastomycosis. However, 
serology tests in transplant recipients are of limited value as 
these patients are immunosuppressed and a good number of 
them may have received pooled immunoglobulin therapy. 
Nevertheless, when PCR is not available, acute and conva-
lescent serum antibody titers against herpesviruses, echovi-
ruses, and the less common arboviruses should be measured. 
Specific cerebrospinal fluid antibody may be detected in 
cases of mumps, HSV, or VZV.

A chest radiograph should be obtained in all patients with 
fever and neutropenia. Routine chest radiographs in asymp-
tomatic neutropenic patients may provide an important base-
line for future reference. The presence of a pulmonary 
infiltrate should also prompt consideration for subsequent 
evaluation by bronchoscopy for a more definitive microbio-
logical diagnosis. Computed tomography scans of the brain, 
paranasal sinuses, chest, and the abdomen are useful when 
evaluating patients with invasive fungal disease. Radiologic 
examination of the sinuses is useful for diagnosis of sinusitis 
in children older than 1 year of age. Radiographic evaluation 
with a CT scan is more sensitive than conventional chest 
radiography and may provide more information regarding 
the pattern and extent of disease [56]. Specific findings of a 
“halo” sign, crescent sign, nodular infiltrate, peripheral 
pleural- based lung lesions, or wedge-shaped infiltrate are 
indicative of a possible angioinvasive filamentous fungal dis-
ease, including, but not limited to, Aspergillus spp. [57–59]. 
Flexible fiber-optic bronchoscopy can provide evidence for a 

specific diagnosis in immunocompromised patients with 
pneumonia. The yield of bronchoscopy depends on the clini-
cal situation and the extent of prior therapy [60]. 
Bronchoalveolar lavage (BAL) can yield a specific diagnosis 
in approximately 80% on cases of PCP, whereas it is signifi-
cantly less sensitive for detection of invasive fungal infec-
tions or bacterial infections in patients who have received 
prior antibiotic therapy. Ultrasound can be used to diagnose 
abdominal problems such as typhlitis.

The double sandwich ELISA system for detection of 
galactomannan antigenemia is an important advance in the 
non-culture diagnosis of invasive aspergillosis among HSCT 
recipients. Depending upon the patient population, several 
studies have demonstrated a sensitivity ranging from 50% to 
95% and specificity ranging from 87% to 99% for diagnosis 
of invasive aspergillosis. Additional studies indicate that 
serial serum galactomannan antigen levels permit therapeu-
tic monitoring and have prognostic implications [61–64]. 
Coupled with a CT scan that is radiographically compatible 
with invasive pulmonary aspergillosis in the appropriate host 
population, a positive serum galactomannan assay estab-
lishes a reasonable diagnosis of probable invasive aspergil-
losis HSCT recipients [65].

 Management and Therapy

The initial management of patients with fever and neutrope-
nia after transplantation is similar to that of cancer patients 
with chemotherapy-induced fever and neutropenia. It is well 
recognized that bacteremia in the neutropenic host can prog-
ress rapidly to septic shock and death making, thus, empiri-
cal therapy a therapeutic consensus [66, 67]. Empiric 
antibiotic therapy should be started after obtaining appropri-
ate samples for culture [68]. When considering a particular 
empiric antibacterial regimen, the choice should be dictated 
by the local epidemiology of bacterial infections, antibiotic 
susceptibility profiles, cost, toxicity, as well as the patient’s 
surveillance isolates. Hence, an empiric antibiotic regimen 
must cover a broad-spectrum of bacteria, provide high serum 
bactericidal drug levels, be stable against the emergence of 
resistant bacteria, and be nontoxic and simple to administer. 
Several regimens, usually consisting of a cephalosporin, an 
aminoglycoside, and extended-spectrum penicillin, have 
been employed [69–71]. A combination that provides broad 
coverage to Gram-negative bacteria and Gram-positive cocci 
would be ceftazidime or cefepime with or without vancomy-
cin. If Pseudomonas aeruginosa is suspected, an aminogly-
coside should be added. Once antibiotics have been initiated 
empirically, a meticulous investigation of the cause of fever 
is warranted.

Other clinical findings indicating the addition of other 
agents as empirical therapy are described in Table  8.3. 
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Guidelines for the management of fever and neutropenia 
specifically for children with HSCT have recently been pub-
lished by the International Pediatric Fever and Neutropenia 
Guideline Panel [68].

Empiric antifungal therapy is recommended for patients 
who remain persistently granulocytopenic and febrile after 
5–7 days of antibiotic therapy without identification of a bac-

terial cause. Conventional amphotericin B, liposomal 
amphotericin B, voriconazole, caspofungin, and itraconazole 
have been well characterized for empirical antifungal ther-
apy for persistent fever in high-risk neutropenic patients. 
Selection of an agent for empirical antifungal therapy will 
depend upon the patterns of infection in one’s institution, 
cost, and the risk for end-organ toxicity (e.g., renal or hepatic 
dysfunction) [72–76].

For patients who remain neutropenic, antifungal ther-
apy should be continued until the resolution of neutrope-
nia. Persistence or recrudescence of fever should prompt a 
meticulous investigation for non-fungal infections such as 
bacterial or viral superinfections or for a fungus that is resis-
tant to initial empirical antifungal coverage like Aspergillus 
spp., Trichosporon, Fusarium spp., Pseudallescheria boydii, 
Scedosporium spp., and agents of mucormycosis. Patients 
who develop a documented fungal infection should be 
treated with the appropriate antifungal agent (Table  8.4). 
The indications, dosages, and activity spectrum of the most 
commonly used antibacterial, antifungal, antiviral, and 
anti- pneumocystis agents in pediatric patients are shown in 
Tables 8.4, 8.5, and 8.6.

 Catheter-Associated Bacteremia

Removal of chronic indwelling central venous catheters is 
best determined by the type of organism recovered, the 
hemodynamic stability of the patient, and the presence of 
persistent bacteremia, rather than by differences in colony 
counts suggesting evidence of direct involvement of the 
catheter (Table  8.7). Removal and replacement of chronic 
indwelling catheters carry the risk of general anesthesia, 
pneumothorax, and hemorrhage, particularly in thrombocy-
topenic patients.

 Prevention of Infections

The most efficacious and practical intervention to prevent or 
reduce infections in the immunocompromised host is adher-
ence to strict handwashing practices [77].

Another measure to decrease the acquisition of new 
organisms is to maintain a cooked diet during periods of 
granulocytopenia, with avoidance of fresh fruits and veg-
etables and non-processed dairy products, because these 
foods are naturally contaminated with Gram-negative 
bacteria, especially E. coli, K. pneumoniae, and P. aerugi-
nosa [78, 79].

Environmental sources can contribute to fungal especially 
Aspergillus spp., Fusarium spp., and Zygomycetes and 
 bacterial such as Legionella spp., Pseudomonas spp., and 
Acinetobacter spp. colonization and infection. In medical cen-

Table 8.3 Indications for the addition of specific agents in the empiri-
cal therapy of the febrile neutropenic child with transplantation [8]

Head, eyes, ears, nose, throat
Necrotizing or 
marginal 
gingivitis

Add specific anti-anaerobic agent (clindamycin or 
metronidazole) to empirical therapy

Vesicular or 
ulcerative 
lesions

Suspect HSV infection. Culture and begin 
acyclovir therapy

Sinus 
congestion, 
tenderness or 
nasal ulcerative 
lesions

Suspect invasive fungal infection with Aspergillus 
or Zygomycete; obtain imaging studies and ENT 
consultation. Adjust antifungal therapy according 
to organism recovered

Gastrointestinal tract
Retrosternal 
burning pain

Suspect candida or herpetic esophagitis, or both. 
Add antifungal therapy and, if no response, 
acyclovir. Bacterial esophagitis also is a 
possibility. For patients not responding within 
48 h, endoscopy should be considered

Acute 
abdominal pain

Suspect typhlitis, as well as appendicitis, if pain 
in right lower quadrant, even in the absence of 
fever. Add specific anti-anaerobic coverage (e.g., 
metronidazole to ceftazidime; or substitution of 
imipenem for ceftazidime) to empirical regimen 
and monitor closely for need for surgical 
intervention

Perianal 
tenderness

Evaluate for anal fissures, perianal cellulitis, 
perianal fistulas, or perirectal abscesses. Add 
specific anti-anaerobic drug to empirical regimen, 
as indicated, and monitor need for surgical 
intervention, especially when patient is recovering 
from neutropenia

Respiratory tract
New focal 
lesion(s) in 
patient 
recovering from 
neutropenia

Observe carefully, as such lesions may be a 
consequence of inflammatory response to 
previously occult pneumonic process detected in 
concert with neutrophil recovery

New focal 
lesion(s) in 
patient with 
continuing 
neutropenia

Invasive pulmonary aspergillosis is the chief 
concern. Rule out other causes of fungal 
pneumonia. Perform BAL or transthoracic needle 
aspirate with appropriate direct exams and 
cultures. Add voriconazole or lipid formulation of 
amphotericin B, depending upon findings (do not 
administer voriconazole and amphotericin B 
simultaneously)

New interstitial 
pneumonitis

Attempt diagnosis by examination of induced 
sputum or BAL. If patient is symptomatic, begin 
empirical treatment with trimethoprim- 
sulfamethoxazole, pending procedure. Consider 
noninfectious causes and need for open-lung 
biopsy if diagnosis is not established

Adapted from Pizzo and Poplack [8]
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Table 8.4 Antifungal agents used in children for infections after transplantation

Class Agent Route Spectrum

Daily dose (maximum)

Comments
Neonates 
(0–30 days)

Infants 
(31 days–1 year) Children (>1–17 years)

Polyenes Deoxycholate 
amphotericin B

IV Very broad 
antifungal 
activity including 
Candida spp., 
Aspergillus spp., 
Zygomycetes, 
Cryptococcus 
neoformans, 
Histoplasma 
capsulatum

Empirical 
therapy: 
0.5–1.5 mg/
kg Q24h

Empirical therapy: 0.5–1.5 mg/kg Q24h Children can 
generally tolerate 
higher doses than 
adults

Documented 
fungal 
infections: 
1.0–1.5 mg/
kg

Documented fungal infections: 1.0–
1.5 mg/kg Q24h

Lipid 
formulations 
(amphotericin B 
lipid complex, 
amphotericin B 
colloidal 
dispersion, and 
liposomal 
amphotericin B)

IV Same spectrum 
as deoxycholate 
formulation

5 mg/kg 
Q24h

Empirical therapy: 3 mg/kg Q24h Significantly less 
nephrotoxicity with 
efficacy at least equal 
to that of 
deoxycholate 
amphotericin B

Documented fungal infections: 5 mg/kg 
Q24h (max. dose 10 mg/kg, but no 
evidence for improved efficacy)

Triazoles Fluconazole PO, 
IV

Candida spp., 
(not C. krusei 
and not some 
strains of C. 
glabrata); C. 
neoformans, 
Trichosporon 
spp. and 
Coccidioides 
immitis

Treatment: 
12 mg/kg 
Q24h

12 mg/kg Q24h 3–12 mg/kg Q24h Excellent 
bioavailability, 
independent of gastric 
acidity. Higher dose 
required in children 
and infants due to 
shorter half-life

Prophylaxis: 
3 mg/kg 
twice weekly

Life threatening 
infections: 12 mg/kg/
day Q12h
(max 600 mg/day)

Itraconazole PO, 
IV

Aspergillus spp., 
Candida spp., H. 
capsulatum, 
Blastomyces 
dermatitidis, and 
C. immitis

Unknown Unknown Load with 6 mg/kg/day 
Q12h × 1 day; 
maintain with 
2.5–5 mg/kg/day 
Q12ha

(max 10 mg/kg/day)

Absorption erratic but 
increased with taking 
drug with meals or by 
using cyclodextrin 
formulation. Dosing 
Q12h preferred in 
children. TDM 
recommended

Voriconazole PO, 
IV

Candida spp., 
Aspergillus spp., 
Trichosporon 
spp. and some 
strains of 
Scedosporium 
spp., and 
Fusarium spp.

8–16 mg/kg/day Q12h (IV, PO) Loading dose 6 mg/kg 
Q12h day 1, then 4 mg/
kg Q12h IV for 
invasive aspergillus 
and serious mold 
infections; 3 mg/kg 
Q12h for serious 
candida infections

Linear 
pharmacokinetics in 
children. Higher 
dosages may be 
necessary in pediatric 
patients to achieve 
comparable adult drug 
exposures. Pediatric 
suspension is 
available; 
bioavailability is 
reliable and is 
enhanced with empty 
stomach. TDM 
recommended

PO, <40 Kg: 200 mg 
Q12h then 100 mg 
Q12h
  40 Kg: 400 mg 

Q12h then 200 mg 
Q12h

Posaconazole PO Zygomycetes, 
Candida spp., 
and Aspergillus 
spp.

Unknown Unknown Prophylaxis: 600 mg/
day Q8h

TDM recommended

For oropharyngeal 
candidiasis (OPC): 
Load with 100 mg 
Q12h × 1 day, maintain 
with 100 mg/day Q24h
For refractory OPC: 
800 mg/day Q6-12h
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Table 8.4 (continued)

Class Agent Route Spectrum

Daily dose (maximum)

Comments
Neonates 
(0–30 days)

Infants 
(31 days–1 year) Children (>1–17 years)

Echinocandins Caspofungin IV Candida spp. 
and Aspergillus 
spp.

25 mg/m2 
Q24h

50 mg/m2 Q24h Load with 70 mg/m2/
day for 1 day; maintain 
with 50 mg/m2/day 
Q24h
(max 70 mg)

Dosing should be 
adjusted for hepatic 
insufficiency to 
35 mg/m2 Q24h

Adapted from Michelow and McCracken [106]
Abbreviation: TDM therapeutic drug monitoring
aIV formulation for itraconazole is available, but dosage and pharmacokinetics have not been defined in pediatric patients

(continued)

Table 8.5 Antibacterial agents used in children for infections after transplantation

Class

Generic 
agent name 
(trade 
names) Route Spectruma

Daily dose (maximum)

Comments
Neonates 
(0–30 days)

Infants 
(31 days–1 years)

Children 
(>1–
17 years)

Third-generation 
cephalosporin

Ceftazidime IV, 
IM

Enteric bacteria, some 
Gram-positive 
aerobes, no anaerobic 
coverage

0–7 days: 50 mg/
kg Q12h

Inappropriate for mild infections Only ceftazidime 
covers Pseudomonas 
aeruginosa: 
200–300 mg/kg/day 
recommended for 
serious pseudomonas 
infection

8–30 days: 50 mg/
kg Q8h

Moderate infections: 90–150 mg/
kg/day Q8h
(max 6 g/day)

Fourth generation 
cephalosporin

Cefepime IV, 
IM

Enteric bacteria, 
Gram-positive aerobes

0–7 days: 50 mg/
kg Q12h

Inappropriate for mild infections Active against some 
P. aeruginosa, 
Enterobacter spp., 
and Serratia spp. 
resistant to 
ceftazidime; broader 
Gram-positive 
spectrum

8–30 days: 50 mg/
kg Q8h

Moderate infections: 100–
150 mg/kg/day Q8h or Q12h
(max 6 g/day)

Carbapenems Imipenem- 
cilastatin

IV, 
IM

Most Gram-negative 
including those 
producing beta-
lactamases and P. 
aeruginosa; Gram-
positive aerobes, 
including enterococci; 
excellent anaerobic 
coverage

Inappropriate Inappropriate for mild infections Stenotrophomonas 
maltophilia and 
Burkholderia 
cepacia not covered. 
IM form not 
approved for 
<12 years of age

Moderate infections: 60–100 mg/
kg/day Q6h
(max 4 g/day)

Meropenem IV Similar to imipenem Sepsis: 60 mg/kg/
day Q8h

Inappropriate for mild infections Less likely than 
imipenem to cause 
seizuresMeningitis: 

120 mg/kg/day 
Q8h

Moderate infections: 60–120 mg/
kg/day Q8h
(max 3 g/day)

Extended- 
spectrum 
penicillins

Piperacillin, 
azlocillin, 
mezlocillin

IV Enteric aerobes, 
including some P. 
aeruginosa, 
Enterobacter spp., 
Serratia spp.; 
anaerobes

Unknown Inappropriate for mild infections Must be paired with 
an aminoglycoside 
for coverage of P. 
aeruginosa

Moderate infections: 200–
300 mg/kg/day Q6h or Q8h
(max 21 g/day)

Piperacillin- 
tazobactam

IV Similar to piperacillin, 
increased activity 
versus some beta-
lactamase- producing 
Gram-positive cocci, 
Gram-negative bacilli, 
and anaerobes

0–7 days: 100 mg/
kg Q12h

Inappropriate for mild infections Not adequate as 
monotherapy for P. 
aeruginosa; 
aminoglycoside 
should be added

8–30 days: 
100 mg/kg Q8h

Moderate infections: 240–
300 mg/kg/day of piperacillin 
Q6h or Q8h
(max 12 g/day)
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Class

Generic 
agent name 
(trade 
names) Route Spectruma

Daily dose (maximum)

Comments
Neonates 
(0–30 days)

Infants 
(31 days–1 years)

Children 
(>1–
17 years)

Monobactams Aztreonam IV Exclusively aerobic 
Gram-negative 
aerobes including P. 
aeruginosa

0–7 days: 30 mg/
kg Q12h

Mild infections: 90 mg/kg/day 
Q8h
(max 4 g/day)

Limited spectrum 
requires pairing with 
Gram-positive agent, 
not cross-reactive 
with beta lactams so 
can be used in 
penicillin or 
cephalosporin 
allergic patients

8–30 days: 30 mg/
kg Q8h

Moderate infections: 120 mg/kg/
day Q6h
(max 4 g/day)

Glycopeptide Vancomycin PO, 
IV

Exclusively 
Gram-positive

Inappropriate Inappropriate for mild infections No need to add 
vancomycin 
routinely for 
empirical coverage 
for fever and 
neutropenia

Moderate infections: 40–60 mg/
kg Q6h or Q12h
(max 3 g/day)

Lipopeptide Daptomycin IV Exclusively Gram-
positive, including 
ORSA and susceptible 
strains of VRE

6 mg/kg Q12h 2–5 years 10 mg/
kg/day Q24h

4 mg/kg/day 
Q24h (based 
on total 
body 
weight)

Data in pediatrics are 
limited at this time

6–11 years 7 mg/
kg/day Q24h

Oxazolidinone Linezolid PO, 
IV

Exclusively Gram-
positive, including 
MRSA, susceptible 
strains of VRE, and 
penicillin and 
cephalosporin 
resistant S. 
pneumoniae

0–7 days (unless 
TBW >2 kg): 
10 mg/kg Q12h

30 mg/kg/day Q8h 30 mg/kg/
day Q8h

Excellent oral 
bioavailability

8–30 days or TBW 
>2 kg: 10 mg/kg 
Q8h

>12 years, 
1200 mg/
day Q12h

Streptogramin Quinupristin/
dalfopristin

IV Exclusively Gram-
positive, similar to 
linezolid but spectrum 
does not include E. 
faecalis

Inappropriate 22.5 mg/kg/day Q8h Venous irritation 
should be given via 
central venous 
catheter

Adapted from Michelow and McCracken [106]

Table 8.5 (continued)

ters where Aspergillus spp. and Fusarium spp. are a significant 
problem, special air filtration systems, such as high- efficiency 
particulate air filters (HEPA filters) and close attention clean-
ing bathroom facilities, may be helpful [80, 81].

Total protective isolation is a comprehensive regimen 
designed to reduce patients’ endogenous microbial burden 
while preventing the acquisition of new organisms. A sterile 
environment is created in a clean-air room with constant 
positive-pressure airflow. It is maintained by an aggressive 
program of surface decontamination and sterilization of all 
objects that enter the room and by an intensive regimen to 
disinfect the patient, including oral nonabsorbable antibiot-
ics, skin antiseptics, antibiotic sprays and ointments, and a 
low-microbial diet. The total protective environment reduces 
the number of infections in profoundly granulocytopenic 
patients. However, a total protective environment is expen-
sive, and because of the improvement in treating established 
infections, it does not offer a survival advantage to patients. 

Total protective isolation is not necessary for the routine care 
of immunosuppressed patients. Modifications of the 
approach are used, on occasion, for patients undergoing allo-
geneic bone marrow transplantation and for patients who are 
likely to experience periods of 30 or more days of profound 
neutropenia [82].

In recipients of SOT, the organ donor is frequently the 
source of various pathogens. To prevent transmissible 
pathogens from the solid organ donor, the current require-
ments for donor and recipient screening are provided in 
Table 8.8 [46, 83].

 Antibacterial Prophylaxis

The fluoroquinolone antibiotics are attractive for oral pro-
phylaxis because of their bioavailability, tolerability, and 
broad-spectrum. These agents have been widely used in 
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adult oncology patients but are not generally used for pro-
phylaxis in children because of concern of cartilage toxic-
ity with long-term exposure. In adults, comparative studies 
have shown no advantage of the oral quinolones over more 
traditional regimens of infection prophylaxis, such as 
trimethoprim- sulfamethoxazole, for prevention of infection. 
Moreover, none of the studies of antibacterial prophylaxis 
has demonstrated a reduction in mortality caused by infec-
tion [84, 85].

 Antifungal Prophylaxis

Fluconazole is FDA-approved for prevention of deeply inva-
sive fungal infections in neutropenic patients and HSCT 
recipients when the risk of aspergillosis is not high. 
Randomized, placebo-controlled studies demonstrated that 
the prophylactic administration of fluconazole to allogeneic 
HSCT recipients reduced the incidence of both disseminated 
and mucosal candidiasis [86, 87]. However the shift in the 

Table 8.6 Antiviral and anti-pneumocystis agents used in children for infections after transplantation

Class Agent Route Spectruma

Daily dose (maximum)

Comments
Neonates 
(0–30 days)

Infants 
(31 days–1 years)

Children 
(>1–17 years)

Anti-herpetic 
agents

Acyclovir PO, 
IV

HSV, VZV 0–7 days 
(unless TBW 
>2 kg): 
40 mg/kg/day 
Q12h

Empirical therapy:
15–60 mg/kg/day Q8h (IV)
60–80 mg/kg/day Q6-8 h (PO)
HSV: 750 mg/m2/day Q8h or 5 mg/
kg Q8h
VZV: 1500 mg/m2/day Q8h or 
10 mg/kg Q8h

IV dose for VZV is 
twice that for HSV 
Hydration should be 
ensured when 
administering high doses

8–30 days or 
TBW >2 kg: 
60 mg/kg/day 
Q8h

Ganciclovir PO, 
IV

CMV, HSV, VZV, 
EBV, HHV-6

CMV: 12 mg/
kg/day Q12h

CMV: 10–15 mg/kg/day Q12h for 
14 days induction, then 5 mg/kg/
day for maintenance/suppression 
(IV)

Neutropenia is the major 
dose-limiting toxicity; 
not routinely used for 
HSV, VZV but dose used 
for CMV is effective for 
the other herpesviruses

VZV, HSV: 10 mg/kg/day Q8h (IV) 
90 mg/kg/day (PO)

Foscarnet PO, 
IV

HSV, VZV, CMV 
(including most 
acyclovir and 
ganciclovir 
resistant strains)

Inappropriate CMV treatment: 180 mg/kg/day 
Q8h for 14 days then 90–120 mg/
kg/day for maintenance/suppression

Nephrotoxicity is 
dose-limiting effect; 
renal function and 
electrolytes require close 
monitoring

VZV, HSV: 120 mg/kg/day Q8h

Anti- 
pneumocystis 
agents

Trimethoprim- 
sulfamethoxazole

PO, 
IV

Pneumocystis 
jirovecii (formerly, 
P. carinii) also is 
active against 
many Gram- 
positive and 
Gram-negative 
bacteria, including 
S. maltophilia and 
B. cepacia

Inappropriate Empirical therapy: 8–10 mg of 
TMP/kg/day

May cause bone marrow 
suppression in high 
dosesUTI prophylaxis: 2 mg of TMP/kg/

day
PCP treatment: 15–20 mg of TMP/
kg/day Q12h (IV)
PCP prophylaxis: 150 mg of TMP/
m2/day Q12h 3×/week

Pentamidine IV, 
IM

P. jirovecii Inappropriate 4 mg/kg/day Q24h (IV) for 
treatment

Adverse effects include 
pancreatitis, 
hypoglycemia, 
hypocalcemia, infusional 
hypotension

Dapsone PO P. jirovecii Prophylaxis: 2 mg/kg/day Q24h 
(max. 100 mg/day)

High incidence of 
hemolytic reactions can 
also cause 
methemoglobinemia

Atovaquone PO P. jirovecii 30 mg/kg/day 45 mg/kg/day 30 mg/kg/day 
Q12h for 
treatment, 
Q24h for 
prophylaxis 
(max. 
1500 mg/day)

Suspension formulation 
has better bioavailability

Adapted from Michelow and McCracken [106]
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colonization pattern toward more resistant species, including 
C. glabrata, Candida krusei, Candida parapsilosis, 
Aspergillus, and other filamentous spp. fungi, is of concern 
[88]. More recent studies involving pediatric patients dem-
onstrated that micafungin is superior to fluconazole in pre-
vention of proven and suspected invasive fungal infections in 
neutropenic HSCT patients [89].

 Antiviral Prophylaxis

Acyclovir, given orally or intravenously, is effective prophy-
laxis against reactivation of HSV in seropositive HSCT 
recipients [90–92]. Intravenous doses ranging from 250 mg/
m2 every 8 h to 5 mg/kg every 12 h, and oral doses of 400 mg 
given three times daily, are effective in preventing reactiva-
tion of HSV in seropositive individuals. Although acyclovir 
is therapeutically less active against VZV or CMV, 
 prophylactic acyclovir given to HSCT recipients may none-
theless decrease the occurrence of zoster and invasive CMV 
disease during the posttransplant period [93, 94]. Refractory 
lesions may respond to foscarnet [95].

Ganciclovir prophylaxis can reduce the frequency of 
invasive CMV disease in HSCT recipients. However, 
myelosuppressive effects of ganciclovir are problematic for 
most patients, making it undesirable for routine anti-CMV 
prophylaxis. Targeting transplant recipients at highest risk 
for severe CMV disease has yielded the practice of “pre-
emptive” ganciclovir therapy, that is, treatment of patients 
who have evidence of CMV reactivation in surveillance 
assays such as CMV antigenemia, or quantitative CMV 
PCR. This approach has been shown to effectively suppress 
CMV viremia, when present and, accordingly, appropriate 
selection of patients reduces universal need for prophylaxis 
and dramatically reduces the risk for end-organ CMV dis-
ease [96, 97].

 Pneumocystis Prophylaxis

There are several effective regimens for Pneumocystis jir-
ovecii pneumonia prophylaxis. The choice among them often 
depends on the patient’s tolerance of their various side 
effects. TMP-SMX, given twice a day for 3 days a week, is 
considered the first-line regimen [98]. For patients who can 
tolerate this regimen, protection against PCP is virtually 
complete [99]. In a number of individuals, presence of skin 
rash, neutropenia, and gastrointestinal symptoms may limit 
the routine use of TMP-SMX.  Alternative compounds for 
prevention of PCP in patients who are intolerant of or refrac-
tory to TMP/SMX include dapsone, atovaquone, and aero-
solized pentamidine.

 Immunization

There are no universally accepted recommendations for 
immunizing children undergoing transplantation. The 
American Academy of Pediatrics and the CDC regularly 
publish updated guidelines regarding immunization prac-
tices in healthy and transplant pediatric recipients [100, 101] 
(Table 8.9).

Table 8.7 Management of central venous catheters in patients with 
bacteremia [8]

Criteria for central venous line removal
1. Evidence of a local tunnel infection
2. Persistently positive blood cultures
3. Recurrently positive blood cultures with the same pathogen
4. Positive blood cultures for:
  Staphylococcus aureus
  Candida spp.
  Polymicrobial infections
  Atypical mycobacteria (e.g., M. fortuitum, M. chelonae, M. 

abscessus)
  Bacillus spp.

Adapted from Pizzo and Poplack [8]

Table 8.8 Screening requirements for solid organ donors and recipi-
ents [46, 83]

Pathogen Donor Recipient Action required
HIV-1 and 2 + − Reject donor

− + Accept donor if HIV 
well controlled

HTLV-1 and 2 + Exclude donor (may 
be used in life- 
threatening 
conditions)

Hepatitis B virus HBsAb+ + or − Accept donor
HBsAg+ HBsAb – 

or +
Reject donor

HBcAb 
IgM+

HBsAb – 
or +

Reject donor

Hepatitis C virus + + Accept (by some 
centers)

+ − Decision depends on 
urgency

CMV + or − + Accept
+ − Accept (high risk for 

CMV infection)
EBV + or − + Accept

+ − Accept (higher risk 
for primary EBV 
infection and PTLD)

Toxoplasma 
gondii

+ or − + Accept
+ − Accept

Treponema 
pallidum

+ + or − Accept

CNS viral 
pathogens 
(LCMV, rabies, 
WNV)

Clinical 
suspicion of 
infection

Reject

Modified from Allen and Green [46] and Hayes-Lattin et al. [82]
Abbreviations: PTLD posttransplant lymphoproliferative disease, 
LCMV lymphocytic choriomeningitis virus, WNV West Nile virus

A. Katragkou et al.



179

Children and adolescents before undergoing HSCT 
or SOT should receive immunizations recommended for 
their age at least 4 or 2  weeks before the transplantation, 
respectively.

Immunizations can be started 6–12 months after HSCT as 
long as the patient has no persistent complications (GVHD) 
and is not receiving immunosuppressive therapy.

If the patient is <7 years old, three doses of diphtheria, 
tetanus toxoids, and acellular pertussis (DTaP) vaccine 
should be administered starting 6 months after HSCT. If the 
patient is >7 years old, three doses of tetanus and diphtheria 
toxoid-containing vaccine [including two doses of tetanus 
and diphtheria (TD) and one dose of adolescent tetanus tox-
oid, reduced diphtheria toxoid, and acellular pertussis 
(Tdap)] should be used [100].

For HSCT recipients who are seronegative to measles 
and without GVHD or immunosuppression, one dose of 
MMR vaccine should be given to adolescents and adults and 
two doses to children at least 24 months after transplanta-
tion [100].

Varicella vaccine is contraindicated for HSCT recipi-
ents less than 24 months after transplantation. Given the 
lack of access of immunocompromised patients to the live 
attenuated varicella vaccine, passive immunoprophylaxis 
either with varicella zoster immune globulin (VZIG) 
within 96  h of exposure or regular infusions of gamma 
globulin is indicated in the high-risk children with no reli-
able history of varicella. If inadvertent contact occurs 
between an immunocompromised child and a recent vari-
cella vaccine recipient, administration of VZIG is not rec-
ommended as the transmission rate is low and varicella 
from the Oka strain, albeit unlikely, would be mild and 
self-limiting. Finally, one should be aware that the vari-

cella vaccine may not be fully protective against varicella, 
particularly in an outbreak setting.

The 13-valent pneumococcal conjugate vaccine (PCV13) 
shows good immunogenicity after three doses starting 
3–6 months after HSCT. At 12 months after HSCT in chil-
dren ≥2  years is recommended a dose of pneumococcal 
polysaccharide vaccine to broaden the serotype coverage 
given that the patient does not have chronic GVHD.  For 
patients with chronic GVHD, a fourth dose of PCV13 can be 
given at 12 months after HSCT [100].

After SOT, DTaP, HIB, hepatitis A, hepatitis B, inacti-
vated influenza and pneumococcal and meningococcal con-
jugate and polysaccharide vaccines can be administered if 
indicated. Immunization schedules vary between centers, but 
most experts recommend waiting at least 6  months after 
transplantation. Administration of live-virus vaccines such 
as MMR and varicella is advised in patients who are stable at 
least 6 months after SOT, who are receiving minimal immu-
nosuppressive agents, and who have not had recent episodes 
of organ rejection.

Household and health-care contacts of HSCT and solid 
organ transplant recipients should have immunity or be 
immunized against poliovirus, measles, mumps, varicella, 
influenza, and hepatitis A [100, 101].

 Use of CSFs in Stem Cell Transplantation

Recombinant human cytokines and colony-stimulating 
factors (CSFs) for adjunctive therapy in immunocompro-
mised patients have been an important assistance in atten-
uating the myelotoxic effects of HSCT. Granulocyte-CSF 
(G-CSF; filgrastim) and granulocyte-macrophage-CSF 
(GM-CSF; sargramostim) have undergone extensive eval-
uation for their potential role in reducing infectious mor-
bidity during periods of severe immunosuppression. 
However, they should be used judiciously in order to max-
imize medical benefit, limit potential toxicity, and be 
cost-effective. The effects of G-CSF and GM-CSF in pre-
vention of infections in neutropenic patients are perhaps 
best illustrated in the impact of these agents on stem cell 
mobilization in HSCT donors. Transfusion of peripheral 
mobilized stem cells has led to a substantial reduction in 
depth and duration of neutropenia [103–106]. G-CSF and 
GM-CSF also are used in HSCT recipients as part of most 
immediate posttransplant regimens for their impact on 
shortening the duration of neutropenia. The effects on the 
incidence of fever or documented infections, antibiotic 
usage, or duration of hospitalization have been more vari-
able and dependent on clinical trial design. Notably, as 
these cytokines do not augment platelet recovery, throm-
bocytopenia remains a challenging problem for HSCT 
recipients.

Table 8.9 Immunizations in patients after hematopoietic stem cell 
transplantation (HSCT) [102]

Vaccine Recommended time after HSCT
Pneumococcala 12 and 24 months
Haemophilus influenzae type 
b

12, 14, and 24 months

Tetanus-diphtheria toxoida 12, 14, and 24 months
Inactivated polio 12, 14, and 24 months
Hepatitis B 12, 14, and 24 months
Hepatitis A Routine administration not 

recommended
Measles, mumps, rubella 
(MMR)a

24 months

Meningococcal Routine administration not 
recommended

Varicella zoster virusa Contraindicated
Influenza 6 months (yearly lifelong)

Modified from Centers for Disease Control and Prevention, Infectious 
Disease Society of America, American Society of Blood and Marrow 
Transplantation [102]
aSee text
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Febrile Neutropenia in Transplant 
Recipients

Lior Nesher and Kenneth V. I. Rolston

Introduction

Hematopoietic transplantation has been used to treat many 
disorders including neoplastic, hematologic, immunologic, 
and metabolic diseases. Currently, most hematopoietic trans-
plants are performed for the treatment of hematologic malig-
nancies [1]. Hematopoietic cells for transplantation can be 
collected from various sources including bone marrow, periph-
eral blood, and umbilical cord blood. Autologous transplants 
utilize the patient’s own cells, whereas allogeneic transplants 
utilize cells obtained from a different individual. Syngeneic 
transplants are between genetically identical twins. 
Conditioning therapy given prior to hematopoietic transplan-
tation can be myeloablative or non-myeloablative (i.e., reduced 
intensity) and produces significant neutropenia (absolute neu-
trophil count [ANC] ≤500 cells/mm3), which is the most com-
mon predisposing factor for the development of bacterial and 
fungal infections during the pre-engraftment phase. 
Neutropenia is more prolonged in recipients of myeloablative 
allogeneic transplants than in recipients of non- myeloablative 
or autologous transplants. Thus, the frequency and severity of 
infection in allogeneic transplant recipients are greater than in 
other transplant subgroups [2–6]. Some patients with hemato-
logic malignancies may have normal or even elevated ANCs 
but may be at increased risk for infection due to defects in 
neutrophil function (qualitative neutropenia). These defects 
include significant reduction in phagocytosis, decreased bac-

tericidal and fungicidal activity, decreased production of 
superoxide anions, and defects in granulocyte locomotion. 
Myeloablative conditioning regimens also inflict substantial 
damage to mucosal barriers causing mucositis of the mouth 
and gastrointestinal tract, resulting in increased risk of infec-
tions arising from these sites [7, 8]. Early recognition and 
aggressive management of infection is critical for the overall 
survival of hematopoietic transplant recipients, and delays in 
the administration of appropriate anti-infective therapy are 
associated with poorer outcomes [9]. Unfortunately, signs and 
symptoms commonly associated with infection may be 
blunted in these highly immunosuppressed patients. Often the 
only manifestation of infection during an episode of neutrope-
nia is fever. This condition is commonly referred to as “febrile 
neutropenia.” The widely accepted definition of febrile neutro-
penia is an oral temperature of ≥38.3 °C, or two consecutive 
readings of >38 °C during a 2 h period, and an absolute neu-
trophil count of <500/mm3 [10]. It has been estimated that 
approximately 80% of allogeneic transplant recipients and a 
smaller but substantial proportion of allogeneic transplant 
recipients will develop febrile neutropenia. It is important to 
keep in mind that some neutropenic patients, especially those 
receiving corticosteroids, may not mount an adequate inflam-
matory response and may be afebrile or even hypothermic 
while developing or harboring a significant infection. A high 
index of suspicion and close monitoring during periods of 
increased risk is essential in such patients.

The administration of prompt, broad-spectrum, empiric, 
antimicrobial therapy has become the standard of care for 
most febrile neutropenic patients including transplant recipi-
ents [10]. The general principles of such therapy for both 
adult and pediatric patients have been published in guide-
lines issued by various learned societies [10–13]. Specific 
treatment regimens for individual patients generally take into 
consideration local epidemiologic trends and local suscepti-
bility/resistance patterns since geographic and institutional 
differences do occur. Periodic surveillance studied to moni-
tor changes in the epidemiology of infections and in suscep-
tibility and resistance patterns are important especially in 
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institutions that perform large numbers of hematopoietic 
transplants.

 Types of Febrile Episodes

Although fever is the most frequent and occasionally the 
only manifestation of infection in neutropenic patients, a 
substantial number of patients remain febrile without a spe-
cific infection being documented. A specific causative 
pathogen, most often bacterial or fungal, is identified in 
only 20–25% of febrile neutropenic episodes, referred to as 
episodes of microbiologically documented infection [14]. 
An additional 20–25% of patients will have an identifiable 
site of infection (e.g., pneumonia, cellulitis, enterocolitis) 
but will have negative cultures (Fig. 9.1). This may be due to 
various reasons such as the use of antimicrobial prophylaxis 
which may render cultures negative or substantially delay 
the time to positivity or a blunted inflammatory response 
which can result in paucity of specimens (e.g., sputum) to 
culture. These episodes are referred to as clinically docu-
mented infections. Approximately 40–50% of febrile neu-
tropenic patients have neither clinical evidence of infection 
nor positive microbiological documentation of one, which 
are referred to as episodes of unexplained fever. The major-
ity of these episode are probably caused by undetected 
infections as most of them respond to empiric antimicrobial 
therapy. A small proportion of patients with fever and neu-
tropenia have noninfectious causes of fever such as drug 
fever or tumor fever. This is not surprising since fever is 
induced by cytokine release which is not limited to infec-
tions. All febrile neutropenic patients should undergo a thor-
ough evaluation to detect infection before the possibility of 
a noninfectious etiology is entertained. Most microbiologi-
cally documented infections are monomicrobial (i.e., caused 
by one organism) with Gram-positive bacteria being pre-
dominant [10, 15]. However, polymicrobial infections are 

being documented with increasing frequency at many trans-
plant centers and may account for up to 25% of bacterial 
infections [16]. Recent data show that ~10–15% of bactere-
mias in neutropenic patients are polymicrobial [17]. 
Infections involving deep tissue sites such as pneumonia, 
enterocolitis, and perirectal infections are often polymicro-
bial [16, 18]. Most polymicrobial infections are caused by 
multiple bacterial species although bacterial and fungal, 
bacterial and viral, or fungal and viral infections may be 
present at the same time. These infections are generally 
associated with greater morbidity and mortality than mono-
microbial infections.

 Sites of Infection

The most common sites of infection documented in neutrope-
nic hematopoietic transplant recipients are listed in Table 9.1. 
Infections of the respiratory tract occur most often followed 
by bloodstream infections (including central line- associated 
bloodstream infection, CLABSI), urinary tract infections, 
skin and skin structure infections (SSSIs), and infections 
originating from the oropharynx, the gastrointestinal tract, 
and the biliary tract [14]. Less frequent but clinically impor-
tant sites include the central nervous system, the musculo-
skeletal system, and the end organs such as the spleen and 
liver. The frequency of bloodstream infection (BSI) varies 
from center to center and also on the type of transplant, gen-
erally being more frequent in allogeneic transplant recipients 
[19, 20]. Recent data indicate that the incidence of at least one 
episode of BSI is around 21% with an attributable mortality 
of ~3% [21]. Approximately 25% of patients with profound 
neutropenia lasting >10–12 days will develop lung infiltrates. 
These often do not respond to broad- spectrum antimicrobial 
therapy and establishing a specific diagnosis in such patients 
remains a significant challenge [22]. Data regarding other 
sites of infection are not as robust as those describing BSIs. 

unexplained fever 45 - 50%

clinically documented infections 20 -
25% (predominantly respiratory and
SSIs)

microbiologically documented
infections 20- 25% (predominantly
bacterial and fungal)

non infectious causes of fever <5%
(predominantly drug and tumor fever)

Fig. 9.1 Types and 
distribution of febrile 
episodes in neutropenic 
patients

L. Nesher and K. V. I. Rolston



187

Most microbiologically documented infections arise from the 
patient’s endogenous microflora, with only a small proportion 
being acquired from exogenous sources and/or environmental 
exposure. It is therefore often possible to anticipate the poten-
tial etiology of an infection and provide appropriate empiric 
coverage based on the site where the infection originated. For 
example, most infections with a cutaneous origin are caused 
by Staphylococcus species and other organisms that colonize 
the skin (Bacillus spp., Corynebacterium spp., Candida spp.) 
[23]. Patients with severe oral mucositis and/or poor periodon-
tal status are more likely to have infections caused by viridans 
group streptococci (VGS) and Stomatococcus mucilaginosus 
[24–26]. In patients with significant lower intestinal muco-
sitis, enterococcal and Gram-negative bacillary infections 
occur more often. Bacterial infections generally occur dur-
ing the initial stages of a neutropenic episode, while fungal 
infections arise more frequently in patients with prolonged 
(≥7  days) neutropenia. The widespread use of long-term 
central venous catheters in transplant recipients has had an 
impact on the frequency and spectrum of infection. The abil-
ity of certain organisms (notably coagulase- negative staphy-
lococci (CoNS), Staphylococcus aureus, and Candida spp.) 
to produce and get embedded in biofilm, and the poor pene-
tration of many antimicrobial agents into biofilm, makes cath-
eter-related infections difficult to eradicate without removal 
of the offending catheter [27]. Consequently many transplant 
centers perform routine weekly blood cultures from central 
venous catheters in an attempt to detect colonization/infection 
early [28, 29]. This practice, however, has not been shown 
to accurately predict the development of CLABSI and may 
lead to unnecessary interventions [30]. The most common 
organisms isolated from CLABSI are CoNS.  Other organ-
isms include S. aureus, Bacillus spp., Corynebacterium spp., 

Pseudomonas aeruginosa, Enterobacteriaceae, Enterococcus 
spp., Acinetobacter spp., Stenotrophomonas maltophilia, and 
Candida spp. Despite the widespread use of catheters, the 
infection rate seldom exceeds 15% or more than two episodes 
per 1000 catheter days [31].

 Bacterial Infections

Several recent epidemiologic surveys conducted in pedi-
atric and adult hematopoietic transplant recipients have 
documented the predominance of Gram-positive organisms 
over Gram-negative bacilli [32–34]. Some of the reasons 
for this predominance include (1) the widespread use of 
central venous catheters, (2) the frequent use of intensive 
chemotherapeutic regimens that produce significant oral 
mucositis, and (3) the use of antibacterial prophylaxis (gen-
erally with a fluoroquinolone) directed primarily against 
enteric Gram- negative bacilli. Fluoroquinolone prophylaxis 
has in fact been show to increase the frequency of Gram-
positive infections especially with organisms such as VGS 
that are often resistant to them [35]. The proportion of 
Gram-positive infections has been reported to be as high as 
70–80% at some centers. Many reports, however, include 
data only on BSI caused by single organisms (monomicro-
bial BSI) and either exclude or provide very little details 
regarding infections at other sites and on polymicrobial 
infections [36]. These reports provide an overestimate of 
Gram-positive infections since the majority of bacteremias, 
particularly CLABSI, are indeed caused by Gram-positive 
organisms that inhabit the skin. As mentioned previously, 
BSIs account for only 20–25% of microbiologically doc-
umented infections. Infections at most other sites such as 
lungs, intestinal tract, urinary tract, and biliary tract have 
a predominance of Gram-negative pathogens. Additionally, 
~60–80% of polymicrobial infections have a Gram-negative 
component, and ~30–35% are caused exclusively by mul-
tiple Gram-negative species [16, 18]. Therefore, when all 
sites of infection, not just BSI and monomicrobial as well as 
polymicrobial infections are pooled together, the apparent 
predominance of Gram- positive organisms seems less strik-
ing, with Gram-negative organisms being isolated almost 
as frequently [37]. Indeed, some institutions are beginning 
to report a resurgence in the frequency of Gram-negative 
pathogens even in patients with BSI [32]. The main reason 
for this appears to be the discontinuation of fluoroquino-
lone prophylaxis at some institutions since this practice has 
resulted in the emergence of fluoroquinolone- resistant and 
even multidrug-resistant organisms [32]. For reasons that 
remain unclear anaerobes are seldom isolated from neutro-
penic patients, although it is customary to provide anaerobic 
coverage especially for infections arising from or involving 
the intestinal tract. Real- time knowledge of local epidemio-

Table 9.1 Common sites of infection in febrile neutropenic patients

Site of infectiona Frequency range
Respiratory tractb 35–40%
Bloodstreamc 15–35%
Urinary tract 5–15%
Skin and skin structured 5–10%
Gastrointestinal tracte 5–10%
Other sitesf 5–10%

These data were extracted from various epidemiologic surveys con-
ducted at the University of Texas MD Anderson Cancer Center between 
2004 and 2014
aApproximately 15–20 % of patients will have multiple sites of infec-
tion (i.e., bacteremia + pneumonia). These are not always caused by the 
same organisms
bIncludes the para nasal sinuses, the upper respiratory tract, the lungs, 
and infections such as empyema
cIncludes primary and catheter-related bacteremia
dIncludes infections at surgical sites, bone marrow biopsy sites, and 
radiation fields
eIncludes infections arising from the oral cavity, esophagitis, appendici-
tis, neutropenic enterocolitis, cholangitis, and perirectal infections
fCentral nervous system, bone, joint, etc.
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logical patterns is critical, and empiric regimens need to be 
based on such information. Consequently, transplant centers 
are encouraged to perform periodic surveillance studies in 
order to keep abreast of epidemiologic changes. The organ-
isms causing the majority if bacterial infections in neutrope-
nic hematopoietic transplant recipients are listed in Tables 
9.2 and 9.3.

 Gram-Positive Organisms

Coagulase-negative staphylococci are isolated most often 
with the most common species being Staphylococcus epi-
dermidis, S. hominis, and S. haemolyticus. These organ-
isms are of low virulence and seldom cause life-threatening 
infections even in severely neutropenic patients. CLABSI 
are the most common infections caused by CoNS. These 
can often be treated with antimicrobial agents alone, 
although catheter removal may be required if the infec-
tion recurs [38]. The one exception is S. lugdunensis, 
which more closely resembles S. aureus in virulence 
[39–41]. Many experts recommend that these organisms 
should not be considered to be harmless commensals and 
infections caused by them should be managed like those 
caused by S. aureus. Other Gram-positive organisms that 
colonize the human skin and cause infections in neutrope-
nic patients include Bacillus spp., Corynebacterium spp., 
and Micrococcus spp. Like CoNS, these organisms cause 
CLABSI most often, although serious infections such as 
endophthalmitis, endocarditis, septic arthritis, and pneu-
monia develop occasionally. As mentioned, S. aureus 
are more virulent than other staphylococci and are asso-
ciated with substantial morbidity and mortality. Patients 
with S. aureus bacteremia should be evaluated with infec-
tions such as endocarditis and deep-seated abscesses [42]. 
Unlike CoNS catheter removal is almost always necessary 
in S. aureus CLABSI [43]. Of concern are the increasing 
rates of methicillin resistance among S. aureus (MRSA) 
isolates worldwide. Although MRSA rates as low as 
10% are still reported occasionally, many institutions are 
reporting MRSA rates in the range of 55–60%, making 
them more common than methicillin-susceptible isolates. 
Some MRSA isolates have developed tolerance (MBC ≥32 
times the MIC) or reduced susceptibility to vancomycin 
(referred to as the MIC creep), thereby reducing the thera-
peutic impact of this agent, which until recently has been 
considered to be the agent of choice for the treatment of 
Gram-positive infections in neutropenic patients [44, 45]. 
Alternative agents are being recommended for infections 
caused by such organisms [46].

Alpha-hemolytic streptococci or VGS are major com-
ponents of the human oral microflora. Patients particularly 
prone to VGS infections are recipients of high-intensity 
chemotherapy with agents such as cytosine arabinoside 
which induces severe mucosal damage and facilitates 
translocation of these organisms into the bloodstream. 
Other predisposing factors include the use of fluoroqui-
nolone prophylaxis and the use of antacids and histamine 
type-2 (H2) antagonists. Although not recommended by 
most authorities, vancomycin- based prophylaxis in the 
peri-transplant period has been used by some, in order to 
reduce the frequency of VGS bacteremia [47]. This practice 

Table 9.2 The spectrum of Gram-positive organisms isolated from 
febrile neutropenic patients

Organism % Frequency
CoNSa 20–50
Staphylococcus aureusa 10–30
Enterococcus speciesb 10–20
VGSc 5–25
Micrococcus species 2–8
Corynebacterium species 2–5
β hemolytic streptococcid 4–6
Bacillus species 4–6
Aerococcus species <3, respectively
Streptococcus pneumoniae
Stomatococcus mucilaginosus
Lactobacillus species
Leuconostoc species
Pediococcus species

These data were extracted from various epidemiologic surveys con-
ducted at the University of Texas MD Anderson Cancer Center between 
2004 and 2014
aCoNS  – coagulase-negative staphylococci  – approximately 7% of 
CoNS were S. lugdunensis. >95% of CoNS and >65% of S. aureus 
isolates were methicillin-resistant
bApproximately 18% of Enterococcus species were vancomycin- 
resistant enterococci (VRE)
cVGS – viridans group streptococci – the most common species were S. 
mitis, S. sanguis, and S. salivarius
dIncluded groups A, B, C, G, and F

Table 9.3 Spectrum of Gram-negative organisms isolated from febrile 
neutropenic patients

Organism % Frequency
Escherichia colia 20–45
Klebsiella speciesb 10–20
Other Enterobacteriaceaec 15–20
Pseudomonas aeruginosad 18–24
Stenotrophomonas maltophiliad 2–5
Acinetobacter speciesd <3
Other NFGNBe <3

These data were extracted from various epidemiologic surveys con-
ducted at the University of Texas MD Anderson Cancer Center between 
2004 and 2014
aApproximately 40% of isolates were fluoroquinolone-resistant, 
approximately 9% produced ESBLS and 4% were multidrug resistant
bK. pneumoniae 78% and K. oxytoca 22%. Increasing rates of ESBL 
and carbapenemase-producing organisms are being reported
cPrimarily Enterobacter species, Serratia species, and Citrobacter 
species
dIncreasing frequency of multidrug resistant (MDR) isolates (i.e., resis-
tant to at least three classes of antimicrobial agents)
eNFGNB – non-fermentative Gram-negative bacilli
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requires close monitoring of patients for the development of 
resistant organisms such as VRE and/or staphylococcal iso-
lates with reduced susceptibility or resistance to vancomy-
cin. It should only be considered in institutions where the 
frequency of infections caused by VGS is very high. Also 
of concern is the possibility that this practice might lead to 
the development of reduced susceptibility to other agents 
(daptomycin, dalbavancin). Some investigators believe that 
mucositis, which generally occurs at the nadir of neutro-
penia, is the primary predisposing factor for the develop-
ment of infection in this setting, and have coined the phrase 
“febrile mucositis.” Additionally, periodontal inflammation 
including gingivitis, periodontitis increases the possibil-
ity of VGS bacteremia [24, 48]. The most common mani-
festation of VGS infection is bacteremia. Approximately 
5–10% of patients may develop disseminated infection, the 
so-called streptococcal toxic shock syndrome in which the 
mortality rate is in the range of 40–50% despite appropri-
ate therapy [49]. Streptococcus mitis, S. sanguis, and S. 
salivarius are the species isolated most often from patients 
with VGS bacteremia. Of increasing concern are reports 
that up to 20–60% of VGS isolates are non-susceptible or 
overtly resistant to penicillin [50]. All isolates are currently 
susceptible to vancomycin, although occasional tolerance 
to this agent has been described [45]. They are also suscep-
tible to newer- generation quinolones such as moxifloxacin 
and agents such as linezolid, daptomycin, telavancin, and 
dalbavancin, although clinical experience with these agents 
is limited [51–53]. The use of antibiotic combinations may 
be warranted, especially against organisms with high MICs 
or tolerance to vancomycin.

The enterococci reside mainly in the lower intestinal tract. 
They are seldom primary pathogens but are isolated most 
often following prolonged therapy with broad-spectrum 
agents such as the carbapenems. The most common manifes-
tations include BSI and urinary tract infections. Enterococci 
are also often isolated from polymicrobial infections such as 
neutropenic enterocolitis and perirectal infections. The 
increased and prolonged use of vancomycin in neutropenic 
patients was in part responsible for the emergence of 
vancomycin- resistant enterococci (VRE) globally, and cur-
rently, 15–20% of all enterococcal isolates in the United 
States are VRE. Fecal colonization with VRE in hematopoi-
etic transplant recipients is not uncommon, and approxi-
mately 15–40% of colonized patients will develop BSI or 
other serious infections [54–58]. Consequently, some experts 
recommend the preemptive use of agents with activity 
against VRE when patients with fecal colonization develop 
febrile neutropenia. Fecal decolonization has been attempted, 
but most attempts have been unsuccessful. Therefore, anti-
microbial stewardship and infection control measures to 
limit the emergence and spread of VRE are extremely 
important.

 Gram-Negative Organisms

The gastrointestinal tract serves as an important source of 
infection in neutropenic patients, with the predominant 
pathogens being enteric Gram-negative bacilli. The use of 
antimicrobial prophylaxis in high-risk neutropenic patients 
including hematopoietic transplant recipients led to a decline 
in the frequency and, to some extent, the morbidity and mor-
tality associated with documented Gram-negative infections. 
This practice also led to the emergence of resistance among 
Escherichia coli and other Gram-negative species [59–61]. 
Therefore, many institutions are re-evaluating this practice, 
and some institutions have even discontinued fluoroquinolone 
prophylaxis in neutropenic patients [32]. Many institutions 
conduct surveillance studies in high-risk patients looking 
for fecal colonization with VRE, Pseudomonas aeruginosa, 
and other resistant organisms such as extended- spectrum 
beta-lactamase (ESBL) producers and carbapenem- resistant 
Enterobacteriaceae (CRE), since positive surveillance cul-
tures often predict the development of infections during 
subsequent episodes of neutropenia [55, 62, 63]. This infor-
mation is useful in picking appropriate empiric regimens 
when colonized patients develop febrile neutropenia, as 
well as in antimicrobial stewardship efforts if surveillance 
cultures are negative. ESBL-producing organisms are being 
reported with increasing frequency [64]. Carbapenemase-
producing Gram-negative bacteria (Klebsiella pneumonia 
carbapenemase, KPC; New Delhi metallo-beta-lactamase 
1, NDM-1; non-metallo-beta- lactamase producers) have 
emerged over the past few years and are spreading across the 
globe [65, 66]. Gram-negative infections are usually associ-
ated with greater morbidity and mortality than Gram-positive 
infections. Many epidemiological studies have shown that 
E. coli, Klebsiella species (K. pneumoniae and K. oxytoca), 
and P. aeruginosa remain the three primary Gram-negative 
pathogens in neutropenic patients causing 45–60% of such 
infections [36, 37]. Other Enterobacteriaceae (Citrobacter 
spp., Enterobacter spp., Proteus spp., Serratia spp.) are less 
common, although institutional differences do exist [67, 68]. 
Nationwide outbreaks of Serratia marcescens bacteremia 
due to contaminated prefilled heparin and saline syringes 
have been reported [69, 70]. Despite the overall decline in 
the frequency of Gram- negative infections, the proportion of 
infections caused by non-fermentative Gram-negative bacilli 
(NFGNB) such as P. aeruginosa, non-aeruginosa pseudomo-
nads, Stenotrophomonas maltophilia, and Acinetobacter spe-
cies has increased [67, 71]. Collectively, NFGNB now cause 
~40% of all Gram-negative infections, a proportion that has 
steadily increased over the past two decades. P. aeruginosa 
is the most important and most frequently isolated NFGNB 
and causes between 15% and 20% of Gram-negative infec-
tions [72]. Bacteremia and pneumonia are the two most 
common manifestations, although infections at various other 
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sites are not uncommon. It is also the most common Gram- 
negative organism isolated from polymicrobial infections 
[16]. These organisms develop resistance to antimicrobial 
agents using multiple mechanisms and often acquire resis-
tance to several classes of agents (multidrug resistance, 
MDR) and are difficult to treat and eradicate. Combination 
therapy is often necessary. Prolonged use of fluoroquino-
lones and carbapenems has been identified as risk factor 
for the development of resistance [73–75]. Consequently, 
many antimicrobial stewardship efforts focus on curtailing 
or minimizing the use of these agents. Colonization/infec-
tion with S. maltophilia is also being reported more often 
especially in patients with hematologic malignancies and 
hematopoietic transplant recipients [76, 77]. The shift from 
trimethoprim/sulfamethoxazole (which has potent activity 
against S. maltophilia) to fluoroquinolones (which do not) 
as the preferred agents for antimicrobial prophylaxis in neu-
tropenic patients may account for this increase. These organ-
isms are almost always multidrug resistant, and as is the case 
with P. aeruginosa, combination therapy (trimethoprim/sul-
famethoxazole + minocycline or tigecycline) is frequently 
necessary [77, 78]. Other infrequent but important NFGNB 
include Acinetobacter spp., Achromobacter and Alcaligenes 
spp., and non-aeruginosa Pseudomonas species such as P. 
putida and P. fluorescens. Many outbreaks caused by these 
organisms have been traced to contaminated dialysis fluid, 
de-ionized water, mechanical ventilators, and chlorhexi-
dine solution. Many of these organisms are also multidrug 
resistant.

 Anaerobic Infections

Anaerobic infections are seldom documented in febrile neu-
tropenic patients, with the overall range of positive blood 
cultures being 0–5% [79]. The most common sites of infec-
tion are the intestinal tract (neutropenic enterocolitis, peri-
rectal infections, abdominal/pelvic abscesses), complicated 
skin and skin structure infections, biliary tract infections, 
and respiratory infections [14, 80]. It is customary to provide 
anaerobic coverage to treat these infections even if anaerobes 
have not been isolated. The presence of significant oral or 
intestinal mucositis increases the risk of anaerobic infec-
tions. Purulence, which is the hallmark of anaerobic infec-
tions in immunocompetent patients, is often absent in 
patients with neutropenia. The organisms isolated most often 
include Peptostreptococcus spp., Fusobacterium nucleatum, 
Bacteroides spp., Prevotella spp., and Clostridium spp. Due 
to the frequent and prolonged use of broad-spectrum antimi-
crobial agents, Clostridium difficile-associated diarrhea is 
not infrequent in patients with neutropenia [81]. 
Approximately 13% of hematopoietic transplant recipients 
develop C. difficile infection mainly in the 1st month post-

transplantation [82]. Colonization with toxigenic strains of 
C. difficile has been shown to be predictive for the develop-
ment of C. difficile-associated diarrhea in hematopoietic 
transplant recipients [83, 84]. Response to treatment may be 
lower and relapses or recurrent infections may be higher in 
this setting.

The spectrum of bacterial infection in neutropenic patients 
continues to change with significant geographic and institu-
tional differences being commonplace. In institutions 
wherein fluoroquinolone prophylaxis is still in use, Gram- 
positive pathogens predominate, whereas in institutions that 
have suspended or discontinued the use of fluoroquinolone 
prophylaxis, Gram-negative pathogens are more common. 
Resistance patterns also vary from region to region and, 
indeed, sometimes within the same region or institution. 
Resistant organisms are uncommon in Scandinavian coun-
tries. VRE appears to be more common in the United States 
than in Europe. The frequency of ESBL-producing, 
carbapenemase- producing, and MDR Gram-negative organ-
isms appears to be increasing worldwide. Consequently, 
generating real-time local epidemiologic and susceptibility/
resistance data is important.

 Fungal Infections

Bacterial infections predominate during the initial 
7–10 days of neutropenia. With more prolonged neutrope-
nia, fungal infections begin to develop. Infections caused 
by Candida spp. and Aspergillus spp. are documented 
most often although many opportunistic fungi are patho-
genic in this setting (Table 9.4). Invasive candidiasis was 
the most common fungal infection in neutropenic patients 
prior to the development of agents such as fluconazole, 
with C. albicans being the predominant species. With 
the routine usage of antifungal prophylaxis in high-risk 
patients including hematopoietic transplant recipients, the 
frequency of invasive candidiasis has been substantially 
reduced with manifestations like esophagitis and chronic 
systemic or hepatosplenic candidiasis becoming almost of 
historic interest. Currently candidemia, most often cathe-
ter-related, is the most common manifestation of invasive 
candidiasis. There has also been a shift in the epidemiology 
of candidiasis, in part related to the usage of agents such as 
fluconazole, with the emergence of Candida species other 
than C. albicans such as C. glabrata, C. tropicalis, C. 
parapsilosis, C. krusei, C. auris as frequent pathogens in 
this setting [85, 86]. Regional differences have been docu-
mented with a preponderance of different species in differ-
ent institutions. These differences may be due to divergent 
use of antifungal prophylaxis and/or geographic diversity. 
As with bacterial infections, local epidemiologic and sus-
ceptibility/resistance data should be used to guide empiric 
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and targeted antifungal therapy. Other yeasts occasionally 
encountered in this setting include Trichosporon beigelii, 
Hansenula anomala, Geotrichum capitatum, Malassezia 
furfur, and Streptomyces cerevisiae.

Invasive mold infections are the most common life- 
threatening infections in patients with neutropenia that last 
longer than 2 weeks [87]. The vast majority of these infec-
tions are caused by Aspergillus species with A. fumigatus 
being the predominant species. Other species of Aspergillus 
have emerged as significant pathogens as well, including 
A. flavus, A. terreus, A. niger, and A. oryzae (Table 9.4). 
The most common site of involvement is the lung, result-
ing in invasive pulmonary aspergillosis (IPA). Other fre-
quent sites of involvement include the paranasal sinuses 
and the central nervous system. Fungemia is rarely docu-
mented. Although still relatively uncommon, mucormyco-
sis has emerged as an increasingly important infection in 
neutropenic patients in the last 15–20 years [88]. The most 
common organisms causing this infection are Mucor spp., 
Rhizopus spp., Rhizomucor spp., Cunninghamella spp., 
and Absidia spp. The increasing frequency of mucormyco-
sis has in part been attributed to the use of voriconazole, 
due to its lack of activity against these organisms [89–91]. 
Like aspergillosis, common sites of infection include the 

paranasal sinuses, the rhino-orbital area, the lungs, and the 
central nervous system [92]. Other uncommon but impor-
tant molds that cause infection in this setting include 
Fusarium spp. and Scedosporium spp. Unlike most other 
molds, fungemia is a common manifestation of fusariosis 
and may occur in up to 50% of patients [93]. Necrotic 
cutaneous lesions are also relatively common. The inci-
dence of Scedosporium infection appears to be increasing 
in recent years. This increase may also be related to the 
fact that these organisms are resistant to many commonly 
used antifungal agents [94].

 Viral Infections

Viral infections, especially those caused by human herpes 
viruses, are common in high-risk patients with neutropenia 
including hematopoietic cell transplant recipients. Most are 
effectively prevented with antiviral prophylaxis and/or pre-
emptive therapy. Most herpes simplex virus (HSV 1 and 
HSV 2) infections in adults are due to reactivation of latent 
infections in seropositive patients. The likelihood of viral 
reactivation depends on the intensity of the chemotherapeu-
tic/conditioning regimen. Reactivation occurs in two-thirds 
of patients undergoing induction chemotherapy for acute 
myelogenous leukemia and in recipients of hematopoietic 
transplants in the absence of antiviral prophylaxis [95, 96]. 
Ulcerations of the oral and esophageal mucosa, ulcers, or 
vesicles on the lips, genitalia, skin, or perianal areas are the 
most common manifestations. The HSVs can cause numer-
ous syndromes including encephalitis, meningitis, myelitis, 
esophagitis, hepatitis, ocular disease, pneumonia, and ery-
thema multiforme. Reactivation, or less commonly, primary 
acquisition of other human herpes viruses such as 
Cytomegalovirus, Epstein-Barr virus, and human herpes 
virus 6 can also occur, albeit, seen mostly during late trans-
plant period [97–100].

Infections caused by respiratory viruses may not neces-
sarily occur more frequently in neutropenic patients, but 
their manifestations tend to be more severe in this setting 
[101]. This may even impact the decision to proceed with 
hematopoietic cell transplantation, and several guidelines 
recommend delaying transplantation in patients with pre- 
transplant upper respiratory tract infections [101–103]. 
These pathogens include the influenza viruses (influenza A 
and B), respiratory syncytial virus (RSV), parainfluenza 
viruses, adenovirus, and metapneumovirus [104]. The risk 
for infection by these organisms tends to coincide with respi-
ratory virus outbreaks in the general population. The severity 
of infection and specifically the rate of progression from 
upper respiratory tract disease to lower respiratory tract dis-
ease such as pneumonia depend on the level, duration, and 
type of immunosuppression [104–107].

Table 9.4 The spectrum of fungal and viral infections in neutropenic 
patients

Fungal pathogens (yeast) – 8–24% of blood stream infections in 
patients with hematological malignancy
  Candida albicans
  Other candida speciesa

  Trichosporon beigelii
  Geotrichum capitatum
  Malassezia furfur
  Hansenula anomala
  Streptomyces cerevisiae
Fungal pathogens (molds) – 2–28% of patients with hematological 
malignancy
  Aspergillus fumigatus
  Other Aspergillus speciesb

  The Zygomycetesc

  Fusarium species
  Scedosporium species
Viral pathogens
  Herpes simplex viruses (reactivation)
  Community respiratory virusesd

These data were extracted from various epidemiologic surveys con-
ducted at the University of Texas MD Anderson Cancer Center between 
2004 and 2014
aIncludes C. glabrata, C. tropicalis, C. krusei, C. auris, and C. parapsilosis
bIncludes A. flavus, A. niger, A. terreus, and A. oryzae
cRhizopus, Mucor, Rhizomucor, Absidia, and Cunninghamella are the 
most common human pathogens
dIncludes influenza A and B, parainfluenza viruses, respiratory syncy-
tial virus (RSV), human metapneumovirus, corona viruses, rhinovi-
ruses, and bocavirus. Infection may not necessarily be more common in 
neutropenic patients but tends to be more severe
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 Polymicrobial Infections

As previously mentioned, approximately 25–30% of micro-
biologically documented infections are polymicrobial. In the 
past polymicrobial infections have been ignored or underap-
preciated and underreported [16]. Of late, greater attention is 
being paid to such infections. In general, they are associated 
with greater morbidity and mortality than monomicrobial 
infections. This may be because polymicrobial infections 
frequently involve deep tissues (pneumonia, empyema, 
neutropenic enterocolitis, perirectal infections) where pen-
etration of antimicrobial agents might be subtherapeutic 
and large areas of under perfused or necrotic tissue may be 
present. Recent studies also show that ~15% of bacteremic 
infections including CLABSI are polymicrobial [17]. Gram-
positive organisms, predominantly staphylococci and entero-
cocci, are isolated from up to 40% to 50% of polymicrobial 
infections, whereas Gram-negative organisms are isolated 
from ~80% of polymicrobial infections with P. aeruginosa 
and E. coli being isolated most often. Approximately one-
third are caused by multiple Gram-negative species e.g., E. 
coli & P. aeruginosa [18]. Occasionally bacterial and fungal, 
bacterial and viral, fungal and viral, or multiple fungal infec-
tions may coexist.

It is important to remember that neutropenia is often 
superimposed on other immunological defects such as 
impaired cellular or humoral immunity both as a result of the 
underlying malignancy and/or its treatment prior to trans-
plantation. If such deficits are present in addition to neutro-
penia, the spectrum of infection widens considerably as 
these deficits are associated with their own unique set of 
pathogens.

 Management of Febrile Neutropenia

The principles of managing episodes of febrile neutropenia 
have been developed and refined over several decades [10, 
108–110]. Many societies including the Infectious Diseases 
Society of America (IDSA), the National Comprehensive 
Cancer Network (NCCN), the American Society of Clinical 
Oncology (ASCO), and the European Society of Medical 
Oncology (ESMO) have published evidence-based guide-
lines that provide current information regarding the manage-
ment (including prevention) of these episodes [10, 11, 13, 
111, 112]. All febrile neutropenic patients should undergo a 
quick but thorough initial evaluation and should receive 
prompt, broad-spectrum, empiric, antibiotic therapy based 
on current local epidemiologic and susceptibility/resistance 
patterns. Several options are available for initial empiric 
therapy including (1) monotherapy with a broad-spectrum 
antipseudomonal agent or (2) various combination regimens. 
Depending on the patients’ risk group, such therapy may be 

administered in the hospital or in an outpatient setting and 
may be parenteral or oral. Close monitoring for response or 
progression of infection, the development of complications 
or drug-related adverse effects, and the development of 
superinfections is critical. Modification of the initial regimen 
may be required in up to 30% of patients depending on the 
risk group, nature and site of infection, and the development 
of a superinfection (including a suspected or documented 
fungal infection). Removal of infected catheters and other 
medical hardware may be necessary. Surgical intervention 
may be indicated in specific settings (e.g., perirectal infec-
tion/abscess). The overall duration of therapy depends on 
several factors such as the patients risk group, nature and site 
of infection, and resolution or persistence of neutropenia. 
These principles are discussed below.

 Initial Evaluation

A detailed history should be taken including the nature and 
intensity of chemotherapy, prior antibiotic usage (prophylac-
tic and therapeutic), use of corticosteroids or other immuno-
suppressive agents, recent surgical procedures including 
placement of medical hardware, allergies, and recent travel 
or potential exposure to sick contacts. A history of past infec-
tion and/or colonization with resistant organisms will also 
have an impact on the selection of an appropriate empiric 
antimicrobial regimen. A thorough physical examination is 
mandatory and often reveals important sites of infection 
including cutaneous lesions such as ecthyma gangrenosum, 
cellulitis, and perirectal infection/abscesses. The examina-
tion of catheter insertion sites, external auditory meatus, 
nares and nasal septum, and the oropharynx may also often 
reveal foci of infection. Additionally, it is important to 
remember that some neutropenic patients, especially those 
receiving corticosteroids, may be afebrile. Others may just 
feel unwell and may even hypothermic. Such patients may 
harbor serious infections such as Gram-negative septicemia.

Laboratory evaluation should include a complete blood 
count (CBC) with differential leucocyte count and platelet 
count, measurement of serum creatinine blood urea nitrogen 
(BUN) to assess renal function, and measurement of serum 
electrolytes, total bilirubin, and hepatic transaminase 
enzymes. At least two sets of blood cultures should be 
obtained (one from a peripheral vein and the other from a 
central venous catheter, if present). Each lumen of multi- 
lumen catheters should be cultured separately [113]. Culture 
specimens from other sites (urine, wounds, sputum if 
 available) should be obtained as indicated. Chest radiographs 
are not recommended routinely but should be obtained in 
patients with respiratory symptoms or signs [114].

The initial evaluation of a febrile neutropenic patient 
should also include risk assessment as this guides the choice 
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of the empiric antibiotic regimen (combination vs monother-
apy), the route of administration (parenteral vs oral), the set-
ting in which therapy is administered (hospital vs outpatient), 
and the duration of therapy. The most commonly used risk 
assessment system in adults is the MASCC risk index [115]. 
High-risk patients have a MASCC risk score of <21 and 
should be admitted to the hospital for empiric therapy and 
close monitoring. Low-risk patients have a MASCC risk 
score of ≥21 and may be candidates for outpatient (oral or 
parenteral) therapy. Separate risk assessment tools are avail-
able for pediatric febrile neutropenic patients [116, 117].

 Empiric Therapy

An algorithm for the management of febrile neutropenic 
patients is provided in Fig. 9.2. Once the initial evaluation and 
risk assessment have been completed, empiric antibiotic ther-
apy should be administered without undue delay [10]. Low-
risk patients can be treated with oral or parenteral regimens 
(Table 9.5). These can be administered during a short period 
of hospitalization followed by outpatient therapy or treat-
ment of the entire episode in the outpatient setting. Most oral 
regimens are fluoroquinolone-based combinations although 
fluoroquinolone monotherapy has also been shown to be 

safe and effective [118, 119]. It is important to point out that 
hematopoietic cell transplant recipients (even those receiving 
non-myeloablative and/or autologous transplants) seldom 
fall into the low-risk category. Most hematopoietic transplant 
recipients with febrile neutropenia will either already be in 
the hospital or will require hospitalization for the adminis-
tration of parenteral antibiotic therapy. Monotherapy with 
an antipseudomonal beta-lactam agent such as cefepime, a 
carbapenem such as meropenem or imipenem- cilastatin (but 
not ertapenem, as it is not active against P. aeruginosa), or 
piperacillin-tazobactam is recommended (Table 9.5). Other 
agents (aminoglycosides, fluoroquinolones, tigecycline, 
polymyxin-colistin, metronidazole) may be needed if anti-
microbial resistance is suspected or documented or a specific 
pathogen such as an ESBL- producing or carbapenemase-
producing Gram-negative bacillus or an anaerobe is isolated. 
The initial use of agents such as vancomycin, daptomycin, 
or linezolid is discouraged except when prior colonization or 
infection with a resistant Gram-positive organism (MRSA, 
VRE) has been  documented or a catheter-related infection is 
strongly suspected [10, 120]. The empiric use of vancomycin 
has not been shown to reduce the overall mortality in patients 
with Gram- positive infections with the possible exception of 
infections caused by VGS. Additionally, one recent study has 
demonstrated that the empiric use of linezolid in febrile neu-
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Neutropenia
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(MASCC Risk Index)
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Fig. 9.2 Treatment algorithm for febrile neutropenic patients. Specific agents/regimens are listed in Table 9.5
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tropenic patients colonized with VRE had no impact on mor-
tality as well [121]. Concern has also been raised about the 
development of linezolid resistance, which has already been 
reported with increased usage of this agent [122]. Empiric 
antifungal coverage should be instituted if patients remain 
febrile after 4–7 days.

 Duration of Therapy

The duration of therapy continues to be vigorously debated. 
In patients with episodes of unexplained fever, therapy is 
generally continued until marrow recovery (ANC >500 cells/
mm3 for 2 consecutive days). Some experts recommend dis-
continuation of therapy if the patient has defervesced, even 
though marrow recovery as defined above has not yet 
occurred. It is recommended to place these patients on their 
initial prophylactic regimen until neutropenia resolves. In 
patients with microbiologically or clinically documented 
infections, the duration of therapy usually depends on the 
site of infection (cellulitis or UTI requiring a shorter duration 
than bacteremia or pneumonia) and the organism isolated. In 
patients with CLABSI caused by S. aureus, P. aeruginosa, 
Candida spp. or other fungi, or mycobacteria, catheter 
removal in addition to appropriate antimicrobial therapy is 
recommended [43].

Therapy is generally continued until marrow recovery or 
longer if clinically indicated. The ultimate decision as to 
when to stop therapy often needs to be individualized and 
may depend on numerous factors such as the patient’s risk 
group, the presence of a documented infection, and/or the 
persistence of neutropenia.

 Infection Control and Antimicrobial 
Stewardship

Hand hygiene, cutaneous antisepsis, and maximum sterile 
barrier precautions are recommended for all procedures such 
as CVC insertions and bone marrow biopsies. Strict adher-
ence to infection control practices and policies is essential 
in minimizing the spread of infections and controlling out-
breaks, especially those caused by resistant organisms in 
the hospital and in other healthcare settings. Antimicrobial 
stewardship is essential especially since the frequent use of 
antimicrobial therapy in these high-risk patients creates selec-
tion pressures leading to the development of resistance. The 
various strategies for antimicrobial stewardship are listed in 
Table 9.6 and include a multidisciplinary antibiotic steward-
ship team (MAST), institutional pathways/guidelines, for-
mulary restrictions or pre-approval requirements for certain 
agents, and de-escalation or streamlining of therapy when 
appropriate and feasible [123, 124]. Antimicrobial steward-
ship programs have been successfully instituted at several 
institutions [125–127]. Although currently the primary focus 
of these programs has been stewardship of antibacterial 
agents, it is anticipated that these programs will soon expand 
to include antifungal and antiviral agents as well.

References

 1. Jones R, Shpall E, Champlin R.  In Holland-Frei editor. 
Hematopoietic cell transplantation. 9th ed. Hoboken: John Wiley 
and sons. 2017, p 831–41.

 2. Almyroudis NG, Fuller A, Jakubowski A, et  al. Pre- and post- 
engraftment bloodstream infection rates and associated mortality 

Table 9.5 Common antibiotic regimens used in febrile neutropenic 
patients

Regimens in low-risk patients
  Parenteral regimens
   Ceftriaxone or Ertapenem +/− an aminoglycoside
   Aztreonam plus clindamycin or azithromycin
   Quinolone plus clindamycin or azithromycin
   Cefepime
  Oral regimens
   Quinolone plus amoxicillin/clavulanate
   Quinolone plus clindamycin or azithromycin
   Quinolone monotherapy
Regimens in intermediate to high-risk patients
  Monotherapy
   Cefepime
   Piperacillin/tazobactam
   Carbapenem (meropenem or imipenem/cilastatin)
  Combination therapy
   Agents used for monotherapy + an aminoglycoside
   Agents used for monotherapy + vancomycina

aAlternative agents such as daptomycin and linezolid are being used 
with increasing frequency although clinical data are limited

Table 9.6 Strategies for Antimicrobial stewardship program

General strategies
  Determine and monitor local epidemiology and resistance patterns
  Develop multidisciplinary antimicrobial stewardship team 

(MAST)
Antimicrobial usage strategies
  Limit antibacterial prophylaxis
  Encourage targeted/specific therapy
  Consider formulary restriction and/or pre-authorization
  Create local guidelines and clinical pathways
  Consider antimicrobial heterogeneity
  Consider de-escalation (streamlining) of empiric regimen
  Dose optimization
  Parenteral to oral transition
  Optimize duration of therapy
Other strategies
  Prospective audits of antimicrobial usage with feedback to 

prescribers
  Educational activities (grand rounds, in-services)
  Strict adherence to infection control policies

Adapted from [123, 125–127]

L. Nesher and K. V. I. Rolston



195

in allogeneic hematopoietic stem cell transplant recipients. Transpl 
Infect Dis. 2005;7(1):11–7.

 3. Sorror ML, Storer BE, Maloney DG, Sandmaier BM, Martin 
PJ, Storb R.  Outcomes after allogeneic hematopoietic cell trans-
plantation with nonmyeloablative or myeloablative conditioning 
regimens for treatment of lymphoma and chronic lymphocytic leu-
kemia. Blood. 2008;111(1):446–52.

 4. Celebi H, Akan H, Akçağlayan E, Ustün C, Arat M. Febrile neu-
tropenia in allogeneic and autologous peripheral blood stem cell 
transplantation and conventional chemotherapy for malignancies. 
Bone Marrow Transplant. 2000;26(2):211–4.

 5. Gil L, Styczynski J, Komarnicki M. Infectious complication in 314 
patients after high-dose therapy and autologous hematopoietic stem 
cell transplantation: risk factors analysis and outcome. Infection. 
2007;35(6):421–7.

 6. Zhang WX, Zhao QY, Huang HQ.  Febrile neutropenic infection 
occurred in cancer patients undergoing autologous peripheral blood 
stem cell transplantation. Transplant Proc. 2015;47(2):523–7.

 7. van der Velden WJ, Herbers AH, Netea MG, Blijlevens 
NM.  Mucosal barrier injury, fever and infection in neutropenic 
patients with cancer: introducing the paradigm febrile mucositis. 
Br J Haematol. 2014;167(4):441–52.

 8. Vera-Llonch M, Oster G, Ford CM, Lu J, Sonis S. Oral mucositis 
and outcomes of allogeneic hematopoietic stem-cell transplantation 
in patients with hematologic malignancies. Support Care Cancer. 
2007;15(5):491–6.

 9. Safdar A, Armstrong D. Infections in patients with hematologic neo-
plasms and hematopoietic stem cell transplantation: neutropenia, 
humoral, and splenic defects. Clin Infect Dis. 2011;53(8):798–806.

 10. Freifeld AG, Bow EJ, Sepkowitz KA, et al. Clinical practice guide-
line for the use of antimicrobial agents in neutropenic patients with 
cancer: 2010 update by the infectious diseases society of America. 
Clin Infect Dis. 2011;52(4):e56–93.

 11. Baden LR, Bensinger W, Angarone M, et al. Prevention and treat-
ment of cancer-related infections. J Natl Compr Cancer Netw. 
2012;10(11):1412–45.

 12. Lehrnbecher T, Phillips R, Alexander S, et  al. Guideline for the 
management of fever and neutropenia in children with cancer 
and/or undergoing hematopoietic stem-cell transplantation. J Clin 
Oncol. 2012;30(35):4427–38.

 13. de Naurois J, Novitzky-Basso I, Gill MJ, et  al. Management of 
febrile neutropenia: ESMO clinical practice guidelines. Ann Oncol. 
2010;21(Suppl 5):v252–6.

 14. Nesher L, Rolston KVI. The current spectrum of infection in can-
cer patients with chemotherapy related neutropenia. Infection. 
2014;42(1):5–13.

 15. Nesher L, Rolston KVI, Shah DP, et  al. Fecal colonization and 
infection with Pseudomonas aeruginosa in recipients of alloge-
neic hematopoietic stem cell transplantation. Transpl Infect Dis. 
2015;17(1):33–8.

 16. Rolston KV, Bodey GP, Safdar A.  Polymicrobial infection in 
patients with cancer: an underappreciated and underreported entity. 
Clin Infect Dis. 2007;45(2):228–33.

 17. Klastersky J, Ameye L, Maertens J, et al. Bacteraemia in febrile neu-
tropenic cancer patients. Int J Antimicrob Agents. 2007;30(Suppl 
1):S51–9.

 18. Elting LS, Bodey GP, Fainstein V. Polymicrobial septicemia in the 
cancer patient. Medicine (Baltimore). 1986;65(4):218–25.

 19. Gudiol C, Garcia-Vidal C, Arnan M, et al. Etiology, clinical fea-
tures and outcomes of pre-engraftment and post-engraftment 
bloodstream infection in hematopoietic SCT recipients. Bone 
Marrow Transplant. 2014;49(6):824–30.

 20. Piñana JL, Montesinos P, Martino R, et  al. Incidence, risk fac-
tors, and outcome of bacteremia following autologous hematopoi-
etic stem cell transplantation in 720 adult patients. Ann Hematol. 
2014;93(2):299–307.

 21. Blennow O, Ljungman P, Sparrelid E, Mattsson J, Remberger 
M. Incidence, risk factors, and outcome of bloodstream infections 
during the pre-engraftment phase in 521 allogeneic hematopoietic 
stem cell transplantations. Transpl Infect Dis. 2014;16(1):106–14.

 22. Maschmeyer G, Carratalà J, Buchheidt D, et al. Diagnosis and anti-
microbial therapy of lung infiltrates in febrile neutropenic patients 
(allogeneic SCT excluded): updated guidelines of the Infectious 
Diseases Working Party (AGIHO) of the German Society of 
Hematology and Medical Oncology (DGHO). Ann Oncol. 
2015;26(1):21–33.

 23. Rolston KV, Nesher L, Tarrand JT. Current microbiology of surgi-
cal site infections in patients with cancer: a retrospective review. 
Infect Dis Ther. 2014;3(2):245–56.

 24. Raber-Durlacher JE, Laheij AM, Epstein JB, et al. Periodontal sta-
tus and bacteremia with oral viridans streptococci and coagulase 
negative staphylococci in allogeneic hematopoietic stem cell trans-
plantation recipients: a prospective observational study. Support 
Care Cancer. 2013;21(6):1621–7.

 25. Blijlevens NM, Donnelly JP, de Pauw BE.  Empirical therapy of 
febrile neutropenic patients with mucositis: challenge of risk- based 
therapy. Clin Microbiol Infect. 2001;7(Suppl 4):47–52.

 26. Fanourgiakis P, Georgala A, Vekemans M, Daneau D, Heymans C, 
Aoun M. Bacteremia due to Stomatococcus mucilaginosus in neu-
tropenic patients in the setting of a cancer institute. Clin Microbiol 
Infect. 2003;9(10):1068–72.

 27. Singh R, Ray P, Das A, Sharma M.  Penetration of antibiotics 
through Staphylococcus aureus and Staphylococcus epidermidis 
biofilms. J Antimicrob Chemother. 2010;65(9):1955–8.

 28. Kanathezhath B, Shah A, Secola R, Hudes M, Feusner JH. The util-
ity of routine surveillance blood cultures in asymptomatic hema-
topoietic stem cell transplant patients. J Pediatr Hematol Oncol. 
2010;32(4):327–31.

 29. Rigby H, Fernandez CV, Langley J, Mailman T, Crooks B, Higgins 
A.  Routine surveillance for bloodstream infections in a pediatric 
hematopoietic stem cell transplant cohort: do patients benefit? Can 
J Infect Dis Med Microbiol. 2007;18(4):253–6.

 30. Nesher L, Chemaly RF, Shah DP, Mulanovich VE, Hosing C, 
Rolston KVI.  Utility of routine surveillance blood cultures in 
asymptomatic allogeneic hematopoietic stem cell transplant recipi-
ents with indwelling central venous catheters at a comprehensive 
cancer center. Am J Infect Control. 2014;42(10):1084–8.

 31. Cecinati V, Brescia L, Tagliaferri L, Giordano P, Esposito 
S. Catheter-related infections in pediatric patients with cancer. Eur 
J Clin Microbiol Infect Dis. 2012;31(11):2869–77.

 32. Montassier E, Batard E, Gastinne T, Potel G, de La Cochetière 
MF. Recent changes in bacteremia in patients with cancer: a sys-
tematic review of epidemiology and antibiotic resistance. Eur J Clin 
Microbiol Infect Dis. 2013;32(7):841–50.

 33. Macesic N, Morrissey CO, Cheng AC, Spencer A, Peleg 
AY. Changing microbial epidemiology in hematopoietic stem cell 
transplant recipients: increasing resistance over a 9-year period. 
Transpl Infect Dis. 2014;16(6):887–96.

 34. Miedema KG, Winter RH, Ammann RA, et  al. Bacteria causing 
bacteremia in pediatric cancer patients presenting with febrile neu-
tropenia – species distribution and susceptibility patterns. Support 
Care Cancer. 2013;21(9):2417–26.

 35. Razonable RR, Litzow MR, Khaliq Y, Piper KE, Rouse MS, Patel 
R.  Bacteremia due to viridans group Streptococci with dimin-
ished susceptibility to Levofloxacin among neutropenic patients 
receiving levofloxacin prophylaxis. Clin Infect Dis. 2002;34(11): 
1469–74.

 36. Wisplinghoff H, Seifert H, Wenzel RP, Edmond MB.  Current 
trends in the epidemiology of nosocomial bloodstream infections 
in patients with hematological malignancies and solid neoplasms in 
hospitals in the United States. Clin Infect Dis. 2003;36(9):1103–10. 
Epub 2003 Apr 14.

9 Febrile Neutropenia in Transplant Recipients



196

 37. Yadegarynia D, Tarrand J, Raad I, Rolston K.  Current spectrum 
of bacterial infections in patients with cancer. Clin Infect Dis. 
2003;37(8):1144–5.

 38. Raad I, Chaftari AM. Advances in prevention and management of 
central line-associated bloodstream infections in patients with can-
cer. Clin Infect Dis. 2014;59(Suppl 5):S340–3.

 39. Giormezis N, Kolonitsiou F, Makri A, et al. Virulence factors among 
Staphylococcus lugdunensis are associated with infection sites and 
clonal spread. Eur J Clin Microbiol Infect Dis. 2015;34(4):773–8.

 40. Kleiner E, Monk AB, Archer GL, Forbes BA. Clinical significance 
of Staphylococcus lugdunensis isolated from routine cultures. Clin 
Infect Dis. 2010;51(7):801–3.

 41. Fadel HJ, Patel R, Vetter EA, Baddour LM. Clinical significance of 
a single Staphylococcus lugdunensis-positive blood culture. J Clin 
Microbiol. 2011;49(4):1697–9.

 42. Mihu CN, Schaub J, Kesh S, et al. Risk factors for late Staphylococcus 
aureus bacteremia after allogeneic hematopoietic stem cell trans-
plantation: a single-institution, nested case-controlled study. Biol 
Blood Marrow Transplant. 2008;14(12):1429–33.

 43. O’Grady NP, Alexander M, Burns LA, et al. Guidelines for the pre-
vention of intravascular catheter-related infections. Clin Infect Dis. 
2011;52(9):e162–93.

 44. Sakoulas G, Moise-Broder PA, Schentag J, Forrest A, Moellering 
RC, Eliopoulos GM.  Relationship of MIC and bactericidal 
activity to efficacy of vancomycin for treatment of methicillin- 
resistant Staphylococcus aureus bacteremia. J Clin Microbiol. 
2004;42(6):2398–402.

 45. Safdar A, Rolston KV. Vancomycin tolerance, a potential mecha-
nism for refractory gram-positive bacteremia observational study 
in patients with cancer. Cancer. 2006;106(8):1815–20.

 46. Liu C, Bayer A, Cosgrove SE, et  al. Clinical practice guidelines 
by the infectious diseases society of America for the treatment of 
methicillin-resistant Staphylococcus aureus infections in adults and 
children. Clin Infect Dis. 2011;52(3):e18–55.

 47. Seo SK, Xiao K, Huang YT, et al. Impact of peri-transplant vanco-
mycin and fluoroquinolone administration on rates of bacteremia in 
allogeneic hematopoietic stem cell transplant (HSCT) recipients: a 
12-year single institution study. J Infect. 2014;69(4):341–51.

 48. Graber CJ, de Almeida KN, Atkinson JC, et  al. Dental health 
and viridans streptococcal bacteremia in allogeneic hematopoi-
etic stem cell transplant recipients. Bone Marrow Transplant. 
2001;27(5):537–42.

 49. Elting LS, Bodey GP, Keefe BH. Septicemia and shock syndrome 
due to viridans streptococci: a case-control study of predisposing 
factors. Clin Infect Dis. 1992;14(6):1201–7.

 50. Han XY, Kamana M, Rolston KV. Viridans streptococci isolated by 
culture from blood of cancer patients: clinical and microbiologic 
analysis of 50 cases. J Clin Microbiol. 2006;44(1):160–5.

 51. Rolston KV, Besece D, Lamp KC, Yoon M, McConnell SA, White 
P. Daptomycin use in neutropenic patients with documented gram-
positive infections. Support Care Cancer. 2014;22(1):7–14.

 52. Rolston KVI, Wang W, Nesher L, Coyle E, Shelburne S, Prince 
RA. In vitro activity of telavancin compared with vancomycin and 
linezolid against gram-positive organisms isolated from cancer 
patients. J Antibiot. 2014;67(7):505–9.

 53. Rolston KV, Frisbee-Hume S, LeBlanc B, Streeter H, Ho DH. In 
vitro antimicrobial activity of moxifloxacin compared to other qui-
nolones against recent clinical bacterial isolates from hospitalized 
and community-based cancer patients. Diagn Microbiol Infect Dis. 
2003;47(2):441–9.

 54. Matar MJ, Tarrand J, Raad I, Rolston KV. Colonization and infec-
tion with vancomycin-resistant enterococcus among patients with 
cancer. Am J Infect Control. 2006;34(8):534–6.

 55. Liss BJ, Vehreschild JJ, Cornely OA, et al. Intestinal colonisation 
and blood stream infections due to vancomycin-resistant entero-
cocci (VRE) and extended-spectrum beta-lactamase-producing 

Enterobacteriaceae (ESBLE) in patients with haematological and 
oncological malignancies. Infection. 2012;40(6):613–9.

 56. Bossaer JB, Hall PD, Garrett-Mayer E. Incidence of vancomycin- 
resistant enterococci (VRE) infection in high-risk febrile neu-
tropenic patients colonized with VRE.  Support Care Cancer. 
2010;19(2):231–7.

 57. Kang M, Xie Y, He C, et  al. Molecular characteristics of 
vancomycin- resistant Enterococcus faecium from a tertiary care 
hospital in Chengdu, China: molecular characteristics of VRE in 
China. Eur J Clin Microbiol Infect Dis. 2014;33(6):933–9.

 58. Kang Y, Vicente M, Parsad S, et al. Evaluation of risk factors for 
vancomycin-resistant enterococcus bacteremia among previously 
colonized hematopoietic stem cell transplant patients. Transpl 
Infect Dis. 2013;15(5):466–73.

 59. Mihu CN, Rhomberg PR, Jones RN, Coyle E, Prince RA, Rolston 
KV. Escherichia coli resistance to quinolones at a comprehen-
sive cancer center. Diagn Microbiol Infect Dis. 2010;67(3): 
266–9.

 60. Bhusal Y, Mihu CN, Tarrand JJ, Rolston KV.  Incidence of 
fluoroquinolone- resistant and extended-spectrum β-lactamase- 
producing Escherichia coli at a comprehensive cancer center in the 
United States. Chemotherapy. 2011;57(4):335–8.

 61. Kern WV, Klose K, Jellen-Ritter AS, et al. Fluoroquinolone resis-
tance of Escherichia coli at a cancer center: epidemiologic evolu-
tion and effects of discontinuing prophylactic fluoroquinolone use 
in neutropenic patients with leukemia. Eur J Clin Microbiol Infect 
Dis. 2005;24(2):111–8.

 62. Rolston KV, Nesher L, Mulanovich V, Chemaly R.  Intestinal 
colonisation and blood stream infections due to vancomycin-
resistant enterococci (VRE) and extended-spectrum beta-
lactamase- producing enterobacteriaceae (ESBLE) in patients 
with haematological and oncological malignancies. Infection. 
2013;41(5):1039–40.

 63. Biehl LM, Schmidt-Hieber M, Liss B, Cornely OA, Vehreschild 
MJ.  Colonization and infection with extended spectrum beta- 
lactamase producing Enterobacteriaceae in high-risk patients  – 
review of the literature from a clinical perspective. Crit Rev 
Microbiol. 2016;42(1):1–16.

 64. Kim SH, Kwon JC, Choi SM, et al. Escherichia coli and Klebsiella 
pneumoniae bacteremia in patients with neutropenic fever: factors 
associated with extended-spectrum β-lactamase production and its 
impact on outcome. Ann Hematol. 2013;92(4):533–41.

 65. Patel G, Bonomo RA. “Stormy waters ahead”: global emergence of 
carbapenemases. Front Microbiol. 2013;4:48.

 66. Pillai DR, McGeer A, Low DE.  New Delhi metallo-β- 
lactamase-1  in Enterobacteriaceae: emerging resistance. CMAJ. 
2011;183(1):59–64.

 67. Rolston KV, Tarrand JJ. Pseudomonas aeruginosa – still a frequent 
pathogen in patients with cancer: 11-year experience at a compre-
hensive cancer center. Clin Infect Dis. 1999;29(2):463–4.

 68. Safdar A, Rodriguez GH, Balakrishnan M, Tarrand JJ, Rolston 
KV. Changing trends in etiology of bacteremia in patients with can-
cer. Eur J Clin Microbiol Infect Dis. 2006;25(8):522–6.

 69. Chemaly RF, Rathod DB, Sikka MK, et  al. Serratia marc-
escens bacteremia because of contaminated prefilled heparin 
and saline syringes: a multi-state report. Am J Infect Control. 
2011;39(6):521–4.

 70. Chemaly RF, Rathod DB, Raad II.  A tertiary care cancer center 
experience of the 2007 outbreak of Serratia marcescens blood-
stream infection due to prefilled syringes. Infect Control Hosp 
Epidemiol. 2009;30(12):1237–8.

 71. Rolston KV, Kontoyiannis DP, Yadegarynia D, Raad 
II.  Nonfermentative gram-negative bacilli in cancer patients: 
increasing frequency of infection and antimicrobial susceptibility 
of clinical isolates to fluoroquinolones. Diagn Microbiol Infect Dis. 
2005;51(3):215–8.

L. Nesher and K. V. I. Rolston



197

 72. Hakki M, Limaye AP, Kim HW, Kirby KA, Corey L, Boeckh 
M. Invasive Pseudomonas aeruginosa infections: high rate of recur-
rence and mortality after hematopoietic cell transplantation. Bone 
Marrow Transplant. 2007;39(11):687–93.

 73. Ohmagari N, Hanna H, Graviss L, et al. Risk factors for infections 
with multidrug-resistant Pseudomonas aeruginosa in patients with 
cancer. Cancer. 2005;104(1):205–12.

 74. Aboufaycal H, Sader HS, Rolston K, et al. blaVIM-2 and blaVIM-7 
carbapenemase-producing Pseudomonas aeruginosa isolates 
detected in a tertiary care medical center in the United States: 
report from the MYSTIC program. J Clin Microbiol. 2007;45(2): 
614–5.

 75. Toleman MA, Rolston K, Jones RN, Walsh TR. blaVIM-7, an evo-
lutionarily distinct metallo-beta-lactamase gene in a Pseudomonas 
aeruginosa isolate from the United States. Antimicrob Agents 
Chemother. 2004;48(1):329–32.

 76. Demiraslan H, Sevim M, Pala Ç, et  al. Risk factors influencing 
mortality related to Stenotrophomonas maltophilia infection in 
hematology-oncology patients. Int J Hematol. 2013;97(3):414–20.

 77. Safdar A, Rolston KV.  Stenotrophomonas maltophilia: changing 
spectrum of a serious bacterial pathogen in patients with cancer. 
Clin Infect Dis. 2007;45(12):1602–9.

 78. Al-Anazi KA, Al-Jasser AM.  Infections caused by 
Stenotrophomonas maltophilia in recipients of hematopoietic stem 
cell transplantation. Front Oncol. 2014;4:232.

 79. Brook I, Frazier EH.  Aerobic and anaerobic infection associated 
with malignancy. Support Care Cancer. 1998;6(2):125–31.

 80. Nesher L, Rolston KV. Neutropenic enterocolitis, a growing con-
cern in the era of widespread use of aggressive chemotherapy. Clin 
Infect Dis. 2013;56(5):711–7.

 81. Huang AM, Marini BL, Frame D, Aronoff DM, Nagel JL.  Risk 
factors for recurrent Clostridium difficile infection in hema-
topoietic stem cell transplant recipients. Transpl Infect Dis. 
2014;16(5):744–50.

 82. Willems L, Porcher R, Lafaurie M, et al. Clostridium difficile infec-
tion after allogeneic hematopoietic stem cell transplantation: inci-
dence, risk factors, and outcome. Biol Blood Marrow Transplant. 
2012;18(8):1295–301.

 83. Jain T, Croswell C, Urday-Cornejo V, et  al. Clostridium difficile 
colonization in hematopoietic stem cell transplant recipients: a 
prospective study of the epidemiology and outcomes involving 
toxigenic and nontoxigenic strains. Biol Blood Marrow Transplant. 
2016;22(1):157–63.

 84. Kinnebrew MA, Lee YJ, Jenq RR, et al. Early Clostridium difficile 
infection during allogeneic hematopoietic stem cell transplantation. 
PLoS One. 2014;9(3):e90158.

 85. Hachem R, Hanna H, Kontoyiannis D, Jiang Y, Raad I. The chang-
ing epidemiology of invasive candidiasis: Candida glabrata and 
Candida krusei as the leading causes of candidemia in hematologic 
malignancy. Cancer. 2008;112(11):2493–9.

 86. Maschmeyer G.  The changing epidemiology of invasive fungal 
infections: new threats. Int J Antimicrob Agents. 2006;27(Suppl 
1):3–6.

 87. Steinbach WJ, Marr KA, Anaissie EJ, et al. Clinical epidemiology 
of 960 patients with invasive aspergillosis from the PATH Alliance 
registry. J Infect. 2012;65(5):453–64.

 88. Kontoyiannis DP, Wessel VC, Bodey GP, Rolston KV. Zygomycosis 
in the 1990s in a tertiary-care cancer center. Clin Infect Dis. 
2000;30(6):851–6.

 89. Marty FM, Cosimi LA, Baden LR.  Breakthrough zygomycosis 
after voriconazole treatment in recipients of hematopoietic stem- 
cell transplants. N Engl J Med. 2004;350(9):950–2.

 90. Kontoyiannis DP, Lionakis MS, Lewis RE, et al. Zygomycosis in a 
tertiary-care cancer center in the era of Aspergillus-active antifun-
gal therapy: a case-control observational study of 27 recent cases. J 
Infect Dis. 2005;191(8):1350–60.

 91. Pongas GN, Lewis RE, Samonis G, Kontoyiannis DP. 
Voriconazole-associated zygomycosis: a significant consequence 
of evolving antifungal prophylaxis and immunosuppression prac-
tices? Clin Microbiol Infect. 2009;15(Suppl 5):93–7.

 92. Lewis RE, Cahyame-Zuniga L, Leventakos K, et al. Epidemiology 
and sites of involvement of invasive fungal infections in patients 
with haematological malignancies: a 20-year autopsy study. 
Mycoses. 2013;56(6):638–45.

 93. Campo M, Lewis RE, Kontoyiannis DP.  Invasive fusariosis in 
patients with hematologic malignancies at a cancer center: 1998–
2009. J Infect. 2010;60(5):331–7.

 94. Lamaris GA, Chamilos G, Lewis RE, Safdar A, Raad II, 
Kontoyiannis DP. Scedosporium infection in a tertiary care can-
cer center: a review of 25 cases from 1989–2006. Clin Infect Dis. 
2006;43(12):1580–4.

 95. Saral R, Ambinder RF, Burns WH, et  al. Acyclovir prophylaxis 
against herpes simplex virus infection in patients with leukemia. 
A randomized, double-blind, placebo-controlled study. Ann Intern 
Med. 1983;99(6):773–6.

 96. Saral R, Burns WH, Laskin OL, Santos GW, Lietman 
PS. Acyclovir prophylaxis of herpes-simplex-virus infections. N 
Engl J Med. 1981;305(2):63–7.

 97. Yoshikawa T, Asano Y, Ihira M, et al. Human herpesvirus 6 vire-
mia in bone marrow transplant recipients: clinical features and 
risk factors. J Infect Dis. 2002;185(7):847–53.

 98. Zerr DM, Boeckh M, Delaney C, et al. HHV-6 reactivation and 
associated sequelae after hematopoietic cell transplantation. Biol 
Blood Marrow Transplant. 2012;18(11):1700–8.

 99. Mori T, Kato J. Cytomegalovirus infection/disease after hematopoi-
etic stem cell transplantation. Int J Hematol. 2010;91(4):588–95.

 100. Cohen L, Yeshurun M, Shpilberg O, Ram R.  Risk factors and 
prognostic scale for cytomegalovirus (CMV) infection in CMV- 
seropositive patients after allogeneic hematopoietic cell transplan-
tation. Transpl Infect Dis. 2015;17(4):510–7.

 101. Campbell AP, Guthrie KA, Englund JA, et  al. Clinical out-
comes associated with respiratory virus detection before allo-
geneic hematopoietic stem cell transplant. Clin Infect Dis. 
2015;61(2):192–202.

 102. Tomblyn M, Chiller T, Einsele H, et al. Guidelines for prevent-
ing infectious complications among hematopoietic cell transplant 
recipients: a global perspective. Preface. Bone Marrow Transplant. 
2009;44(8):453–5.

 103. Hirsch HH, Martino R, Ward KN, Boeckh M, Einsele H, Ljungman 
P. Fourth European conference on infections in Leukaemia (ECIL- 
4): guidelines for diagnosis and treatment of human respiratory 
syncytial virus, parainfluenza virus, metapneumovirus, rhinovi-
rus, and coronavirus. Clin Infect Dis. 2013;56(2):258–66.

 104. Hutspardol S, Essa M, Richardson S, et  al. Significant 
transplantation- related mortality from respiratory virus infec-
tions within the first one hundred days in children after hemato-
poietic stem cell transplantation. Biol Blood Marrow Transplant. 
2015;21(10):1802–7.

 105. Renaud C, Xie H, Seo S, et  al. Mortality rates of human meta-
pneumovirus and respiratory syncytial virus lower respiratory 
tract infections in hematopoietic cell transplantation recipients. 
Biol Blood Marrow Transplant. 2013;19(8):1220–6.

 106. Shah DP, Ghantoji SS, Mulanovich VE, Ariza-Heredia EJ, 
Chemaly RF.  Management of respiratory viral infections in 
hematopoietic cell transplant recipients. Am J Blood Res. 
2012;2(4):203–18.

 107. Egli A, Bucher C, Dumoulin A, et al. Human metapneumovirus 
infection after allogeneic hematopoietic stem cell transplantation. 
Infection. 2012;40(6):677–84.

 108. Hughes WT, Armstrong D, Bodey GP, et al. 2002 guidelines for 
the use of antimicrobial agents in neutropenic patients with can-
cer. Clin Infect Dis. 2002;34(6):730–51.

9 Febrile Neutropenia in Transplant Recipients



198

 109. Hughes WT, Armstrong D, Bodey GP, et al. 1997 guidelines for 
the use of antimicrobial agents in neutropenic patients with unex-
plained fever. Infectious Diseases Society of America. Clin Infect 
Dis. 1997;25(3):551–73.

 110. Hughes WT, Armstrong D, Bodey GP, et al. From the Infectious 
Diseases Society of America. Guidelines for the use of antimicro-
bial agents in neutropenic patients with unexplained fever. J Infect 
Dis. 1990;161(3):381–96.

 111. Flowers CR, Seidenfeld J, Bow EJ, et al. Antimicrobial prophy-
laxis and outpatient management of fever and neutropenia in adults 
treated for malignancy: American Society of Clinical Oncology 
clinical practice guideline. J Clin Oncol. 2013;31(6):794–810.

 112. Weissinger F, Auner HW, Bertz H, et al. Antimicrobial therapy of 
febrile complications after high-dose chemotherapy and autolo-
gous hematopoietic stem cell transplantation  – guidelines of 
the Infectious Diseases Working Party (AGIHO) of the German 
Society of Hematology and Oncology (DGHO). Ann Hematol. 
2012;91(8):1161–74.

 113. Krause R, Valentin T, Salzer H, et al. Which lumen is the source 
of catheter-related bloodstream infection in patients with multi- 
lumen central venous catheters? Infection. 2013;41(1):49–52.

 114. Yolin-Raley DS, Dagogo-Jack I, Niell HB, et  al. The utility of 
routine chest radiography in the initial evaluation of adult patients 
with febrile neutropenia patients undergoing HSCT. J Natl Compr 
Cancer Netw. 2015;13(2):184–9.

 115. Klastersky J, Paesmans M, Rubenstein EB, et  al. The multi-
national association for supportive care in cancer risk index: a 
multinational scoring system for identifying low-risk febrile neu-
tropenic cancer patients. J Clin Oncol. 2000;18(16):3038–51.

 116. Phillips B, Wade R, Stewart LA, Sutton AJ. Systematic review and 
meta-analysis of the discriminatory performance of risk predic-
tion rules in febrile neutropaenic episodes in children and young 
people. Eur J Cancer. 2010;46(16):2950–64.

 117. Santolaya ME, Alvarez AM, Avilés CL, et al. Prospective valida-
tion of a risk prediction model for severe sepsis in children with 
cancer and high-risk febrile neutropenia. Pediatr Infect Dis J. 
2013;32(12):1318–23.

 118. Kern WV, Marchetti O, Drgona L, et al. Oral antibiotics for fever 
in low-risk neutropenic patients with cancer: a double-blind, ran-

domized, multicenter trial comparing single daily moxifloxacin 
with twice daily ciprofloxacin plus amoxicillin/clavulanic acid 
combination therapy  – EORTC infectious diseases group trial 
XV. J Clin Oncol. 2013;31(9):1149–56.

 119. Rolston KV, Frisbee-Hume SE, Patel S, Manzullo EF, Benjamin 
RS.  Oral moxifloxacin for outpatient treatment of low-risk, 
febrile neutropenic patients. Support Care Cancer. 2010;18(1): 
89–94.

 120. Jaksic B, Martinelli G, Perez-Oteyza J, Hartman CS, Leonard LB, 
Tack KJ. Efficacy and safety of linezolid compared with vanco-
mycin in a randomized, double-blind study of febrile neutropenic 
patients with cancer. Clin Infect Dis. 2006;42(5):597–607.

 121. Lisboa LF, Miranda BG, Vieira MB, et al. Empiric use of linezolid 
in febrile hematology and hematopoietic stem cell transplantation 
patients colonized with vancomycin-resistant Enterococcus spp. 
Int J Infect Dis. 2015;33:171–6.

 122. Scheetz MH, Knechtel SA, Malczynski M, Postelnick MJ, Qi 
C.  Increasing incidence of linezolid-intermediate or -resistant, 
vancomycin-resistant Enterococcus faecium strains parallels 
increasing linezolid consumption. Antimicrob Agents Chemother. 
2008;52(6):2256–9.

 123. Dellit TH, Owens RC, McGowan JE, et  al. Infectious Diseases 
Society of America and the Society for Healthcare Epidemiology 
of America guidelines for developing an institutional pro-
gram to enhance antimicrobial stewardship. Clin Infect Dis. 
2007;44(2):159–77.

 124. Nesher L, Tverdek FP, Mahajan SN, Chemaly RF, Rolston 
KV. Ertapenem usage in cancer patients with and without neutro-
penia: a report on 97 cases from a comprehensive cancer center. 
Infection. 2015;43(5):545–50.

 125. Tverdek FP, Rolston KV, Chemaly RF. Antimicrobial stewardship 
in patients with cancer. Pharmacotherapy. 2012;32(8):722–34.

 126. Cosgrove SE, Seo SK, Bolon MK, et al. Evaluation of postpre-
scription review and feedback as a method of promoting rational 
antimicrobial use: a multicenter intervention. Infect Control Hosp 
Epidemiol. 2012;33(4):374–80.

 127. Paskovaty A, Pflomm JM, Myke N, Seo SK. A multidisciplinary 
approach to antimicrobial stewardship: evolution into the 21st 
century. Int J Antimicrob Agents. 2005;25(1):1–10.

L. Nesher and K. V. I. Rolston



199© Springer Science+Business Media, LLC, part of Springer Nature 2019
A. Safdar (ed.), Principles and Practice of Transplant Infectious Diseases, https://doi.org/10.1007/978-1-4939-9034-4_10

Cytopenias in Transplant Patients

Maura Barry, Sunandana Chandra, and Kenneth B. Hymes

 Anemia in Solid Organ Transplants

Anemia is commonly seen after solid organ transplant 
(SOT). It can result from a number of different etiologies 
including bleeding or hemorrhage, iron deficiency, hemo-
lysis, drug related, lack of erythropoietin, marrow suppres-
sion, and congenital etiologies. The frequency and severity 
of anemia is dependent on the type of solid organ trans-
plant and the duration of time that has passed since the 
transplant. Much of the data for the causes of anemia fol-
lowing SOT is from renal transplant and cardiac transplant 
populations. In these renal transplant patients, the preva-
lence of anemia is about 40% 1-year posttransplant. Severe 
anemia, defined as Hb <11 g/dL in males and 10 g/dL in 
females, is seen in 8.5% of patients 6–60 months post-kid-
ney transplant [1]. Anemia to a hematocrit of less than 
33% can persist for greater than 5 years in 25% patients 
and can result in worsened renal graft function and graft 
loss [2, 3]. Pre-transplant anemia often seen in dialysis can 
often improve posttransplant, but then may recur if there is 
graft failure. About 40% of cardiac transplant patients also 
experience posttransplant anemia [4]. Pre-transplant ane-
mia that is seen in 25% of this population negatively 
affects 1-year survival posttransplant [5].

 Hemolysis

Mismatched ABO solid organ transplantation is often 
employed due to the shortage of transplantable organs. 
Three different groups of ABO incompatibility can be 
found in transplantation: minor, major, and bidirectional. 
Complications arising from minor ABO-mismatched solid 
organ transplants include the passenger lymphocyte syn-
drome (PLS) [6]. Recipients of minor ABO-incompatible 
transplantation express ABO antigens that are not expressed 
in the donor and may result in a graft-versus-host (GvH) 
reaction, including delayed hemolysis of recipient red blood 
cells [7]. Passenger lymphocyte syndrome occurs when anti-
bodies that are produced by the donor B-lymphocytes result 
in a primary or secondary immune response against the 
recipient’s ABO and Rh antigens. The severity of hemolysis 
depends on the level of red cell isoagglutinins in the donor 
tissue that are passively transferred with the organ and the 
subsequent rise in antibodies in the transplant recipient that 
occurs 1–3 weeks posttransplant and usually resolves within 
3 months posttransplant [7]. In rare instances, PLS can occur 
due to non-ABO/Rh antibodies if the organ had been pre-
viously sensitized to other red cell antigens in the setting 
of pregnancy or transfusion [8–11]. PLS occurs more fre-
quently in the heart and lung transplants and less frequently 
in liver and kidney transplants [7].

 Drugs

There are numerous drugs that are often used in the solid 
organ transplant setting that can cause myelosuppression, 
including anemia, through a variety of pathophysiologic 
mechanisms. A number of immunosuppressants with various 
pharmacologic mechanisms of action are used to prolong 
graft and recipient survival. The immunosuppressants myco-
phenolate mofetil and tacrolimus have been shown to cause 
anemia in renal transplant recipients [12]. One-year post-
transplant, renal transplant patients with anemia who are on 
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mycophenolate mofetil have a lower rates of survival and 
higher rates of cardiovascular death [13]. Sirolimus, another 
immunosuppressant, may result in greater myelosuppression 
compared to mycophenolate mofetil [14]. Sirolimus and cal-
cineurin inhibitors such as tacrolimus and cyclosporine have 
been shown in renal and lung transplant recipients to cause 
hemolytic anemia, thrombotic thrombocytopenic purpura, 
and atypical hemolytic uremic syndrome [15–17]. The calci-
neurin inhibitors have been shown to cause anemia ranging 
from 1% to 5% in European trials to 38–47% in US trial [18]. 
The antimetabolite azathioprine, a purine-analog drug, can 
also cause cytopenias. Mycophenolate mofetil, tacrolimus, 
azathioprine, and anti-thymocyte globulin have all shown to 
cause pure red cell aplasia [19, 20].

Primaquine and dapsone are used for PCP treatment, and 
both can result in hemolysis in glucose-6-phosphate- 
dehydrogenase-deficient patients, which is not restricted to 
solid organ transplant settings. In patients with low body 
weight or renal failure, dapsone may induce a hemolytic ane-
mia and produce methemoglobinemia even if the G6PD lev-
els are normal [21–23].

Ribavirin and interferon can cause bone marrow suppres-
sion in liver transplant recipients who are being treated with 
recurrent hepatitis C virus [24]. Ribavirin is used in treating 
respiratory syncytial virus after transplant in both the oral 
and inhaled formulations, both of which can cause bone mar-
row suppression [25]. In patients who are co-infected with 
human deficiency virus (HIV) and hepatitis C virus, myelo-
suppression can be seen with the anti-retroviral medication, 
AZT, and the anemia can be exacerbated with the co- 
administration of ribavirin. The antibiotic trimethoprim- 
sulfamethoxazole can also cause myelosuppression including 
anemia. Valganciclovir has been reported to cause bone mar-
row failure in renal transplant patients who received this anti-
viral as prophylaxis [26].

Newer immunosuppressants have been developed which 
allow for the sparing of steroids and calcineurin inhibitors, 
the latter of which can cause chronic nephropathy. These 
newer agents include alemtuzumab, a human anti-CD52 
antibody that depletes T- and B-cells, daclizumab, a human 
anti-CD25 antibody that targets the IL-2 alpha subunit, and 
anti-thymocyte globulin (ATG). Alemtuzumab has been 
reported to be associated with red cell aplasia, autoimmune 
hemolytic anemia, and idiopathic thrombocytopenia purpura 
in pancreas transplant patients [27].

 Iron Deficiency

Iron deficiency is often overlooked in transplant patients. In 
renal transplant patients, those with a hematocrit of less than 
30% have iron studies checked only 40% of the time [28]. 
Perioperative bleeding and frequent phlebotomies for labo-

ratory studies can contribute to iron deficiency anemia. 
Anemia of chronic disease is also frequently seen in the 
transplant population due to chronic inflammation, abnormal 
erythropoietin production due to allograft nephropathy after 
renal transplant. Drugs such as ACE inhibitors that are often 
used in chronic kidney disease are also associated post- 
kidney transplant anemia [1].

 Infections

Numerous infectious etiologies that can occur during the 
posttransplant immunosuppressed period have been shown 
to cause myelosuppression including anemia. Parvovirus 
B19, a single-stranded DNA virus, has been known to 
cause red cell aplasia with anemia, reticulocytopenia, and 
erythroid maturation arrest [29]. Elevated parvoviral B19 
titers have been found by PCR in lung transplant recipients 
who had anemia with other etiologies that were ruled out 
[30–32]. Cytomegalovirus (CMV) infection as well as its 
first-line therapies, ganciclovir and valganciclovir, can be 
associated with bone marrow suppression. Also tuberculo-
sis, histoplasmosis, Epstein-Barr virus (EBV), human herpes 
virus-6, and human herpes virus-8 infections can be associ-
ated with bone marrow suppression and pancytopenia [33]. 
Posttransplant lymphoproliferative disorder that can be seen 
with immunosuppressive therapy can also be associated with 
pancytopenia.

 Posttransplant Lymphoproliferative Disorder

Posttransplant lymphoproliferative disorder (PTLD) which 
includes the spectrum of infectious mononucleosis, EBV- 
driven polyclonal lymphocyte proliferation, and non- 
Hodgkin’s lymphoma can be seen with solid organ 
transplantation [29]. PTLD is due to the impaired EBV- 
specific cytotoxic T-cell activity that allows for recipient B 
cells that have latent EBV infection to expand. PTLD can 
result in bone marrow infiltration and pancytopenia, as well 
as cause autoimmune hemolytic anemia. The severity of 
PTLD depends on the level of immunosuppression and usu-
ally occurs within the 1st year after transplant.

 Graft-Versus-Host Disease

Graft-versus-host disease (GVHD) is rarely seen after SOT 
and is due to the engraftment and proliferation of allograft- 
associated lymphocytes in the immunosuppressed trans-
plant recipient causing an immune-mediated response 
toward HLA-unmatched host tissue. Risk factors for the 
development of GVHD includes the volume of lymphoid 
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tissue that is transplanted and therefore is seen more with 
small bowel and liver transplants, in those over 65 years of 
age and with HLA mismatch between donor and recipient 
[34, 35]. GVHD, in contrast to the development of PTLD, 
occurs early after SOT, on the order of weeks to months 
depending on the type of solid organ transplant. The clinical 
presentation usually includes fever, rash, diarrhea, and cyto-
penias, and diagnosis is made by histologic confirmation of 
affected tissue.

 Hemophagocytic Syndrome

Hemophagocytic syndrome is a systemic inflammatory dis-
ease that can include the symptoms of fever, hepatospleno-
megaly, lymphadenopathy, pancytopenia, rash, jaundice, 
cough, dyspnea, cachexia, and neurologic dysfunction and 
can often occur in response to a precipitant, such as infec-
tion [29]. This syndrome is a result of aberrant immune 
response of abnormal T-cell activation leading to hemo-
phagocytosis by activated, nonmalignant macrophages that 
secrete numerous cytokines including interleukin (IL)-1, 
IL-6, IL-12, and tumor necrosis factor-alpha in the bone 
marrow, liver, lymph nodes, and spleen, resulting in a “cyto-
kine storm” [29]. Acquired hemophagocytic syndrome has 
been documented in the renal, liver, heart, and pancreas-
kidney solid organ transplants. There have been cases of 
hemophagocytic syndrome due to disseminated histoplas-
mosis in renal transplant recipients which were diagnosed 
by bone marrow biopsy [36].

 Leukopenia in Solid Organ Transplants

Leukopenia can be defined as having a white blood cell 
(WBC) count of less than 3000–4000 cells/μL, with neutro-
penia defined as an absolute neutrophil count (ANC) <500/
mm3 by the Infectious Diseases Society of America [37]. 
Leukopenia is commonly seen after solid organ transplanta-
tion and can be caused by noninfectious and infectious eti-
ologies. It can signal an underlying infection or disease 
process, such as posttransplant lymphoproliferative disorder 
(PTLD). It also increases the risk of developing further com-
plications such as opportunistic infection and can require 
reduction of immunosuppression, increasing the risk of graft 
rejection. While there is no data to suggest a clear indepen-
dent relationship between leukopenia and graft rejection, the 
complications of leukopenia mentioned above provide ample 
reason to investigate the etiology of the decreased white cell 
count. Solid organ transplant recipients are at risk for devel-
oping infections due to their medically induced immunodefi-
ciency following transplant, required to prevent rejection of 
the transplanted organ.

 Noninfectious Etiologies

Noninfectious causes of leukopenia include drugs that are 
often used in transplant settings. Numerous immunosuppres-
sants can cause leukopenia, but given their use in combina-
tion, it is difficult to elucidate each agent’s individual role in 
incidence and management. In one retrospective study of 
adult kidney and pancreas transplantations, the incidence of 
either leukopenia or neutropenia was 58%, with the first epi-
sode occurring at a mean of 91 days posttransplant [38].

One of the most common immunosuppressants, azathio-
prine, is a purine analog that causes an antimetabolite effect. 
Azathioprine may result in leukopenia in a dose-dependent 
manner, as well as based on the duration of treatment. The 
leukopenia that results from azathioprine is usually revers-
ible upon dose-reduction or drug discontinuation. The leuko-
penia, often occurring late in the course of therapy, can be 
related to low or absent levels of S-methyl-transferase 
(TPMT) activity, which metabolizes 6-mercaptopurine, and 
can result in increased myelotoxicity [39].

Drugs that result in the depletion of T cells, such as thy-
moglobulin and alemtuzumab, can also lead to leukopenia in 
10–14% of patients [40]. The immunosuppressant, myco-
phenolate mofetil (MMF), reversibly and noncompetitively 
inhibits the enzyme, inosine monophosphate dehydrogenase, 
the rate-limiting enzyme for de novo purine synthesis during 
lymphocyte proliferation [29]. MMF can result in leukope-
nia in 13–35% of patients. The myelosuppression of MMF is 
dose-dependent and is related to the trough level of the active 
metabolite, mycophenolic acid; however, brief discontinua-
tions of the drug can lead to organ rejection, especially in the 
era of steroid-sparing regimens [41, 42]. The calcineurin 
inhibitors such as cyclosporine, tacrolimus, and sirolimus 
can also lead to cytopenias, including leukopenia.

 Infections

Some of these agents can cause leukopenia as one of many 
symptoms of infection. For example, leukopenia (and often 
thrombocytopenia as well) have been observed as a sign/
symptoms of infection with pathogens such as adenovirus, 
coronavirus, lymphocytic choriomeningitis virus (LCMV), 
parainfluenza, ehrlichiosis, and measles [43–45]. In areas 
endemic for the disease, dengue infection also causes both leu-
kopenia and thrombocytopenia in patients after solid organ 
transplant [46]. Fungal infections such as histoplasmosis can 
cause disseminated organ infiltration, with the bone marrow 
being a common area of involvement, resulting in decreased 
hematopoiesis and cytopenias [33]. Parvovirus B19, much 
better known for its role in causing both acute and chronic 
anemia in solid organ transplants, is also reported to cause 
acute and chronic leukopenia in approximately 37.5% of solid 
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organ as well as hematopoietic stem cell transplant recipients 
who develop the infection [32, 47]. An acute infection with 
HHV-8 can present with fever, splenomegaly, and leukopenia 
(as part of a pancytopenia), with bone marrow biopsy reveal-
ing hypocellularity, plasma cell infiltration, and evidence of 
viral infection by immunohistochemical staining [33].

A retrospective analysis of liver and kidney transplant 
recipients was performed to assess the relationship between 
leukopenia and positive hepatitis B and C serologies. The 
investigators found that there was no significant correlation 
between leukopenia and hepatitis C infection, but that the 
incidence of leukopenia in those with active hepatitis B infec-
tion was 7.4%. They posited that, similar to other viruses, 
infection with hepatitis B virus could lead to “decreased or 
ineffective leukocyte production in the bone marrow…shifts 
of cells from the circulation to the marginal blood pools…
[and] also produce peripheral destruction of white blood cells 
due to immune and nonimmune processes” [48].

Cytomegalovirus infection is the most well-known 
transplant- related infection to cause cytopenias, with leuko-
penia found in approximately 20% of infected transplant 
recipients and with most of the data and research conducted 
in kidney transplant populations [49]. Infection with CMV 
has direct effects on the bone marrow, inhibiting hematopoi-
esis by affecting both the bone marrow stroma and the stem 
cells and hematopoietic precursors [33, 50]. CMV disease 
(acute symptomatic infection) is most often seen in the first 
6  months, particularly during the first 3  months posttrans-
plant, and presents with constitutional complaints such as 
fever, abdominal pain, diarrhea, and respiratory symptoms 
along with cytopenias [33, 49, 51]. However, in heart trans-
plant patients, a subclinical infection during the 1st year 
where infected individuals are asymptomatic has also been 
associated with leukopenia, with the most significant reduc-
tions occurring in the neutrophil and monocyte populations 
and preservation of the lymphocyte counts [52].

An added challenge when addressing CMV infection and 
leukopenia results from the frequent finding that the treat-
ments for the disease can result in further leukopenia (dis-
cussed in “Noninfectious Etiologies of Leukopenia” section).

Additional diagnoses to consider when assessing the eti-
ologies of leukopenia, as well as pancytopenia, with regard 
to infection are hemophagocytic syndrome (HPS) which is 
associated with CMV, EBV, HHV-6, HHV-8, and histoplas-
mosis, as well as EBV-associated PTLD [29, 33].

 Thrombocytopenia and Solid Organ 
Transplant

As in all cases of thrombocytopenia, when evaluating a find-
ing of low platelets in a patient after SOT, it must be deter-
mined whether the primary problem is one of impaired 

production in the bone marrow or if it is a matter of con-
sumption or sequestration outside the marrow. Infections and 
drugs are known to suppress megakaryocyte production in 
the marrow, such as cytomegalovirus and trimethoprim- 
sulfamethoxazole (TMP-SMX). Additionally, both infec-
tions and medications as well as auto- and alloimmune 
processes can lead to destruction of platelets despite ade-
quate production of megakaryocytes in the bone marrow.

 Infectious Etiologies of Thrombocytopenia

Solid organ transplant recipients are at risk for developing 
infections due to their immunosuppression, and viral infec-
tions in particular are a potential contributor to the develop-
ment of thrombocytopenia following solid organ transplant. 
Detailed discussions of these infections are found in other 
chapters of this book, but their involvement in thrombocyto-
penia is discussed below. In addition to the viral infections 
that contribute to thrombocytopenia, it is important to 
remember that thrombocytopenia can be a sign of bacterial 
infection and sepsis most often in the context of dissemi-
nated intravascular coagulation (DIC). Appropriate workup 
to rule out infection is among the first steps in examining 
thrombocytopenia in a solid organ recipient.

 Cytomegalovirus
The virus of particular concern in regard to platelet count 
in transplant patients specifically is cytomegalovirus, 
though thrombocytopenia due to other viruses has also 
been described, often among a constellation of systemic 
symptoms.

Cytomegalovirus can cause thrombocytopenia both by 
decreasing production of and through destruction of plate-
lets. Studies have shown that CMV can impair megakaryo-
cyte production in its early stages by infection of stromal 
cells, which interferes with growth factor production, as well 
as by directly infecting myeloid cells [50], similar to CMV- 
related leukopenia.

The other reported etiology of thrombocytopenia from 
CMV is due to intravascular destruction of platelets by 
CMV-associated thrombotic microangiopathy (TMA), with 
a clinical picture resembling that of thrombotic thrombocy-
topenic purpura (TTP)/atypical hemolytic uremic syndrome 
(aHUS), consisting of varying degrees of Coombs-negative 
hemolytic anemia, thrombocytopenia, acute kidney injury, 
fever, and neurological findings. While this etiology is more 
often identified as a drug-related phenomenon, particularly 
due to the immunosuppressants required to prevent organ 
rejection (see next section), there have been multiple case 
reports associating CMV infection as a trigger of TMA in the 
posttransplant setting [53, 54]. This has been noted with par-
ticular frequency in the renal transplant literature, where 
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both de novo and recurrent forms of aHUS were associated 
with CMV infection in renal transplant recipients. However, 
particularly in the patients with “de novo” disease, it is pos-
sible that CMV may be directly driving the thrombotic 
microangiopathy, rather than solely by the complement- 
mediated events of aHUS. Mechanisms thought to be under-
lying CMV’s endothelial effects include activation of 
CMV-specific cytotoxic immune responses and induction of 
primitive endothelial dysfunction as well as direct infection 
of endothelial cells by CMV [55, 56].

However, some investigators question how significant a 
contributor CMV actually is to thrombotic microangiopathy 
in transplant patients. In a review of TMA among lung trans-
plant recipients by Hachem and colleagues, an analysis of 24 
patients who were diagnosed with TMA following lung 
transplantation revealed that only 4 patients had evidence of 
CMV infection, and additionally that there were 229 inci-
dences of CMV viremia among the 237 lung transplant 
patients who did not develop TMA.  Additionally, in their 
univariate and multivariate analyses, neither CMV viremia 
nor serologic status was identified as a risk factor for TMA in 
the study population [57].

 Epstein-Barr Virus
Infection with Epstein-Barr virus often results in conditions 
associated with pancytopenia, such as PTLD and hemo-
phagocytic syndrome, both of which are described in greater 
detail in previous sections of this chapter (see “Leukopenia 
and Anemia” sections). EBV should be considered as a pos-
sible infectious etiology during the workup of thrombocyto-
penia, particularly if other systemic signs or symptoms are 
present.

 Other Infectious Etiologies
Other infectious etiologies that have thrombocytopenia 
among the constellation of presenting symptoms that have 
been described in organ transplant recipients include corona-
virus, particularly SARS, lymphocytic choriomeningitis 
virus (LCMV), and HHV-6, though the thrombocytopenia is 
unlikely to be the primary issue at presentation [58]. 
Parvovirus B-19 and polyoma BK virus infection have also 
been associated with development of aHUS [55, 59].

It is also important to note that chronic infection with 
hepatitis C can be an etiology for thrombocytopenia both 
in and outside the context of solid organ transplantation. 
The etiology of thrombocytopenia in the setting of hepatitis 
C infection can be due to hepatocellular damage includ-
ing fibrosis and/or cirrhosis affecting thrombopoietin 
(TPO) production, hypersplenism due to portal hyperten-
sion, bone marrow suppression, immune dysfunction, and 
development of platelet autoantibodies [60]. Additionally, 
treatment for hepatitis C with interferon is known to cause 
thrombocytopenia.

 Noninfectious Etiologies of Thrombocytopenia

There are numerous noninfectious etiologies of thrombocy-
topenia that have been identified in SOT patients. Many 
pharmacologic agents have been implicated in the develop-
ment of thrombocytopenia following SOT through varying 
mechanisms, such as TMA, decreased megakaryocyte pro-
duction, and auto- and allo-immune mechanisms of platelet 
destruction.

 Pharmacologic Agents

Calcineurin Inhibitors
The drugs most strongly associated with decreased platelet 
counts due to thrombotic microangiopathy are the calcineu-
rin inhibitors (CI) cyclosporine and tacrolimus. Calcineurin 
inhibitor induced TMA often occurs within weeks following 
SOT, and the CIs are thought to cause direct endothelial 
injury and platelet aggregation, although the specific mecha-
nism has not been identified. When this is identified, numer-
ous case studies in multiple different organ systems (lung, 
liver, kidney solid organ transplant) have reported that 
changing from one CI to another (tacrolimus to cyclosporine 
or vice versa) or to another class of medication such as siro-
limus or mycophenolate mofetil can prevent further episodes 
of TMA from occurring [61–64]. However, the addition of 
the mTOR inhibitor sirolimus to a calcineurin inhibitor also 
increases the chance of developing TMA [57, 65].

Antivirals and Antibiotics
Ganciclovir and valganciclovir are used in prophylaxis and 
treatment of CMV. Both are known to have myelosuppres-
sive effects, particularly on granulocytes and platelets, but 
generally there is rapid recovery of counts following with-
drawal of the medication.

One of linezolid’s most well-known adverse effects is 
thrombocytopenia, with the package insert reporting a rate 
of 3% in adults. Other studies have reported rates of grades 
III–IV thrombocytopenia of approximately 5.2% [66]. No 
mechanism has been identified for linezolid-related throm-
bocytopenia, though some evidence suggests that it is an 
immune-mediated phenomenon [67]. The medication is 
frequently used in the treatment of vancomycin-resistant 
enterococcus (VRE), which has been an infection seen in 
transplant patients, as well as non-transplant patients, with 
increasing frequency. A multicenter compassionate use trial 
published in 2003 showed that it was an effective drug in 
treating VRE, which was identified as having a mortality rate 
of up to 83%, with the authors reporting a 62% survival rate 
after treatment with linezolid. Thrombocytopenia was the 
main adverse effect of treatment, seen in 4.7%, but did not 
necessitate the cessation of therapy [68]. A second study in 
liver transplant patients treated with linezolid for VRE infec-
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tion showed a similar treatment efficacy and again reported 
no cases (0/46 patients) requiring cessation of therapy due 
to severe thrombocytopenia, and furthermore found no cor-
relation between treatment duration and platelet counts [69] 
though other articles advise caution when using linezolid 
for extended time periods [70]. Thus, while it may or may 
not require any intervention or change in treatment plan, it 
should be considered as part of the differential diagnosis 
when assessing thrombocytopenia.

Heparin
Heparin-induced thrombocytopenia is an additional drug- 
related event that can occur in the setting of solid organ 
transplant. Assessment of this as a possible etiology for 
thrombocytopenia follows the same algorithm as it would for 
any patient receiving heparin. The probability of the throm-
bocytopenia being related to heparin use would be based on 
the 4Ts whether the timing (>10 days following start of hep-
arin use or sooner if heparin was used previously), degree of 
fall (>50% decrease from baseline), presence of thrombosis, 
and lack of alternate explanations for the thrombocytopenia 
suggest that heparin could be the causative agent [71]. 
Studies reveal that HIT is an uncommon occurrence in liver 
transplant recipients, and that thrombotic events and HIT 
antibody positivity were not well correlated [72, 73]. Case 
studies in renal transplant patients have reported some inci-
dences of HIT posttransplant and graft-failure related to HIT, 
in part related to previous exposure to heparin in hemodialy-
sis [74, 75].

HIT antibody immunoassays are often sent if a patient 
develops thrombocytopenia and has received heparin at any 
time during the hospitalization. However, the high sensitivity 
but low specificity of the test results in overdiagnosis of 
heparin- induced thrombocytopenia exposes patients to 
unnecessary risks associated with therapeutic anticoagula-
tion. Chaturvedi and colleagues examined this phenomenon 
at Cleveland Clinic and found that utilizing the 4Ts algo-
rithm to first rule out patients at low risk for HIT was a safe, 
reliable, and cost-effective [76]. Therefore, we recommend 
that immunoassays for HIT antibodies be utilized only in 
those patients whose 4T scores suggest intermediate or high 
probability of heparin-induced thrombocytopenia.

If a HIT antibody immunoassay is sent once a patient is 
determined to be of intermediate/high risk for HIT, it is 
important to understand how this test is interpreted. The 
immunoassay detects the presence of antiplatelet factor 4 
(PF4) antibodies in patient serum and is interpreted by opti-
cal density (OD). A higher reported OD correlates to a higher 
titer of the antibody and is more strongly suggestive of a 
diagnosis of HIT. As mentioned previously, ELISAs for HIT 
have a high sensitivity (meaning a negative test can rule out 
the diagnosis) but a low specificity, underscoring the need to 
first confirm a high pretest probability.

 Immune Etiologies

 Immune Thrombocytopenic Purpura
Immune thrombocytopenic purpura (ITP) is characterized by 
very low platelet counts, petechiae and bruising, as well as 
mucosal bleeding, due to opsonization of platelets in the cir-
culation. Occurrence of ITP following solid organ transplant 
has been documented particularly in the liver transplant lit-
erature, with the cases attributed to either autoimmune ITP, 
at times precipitated by an identified infectious etiology such 
as tuberculosis [77] or alloimmune etiologies. The literature 
reports that chronic renal disease and renal transplant in 
patients with ITP are noted to be very rare [78], and thus 
most of our knowledge of ITP as an etiology following trans-
plant is from the liver transplant literature.

One study reported a case series of eight patients who 
developed ITP following orthotopic liver transplantation 
(OLT), with a mean time of presentation of ITP since OLT of 
5.4 years [79]. These cases were all felt to be autoimmune 
cases, as there was no history of ITP in the donors. This case 
series also presented a review of the previous literature on 
ITP after OLT, and they noted two distinct time patterns of 
ITP presentation, early (within 3 months) or late (>3 months). 
The authors note that it has been proposed that the early- 
onset presentation may be due to passive transfer of antibod-
ies from the donor to the recipient. Those that developed 
late-onset ITP were felt to have developed the antibodies 
independently of their donors [79].

Additionally, studies have reported on development of 
alloimmune thrombocytopenic purpura, with antibodies 
introduced from donors with a history of ITP [79, 80]. One 
case study described a case where a donor liver was obtained 
from a donor who had died after a cerebral hemorrhage sec-
ondary to ITP. The recipient developed ITP within 3 days of 
transplant and subsequently expired after developing portal 
vein thrombosis. The authors attributed the death to ITP in 
that they were unable to anticoagulate but were providing 
blood products that may have resulted in increased likeli-
hood of thrombosis. It is also possible, however, that the 
donor was producing procoagulant antibodies, as approxi-
mately 20–25% of patients with ITP also have antiphospho-
lipid antibodies [81, 82]. Based on this event, the authors 
recommended excluding cadaveric transplants from donors 
whose death is attributed to ITP [80].

 Other Etiologies

Particularly in liver transplant patients, thrombocytopenia is 
often seen prior to transplant, and generally approximately 
50% of transplant recipients develop worsening thrombocy-
topenia within 2  weeks following transplant. This acute 
decrease generally resolves within the 1st month after trans-
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plant, and if thrombocytopenia persists, another etiology 
should be sought [79, 83, 84]. Thrombocytopenia following 
liver transplant can also be attributed to residual portal 
hypertension or hypersplenism, if either of these conditions 
persist following transplant. However, it is important to 
remain vigilant to other causes particularly drug-related and 
infectious etiologies that could cause a drop in the platelet 
count.

Additionally, while case reports exist of TMA with low 
ADAMTS13 levels attributed to inhibitors present in the 
blood [85], this is not a common phenomenon, and etiologies 
of TMA mentioned previously (infectious and drug-related) 
would be much more likely.

 Treatment

In most cases, treatment of the underlying etiology of the 
thrombocytopenia will result in improvement in platelet 
counts. That may require antivirals, adjustment of the immu-
nosuppressant regimen, withdrawal of other pharmacologic 
agents such as heparin, or supportive care. Platelet transfu-
sions may be necessary if bleeding events occur or if addi-
tional procedures are necessary, but we do not recommend 
prophylactic transfusions for maintenance of the platelet 
count above a specific threshold.

TPO receptor agonists, romiplostim and eltrombopag, 
have been used in management of chronic thrombocytopenia 
due to ITP and liver disease and are being studied as a sup-
portive medication in stem cell transplantation [86]. There is 
a case report in the pediatric transplant literature where 
romiplostim was used in the peri-transplant setting, which 
resulted in a platelet-transfusion-free liver transplant [87]. 
However at this time, there is no data to support use of TPO 
agonists outside of their approved indications following 
solid organ transplant.
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Infections in Allogeneic Stem Cell 
Transplantation
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 Introduction

Allogeneic hematopoietic stem cell transplantation (allo- 
HSCT) has become a widely used modality of therapy for a 
variety of malignant and nonmalignant diseases. While many 
advances have been made in the field, infection remains one 
of the most severe and frequently encountered complications 
of HSCT.  In this chapter we review the defects in host 
defenses and important risk factors predisposing allo-HSCT 
recipients to infection, the major categories of infection and 
their time courses following transplantation, and preventive 
strategies.

 Risk Factors for Infection Following 
Allo-HSCT

The severity of defects in host defenses and the subsequent 
risk of infection are influenced by a complex interaction 
between several factors. Particularly salient are (1) the under-
lying illness of the patient, (2) the conditioning regimen, (3) 
the graft and the closeness of the match, (4) the type of trans-
plant, and (5) the presence of graft-versus-host disease 
(GVHD). Immediate local and remote epidemiological fac-
tors are also important. The timing of impaired host defenses 
and infectious risk in allo-HSCT recipients are outlined in 
Fig. 11.1.

 Underlying Host Disease

Infection risk is very much impacted by the disease for 
which the patient is being transplanted and also by the pres-
ence of preceding infections. Acute leukemia, for example, 
predisposes to neutropenia and other defects of innate 
immunity. Profound neutropenia (<500 cells/mm3) of 
greater than 10-day duration is considered a strong risk fac-
tor for bacterial and invasive fungal infection [1]. In addi-
tion to neutropenia, other factors that increase risk for 
invasive aspergillosis include advanced or refractory acute 
myelogenous leukemia, high-risk myelodysplastic syn-
drome, chronic neutropenia prior to chemotherapy, iron 
overload secondary to repeated peripheral blood transfu-
sions, and prior fungal infection [2–6]. Further, antileuke-
mic agents have been shown to diminish antibody response 
to primary antigens, thereby increasing susceptibility to 
bacterial pathogens even in the absence of neutropenia [7]. 
Other underlying diseases such as primary immunodefi-
ciency, for example, may predispose to progression or reac-
tivation of antecedent infections, and individuals with 
myelodysplastic syndrome who are neutropenic at the time 
of transplant are at an increased risk of infection and mor-
tality. In addition to innate immune defects, increasing age, 
waning cellular immunity, organ dysfunction, fragile skin, 
and prior antibiotic exposure may all contribute to the pro-
gression of preexisting infection, including aspergillosis, as 
well as to the risk for new infections during the posttrans-
plant period [8–11].

The presence of infection immediately preceding allo- 
HSCT also impacts infectious risk during the posttrans-
plant period. In individuals scheduled to undergo 
allo-HSCT, active infections should be treated prior to 
transplantation whenever possible. The timing of allo-
HSCT following the initiation of antibiotics for active 
infection should be made on a case by case basis by an 
experienced practitioner.
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 The Conditioning Regimen

Prior to transplantation, the prospective recipient must be 
conditioned so as to allow engraftment of the transplant. 
The goals of conditioning are twofold: (1) to suppress the 
recipient’s immune system, particularly the T-cell arm, in 
order to prevent rejection of the graft, and (2) to eliminate 
the tumor. Many regimens are myeloablative, employing 
total body irradiation and cytotoxic chemotherapy, with 
resultant profound and prolonged neutropenia, mucositis, 
and potential organ toxicities. Recipients of such condition-
ing are highly susceptible to early infection and sepsis. Less 
intense regimens increasingly used in some of the more vul-
nerable older patients may result in minimal neutropenia 
and mucositis and a correspondingly lower risk of infection 
[12]. However, recipients of reduced-intensity conditioning 
regimens may experience prolonged neutropenia should 
engraftment fail.

 The Graft

The closeness of the human leukocyte antigen (HLA) match 
dictates the likelihood and severity of GVHD as well as the 
intensity of the immunosuppressive regimen. The various 
degrees of match include the following: the donor may be an 
HLA-matched sibling or twin, HLA-matched but unrelated, 
haploidentical such that donor and recipient share one com-
plete haplotype, or partially matched. The latter two catego-
ries often necessitate more intense immunosuppressive 
regimens to prevent GVHD.

The source of the stem cells also impacts the risk of 
infection. Bone marrow transplant recipients have more 
prolonged periods of neutropenia and a higher risk for 
early infection, but lower risk of GVHD than peripheral 
stem cells mobilized by granulocyte colony-stimulating 
factor [13, 14]. Cord blood cells, in contrast, are typically 
obtained from unrelated donors and confer a much lower 
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Fig. 11.1 Timeline of host immune defects and infections in Allo- 
HSCT recipients. Predictable opportunistic infections encountered fol-
lowing allo-HSCT.  Immune defects and transplant-associated risk 

factors are shaded in blue, bacterial infections in pink, viral infections 
in green, fungal infections in purple, and parasitic infections in orange
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stem cell dose than in the other transplants. Cord blood 
stem cell transplant recipients have delayed engraftment, 
such that neutropenia may extend for 6  weeks or longer 
and T-cell immune dysfunction may persist for months to 
years [15].

 Graft-Versus-Host Disease

GVHD occurs when donor T-cells attack the recipient’s tis-
sues as a consequence of either T-cell ablation of the graft 
prior to transplant or by the administration of immunosup-
pressive drugs after transplantation. When unmanipulated 
bone marrow or peripheral stem cells are used, 24–300 × 106/
kg CD3 cells are administered. Ex vivo pretreatment of the 
graft may produce up to a 3-log reduction in cells trans-
planted and decrease the potential risk and severity of 
GVHD. However, there is a resultant prolonged T-cell immu-
nodeficiency, and the patient must then walk an 
immunological- infection tightrope for many months. If an 
untreated graft is transplanted, then any one of a variety of 
immunosuppressive regimens may be given. Examples are 
sirolimus and a calcineurin inhibitor, such as tacrolimus. It 
appears that these regimens pose a lower infection risk than 
pretransplant T-cell ablation [16]. Sirolimus therapy has also 
been associated with a reduced risk of cytomegalovirus 
(CMV) infection [17, 18].

GVHD is classified as acute when the onset is prior to 
posttransplant day 100 and chronic when the onset is after 
day 100. Acute disease may persist into the chronic period, 
in which case it is termed progressive. While GVHD may 
respond to treatment and go into remission, it may also reac-
tivate at a later date.

Acute disease, characterized by secretory diarrhea, hepati-
tis, and skin rash, is categorized according to severity with 
grades 3 and 4 posing an increased risk of mortality. 
Corticosteroids are the mainstay of therapy. The intense 
immunosuppression associated with the condition itself and 
enhanced by its treatment, combined with disrupted barrier 
defenses, especially in the intestine, place patients at great 
risk of infection. CMV infection is common as are other viral, 
bacterial, and fungal infections such as aspergillosis [19].

In chronic GVHD, humoral defects and functional 
hyposplenism markedly suppress cellular immunity. Severe 
pneumococcal, disseminated fungal, and CMV infections 
are frequently seen in this context [20, 21]. Infections are 
even more problematic when steroid-refractory disease 
necessitates the use of potent immunosuppressive regimens 
such as cyclophosphamide, alemtuzumab, or anti-thymocyte 
globulin. In this situation, human herpesvirus-6 (HHV6), 
adenovirus, disseminated fungal and nocardial infections, as 
well as posttransplant lymphoproliferative disease (PTLD) 
may occur [22].

 Timing of Opportunistic Infections in  
Allo- HSCT Recipients

Three periods of immunodeficiency occur following hema-
topoietic stem cell transplantation: pre-engraftment (days 
0–30), early post-engraftment (days 30–100), and late post- 
engraftment (until day 100). The immune suppression that 
takes place during each of the periods conveys a particular 
risk for infection and drives the use of standard prophylaxis 
following transplantation (Figs. 11.1) [23, 24].

 Pre-engraftment

The pre-engraftment period is associated with three major risk 
factors for infection: (1) prolonged neutropenia, (2) disruption 
of the mucosal barrier related to preparative chemotherapeutic 
regimens, and (3) the presence and frequent utilization of cen-
tral venous access [24, 25]. The combined effect of neutrope-
nia and mucositis contributes to high risk of reactivation of 
HSV in seropositive patients, prompting standard use of acy-
clovir during this period [26, 27]. These factors also predis-
pose to candidemia and early-onset aspergillosis [24]. While 
prophylactic antifungals are used in the pre-engraftment 
period, fluconazole prophylaxis has been linked to an increased 
risk of non-albicans candidal infections, particularly due to C. 
glabrata and C. krusei [28–30]. Voriconazole prophylaxis has 
also been associated with an increased risk of zygomycosis in 
this setting [31–34]. Additionally, mechanical disruption of 
the skin and the use of prophylactic antibiotics targeted toward 
gut flora increase the risk for bloodstream infections with 
Gram-positive flora, particularly viridians group streptococci 
and coagulase- negative staphylococci [25, 35].

 Early Post-engraftment

The early post-engraftment period extends from the time of 
neutrophil recovery (approximately day 30 posttransplanta-
tion) until day 100 and is notable for B- and T-lymphocyte dys-
function. In the setting of allo-HSCT recipients, the impact of 
this immunodeficiency is further mediated by GVHD and 
CMV infection, as well as their treatments. Such cell-mediated 
immune dysfunction contributes to increased risk for viral 
infections, including CMV, adenovirus, varicella zoster virus 
(VZV), and Epstein-Barr virus (EBV)-related PTLD, as well 
as late-onset aspergillosis and Pneumocystis jirovecii [24].

 Late Post-engraftment

The late post-engraftment period extends from day 100 until 
normal immune function is regained. While immune func-
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tion generally returns within 18–36 months of transplant, the 
duration of the late post-engraftment period may be extended 
in allo-HSCT recipients owing to chronic GVHD and its 
management. During this time, ongoing humeral and cell- 
mediated immune dysfunction contributes to the risk for 
infections with VZV, CMV, late-onset aspergillosis, and 
infections with encapsulated bacteria [24, 36, 37].

 Bacterial Infections

The microbiology of bacterial infections in allo-HSCT 
patients has evolved over time. In the past decade or so, it has 
been greatly influenced by the widespread use of fluoroqui-
nolone prophylaxis, the increased prevalence of Clostridium 
difficile infection, and the evolution of conditioning regi-
mens. Once transplanted, patients are at increased risk for 
bacterial infections for the remainder of their lifetime.

 Infection During the Pre-engraftment Period

During the pre-engraftment period, bacteremia occurs in up 
to 20% of patients [38]. Table  11.1 lists some common 
infecting pathogens, their particular risks, and their clinical 
manifestations. The main sources for bacteremia are the oral 
or gastrointestinal mucositis, the respiratory tract, and the 
presence of central venous catheters. Infecting organisms are 
commonly Gram-positive cocci such as Streptococcus viri-
dans and enterococci or a variety of fermenting and non- 
fermenting Gram-negative rods. Enterococci are increasingly 
resistant to vancomycin, and these strains have been associ-
ated with a worse prognosis than vancomycin-sensitive 
strains [39]. Some recent studies also report an increase in 
infections due to multidrug resistant (MDR) Gram-negative 
rods such as Pseudomonas aeruginosa and carbapenemase- 
producing Klebsiella pneumoniae [40–43]. The isolation of 
such resistant bacteria has been associated with the use of 
fluoroquinolone prophylaxis and third-generation cephalo-
sporins in several reports. These infections carry a high mor-
tality and often relapse.

Gastrointestinal infections are prominent during this 
period. Necrotizing enterocolitis and typhlitis may occur in 
any severely neutropenic patient and can serve as a source of 
bacteremia and sepsis. Clostridium difficile colitis is very 
common, occurring in about 12% of allogeneic transplant 
patients versus 9% of autologous patients during the pre- 
engraftment period [44–46]. Extensive antibiotic exposures, 
mucosal damage from intense chemotherapy, and multiple 
prior hospitalizations are all contributory [47]. Clostridium 
difficile has been linked to levofloxacin, which is frequently 
given for bacterial prophylaxis in these patients [48]. 
Hypervirulent strains of Clostridium difficile, including the 

epidemic North American pulse-field gel electrophoresis 
type 1 (NAP1) and ribotype 027/toxinotype III strains, have 
specifically been associated with moxifloxacin and other 
members of the fluoroquinolone class [49, 50]. An associa-
tion between Clostridium difficile colitis and subsequent 
GVHD has also been reported [46]. The colitis may be 
severe, often relapses, and may also serve as a source for 
secondary bloodstream infections.

The risk of infection and bacteremia during this neutrope-
nic pre-engraftment period is reduced by the use of prophy-
lactic antibiotics. In general fluoroquinolones, usually 
levofloxacin, are the preferred agents [51]. Prophylaxis 
should start with the stem cell infusion and should continue 
until the resolution of the neutropenia or the initiation of 
antibiotic therapy for neutropenic fever. Several meta- 
analyses have demonstrated decreased infection-associated 
morbidity, mortality, as well as cost benefit, with the use of 

Table 11.1 Bacterial infections following allo-HSCT

Bacterial pathogens Predisposing risks
Clinical 
manifestations

Streptococcus viridans Neutropenia, oral 
mucositis

Bacteremia

Streptococcus 
pneumoniae

Graft-versus-host 
disease (GVHD), lack 
of immunization

Pneumonia, 
meningitis, sepsis

Enterococcus species Cephalosporin use, C. 
difficile infection

Bacteremia

Staphylococcus aureus Central venous lines 
(CVL), colonization

Bacteremia, 
pneumonia, soft 
tissue infection

Coagulase-negative 
staphylococcus

CVL Bacteremia

Escherichia coli Neutropenia, 
mucositis

Bacteremia, 
pneumonia

Klebsiella pneumoniae Neutropenia, 
mucositis

Bacteremia, 
pneumonia

Pseudomonas 
aeruginosa

Neutropenia, 
mucositis

Bacteremia, 
pneumonia, 
ecthyma

Stenotrophomonas 
maltophilia

CVL, prior broad- 
spectrum antibiotic 
exposure

Bacteremia

Acinetobacter species CVL, prior broad- 
spectrum antibiotic 
exposure

Bacteremia, 
pneumonia

Achromobacter species CVL, prior broad- 
spectrum antibiotic 
exposure

Bacteremia

Anaerobic bacteria (e.g., 
Clostridium septicum, 
Bacteroides species)

Neutropenia, 
mucositis

Bacteremia, 
necrotizing 
enterocolitis, 
typhlitis

Clostridium difficile Antibiotic exposure, 
GVHD, local 
epidemiology, 
previous C. difficile 
infection

Colitis, 
megacolon, 
secondary 
bacteremia
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prophylactic antibacterials [52–54]. These agents do, how-
ever, increase the risk for selection of resistant bacteria and 
Clostridium difficile-associated disease [55].

 Infection During the Early Post-engraftment 
Period

During the early period after engraftment, the risk of bacte-
rial infections and bacteremia is reduced but ongoing. Risk is 
increased by general debility, by the presence of renal or 
hepatic dysfunction, and by the presence of GVHD. Central 
venous lines are often the source. Most of the patients by this 
time will have received antibiotic courses making them more 
likely to be infected with resistant pathogens. Staphylococci, 
enterococci (often vancomycin resistant), and non- 
fermenting Gram-negatives such as Stenotrophomonas 
maltophilia and Acinetobacter are frequent pathogens [38]. 
By virtue of their T-cell immunosuppression, these patients 
are also particularly susceptible to Listeria and Legionella if 
exposed [56, 57].

 Infection During the Late Post-engraftment 
Period

During the late period following engraftment, the main pre-
disposing factor for infection is the presence of GVHD. Many 
patients have B-cell dysfunction and are functionally asplenic 
[58, 59]. They are thus vulnerable to serious infections with 
encapsulated bacteria, most notably Streptococcus pneu-
moniae, with pneumonia as the usual source [36, 60, 61]. 
Some patients are hypogammaglobulinemic, further increas-
ing their risk. Less common are infections due to mycobac-
teria and Nocardia. Case reports suggest a global incidence 
of nontuberculous mycobacterial infections in allo-HSCT 
recipients ranging from 0.4% to 4.9% [37, 62–66]. 
Tuberculosis in this patient population, however, ranges 
from 0.0014% to 3% in the United States to as high as 8.5% 
in Taiwan [67–70]. Systemic nocardiosis is rare, and one 
center reported a cumulative incidence of 1.75%; cases were 
all observed in patients with extensive chronic GVHD [71].

Preventive strategies include vaccination with the hep-
tavalent conjugate pneumococcal vaccine at 3–6  months 
post-engraftment for all patients [51]. Immunogenicity of 
this vaccine, however, appears to be related to immune 
reconstitution, particularly in allo-HSCT recipients aged 50 
and over. In this population, improved vaccine response has 
been associated with CD4 >200 cells/μL, IgG >500 mg/dL, 
and phytohemagglutinin within 60% of the lower limit of 
normal [72]. Patients with active GVHD should also receive 
antibiotic prophylaxis aimed at pneumococcus. Penicillin V 
usually suffices, but trimethoprim/sulfamethoxazole or dox-

ycycline may also be considered depending on local resis-
tance patterns. For patients who are severely 
hypogammaglobulinemic (<400 mg IgG), regular infusions 
of intravenous immunoglobulin (IVIG) can be considered. 
Meticulous care of central venous catheters is mandatory 
[51, 73].

 Clostridium Difficile

Clostridium difficile can occur at any time, though the risk is 
greatest during periods of hospitalization. Risk is increased 
in proportion to antibiotic exposure, especially perhaps to 
fluoroquinolones, by the presence of GVHD and of course 
by nosocomial risks, e.g., during an outbreak. Relapses are 
common after treatment.

 Viral Infections

Viral pathogens are a significant source of morbidity and 
mortality after allo-HSCT [74]. Allo-HSCT recipients are 
affected by a wide range of viruses, either through primary 
infection, donor-derived infection, or reactivation of latent 
virus.

 Cytomegalovirus
CMV continues to be one of the most important pathogens in 
this group. It is estimated that about 50% of the population in 
the United States is latently infected with CMV [75]. In other 
places in the world, including developing nations, the preva-
lence is even higher [76, 77].

Prior to widespread use of anti-CMV prophylaxis, 
approximately 80% of seropositive allo-HSCT recipients 
developed CMV reactivation, usually in the first 3 months 
after transplantation [78]. Despite prophylaxis with either 
ganciclovir or valganciclovir, the incidence of CMV reacti-
vation ranges between 20% and 50%, with episodes increas-
ingly occurring after prophylaxis is finished (late CMV) 
[79–83]. Approximately 6–18% of allo-HSCT recipients 
with CMV reactivation develop disease [79, 80, 83]. Clinical 
manifestations of CMV disease are variable and include 
interstitial pneumonia, enteritis, hepatitis, retinitis, encepha-
litis, and a CMV syndrome that includes cytopenia and 
fevers. CMV-related mortality is on average 40–50%, but 
can be as high as 86% in cases of severe pneumonia [83]. In 
addition to its direct end-organ effects, CMV disease is also 
associated with increased bacterial, fungal, and other viral 
infections [84].

The classic and most important risk factor for CMV reac-
tivation is the serostatus of the recipient and donor, with a 
CMV-infected (seropositive) patient receiving a graft from a 
CMV- naïve (seronegative) donor considered the highest risk. 
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Additional risk factors include total body radiation in the 
conditioning phase, development of acute and chronic 
GVHD, T-cell-depleting therapies, steroids at doses greater 
than 1 mg/kg per day, and the use of mismatched or unre-
lated donors [78, 79].

Diagnosis of CMV disease remains clinically challenging 
given the varied and nonspecific presentations. Although 
PCR analysis of CMV DNA in the serum has become the 
mainstay of diagnosis, no absolute cutoff in viremia exists 
for differentiation between infection and disease. The pres-
ence of viremia does not automatically indicate disease 
although studies have shown that the likelihood of disease is 
high when levels above 10,000 copies/mL are found [85]. 
Conversely, disease does not always correlate with viremia, 
especially in cases of gastrointestinal involvement. With the 
introduction of international units, better studies to correlate 
disease and viremia will be possible in the future.

Intravenous ganciclovir is first-line therapy for CMV dis-
ease in allo-HSCT recipients. In non-severe cases, including 
asymptomatic viremia, oral valganciclovir can be used. Due 
to toxicities, foscarnet and cidofovir are considered second- 
line drugs and reserved for treatment failure due to GCV 
resistance or in situations where GCV is not tolerated. It is 
recommended that continuing treatment for 14–21 days after 
CMV DNA is no longer detectable in serum, followed by 
1–3  months of maintenance therapy [86]. CMV immuno-
globulins have been studied and in general are reserved for 
severe cases, especially pneumonia, or lack of response to 
antiviral therapy [87]. Recent studies have suggested that 
CMV-specific T-cell administration can be effective in the 
prophylaxis and treatment of CMV [88].

Although risk-stratified prophylaxis with oral valganci-
clovir can be effective, problems with toxicity, especially 
bone marrow suppression, preclude it from being a standard 
approach. An alternative approach involves frequent serum 
CMV PCR monitoring and initiation of treatment if viremia 
is detected. This preemptive approach is usually more logis-
tically difficult and leads to higher rates of CMV reactivation 
[51]. An elusive goal for many decades, the search for a vac-
cine has recently shown promising results around glycopro-
tein B and phosphoprotein 65 epitopes [89, 90].

 Epstein-Barr Virus (EBV)
In the United States and worldwide, it is estimated that 
almost 95% of adults demonstrate past infection with 
EBV. The spectrum of EBV-related diseases includes asymp-
tomatic viremia, a viral syndrome with fevers and neutrope-
nia, oral hairy leukoplakia, and rarely meningoencephalitis. 
More importantly, EBV is also associated with 50–70% of 
cases of PTLD in allo-HSCT recipients [91].

PTLD usually occurs in the first year after transplant and 
arises when EBV-specific T-lymphocytes are depleted, 
allowing for unchecked proliferation of donor-derived mono-

clonal or polyclonal B cells [92]. The spectrum of PTLD 
includes extranodal lymphocyte infiltration to high-grade 
B-cell lymphoma and varies from an indolent to fulminant 
presentation. Although the overall incidence of EBV-related 
PTLD in this population is approximately 1% (up to 2.8% in 
children), mortality can be as high as 50–90% [93]. Risk fac-
tors include age >50; recipients of mismatched, matched 
unrelated, or T-cell-depleted transplants; acute and chronic 
GVHD; and use of T-cell-depleting agents such as thymo-
globulin and alemtuzumab [92].

Treatment options range from reduced immunosuppres-
sion to chemotherapeutic agents such as rituximab or 
CHOP. Antiviral agents have a limited role in the treatment 
or prevention of EBV-PTLD. Given that persistent or increas-
ing EBV viremia usually precedes PTLD, preemptive treat-
ment with rituximab may reduce the risk of progression to 
PTLD [94, 95].

 Herpes Simplex Virus (HSV)
More than 50% of US adults are latently infected with HSV-1 
[96]. In allo-HSCT recipients who do not received antiviral 
prophylaxis, the rate of reactivation can be as high as 80% 
and often occurs earlier, 2–3 weeks post-engraftment, than 
other herpesviruses [97, 98]. Clinical manifestations most 
commonly include oral-labial lesions and esophagitis, but 
can be varied and cause bone marrow suppression, keratitis, 
pneumonia, hepatitis, as well as meningoencephalitis [99–
104]. HSV-2, on the other hand, is less frequent and is usu-
ally involved with perineal lesions only. Recurrent episodes 
of either HSV-1 or 2 infections may warrant suppressive 
therapy [51].

 Varicella Zoster Virus (VZV)
Similar to HSV, reactivation is the most common cause of 
VZV-related disease after allo-HSCT, occurring in about 
16% of patients in the first year after transplant [105]. Since 
anti-HSV or CMV prophylaxis is effective against VZV, 
reactivation usually occurs after prophylaxis has stopped, 
although breakthrough can also occur [105, 106]. GVHD is 
a major risk factor for VZV reactivation [107]. Clinical man-
ifestations include either classic or multi-dermatomal shin-
gles with lesions usually taking longer to heal that in 
immunocompetent patients. Disseminated VZV is a rare but 
severe occurrence, which can involve the lungs, liver, and 
CNS [108].

 Human Herpesvirus (HHV) 6, 7, and 8
HHV-6 reactivation is common early post allo-HSCT, rang-
ing from 36% to 47% of patients in the first month [109, 
110]. The vast majority of cases range from asymptomatic 
viremia to fevers and transient marrow suppression, but 
patients can infrequently develop severe disease, including 
encephalitis, hepatitis, and pneumonitis. Posttransplant acute 

M. R. Pereira et al.



215

limbic encephalitis [111] is a form of CNS disease in allo- 
HSCT recipients that is related to HHV-6 reactivation [112]. 
In addition to its direct effects, HHV-6 viremia has been 
found to increase delayed engraftment and GVHD as well as 
predispose patients to CMV and EBV reactivation [109]. 
Risk factors for HHV-6 reactivation include cord blood 
transplantation as well HLA mismatch [113]. Ganciclovir 
has activity against HHV-6 and is used for treatment [114]. 
Screening and preventative measures have not been 
developed.

HHV-7 viremia is also a common occurrence, but its asso-
ciation with post-HSCT disease is not well documented at 
this time. Reports of CNS disease associated with this virus 
have been reported [115].

HHV-8 can be transmitted to seronegative recipients, but 
clinical manifestations of viremia are also not well docu-
mented at this time, although it may possibly be related to 
fever, rash, mild hepatitis, and bone marrow aplasia. Unlike 
solid organ transplantation, cases of Kaposi’s sarcoma are 
very rare [116].

 Adenovirus (ADV)
Besides reactivation of latent infection, allo-HSCT recipi-
ents are susceptible to transmission of ADV via the stem cell 
graft as well as primary acquisition of any of the other >50 
serotypes. About 12% of allo-HSCT recipients are affected 
by ADV reactivation, most of which are children under 
5 years of age [117]. Reactivation usually occurs between 30 
and 90 days posttransplant. Besides young age, risk factors 
for reactivation include severe GVHD, high-dose steroids, as 
well as use of unrelated cord blood [74]. In recipients with 
ADV viremia, approximately 40–50% develop disease, 
which ranges from a viral syndrome (fever, elevated liver 
enzymes, and pancytopenia) to pneumonitis, nephropathy, 
hemorrhagic cystitis, colitis, myocarditis, and CNS disease. 
Mortality in the setting of ADV disease is estimated to be 
around 22% [117].

Diagnosis is usually a combination of high clinical suspi-
cion, serum ADV quantitative PCR, and histology. Treatment 
is not well defined but usually consists of reduced immuno-
suppression and cidofovir, which has a high incidence of 
nephrotoxicity [118]. Preventative measures are also not 
well defined.

 Respiratory Viruses
With continuously improving detection techniques, respira-
tory viral pathogens have been increasingly recognized as 
significant sources of morbidity and mortality among recipi-
ents of allo-HSCT. These include, among others, influenza 
[119], parainfluenza [120], RSV [121], human metapneumo-
virus [122], as well as multiple strains of rhinoviruses, coro-
naviruses, and bocaviruses [123, 124]. Both community and 
nosocomial outbreaks are responsible for majority of infec-

tions, and rates of respiratory viral infections among allo- 
HSCT recipients undergo seasonal variation, much like the 
general population [125]. Estimates vary, but studies have 
shown that influenza (both A and B), parainfluenza, and RSV 
are the most common causes of viral respiratory infections 
[125]. Risk factors include GVHD, lymphopenia, and the 
presence of children younger than 12 years of age at home. 
Diagnosis involves clinical suspicion and RT-PCR. Mortality 
is variable and is usually associated with complications such 
as respiratory failure and bacterial or fungal superinfection. 
Preventative measures include vaccination, hand washing, 
and isolation measures in the setting of outbreaks. Besides 
anti-influenza drugs, antiviral therapy for most other respira-
tory viruses remains largely unproven [119, 120].

 Hepatitis B Virus
The main risk with hepatitis B virus is reactivation of previ-
ously resolved infection, which can occur in up to 20% of 
cases if prophylaxis is not instituted [126]. Among those 
who reactivate, liver failure can be a rare complication. It is 
recommended that both recipients and donors be checked for 
hepatitis B serologies prior to HSCT and appropriate thera-
peutic or prophylactic measures taken [127].

 Polyoma Viruses (BK and JC)
Although more commonly affecting renal transplant recipi-
ents, BK virus reactivation has also been described to cause 
both hemorrhagic cystitis and nephropathy in allo-HSCT 
recipients [128–131]. JCV-related progressive multifocal 
leukoencephalopathy (PML) is a rare but well-described 
complication in allo-HSCT recipients with dismal prognosis 
[132].

 Fungal Infections

Invasive fungal infections (IFIs) are a major cause of mor-
bidity and mortality among HSCT recipients. Individuals 
undergoing allo-HSCT are at higher risk for developing IFIs 
compared to recipients of autologous grafts, largely owing to 
delayed engraftment and GVHD. The epidemiology of IFIs 
in HSCT recipients remains dynamic. Since the 1990s, there 
has been a decrease in the incidence of invasive candidiasis 
among HSCT recipients due to the more widespread use of 
fluconazole prophylaxis; however, IFIs due to Aspergillus 
and other filamentous molds remain a significant concern.

 Candida

Candida species commonly inhabit the skin and mucosa of 
the gastrointestinal tract, and disruption of the integrity of 
either mucosal barrier can lead to invasive candidiasis. In the 
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setting of allo-HSCT, invasive candidiasis typically results 
from mucositis of the gastrointestinal tract incurred during 
conditioning. Additional risk factors for invasive candidiasis 
include HLA mismatch, recipient age, prolonged neutrope-
nia, GVHD, gastrointestinal tract colonization, and CMV 
disease [133, 134].

In the early 1990s, two large trials demonstrated a signifi-
cant decrease in candidiasis with the use of fluconazole pro-
phylaxis, and its administration through 75 days posttransplant 
was later shown to significantly reduce mortality among allo-
HSCT recipients [135–137]. This prompted the widespread 
use of fluconazole prophylaxis in the early posttransplant 
period. More recent data from the Prospective Antifungal 
Therapy (PATH) Alliance registry, however, reported a 28% 
and 23% incidence of invasive candidiasis in allo-HSCT 
recipients from matched-related and matched- unrelated 
donors, respectively [138]. While Candida albicans accounted 
for over half of all episodes of invasive candidiasis in HSCT 
recipients in the 1980s, invasive candidiasis caused by azole-
resistant Candida species such as C. glabrata and C. krusei 
has increased since the 1990s, which may reflect the routine 
use of fluconazole prophylaxis [28–30, 137, 138].

Invasive candidiasis in allo-HSCT recipients most com-
monly presents as fungemia or hepatosplenic candidiasis. 
Candidemia occurs in approximately 3% of HSCT recipients 
and may be accompanied by sepsis, a discreet palpable vas-
culitic rash, and/or end-organ involvement including but not 
limited to meningitis, endophthalmitis, and endocarditis 
[139]. In contrast, hepatosplenic candidiasis, or chronic dis-
seminated candidiasis, results from invasion of Candida spe-
cies into the portal vasculature with subsequent seeding of 
the liver and/or spleen during periods of neutropenia. While 
the exact incidence of hepatosplenic candidiasis remains 
unknown, one autopsy study identified hepatic candidal 
infection in 9% of HSCT recipients [140]. Patients typically 
present with fever and an elevated alkaline phosphatase level 
following neutrophil recovery. Blood cultures tend to be neg-
ative in this setting, but computed tomography of the abdo-
men demonstrates multiple lesions in the liver and spleen; 
such lesions decrease in size with recurrent neutropenia, 
indicating that hepatosplenic candidiasis results from a sys-
temic inflammatory response. Biopsy is required for defini-
tive diagnosis, especially because other IFIs and malignancy 
can result in a similar clinical syndrome.

The diagnosis of invasive candidiasis remains challenging, 
particularly because conventional blood cultures may only 
have a sensitivity of 50% in those with deep fungal infection 
[141]. Newer diagnostic assays, including the beta- D- glucan 
test, which detects beta-glucans in the cell wall of molds and 
yeasts except zygomycetes and cryptococci, may be valuable 
in the diagnosis of invasive candidiasis. One recent study 
demonstrated a sensitivity and specificity of 87.5% and 
85.5%, respectively, of this assay. The mannan antigen and 
antibody and the Cand-Tec Candida antigen assays have 

demonstrated lower sensitivities than the beta- D- glucan assay 
(58.9%, 62.5%, and 13%, respectively) [142].

Given the prevalence of azole-resistant Candida species 
in neutropenic patients, particularly C. glabrata and C. kru-
sei, management of invasive candidiasis in allo-HSCT recip-
ients should include amphotericin B or an echinocandin such 
as caspofungin, micafungin, or anidulafungin. Several stud-
ies have demonstrated comparable efficacy between both 
antifungal classes; however, echinocandins have been asso-
ciated with a more favorable toxicity profile [143, 144]. 
Voriconazole may be used in situations where additional 
mold coverage is desired; however, since voriconazole resis-
tance has been seen in 3% of Candida infections in solid 
organ and HSCT recipients, this agent should not be used 
unless susceptibility of the isolate is confirmed [145, 146]. 
As the majority of cases of hepatosplenic candidiasis are 
caused by C. albicans, clinically stable patients may receive 
fluconazole. Those who are acutely ill or who have relapsed 
disease should receive 1–2 weeks of induction with liposo-
mal amphotericin B or an echinocandin followed by flucon-
azole. Duration of therapy for hepatosplenic candidiasis is 
dependent upon resolution of visceral lesions, typically 
3–6  months. Chronic suppressive therapy may be used in 
individuals at high risk for recurrence, including those with 
GVHD [146].

 Invasive Mold Infections

Aspergillus and other molds are ubiquitous environmental 
pathogens. HSCT recipients are at high risk of infection with 
these organisms, which are largely acquired via inhalation of 
conidia that are inadequately cleared in the setting of immu-
nosuppression. Less common routes of infection include 
invasion of the gastrointestinal tract or cutaneous 
inoculation.

 Aspergillus

Invasive aspergillosis is the most frequent IFI encountered 
among allo-HSCT recipients. Data from the PATH Alliance 
demonstrated an incidence of invasive aspergillosis of 53.5% 
and 59.8% in recipients of matched-related donor and 
matched-unrelated donor transplants, respectively [138]. 
While both autologous and allo-HSCT recipients are at risk 
for the development of invasive aspergillosis, prolonged neu-
tropenia, as well as GVHD, and its treatment contribute to 
higher incidences of invasive aspergillosis among allo-HSCT 
recipients [147, 148].

The onset of invasive aspergillosis following HSCT 
occurs in a bimodal fashion, with the first peak noted within 
the first 40 days of transplantation [149] and corresponding 
to the period of neutropenia. The second peak occurs post- 
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engraftment (“late period”), typically defined as 41+ days 
following transplant, and tends to arise in the setting of acute 
or chronic GVHD [147, 148, 150]. Age >40 has been associ-
ated with the development of invasive aspergillosis at any 
time following transplantation, as have donor and recipient 
polymorphisms in various Toll-like receptors and genes reg-
ulating interleukin-1, interleukin-10 promoter, and plasmin-
ogen [147, 151–155]. Specifically, donor haplotype 
1363T/1063G, which contains two cosegregated single 
nucleotide polymorphisms in the Toll-like receptor 4 gene, 
has been associated with the development of invasive asper-
gillosis [151]. Single nucleotide polymorphisms in the che-
mokine ligand 10 (CXCL-10) gene have also been 
demonstrated to reduce dendritic cell CXCL-10 expression 
when exposed to Aspergillus germlings; these polymor-
phisms have also been associated with invasive aspergillosis 
following allo-HSCT [154]. Hematologic malignancies 
other than chronic myelogenous leukemia in the chronic 
phase, as well as aplastic anemia, myelodysplastic syn-
drome, mismatched donor, the use of cord blood, summer 
season, lack of laminar air flow, and local building construc-
tion, have been identified as risk factors for invasive aspergil-
losis in the early posttransplant period. The risk of invasive 
aspergillosis in the late posttransplant period increases in the 
setting of underlying multiple myeloma, use of T-cell- 
depleted or CD34-selected stem cell products, neutropenia, 
lymphopenia, use of corticosteroids, CMV disease, respira-
tory virus infection, and GVHD [147, 148]. GVHD and 
CMV disease are the major risk factors for the development 
of invasive aspergillosis >6  months after transplantation 
[148]. The contribution of GVHD to the risk of invasive 
aspergillosis is highlighted by the fact that conditioning regi-
mens do not appear to impact the incidence of this invasive 
fungal infection. While the period of neutropenia is shorter 
and the incidence of early invasive aspergillosis is less in 
non-myeloablative HSCT recipients, this group remains at 
highest risk in the late posttransplant period in conjunction 
with GVHD [12, 156–158].

Aspergillus fumigatus is the most commonly isolated spe-
cies associated with invasive aspergillosis in allogeneic HSCT 
recipients; infections with A. niger, A. flavus, and A. terreus 
are less frequently encountered [147, 159]. The lungs repre-
sent the most commonly involved site of infection, though 
patients may develop sinusitis, CNS disease, and tracheo-
bronchitis. Clinical presentation may be variable, but fre-
quently includes fever, cough, chest pain, hemoptysis, and/or 
respiratory failure, and the presence of these symptoms 
should prompt CT of the chest. Lung lesions, with surround-
ing ground-glass halos, nodular infiltrates, and cavitations, 
are highly suggestive of pulmonary aspergillosis; however, 
radiographic findings can be variable in allo- HSCT recipients 
with concomitant GVHD and include focal infiltrates and/or 
bronchopneumonia [160]. Given the lack of specificity of 
symptoms and radiographic findings, prompt microbiologic 

diagnosis via bronchoscopy should be pursued. Diagnosis of 
invasive aspergillosis may also be facilitated with use of the 
Aspergillus galactomannan assay, which employs a double-
sandwich enzyme immunoassay to detect the galactomannan 
component of the Aspergillus cell wall. While the sensitivity 
of the serum galactomannan assay has varied between stud-
ies, it has proven clinically useful for the diagnosis of invasive 
aspergillosis and monitoring of clinical response during ther-
apy [161, 162]. The galactomannan assay on bronchoalveolar 
lavage fluid in patients with hematologic malignancies and 
HSCT recipients has demonstrated higher sensitivity than 
bronchoalveolar lavage culture, cytology, and the serum 
galactomannan assay [163]. Important caveats for the use of 
galactomannan testing include false negative results in indi-
viduals receiving concomitant antifungals, false positive 
results in children and patients receiving beta-lactams, par-
ticularly piperacillin-tazobactam, and cross-reactivity with 
plasmalyte [164–166]. The beta-D- glucan test, which detects 
beta-glucans in the cell wall of molds and yeasts except zygo-
mycetes and cryptococci, may also be a valuable adjunctive 
screening test for invasive aspergillosis particularly in con-
junction with the galactomannan assay, though the perfor-
mance characteristics of the beta-D-glucan assay in the HSCT 
population have not yet been evaluated.

Empiric therapy for suspected invasive aspergillosis 
should include a mold-active azole or amphotericin B. The 
use of an echinocandin can also be entertained, though these 
agents are fungistatic, rather than fungicidal. Once the diag-
nosis of invasive aspergillosis has been confirmed, primary 
therapy should include voriconazole in most patients, as this 
agent has been associated with improved clinical outcomes 
and survival rates and less toxicity compared with ampho-
tericin B [167, 168]. Voriconazole is also the preferred ther-
apy for Aspergillus tracheobronchitis [168]. Combination 
therapy with an echinocandin and either amphotericin B or a 
mold-active azole may be more efficacious than voricon-
azole alone, however, particularly for salvage therapy [169, 
170]. The duration of therapy in allogeneic HSCT recipients 
should be prolonged and continue at least until immunosup-
pressives, particularly corticosteroids, are completed.

Prevention of invasive aspergillosis in allogeneic HSCT 
recipients should include the use of high-efficiency particu-
late air (HEPA) filtration and/or laminar flow rooms during 
the pre-engraftment period. In addition, two recent studies 
have suggested that voriconazole may be appropriate sec-
ondary prophylaxis prior to HSCT in patients with previous 
IA [171, 172].

 Other Molds

Mucor and Rhizopus species are the most commonly encoun-
tered zygomycetes in clinical practice, with an incidence of 
8.5% and 5.9% in recipients of matched-related and matched- 
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unrelated allo-HSCT, respectively [138]. Infection with 
these organisms results in mucormycosis, which can occur in 
the late posttransplant period and causes devastating sino- 
orbital, CNS, and gastrointestinal disease, as well as cutane-
ous lesions and fasciitis. Among HSCT recipients, risk 
factors for zygomycosis include HLA mismatch, prolonged 
neutropenia, corticosteroid use, iron overload, and GVHD 
[173, 174]. Additionally, several studies have noted increas-
ing numbers of zygomycosis cases among patients receiving 
voriconazole as either prophylaxis or treatment of invasive 
aspergillosis [32, 111, 175]. Whether this reflects azole- 
related selective pressure remains unknown.

Fusarium species are environmental organisms, which 
cause infrequent but severe invasive fungal infection in 
HSCT recipients. Cases of fusariosis among HSCT recipi-
ents have been linked to contamination of central venous 
catheters and hospital water supply [176, 177]. Risk factors 
for fusariosis include underlying multiple myeloma and 
HLA mismatch. As with invasive aspergillosis, the onset of 
fusariosis occurs in a bimodal fashion; infection in the early 
posttransplant period is associated with prolonged neutro-
penia, and late infection is associated with T-cell depletion, 
corticosteroid use, and GVHD.  Infection with Fusarium 
species can mimic invasive aspergillosis; however, patients 
with fusariosis are more likely to have positive blood cul-
tures and multiple papular or ulcerated skin lesions com-
pared to patients with invasive aspergillosis [176, 178].

Scedosporium apiospermum and Scedosporium prolifi-
cans have also been isolated in HSCT recipients; their dis-
ease spectrum is similar to invasive aspergillosis. Risk factors 
for Scedosporium infection include prolonged neutropenia 
and GVHD [159, 179, 180].

 Miscellaneous Infections

 Pneumocystis Jirovecii (PJP)

Due to effective prophylaxis, PCP has become a rare event 
among allo-HSCT recipients with retrospective studies 
showing incidence rates from 1.3% to 2.5% [181, 182]. PCP 
is usually a late occurrence, and risk factors include treat-
ment for GVHD or cessation of PCP prophylaxis [183]. 
Despite effective treatment, mortality can be high if infection 
occurs early after transplant [184].

 Toxoplasmosis
The majority of cases of toxoplasmosis in allo-HSCT recipi-
ents are due to reactivation of latent infection. In the United 
States, the incidence of toxoplasmosis has been reported to be 
as low as 0.25% [185], reflecting a low seroprevalence in the 
population [186]. In regions of the world with a higher serop-
revalence, incidence rates of toxoplasmosis are predictably 
higher [187]. Disease usually occurs in the first 6 months after 

transplantation [185, 186]. Besides seropositivity, the main risk 
factor for reactivation is intensification of immunosuppression 
due to GVHD [186]. The most common clinical presentation is 
encephalitis, which usually presents with focal neurological 
deficits. Extra-CNS forms of toxoplasmosis include pneumoni-
tis, chorioretinitis, and myocarditis. Diagnosis of toxoplasmo-
sis in any of the above manifestations requires a high clinical 
suspicion. A toxoplasma PCR can be obtained in serum and 
tissue such as CSF and vitreous fluid [188, 189]. First-line 
treatment includes extensive treatment with pyrimethamine 
and sulfadiazine. Despite best efforts mortality in allo-HSCT 
recipients remains high [185, 190]. Prophylaxis is usually 
accomplished with trimethoprim/sulfamethoxazole [191].

 Strongyloides

Strongyloides stercoralis can latently infect auto-HSCT recip-
ients who previously lived or visited endemic areas (tropical 
and subtropical region worldwide), even many decades earlier. 
In the setting of immunosuppression, the parasite’s life cycle 
is accelerated and cause hyperinfection and disseminated dis-
ease [192]. Clinical manifestations include intestinal obstruc-
tion, respiratory failure including alveolar hemorrhage, 
bacterial sepsis, or meningitis [193]. Because of delays in 
diagnosis, infections can be devastating and carry high mortal-
ity. Patients from endemic areas should be serologically 
screened and treated with ivermectin prior transplant [193].

 Preventative Strategies

Like solid organ transplant recipients, allo-HSCT recipients 
can benefit from measures aimed to prevent infectious com-
plications in the posttransplant period. These can include 
infection control practices in hospitals and outpatient clinics 
as well as guidelines for the prevention of opportunistic 
infections.

The CDC/IDSA and ASBMT have published extensive 
evidence-based infection control guidelines that include spe-
cific practices regarding room ventilation, isolation and bar-
rier precautions, cleaning, hand hygiene, equipment 
disinfection, plants, patient skin and oral care, prevention of 
intravascular catheter-related infections, construction and 
renovations, as well as healthcare workers [194].

In terms of specific infections, guidelines from the CDC 
were published in 2000. Because many of these organisms not 
only involve reactivation of latent infection in the recipient but 
can also be donor-derived, both donors and recipients should 
be universally tested for CMV, EBV, HIV I/II, HTLV I/II 
(although this is not done in all centers), hepatitis B and C, 
syphilis, and M. tuberculosis (in donor only if from endemic 
country). Additionally, all recipients should be tested for HSV 
I/II, VZV, and Toxoplasma. Potential donors and recipients 
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should also be tested for Strongyloides and Trypanosoma cruzi 
if they have epidemiologic risks. Patients with evidence of 
syphilis, Strongyloides, or latent tuberculosis infection should 
be treated in the pretransplant period (see Table 11.2).

Vaccinations are an important component of disease pre-
vention. Because of predictable decline in antibody titers 
posttransplant, it is recommended that recipients be revacci-
nated in the post-engraftment at the appropriate time (see 
Table 11.3) [195].

Prophylaxis in the posttransplant period is usually aimed 
at the most common and predictable organisms. A discussion 
of strategies to prevent CMV is beyond the scope of this 
chapter but includes either preemptive treatment in cases of 
CMV viremia or universal prophylaxis for those at risk for 
CMV reactivation. Recipients not at risk for CMV should 
receive acyclovir for HSV prophylaxis. PCP and Toxoplasma 
prophylaxis is accomplished with sulfamethoxazole/trime-
thoprim for 6–13 months, although this practice varies when 
taking into consideration the myelosuppressive effects of 

Table 11.2 Pretransplant screening in candidate allo-HSCT donors 
and recipients

Donor screening Recipient screening
Standard
CMV IgG CMV IgG
EBV VCA IgG EBV VCA IgG
VZV IgG HSV I/II IgG
HIV Ab and NAT VZV IgG
HTLV I//II Ab HIV Ab and NAT
Hepatitis B surface Ag and core 
Ab

HTLV I/II Ab

Hepatitis C Ab, NAT Hepatitis B surface Ag and core 
Ab

Syphilis screening (RPR) Hepatitis C Ab, NAT
Syphilis screening (RPR)
Latent Tb screening (PPD or 
IGRA)

Optional (if risk factors are present)
Hepatitis B NAT Hepatitis B NAT
West Nile virus Ab West Nile virus Ab
Toxoplasma Ab Toxoplasma Ab
Strongyloides Ab Strongyloides Ab
Trypanosoma cruzi Trypanosoma cruzi
Leishmania Ab/PCR Coccidioides Ab
Babesia Ab Histoplasma Ab
Rickettsia Ab Brucella Ab
Coxiella burnetii Ab

Table 11.3 Recommended and optional vaccination of allo-HSCT 
recipients [195]

Vaccine
Comments on use after 
allo-HSCT

Time 
post-HSCT to 
initiate 
vaccine

Recommended
Pneumococcal 
conjugate (PCV)

3–4 doses, a fourth dose with 
PPSV23a may be beneficial

3–6 months

Tetanus, 
diphtheria, 
acellular 
pertussis

3 doses, DTaP preferred over 
Tdap

6–12 months

Haemophilus 
influenzae 
conjugate

3 doses 6–12 months

Meningococcal 
conjugate

1 dose, follow country 
recommendations for general 
population

6–12 months

Inactivated polio 3 doses 6–12 months
Recombinant 
hepatitis B

3 doses, follow country 
recommendations for general 
population

6–12 months

Inactivated 
influenza

Yearly 4–6 months

Measles, 
mumps, rubella 
(live)

1–2 doses, all children and 
measles seronegative adults, not 
recommended if active GVHD or 
on immunosuppression

>24 months

Optional
Hepatitis A Follow country recommendations 

for general population
12 months

Table 11.3 (continued)

Varicella 
(Varivax, live)

Limited data regarding safety and 
efficacy. Not recommended if 
active GVHD or on 
immunosuppression

>24 months

Human 
papillomavirus

Follow country recommendations 
for general population

No data

Yellow fever 
(live)

Limited data regarding safety and 
efficacy. The risk-benefit balance 
may favor use of the vaccine in 
patients residing in or traveling to 
endemic areas

>24 months

Rabies Appropriate for use in HCT 
recipients with potential 
occupational exposures to rabies. 
Postexposure administration of 
rabies vaccine with human rabies 
Ig can be administered any time 
after HCT, as indicated

12–24 months

Tick-borne 
encephalitis

According to local policy in 
endemic areas

No data

Japanese B 
encephalitis

According to local policy when 
residing in or travelling to 
endemic areas

No data

Adapted and printed by permission from Macmillan Publishers Ltd.: 
Nature Publishing Group, Bone Marrow Transplantation, Vaccination 
of hematopoietic cell transplant recipients, Ljungman P, Cordonnier C, 
Einsele H, Englund J, Machado CM, et  al.; Center for International 
Blood and Marrow Transplant Research; National Marrow Donor 
Program; European Blood and Marrow Transplant Group; American 
Society of Blood and Marrow Transplantation; Canadian Blood and 
Marrow Transplant Group; Infectious Disease Society of America; 
Society for Healthcare Epidemiology of America; Association of 
Medical Microbiology and Infectious Diseases Canada; Centers for 
Disease Control and Prevention Vol. 44/No. 8, pages 521–526, © 2009
Contraindicated vaccines: BCG (live), oral polio (live), intranasal live 
influenza, cholera (live), typhoid (live and IM), Rotavirus, zoster vac-
cine (Zostavax, live)
aPPV23: 23-valent pneumococcal vaccine
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this drug combination. Dapsone, atovaquone, and pentami-
dine are alternatives for PCP prophylaxis. Of those, only ato-
vaquone has activity against Toxoplasma as well. Many 
centers also institute bacterial and fungal prophylaxis in the 
peri-transplant period until neutropenia resolves.
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Complications Arising from Preparatory 
Conditioning Regimens for Stem Cell 
Transplantation

Jasmine Zain, Merav Bar, and Amar Safdar

 Introduction

Hematopoietic stem cell transplantation (HSCT) is per-
formed to provide long-term cures for patients with advanced 
hematological malignancies and other nonmalignant disor-
ders. However, transplantation procedures can result in com-
plications that can affect any organ system in the body. Many 
factors may contribute toward these complications including 
direct effects of old and newer modalities in transplant con-
ditioning, severe and prolong  pancytopenia, immunosup-
pressive antineoplastic drugs, graft-versus-host disease 
(GVHD), and infections, especially opportunistic viral, bac-
terial, and fungal infections. Factors that may help elucidate 
complications related to pretransplant conditioning include 
the following: (1) the incidence of complications appears to 
be similar between autologous and allogeneic stem cell 
transplants, (2) complication occurs less frequently in the 
setting of reduced-intensity conditioning (RIC), and (3) 
complications associated with radiation therapy (XRT) and 
total body irradiation (TBI) are mostly abrogated 
when  nonradiation- based preparatory  regimen  is adminis-
tered. The differences between the risk for various complica-
tions among autologous and allogeneic stem cell graft 
recipients may not only represent toxicity from the condi-
tioning regimen; patients undergoing allograft transplanta-
tion are also given immunosuppressive drugs for prevention 

and treatment of acute and/or chronic GVHD. Introduction 
of RIC may further assist in elucidating complications aris-
ing from  drugs used  for prevention and treatment of 
GVHD during the post-transplant period. Adults undergoing 
cord blood stem cell transplantation experience prolonged 
periods of pancytopenia, thereby placing such patients at an 
increased risk for infection and hemorrhagic complications. 
In this chapter a focused discussion includes systemic toxici-
ties related with various preparatory regimens among adult 
patients undergoing stem cell transplantation based on afore-
mentioned principles is presented [1, 2]. Where possible, the 
authors intend to identify effects of GVHD and/or underly-
ing immune suppression that may have contributed toward 
various systemic complications.

 Conditioning Regimens

Preparatory conditioning regimens given prior to HSCT have 
two main functions: (1) to provide tumor cytoreduction and 
(2), in allogeneic HSCT, to suppress hosts’ immune response 
against the allograft and to  prevent early graft rejection. 
Traditionally, preparatory regimens consist of high-dose 
chemotherapy and/or chemotherapy plus total body irradia-
tion (TBI) with the objective for near-total eradication of 
cancer. However, high-dose, myeloablative conditioning 
regimens are associated with significant systemic toxicity 
including pancytopenia, injury to internal organs and skin. 
The regimen-related toxicity (RRT) poses  a major obsta-
cle in achieving successful transplant outcome. Modifications 
in traditional myeloablative conditioning include  reduced- 
intensity conditioning regimens (RIC). Patients undergoing 
RIC are given lower doses of chemotherapy, and contain-
ment of cancer in the recipients mainly relies upon the donor 
graft-mediated anticancer cellular immune response known 
as “graft-versus-tumor” (GVT) or “graft-versus-leukemia” 
effect. RIC transplants are better tolerated and may be offered 
to older patients, patients with medical comorbidities, or 
“heavily pretreated patients” in whom multiple courses of 
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antineoplastic therapy have been given for the treatment of 
recurring or relapsed cancer; in the past such patients were 
considered high risk for  traditional myeloablative 
HSCT. Recent advances in targeted antineoplastic drugs like 
radioimmunotherapy, proteasome inhibitor, and monoclonal 
antibodies are being incoorporated in preparatory regimens 
with the intent to minimize systemic toxicity. Table 12.1 pro-
vides an outline of adverse events associated with commonly 
used modalities for conditioning given in preparation for 
stem cell transplantation.

 Orointestinal Complications

Damage to  the mucosa of orointestinal tract is common in 
patients undergoing HSCT. The ensuing mucositis may be 
severe after myeloablative stem cell allograft transplantation. 
It is important to note that mucosal damage resulting from 
conditioning regimens can overlap with orointestinal 
acute GVHD and enterocolitis due to opportunistic cytomeg-
alovirus or adenovirus infection. Therefore, it is essential to 
thoroughly evaluate the patients, especially if symptoms 
appear more than  2  weeks post-transplantation. Following 
are the common presentations of orointestinal toxicities 
among patients undergoing HSCT.

 Emesis and Anorexia

Most conditioning regimens are associated with emesis and 
anorexia [3, 4]. The pathogenesis of chemotherapy-induced 
emesis includes direct drug-induced stimulation of central 
vomiting center and local injury to cell lining of the orointes-
tinal tract. Nausea and vomiting in such cases can last for up 
to 3 weeks after transplant procedure [5]. The main process 
during days 1-10 following transplantion is  damage to the 
mucosal lining, resulting in systemic translocation of bacteria 
and bacterial endotoxins, triggering various aspects of innate 
immune response that includes  acute-phase protein, and 
local  release of proinflammatory cytokines. Cytokines such 
as interleukin-1, interleukin- 6, and tumor necrosis factor 
alpha via systemic circulation penetrate the blood-brain bar-
rier suppressed brain regulation of appetite  may result in 
devestating  anorexia. Conditioning-induced anorexia is 
prominent during the first 3 weeks after transplantation.

 Mucositis

Oral mucositis is a common transplant-related complication, 
usually seen during the first 2–3 weeks after HSCT. Mucositis 
may affect up to 80% of transplant recipients and fre-
quently  associated with myeloablative regimens  that include 

radiation [6]. Mucositis occurs in phases starting with erythema 
and atrophy progressing to ulceration and the  final, healing 
phase. Mucositis is common with cytarabine, etoposide, high-
dose melphalan, and treatement with multiple alkylating agents 
[7, 8]. Preexisting periodontal disease and prior radiation to the 
head and neck area increase the risk for mucositis. 
Chemotherapy-induced symptomatic mucositis usually starts 
5–10 days after initiation of the conditioning and may take up 
to 3 weeks to heal. The healing phase can be delayed if addi-
tional factors like  methotrexate used as GVHD prophylaxis, 
bacterial and fungal infections, and in patients with recrudes-
cence of oral HSV infection. Morbidity and risk of death 
due  to  mucositis include severe  oral pain and dysphagia 
with marked decline in oral calorie intake, recurrent bleeding, 
superimposed viral (HSV), bacterial and fungal (Candida) infec-
tions, edema of the upper airway, and airway obstruction. The 
extent and severity of oral mucositis correlates with the risk for 
infection, prolonged hospital stay, and hospital mortality [9]. 
Treatment is usually supportive and includes analgesia, oral 
rinsing solutions, and parenteral nutrition. Severe mucosal 
swelling and upper airway edema may  require  endotra-
cheal  intubation to secure patients' airway. Prevention strate-
gies are  developed to minimize the risk for mucositis. 
Palifermin, a recombinant human keratinocyte growth factor, 
it was approved by FDA for prevention of mucositis in patients 
undergoing autologous and allogeneic HSCT. Preclinical data 
in mice showed protective effects of palifermin against chemo-
therapy and radiation-induced mucositis [10–12] and led to 
clinical trials [13, 14]. Phase III study in patients follow-
ing  autologous transplants after TBI conditioning  demon-
strated a decreased incidence and duration of grade III–IV 
mucositis. Goldberg et al. conducted a retrospective study in 
251 patients undergoing allogeneic HSCT, 154 of whom 
received palifermin during peritransplant period. In all patients, 
treatment with palifermin significantly reduced the number of 
days needed for  (1) total parenteral nutrition (TPN; 13 vs. 
16 days; P = 0.006), (2) patient-controlled analgesia (PCA; 6 
vs. 10 days; P = 0.023), and length of hospitalization (32 vs. 
37 days; P = 0.014). However, the effect of palifermin was only 
significant in patients who received TBI; this benefit was not 
evident in patients given busulfan-based conditioning [15].

Injury to mucosal barrier may also result in diarrhea, gas-
trointestinal bleeding, susceptibility to infections, and risk 
of  death [16, 17]. Typhilitis is a  particularly serious 
complication.  Cecal edema, mucosal friability, and 
mucosal ulceration, accompanied with fever, abdomonal pain, 
and diarrhea are salient features; polymicrobial infections may 
reasult in severe sepsis [3]. The pathophysiology of neutropenic 
typhlitis is not fully understood; it is hypothesized that  an 
acute mucosal injury caused by cytotoxic drugs  serves as a 
trigger, followed by secondary infection of the bowel wall, 
progressing to systemic infection and sepsis with increased risk 
for bowel perforation [18]. Typhlitis may progress rapidly and 
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mortality rate of up to 20% may be seen in high-risk patients. 
High index of suspicion, early diagnosis and timely institution 
of aggressive medical therapy that includes complete bowel 
rest, broad-spectrum antimicrobials, elecrolyte,  mineral, 
and  intravascular homeostasis  among other supportive 
measures is essential for improve outcome [19].

 Diarrhea

Diarrhea is seen in nearly  half of patients receiving high- 
dose chemotherapy and radiation-based conditioning as a 
result of mucosal damage, which  usually resolves within 
3  weeks after transplantation [4, 20]. Patients with  other 
complications such as superimposed  infections or 
GVHD involving the orointestinal tract, the duration of diar-
rhea my be prolonged. Preparatory regimen with radiation, 
alkylating agents, cytarabine, high-dose melphalan, or busul-
fan frequently result in  diarrheal illness. Radiation- or 
chemotherapy- induced diarrhea is classified as osmotic or 
secretory diarrhea [21, 22]. The underlying processes include 
(1) damage to the intestinal mucosa and crypts resulting in 
reduced chloride absorption causing an osmotic load, (2) 
alteration in gut motility with reduced transit time  due to 
direct effect of chemotherapy, and (3) mucositis resulting in 
decreased water absorption. Additionally, chemotherapy and 
radiation change the composition of the native intestinal 
microbiota, which may also contributes to diarrhea follow-
ing HSCT;  intestinal yeast overgrowth may play a role in 
some patients. Organisms that may cause diarrhea in stem 
cell transplant recipients  include infection due to  exotoxin 
producing Clostridium difficile and, less commonly, tissue- 
invasive disease due to C. perfringens, and C. septicum.  It is 
important to recognize that enterocolitis due to opportunistic 
viral infections such as CMV, and adenovirus are difficult to 
distinguish clinically from other causes of diarrheal illness in 
such patients. 

 Conditioning-Induced Liver Complications

Hepatic complications are a major cause of morbidity and 
mortality following HSCT.  The frequency and severity of 
liver complications however,  have declined in the recent 
years [23]. Hepatotoxicity due to pre-transplant condition-
ing is usually seen within the first 3 weeks after transplants 
[24]. Sinusoidal obstruction syndrome (SOS) or  veno- 
occlusive disease (VOD) is the main complication. 
Treatment-induced  damage to the endothelial cells in the 
hepatic sinusoids clinically  presents as tender hepatomeg-
aly, fluid retention, weight gain, and elevated serum biliru-
bin level [25–27]. SOS is a direct manifestation of 
conditioning- related hepatotoxicity. The major risk factors 

are radiation and specific chemotherapy agents used in high 
doses particularly cytoxan (Cy) and busulfan (Bu). 
Combination regimens with chemotherapy and TBI 
has shown a correlation between cytoxan and TBI dose. The 
incidence of SOS after conditioning regimens that include 
cyclophosphamide at a dose of 120 mg/kg plus TBI greater 
than 14 Gy can be as high as 50% [24]; however, the inci-
dence of SOS can be minimized with reduced-intensity regi-
mens [28]. In the past, gemtuzumab ozogamicin exposure 
was associated with the risk of SOS in patients undergoing 
myeloablative allogeneic HSCT [29]. Additional risk factors 
for SOS include: (1) variations in the metabolism of cyclo-
phosphamide and other chemotherapy drugs  [30, 31]; (2) 
underlying fibroinflammatory liver diseases [32], and (3) 
concomitant use of drugs during and after conditioning ther-
apy that either affect the metabolism of cytotoxic drugs such 
as triazole-based antifungals, or cause concomitant liver 
injury like sirolimus (Table  12.1). During the 1990s, the 
overall incidence of SOS at Fred Hutchinson Cancer 
Research Center was 38% with 7% of the patients having 
severe disease after cyclophosphamide and TBI preparatory 
regimen. A  favorable reduction (12% with 2% severe dis-
ease) was noted after oral busulfan plus cyclophosphamide 
combination  was introduced [31, 33]. There has been an 
appreciable  decline in the frequency and severity of SOS 
during  the past decade  and probably represent  (1) lower 
doses of TBI being used, (2) replacement of cyclophospha-
mide with fludarabine, (3) conditioning regimens that do not 
contain either cyclophosphamide or high- dose TBI, and (4) 
therapeutic drug monitoring that allows individualized dos-
ing of chemotherapeutic drugs adjusted for  variabil-
ity of drug metabolism [24]. Prevention of severe sinusoidal 
liver injury begins with an assessment of patients risk due to 
underlying liver disease (Table 12.2) and tailoring appropri-
ate conditioning regimen for select group of at-risk patients 
[25, 31, 34]. There are no satisfactory treatments for SOS; 
however complete recovery from SOS occurs in more than 
70% of patients with supportive care, that include manage-
ment of sodium and water balance, preservation of renal 
blood flow, and paracenteses, as needed. Patients with poor 
prognosis are recognized by a steep rise in total serum bili-
rubin level, increase body weight, serum ALT level of greater 
than 750 U/L, portal pressure greater than 20 mm Hg, devel-
opment of portal vein thrombosis, and development of 
multi- organ failure [24]. However, liver failure is an uncom-
mon cause of death in patients with SOS; most patients die 
from secondary renal and cardiopulmonary failure, or both 
[26, 35]. Treatment with defibrotide, a compound porcine 
oligodeoxyribonucleotides with procoagulant and fibrino-
lytic properties may ameliorate SOS disease in select group 
of  patients [36, 37]. Recent observation that octerotide 
 prophylaxis may reduce the incidence of SOS after HSCT 
was interesting and needs further evaluation [38].
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 Conditioning-Induced Renal Complications

 Acute Renal Failure

Acute kidney injury (AKI) is a common complication in 
patients undergoing HSCT, and usually seen within the first 
3  months after transplantation [39]. The  incidence, timing 
and severity is different among patients following myeloab-
lative versus RIC preparatory regimen, thereby emphasizing 
differential nephrotoxic potential of conditioning regimens. 
In 1989 Zager et al. reported that 53% of patients who under-
went myeloablative HSCT developed AKI after a mean 
14 days post-transplantation [40]. Since then several studies 
have evaluated renal injury in patients undergoing myeloab-
lative transplantation [35, 41–48]. First 3 months after trans-
plantation is when most episodes of AKI are observed; the 
incidence range between 21% and 73% after myeloablative 
allogeneic transplants; it is 12–19% for patients undergoing 

autologous stem cell graft transplantation. The cause of AKI 
include: (1) direct renal toxicity from  cytotoxic drugs; (2) 
indirect damage sustained  from  intense conditioning regi-
mens, i.e., patients with SOS; (3) GVHD via cytokine- and 
immune-related kidney injury; (4) nephrotoxicity from cal-
cineurin inhibitors such as cyclosporine and tacrolimus; (5) 
dehydration and other conditions with depletion of intravas-
cular volume; and (6) opportunistic CMV, or adenovi-
rus  infections that may  involve the kidneys. Myeloablative 
conditioning is an independent risk factor for the develop-
ment of AKI [43]. Severe AKI was shown to be more frequent 
in patients undergoing myeloablative HSCT compared with 
those treated with RIC [41, 43, 44, 46, 49, 50]. Several stud-
ies have evaluated the incidence and time of occurrence of 
AKI in patients given  RIC and  ranges from 29% to 56%; 
most cases are observed during the 2nd month after trans-
plantation [42, 43, 46, 49–55]. Factors shown to increase 
the risk of AKI in RIC transplant recipients include, require-
ment for  mechanical ventilation [50], previous autologous 
SCT, preexisting chronic kidney disease (CKD) [56, 57], 
acute GVHD, CMV reactivation [49], incomplete HLA- 
matched stem cell allograft  transplantation, presence of 
sepsis [55], methotrexate given for GVHD prophylaxis, three 
or more antineoplastic treatments before transplantation, and 
patients with preexisting diabetes mellitus [54].

 Chronic Renal Failure

AKI in the early post-transplant period  is a risk factor for 
CKD. In a retrospective study, 158 adults received myeloab-
lative allogeneic HSCT [58], proteinuria was noted in 23% 
of patients; prevalence of stage 3 or stage 4 CKD was 17%. 
Initiation of chronic renal replacement therapy or kidney 
transplantation for end-stage kidney disease was performed 
in 4% after an average 11 years following transplantation. In 
this study, presence of AKI after transplant was significantly 
associated with the risk for severe CKD (≥ stage 3). Another 
large study included 1,635 adult and pediatric patients who 
underwent myeloablative or RIC HSCT at the Fred 
Hutchinson Cancer Research Center between 1991 and 2002 
[59]. A total of 23% developed CKD at a median of 
191 (range, 131–516) days after transplantation. Presence of 
AKI was a prominent risk for  CKD in the late transplant 
period [59]. Lack of resolution of structural and functional 
renal  abnormalities back  to the  baseline after AKI epi-
sode  and persistence of  reduced renal  reserves predicted 
the risk for CKD [60, 61]. AKI after transplant was associ-
ated with a higher risk for hypertension, which further 
increased the risk for CKD [62]. RIC regimen did not reduce 
the incidence of CKD.  In an  another retrospective study, 
the risk for CKD was 55% at 6 months, 50% at 9 months, and 
45% at 12 months after RIC transplants [63]. Overall, 66% 

Table 12.2 Risk factors for SOS in patients undergoing HSCT [24]

Liver diseases at 
baseline

Specific conditioning 
regimens

Concomitant 
drugs during 
conditioning 
therapy

Inflammatory diseases Cyclophosphamide- based Itraconazole
  Chronic hepatitis B 

or C
  CY 120 mg/kg plus TBI 

(greater risk with higher 
TBI dosing)

Sirolimus 
(rapamycin)

  Nonalcoholic 
steatohepatitis

  BCV (BCNU + CY + 
VP-16)

Norethisterone

  Alcoholic hepatitis   BU + CY (greater risk 
without therapeutic drug 
monitoring of BU)

Fibrotic diseases Melphalan-based
  Cirrhosis   BU + MEL + thiotepa
  Lobular fibrosis   BU + MEL
  Extramedullary 

hematopoiesis with 
sinusoidal fibrosis

Cholestatic disorders Other regimens
  Jaundice caused by 

intrahepatic 
cholestasis

  BU + TBI (greater risk 
with higher TBI dosing)

Past history
  Prior SOS from 

conventional 
chemotherapy

Gemtuzumab ozogamicin-
containing myeloablative 
regimens

  Recent exposure to 
gemtuzumab 
ozogamicin

High-dose radiolabeled 
antibody myeloablative 
regimens

  Prior liver 
irradiation

  Prior myeloablative 
hematopoietic cell 
transplant

Reprinted and adapted from McDonald [24], with permission from 
John Wiley and Sons

12 Complications Arising from Preparatory Conditioning Regimens for Stem Cell Transplantation



232

of the patients developed CKD within 1 year following RIC 
transplantation. AKI during the first 3  months following 
transplantation was associated with the  risk for CKD. 
Hingorani et al. reported albuminuria (ACR >30 mg/gm and 
proteinuria as >300 mg per day) on day 100 was associated 
with greater risk of CKD 1 year after HSCT; they also found 
that overt albuminuria was associated with an increase risk 
of non-cancer relapse death, and reduced 1 year post-trans-
plant survival [64].

 Immune System Complications and Immune 
Reconstitution

Conditioning regimens are designed to suppress  hosts’ 
immune response  in order to allow the donor hematopoi-
etic stem cells to establish stable engraftment. After HSCT, 
there is a prolonged period of immune deficiency affecting 
both the innate and the adaptive component of immune sys-
tem thereby  enhancing hosts'  vulnerability  to a variety of 
infections and other complications. Several factors contrib-
ute to immune deficiency state  after HSCT, including: 
advance  age, preparative regimen  like  myeloablative vs 
RIC;  source of stem cell graft  such as bone marrow, 
vs.  G-CSF-mobilized peripheral  blood stem cells, or stem 
cells derived from umbilical cord blood; graft manipulation, 
donor-recipient human leukocyte antigen (HLA) and non- 
HLA (minor) antigen mismatch; drug-induced immune sup-
pression, and presence of acute or chronic GVHD [65].

 Innate Immunity

Epithelial barriers are an important  component of innate 
immune defense that are compromised on account of chemo-
therapy and/or radiation-induced mucositis or mucosal dis-
ruption resulting from acute or chronic GVHD.  Direct 
injury  to epithelial cells and  cell-cell  junctions  or desmo-
somes facilitate systemic  translocation of pathogens and 
microbial byproducts  through the skin  intergumentary sys-
tem, respiratory, orointestinal, and genitourinary tracts. The 
epithelial barriers often recover quickly after transplant, 
however, presence of secretory acellular antimicrobial com-
ponents such as cationic peptides, lyzosome, secretory 
immunoglobulins  may remain subnormal for  a poten-
tially extended duration, especially in patients with GVHD 
[66, 67]. Cells of the innate immunity, including neutrophils, 
natural killer (NK) cells, monocytes, macrophages, and den-
dritic cells including antigen-presenting cells (APCs), are 
destroyed by the conditioning regimen in patients undergo-
ing  autologous and allogeneic HSCT.  Various classes of 
immune cells originating from the hematopoietic progenitor 
cells start the process of recovery within weeks after trans-

plantation [68–70]. However, despite recovery of the innate 
cell counts, some of the cell functions may not recover fully 
for months after transplantation [65]. NK cells reach normal 
levels within 3 months after transplantation and regain their 
ability to destroy  malignant cells early in the post-trans-
plant period [71, 72]. Additional events like GVHD, oppor-
tunistic viral  infections  such as CMV, and medications 
particularly high-dose systemic corticosteroids may further 
dampen prospects of immune recovery.

 Adaptive Immunity

Myeloablative preparatory conditioning regimens comprises 
of agents that have myeloablative capacity resulting in 
destruction of hosts’ adaptive immune system. Restitution 
and recovery of  adaptive immune response in recipients 
after  allogeneic stem cell grafts transplantoriginates from 
mature lymphoid cells from the donor derived effecter 
immune cells. The newly engrafted stem cells differentiate 
into common lymphoid progenitors (CLP) a common pre-
cursor to both T and B lymphocytes. If T-cell depletion 
methods are not used, the graft also contains antigen-specific 
T cells and naïve T cells that undergo peripheral expansion 
outside the thymus; lacking capacity for  self-recognition. 
The proliferation, maturation, and differentiation of the 
donor-derived T cells into a diverse immune repertoire are 
dependent on adequate thymic function in  recipients and 
controlled by the expression of surface molecules on thymic 
stromal cells and cytokines secreted by these important regu-
latory  cells [73]. Immune regulatroy  thymic activity is 
a complex process; dependent upon the patient age and prior 
treatments at the time of transplantation. Chemotherapy and 
radiation before HSCT and as preparatory conditioning regi-
men results in  thymic dysfunction causing  delayed T-cell 
immune reconstitution [74]. B cells derived from the com-
mon lymphoid progenitors undergo differentiation in the 
bone marrow, and the number of B cells usually returns to 
normal levels within 1–2  months after HSCT; however, 
serum immunoglobulin levels may remain  subnormal for 
several months after transplantation [75]. The maturation 
process of B cells is dependent on the interactions with 
antigen- specific T lymphocytes. Therefore, defects in T-cell 
maturation due to inadequate thymic function or ongoing 
 iatrogenic  immunosuppression may also adversely 
affects B-cell maturation and B-cell  function. Plasma cells 
are relatively resistant to chemotherapy and irradiation; stud-
ies have shown that persistence of antibody producing resid-
ual plasma cells of hosts origin may linger for a year after 
HSCT [76, 77]. However, a durable source of antibody pro-
duction requires both antigen-specific donor T cells and 
mature B donor-derived lymphocytes. RIC regimens are 
immunosuppressive rather than immunoablative, and the 
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immunological outcome in RIC transplant recipients’ 
depends upon the degree of elimination of the residual recip-
ients’ immune system following  donor-derived T lympho-
cytes  repopulation and functional recovery. The immune 
reconstitution after RIC HSCT is not significantly different 
from the immune reconstitution after myeloablative HSCT, 
although this occurs early after RIC transplants compared 
with patients undergoing myeloablative HSCT [78]. In most 
cases, T lymphocytes are all  from donor origin within 
3–4 months after RIC transplantation [79]. In patients fol-
lowing autologous HSCT, the number and function of NK 
cells return to normal as early as day 14 after transplantation; 
the quantitative and functional B-cell recovery may be 
delayed up to 18  months after HSCT, and T-cell subsets’ 
(CD3, CD4, and CD8) recovery does not return to normal for 
a year or in some cases longer after transplant 
procedure [80].

The prolonged immunodeficiency state after allogeneic 
HSCT results in significant morbidity due to potentially life- 
threatening bacterial, viral, fungal and protozoal infections, 
this may also have a negative influence on the much 
desired  graft-versus-tumor effect [81]. Since the immune 
reconstitution process after autologous HSCT is more rapid, 
opportunistic infections are not as common in patients under-
going these procedures [78].

 Neurologic Complications

Conditioning regimens can lead to both short- and long-term 
neurologic complications in patients undergoing HSCT.  In 
addition, patient may experience neurological symptoms due 
to neurotoxicity from  immunosuppressive drugs or infec-
tions that directly or indirectly affect the nervous system. Up 
to 3% of patients will have neurological complications after 
autologous transplants; whereas 44% after allogeneic trans-
plants may experience these complications [82, 83].

 Neurologic Toxicity

Direct neurotoxic effects of specific chemotherapeutic agent 
and radiation can result in acute encephalopathy, and new- 
onset  seizures,  as well as long-term complications such 
as  peripheral neuropathy and cognitive impairment may 
adversly impact patients' quality of life. Among the common 
chemotherapeutic agents used in conditioning, busulfan and 
carmustine (BCNU) are most likely to cause seizures as they 
readily cross the blood-brain barrier. About 10% of patients 
receiving high-dose busulfan, defined as 4 mg/kg for 4 days, 
will experience generalized seizures [84]. BCNU typically 
used in conditioning regimens for lymphoma and Hodgkin’s 
disease may result in seizures at doses of 300  mg/m2. 

Anticonvulsant prophylaxis is recommended when these 
medications are being administered. Oral phenytoin and 
levetiracetam are commonly used for this purpose, and it is 
imperative that a therapeutic level of the anticonvulsant be 
achieved before chemotherapy is commenced. Other agents 
associated with acute CNS toxicity include ifosfamide as 
part of high-dose ICE regimens that may result in seizures, 
confusion, mutism, disordered sensorium, and even comma. 
Ifosfamide neurotoxicity results due to the accumulation of 
chloroacetaldehyde, a chloral hydrate-like compound which 
is an important metabolite of the drug. There is no prophy-
laxis, but methylene blue has been used to treat neurological 
toxicity in select cases [85]. High-dose mechlorethamine 
used with TBI and fludarabine is also associated with 
encephalopathy; fludarabine-associated encephalopathy may 
present late in some patients. High-dose cytarabine used in 
BEAM and other conditioning regimens given for lymphop-
roliferative disorders is associated with cerebellar symptoms 
in over 10% of cases; permanent Purkinje fiber damage 
observed in nearly 3% of cases [86]. This can also result in 
seizures and transient encephalopathy. High-dose Ara-C can 
cause peripheral neuropathy and demyelinating polyneurop-
athy similar to Guillain-Barre syndrome [87]. Cisplatin and 
VP-16 are associated with a delayed axonal neuropathy that 
develops approximately 2 months after the administration of 
these drugs, and recovery is gradual and protracted [88]. 
Cisplatin neurotoxicity involves large sensory fibers result-
ing in a deficit in proprioception with preserved tactile and 
pain sensations without motor deficits. It correlates with 
cumulative toxicity with symptoms usually occurring at 
doses of 300–600 mg/m2. Other problems include ototoxic-
ity that involves high-frequency hearing loss, and ultimately 
speech frequency hearing loss may occur with continued 
drug exposure. Cisplatin has also been reported to result in 
CNS toxicity including Lhermitte phenomenon, which is 
presented as cortical blindness and seizures [89]. By contrast 
VP-16 and paclitaxel neuropathies affect all sensory fibers. 
Manifestations can include paresthesia and sensory distur-
bances of the distal extremities; cases of motor and auto-
nomic neuropathy have also been described. Prior exposure 
to other neurotoxic agents like vincristine can exacerbate 
such symptoms. High-dose paclitaxel at a minimum dose of 
625  mg/m2 used in some conditioning regimens for solid 
tumors is associated with a high incidence of peripheral sen-
sory neuropathy within 5 days after the drug is given [90]. 
High-dose methotrexate (5 gm/m2) may be associated with 
transient leukoencephalopathy [91], while the use of intra-
thecal methotrexate can rarely result in hemiparesis. A 
delayed onset chronic leukoencephalopathy may result in 
patients  after intrathecal MTX and whole brain radiation 
[92]. Neurologic signs develop within 4–5  months after 
transplantation and progress to dysarthria, ataxia, dysphasia, 
spasticity, upper motor neuron weakness, spasticity, seizures, 
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confusion, and eventually death. The combination of TBI 
and amphotericin B has also been reported to lead to a simi-
lar leukoencephalopathy. Intrathecal cytarabine and the 
depot version are associated with a predictable aseptic men-
ingitis due to meningeal irritation. Concomitant use of ste-
roids either given intrathecally or systemically may 
ameliorate symptoms [86]. Some of the newer agents that are 
being used in conditioning regimens like bortezomib may 
cause peripheral neuropathy [93]. This is usually reversible 
with dose modification or discontinuation of the drug.

 Central Nervous System Infections

Conditioning regimens lead to a period of pancytopenia and 
immune suppression that increases the risk for infections 
involving the CNS. Most of these present in the immediate 
post-transplant period, and late infections can also occur in 
patients with prolonged immunosuppression due to GVHD 
or graft dysfunction. The incidence of CNS infections is 5% 
in allogeneic transplants and as high as 8–15% in autopsy 
series [94]. The presenting symptoms are altered mental sta-
tus, delirium, and altered sensorium. Meningeal signs or 
focal neurologic deficits are less common. Workup should 
include imaging studies and spinal fluid examination once 
intracranial mass lesion(s) with potential for herniation is 
ruled out. Aspergillosis was the most common infection 
accounting for 30–50% of CNS infections [94]. The newer 
mold-active triazole drugs like voriconazole have better CNS 
penetration as compared to other antifungals and currently 
recommended for the treatment of  CNS aspergillosis. 
Systemic candidiasis in patients with fungemia can result in 
CNS involvements in nearly 3% of cases; seen in up to 15% 
in autopsy series [95]. Protozoal infections that include 
Toxoplasmosis gondii CNS disease mostly noted in the early 
post-transplant period, especially if patients, in whom 
prophylaxis with trimethoprim-sulfamethoxazole was 
deferred [94]. 

Bacterial infections are less common in the era of aggres-
sive antibacterial prophylaxis and routine antimicrobial 
therapy for suscepted or porven infections. However, cases 
of meningitis due to Listeria monocytogenes, penicillin-
nonsusceptible Streptococcus pneumoniae, and 
Stomatococcus mucilaginous have been reported in patients 
after allogeneic and autologous stem cell transplants; these 
infections are usually seen during the early post-transplant 
period. However, in  patients with chronic GVHD, such 
infections may present late after HSCT. CNS mycobacterial 
infections are rare in patients undergoing HSCT [94].

CMV reactivation is a common and serious complication 
after allograft  transplants. Unlike patients with HIV/AIDS, 
CMV chorioretinitis is seldom seen in patients following 
HSCT for reasons still not well understood [96]. Similarly, 

herpes simplex encephalitis is rare in post- transplant setting  
despite up to 80% of seropositive patients may experience 
high-level viral reactivation after undergoing stem cell 
transplantation.  There are few reports in literature; the 
presentation and findings in HSCT recipients are mostly 
diffuse brain involvement that is not limited to the temporal 
lobe. EEG shows periodic lateralized epileptiform discharges 
characteristic of herpetic encephalitis and may precede before 
radiolographic  changes become evident [96]. Activation of 
VZV mainly as mucocutaneous disease is seen 4–5 months 
after transplantation; viral encephalitis may seldom occur. 
Postherpetic neuralgias can develop in up to 25% of patients 
despite antiviral therapy and secondary prophylaxis. Cranial 
nerves can be involved resulting in symptoms of facial palsy, 
hearing loss, and unusual features like arm weakness from 
cervical neuralgia or a neurogenic bladder from the 
involvement of lumbosacral plexus [97]. Adenovirus and other 
herpes viruses like Epstein-Barr virus or human herpesvirus 6 
can cause fatal meningoencephalitis during the periods of 
pancytopenia and severe cellular immunosuppression. 
Progressive multifocal leukoencephalopathy (PML)  caused 
by JC virus is a rare complication that may present late after 
allogeneic transplantation and even rare among patients in 
whom autologous stem cell transplantation was performed 
years prior to PML presentation [98, 99].

 Vascular Complications

In the early post-transplant period following myeloablative 
conditioning, patients are typically pancytopenic for nearly 
2  weeks and are at risk for intracranial bleeding due to 
severe thrombocytopenia. Subdural hematoma may occur, 
whereas intracerebral hemorrhage is often fatal. Subdural 
hematomas are the most common form of intracranial 
hemorrhage in this group of patients; clinical presentation 
includes  mental status changes without acute localizing 
neurologic signs [100, 101]. Treatment requires maintenance 
of platelet count of greater than 75,000/mm3, correction of 
any coagulation abnormalities, and surgical treatment, as 
necessary [102]. The clinical presentation for intracerebral 
hemorrhage reported in up to 3% of allogeneic transplant 
recipients may present with an acute localizing neurologic 
event accompanied by decreased sensorium. Fatal 
transtentorial herniation may occur if not recognized and 
treated promptly with surgical decompression. Cerebellar 
bleeds may present with more subtle signs of gait 
abnormalities and nystagmus, which can progress to changes 
in sensorium.

Ischemic strokes can also occur in the early  post- 
transplant period. These can arise from thrombotic emboli in 
patients with infectious and noninfectious endocarditis or a 
hypercoagulable state resulting from disseminated intravas-
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cular coagulation in patients with multi-organ failure (MOF) 
or severe sepsis [103, 104]. Rare cases of vasospasm associ-
ated with the infusion of cryopreserved stem cells have been 
reported [105]. Intracranial infections and meningitis can 
lead to endarteritis, resulting in an ischemic events; a compi-
cation occasionally seen in patients with CNS aspergillosis. 
Sinusoidal infections either bacterial or fungal may extend 
into the carotid artery and the venous cavernous sinus caus-
ing vascular compromise and stroke. Conditioning chemo-
therapy can lead to endothelial damage, which may  be 
exacerbated by calcineurin inhibitors. The hypercoagulable 
state and non-bacterial thrombotic endocarditis carries a 
high  risk for stroke.  Thrombotic microangiopathy seen in 
5–15% of stem cell transplant patients can also cause acute 
mental status changes. The presence of fragmented RBCs, 
elevated LDH, and renal insufficiency are the classic fea-
tures. Treatment consists of discontinuation of calcineurin 
inhibitors, infusion of cryoprecipitate poor plasma, or plas-
mapheresis [104].

 Metabolic Encephalopathy

Acute metabolic complications after conditioning regimens 
can lead to acute mental status changes that present as altered 
sensorium. The leading causes include sepsis, use of seda-
tives and other neurotrophic medications, hypoxia from vari-
ous respiratory complications; uremia and liver failure [106]. 
Multi-organ failure (MOF) is a significant cause of mortality 
in patients undergoing transplantation. Severe CNS dysfunc-
tion is a salient feature of this syndrome, which is thought to 
reflect an excessive  systemic inflammatory response. 
Prolonged critical care unit stay in transplant patients may 
result in critical care polyneuropathy that is thought to occur 
due to impaired blood flow to the peripheral nerves [107]. 
Vasogenic edema with characteristic radiologic findings has 
been associated with the use of calcineurin inhibitors. 
Radiation-based conditioning regimens and the use of high-
dose chemotherapy may contribute to the breakdown of 
blood-brain barrier resulting in the release of endothelin and 
other vasoactive peptides that may trigger vascular and neu-
rological changes well documented with calcineurin inhibi-
tors [108].

 Delayed Neurologic Complications

Intensive chemotherapy and radiation are  well-recognized 
cause for  chronic neurologic sequelae. Ongoing immuno-
suppression, GVHD, and infections may beother contribut-
ing factors. Both the central and peripheral nervous system 
may be involved; In general, the neurologic complications 
are less frequent among recipients of autologous stem cell 

graft compared with those undergoing allogeneic trans-
plants. Leukoencephalopathy can arise in the setting of 
aggressive intrathecal chemotherapy in combination with 
cranial irradiation with  TBI dose  of 1800–2400  cGY or 
higher. This is an irreversible complication and can leave a 
patient in a permanent vegetative state. Adequate shielding 
of cranium and judicious use of intrathecal chemotherapy 
has reduced the risk for this devastating complication [109]. 
Vasculitic changes in the CNS as well as peripheral neu-
ropathy have been described in the setting of 
GVHD.  Cognitive impairment, memory dysfunction, and 
shortened attention span are  reported in patients, particu-
larly children after  stem cell transplantation; these CNS 
complications may or may not be directly attributed to pre-
paratory pre-transplant conditioning  particularly patients 
receiving cranial irradiation [110, 111]. Radiation-induced 
neurocognitive impairment due to brain irradiation in 
patients with CNS lymphoma  or leukemia, presents as  a 
biphasic illness;  a subacute transient decline that  peaks 
around 4 months and a late irreversible neurocognitive dys-
function that becomes evident several months to years after 
brain irradiation was given [112].

 Cardiovascular System

Cardiac complications occur at a rate of 2–28% despite 
aggressive pre-transplant screening and implementation 
of  reduced-intensity conditioning  regimens.  They are  an 
increasing problem as stem cell transplants are being offered 
to older patients. Congestive heart failure, and  arrhyth-
mias  are common;  pericardial effusions, and rarely,  infec-
tious or noninfectious endocarditis may be seen [113].

 Acute Cardiac Complications

High-dose cyclophosphamide, prior history of anthracy-
cline use, chest and mediastinal radiation are risk factors 
for CHF.  This is exacerbated in patients with  pancytope-
nias, particularly severe anemia, fluid overload, and renal 
dysfunction. Cyclophosphamide can result in cardiac toxic-
ity within 3 weeks following administration. This occurs at 
doses above 150  mg/kg. Besides CHF, it can also cause 
pericardial effusion and cardiac tamponade. 
Pathophysiology of cyclophosphamide-related cardiac 
injury is related to endothelial damage resulting in extrava-
sation of active drug metabolites into the myocardium 
causing direct cellular injury by severe depletion of cardiac 
thiol stores. Fractionated cyclophosphamide can reduce the 
incidence of cardiac injury. The risk of cardiac toxicity is 
increased by concomitant administration of cytarabine or 
mitoxantrone [114]. Melphalan and fludarabine, commonly 

12 Complications Arising from Preparatory Conditioning Regimens for Stem Cell Transplantation



236

used for reduced-intensity conditioning, are associated 
with a 2–14% incidence of cardiac toxicity in the acute set-
ting [115]. Pancytopenia, particularly  severe neutrope-
nia  following pre- transplant  conditioning can lead to 
infections, which may present as pericarditis with pericar-
dial effusions, and less commonly,  endocarditis with or 
without valvular dysfunction. Cardiac arrhythmias can also 
be a manifestation of acute cardiac injury associated with 
conditioning regimens. Rituximab, cyclophosphamide, and 
melphalan are the most common agents associated with 
cardiac arrhythmias [116].

 Delayed Cardiac Complications

Several antineoplastic  agents that are part of pre- 
transplant conditioning can result in long-term cardiac com-
plications. Late effects consist of arrhythmias, congestive 
heart failure, myocardial infarction, hypertension, angina, 
pericarditis, and valvular heart disease. In a study of 248 
patients with chronic myeloid leukemia, the incidence of 
delayed cardiac complications was 33% compared with age- 
controlled general population, and the degree of cardiac 
impairment was greater after unrelated donor stem cell trans-
plants (48%) as compared with 29% in related donor HSCT 
and 18% in patients following autologous transplants [117]. 
Other than direct cardiotoxicity from chemotherapeutic 
agents, GVHD appears to be a major factor associated with 
cardiovascular complications. There is an increased inci-
dence of coronary artery disease in survivors of stem cell 
transplantation due to the delayed effects of chest radiation, 
hyperlipidemia associated with calcineurin inhibitor therapy, 
corticosteroid use, endocrine dysfunctions, physical inactiv-
ity, and overall physical deconditioning. Vascular sequelae of 
the seldom seen infective and non-infective endocarditis can 
lead to permanent valvular dysfunction; it is important ot 
note that sudden, severe aortic valve regurgitation is a life- 
threatneing cardiac emergency [118].

 Pulmonary Complications

In nearly 60% of transplant recipients, pulmonary complica-
tions are expected and may result in 30% of deaths attributed 
to non-(cancer) relapse mortality (NRM) [119]. Pulmonary 
complications after transplant may have various causes such 
as infections, direct effects of the drugs or radition used in 
pre-transplant  conditioning, non-cardiogenic  pulmonary 
edema, fluid overload  states, diffuse alveolar hemorrhage, 
and idiopathic pneumonia syndrome, as well as late obstruc-
tive and restrictive lung disease each with unique clinical and 
diagnostic features. GVHD also affects the respiratory 
tract [120, 121].

 Infections

Severe neutropenia following high-dose conditioning regimens 
substantially increases the risk for acute pulmonary infections. 
Pneumonia is the leading cause of death after HSCT. In the first 
30 days, patients are most susceptible to bacterial pneumonia 
with an incidence up to 15%. Myeloablative conditioning regi-
mens are more likely to cause bacterial pneumonia compared 
with reduced-intensity regimens. Atypical clinical presentation 
and absence of consolidation on CXR is not uncommon in neu-
tropenic patients with penumonia. Bacterial pneumonia can be 
a rapidly progressive illness resulting in acute respiratory fail-
ure and death. Therefore, high-index of suspicion is of para-
mount importance in managing patients during pre-engraftment 
neutropenia, in particular those with fever without  localizing 
sign(s) of infection.

Respiratory viral infections due to respiratory syncytial 
virus, influenza, parainfluenza, and adenovirus can lead to 
debilitating acute illness in the early post-transplant period 
and in patients with GVHD-related  prolonge immunosup-
pression [122, 123]. CMV reactivation and viral pneumonitis 
among other CMV manifestations of systemic disease are 
usually seen after engraftment, herald by recovery in periph-
eral blood cell count usually between day 30 and day 100 
after transplantation. This is related to the ongoing immuno-
suppression in the post-transplant period rather than condi-
tioning regimen-associated complication; furthermore, CMV 
end-organ disease is rarely seen in patients following autolo-
gous stem cell transplants [124].

Prolonged neutropenia, and continued immunosuppres-
sion increases the risk for  invasive fungal disease (IFD); 
aspergillosis mostly involve lungs and less frequently para-
nasal sinuses with the  risk for intraorbital and  intracranial 
extension. These neurotropic filamentous fungi may cause 
intracranial infection via hemtogenous seeding. In recipients 
of  cord blood stem cells, the incidence of invasive fungal 
infections is highest  among adults undergoing allogenic 
HSCT; which in most part is a reflection of delayed hemato-
poietic engraftment and therefore, extended duration of 
 neutropenia [125]. Chronic GVHD and drug-induced cellu-
lar  immune suppression also places the patient at risk for 
invasive fungal disease. Dyspnea and cough are usually pres-
ent. CT scan of chest should be obtained early and findings 
such as pulmonary nodules with the classic "Halo sign" indi-
cating hemorrhage in the adjoining lung tissue that tends to 
disapper after first week of infection; dense areas of consoli-
dation in peripheral lung, near pleura, or thick wall cavita-
tion with seldom seen “air crescent sign” are highly 
suggestive of pulmonary IFD. Hyphae seen in bronchoalveo-
lar lavage samples have a positive predictive value of 80%; 
however it has low sensitivity. Voriconazole and other mold- 
active triazole drugs such as posaconazole and 
 isavuconazonium sulfate have replaced amphotericin B as 
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the gold standard of therapy for most cases of pulmonary 
fungal disease. Echinocandins and lipid formulations of 
amphotericin B may still be used in select cases. The inci-
dence of Pneumocystis jirovecii pneumonia was up to 15% 
in patients undergoing transplantation. Routine prophylaxis 
with  trimethoprim- sulfamethoxazole has almost eliminated 
this serious fungal lung disease in the susceptible population. 
BAL is the diagnostic procedure of choice, with a yield of 
nearly 90%. Treatment consists of high-dose trimethoprim- 
sulfamethoxazole; corticosteroids are reserved  for patients 
with severe hypoxemia.

 Idiopathic Pneumonia Syndrome
Also known as interstitial pneumonia, is an acute pulmonary 
syndrome with widespread alveolar injury, with multilobar 
infiltrates, increased alveolar to arterial oxygen gradient, and 
restrictive pulmonary dys function in the absence of infec-
tion or cardiogenic lung disease. The histopathologic find-
ings consist of interstitial pneumonitis; diffuse alveolar 
damage; cryptogenic organizing pneumonia (COP), for-
merly bronchiolitis obliterans organizing pneumonia 
(BOOP); and lymphocytic bronchitis. The incidence is 
3–15% and associated with high-dose conditioning regimens 
compared to RIC; suggesting  toxicity from  pre-transplant 
preparatory regimen as a contributing factor. The incidence 
is also higher in patients who undergo allogeneic transplan-
tation compared with  patients given  autologous stem cell 
grafts [126]. Symptoms occur early in the post-transplant 
period, usually within the first 100 days and are fairly typical 
for pneumonia such as dyspnea, fever, hypoxemia, and 
mostly non-productive  cough. Infections  need to  be ruled 
out, and treatment consists of high-dose corticosteroids. This 
condition may rapidly progress to respiratory failure requir-
ing assisted mechanical ventilation [121, 127]. COP is usu-
ally seen as a complication of GVHD within the first 
1–3 months after HSCT. Pathologically it consists of small 
airway injury and interstitial inflammation with granulation 
plugs in the small airways. Patients with COP respond to 
high-dose steroids; however,  long-term respiratory compli-
cations in such patients are not uncommon.

Diffuse alveolar hemorrhage (DAH) is  seen in 5% of 
HSCT recipients. The  characteristic features include  fever, 
cough, and respiratory compromise during  the early post- 
transplant period usually within the first 30  days. Diffuse 
ground-glass infiltrates are suggestive, by no means diagnos-
tic. Diagnosis requires progressively bloodier return of BAL 
aliquots and 20% or more blood-laden macrophages. Patients 
may need mechanical ventilation, and treatment consists of 
corticosteroids given in high doses such as 125 or 250 mg of 
methylprednisolone every 6  h for 4–5  days followed by a 
gradual tapering steriod dose schedule. Mortality is high, up 
to 60% at 6 months. Risk factors for DAH include high-dose 
conditioning regimen, total body irradiation, renal insuffi-
ciency, older age, and previous history of GVHD [128–130].

 Late-Onset Pulmonary Complications

Late complications affecting the airways and lungs are seen 
in 7–26% of patients undergoing HSCT; common causes 
are  lung  infections, TBI-based conditioning  regimen, and 
GVHD [131, 132]. Mucositis due to aggressive preparatory 
conditioning  reduces mucociliary clearance and mucous 
retention  in the respiratory tract. Chronic  inflammation 
ensues, alveoli and pulmonary interstitium are both affected, 
recurring or perisstent  hemorrhage, and  edema  pro-
motes fibrosis resulting in chronic obstructive and/or restric-
tive lung disease. High-dose regimens containing carmustine 
are known to cause  delayed pulmonary syndrome seen 
approximately 10  weeks after transplantation.  Symptoms 
consist of dyspnea, nonproductive  cough, and fever. PFT 
show a mild restrictive defect although severe defect in lung 
diffusion capacity becomes evident. Radiographic presenta-
tion comprises of scattered diffuse ground-glass infiltrates. 
Patients respond to corticosteroids; however, progressive 
respiratory failure and death may occur in nearly 8% of 
patients [133, 134].

Bronchiolitis obliterans is seen as a late complication and 
often associated with chronic GVHD.  Methotrexate and 
respiratory viral infections within first 100 days after trans-
plants increases the risk of bronchiolitis obliterans.  Some 
patients may progress to obstructive lung disease and respi-
ratory failure [135].

Late idiopathic pulmonary syndrome (IPS) defined as a 
noninfectious interstitial pneumonitis may occur in 6–18% 
of HSCT recipients between 3 and 24  months after trans-
plantation. It is characterized by thickening of the interstitial 
space with a cellular infiltrate, accumulation of  fluid, and 
fibrotic tissue. Radiographic studies show diffuse pulmonary 
infiltrates, and the symptoms consist of progressive dyspnea, 
hypoxemia, and fevers. High-dose radiotherapy and GVHD 
are the risk factors associated with this complication. 
Treatment includes high-dose corticosteroid therapy 
[136–138].

Patients undergoing HSCT are at increased risk for sec-
ondary malignancies including lung cancer, head and neck 
cancers that are usually seen 2  years after transplantation. 
Total body irradiation during preparatory conditioning  is a 
well-described risk factor.

 Hematologic Complications

Myeloablative conditioning regimens are designed to 
erode marrow function completely; recovery of the resul-
tant pancytopenia requires successful engraftment, which 
is an amalgam of variables such as stem cell graft source 
i.e.,  autologous vs. allogeneic; dose of nucleated  stem 
cells;  marrow-derived vs. PBSC  vs.  cord blood-derved; 
donor factors i.e., related vs. unrelated; ABO blood type, 
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major,  and minor HLA antigen compatibility. RIC is 
designed to creat a hosts’  milieu  of  immune  suppres-
sion rather than myelosuppression. Therefore, as expected 
RIC is associated with low systemic and myelotoxicity. 
The duration of pancytopenia is  shorter and conceivably 
less infectious, and non- infections complications, includ-
ing the need for transfusions.

Conditioning regimens are associated with hemolytic 
complications secondary to thrombotic microangiopathy 
(TM); a Coombs’ negative hemolysis associated with RBC 
fragmentation, thrombocytopenia; renal and neurologic 
abnormalities [139, 140]. The incidence varies from 1% in 
autologous transplants and up to 70% in small series of 
patients following allogeneic transplants particularly 
where tacrolimus and sirolimus was used for GVHD pro-
phylaxis [141, 142]. RIC is associated with 15–23% inci-
dence of TM, with the highest risk in patients with prior 
myeloablative transplant (<6 months), suggesting a poten-
tial role of  cytotoxic conditioning  therapy for  this syn-
drome [104, 143]. The majority of TM cases occur within 
the first 3  months after transplants. Unlike thrombotic 
thrombocytopenic purpura,  ADAMTS13 deficiency or a 
decrease in the von Willebrand multimers cannot be dem-
onstrated in the transplant-related TM. Mortality can be as 
high as 50–90% [144–146]. Pathophysiology of trans-
plant-related TM consist of injury to the vascular endothe-
lium from irradiation, dose-intense chemotherapy, as well 
as injury due to calcineurin inhibitors. Certain viral infec-
tions such as HHV6, parvovirus B19, CMV, or adenovirus; 
possibly aspergillosis may act as a trigger for post-HSCT 
TM.  Treatment consists of supportive care, removal of 
offending agents, and  potential role of the compliment 
inhibitor such as eculizumab [147–149]. Among long-term 
hematologic complications also include  increased risk  
of MDS and acute leukemia  during the late  
transpant period.

 Endocrine Complications

The effect of pre-transplant conditioning on  endocrine 
dysruption  involves  growth and skeletal development, 
metabolic function, gonadal and sexual function, and 
 fertility. Radiation-based conditioning exposes the 
hypothalamic- pituitary axis to the effects of radiation at 
doses of 10–14 Gy [150]. The degree of damage is directly 
proportional to the cumulative radiation dose received 
with hypopituitarism observed with > or equale to 20 Gy. 
At the standard doses of 12 Gy used in TBI, the damage to 
the hypopituitary axis is minimal, however, concomitant or 
prior use of systemic and intrathecal chemotherapy may 
lower this threshold particularly in patients given high-
dose methotrexate [151].

 Growth Hormone Dysfunction

Children undergoing HSCT are highly susceptible; the inci-
dence of short stature may  range from 4–60% and corre-
lates with young age at the time of transplantation. TBI and 
cranial irradiation are the strongest predictors for growth 
retardation due to: skeletal dysplasia of the spine by direct 
effects of chemotherapy and irradiation, radiation-induced 
hypopituitarism, hypothyroidism, and possibly precocious 
puberty resulting in early closure of bone epiphysis. In addi-
tion, use of glucocorticoids can blunt the secretion of growth 
hormone (GH), and direct effects of Bu and Cy on the epiph-
yseal growth plate may also contribute to growth retarda-
tion in children given radiation sparing preparatory regimen 
[152, 153]. In adults, there are no clearly recognizable syn-
dromes associated with GH deficiency. However, GH defi-
ciency may be associated with lean body mass and muscule 
wasting  and increased body fat; cardiovascular adverse 
events and reduced bone mineral density [154].

 Bone Metabolism and Osteoporosis

Patients undergoing  HSCT exhibit  bone loss particularly 
within the first 6  months [155, 156]. Typically, 5–15% 
bone  loss is  expected in  lumbar spine and femoral neck 
within the 1st year after  HSCT; osteopenia is noted 
in 50–60% and osteoporosis in 20% of stem cell transplant 
recipients [157]. The pathogenesis of bone loss in is multi-
factorial. Prolonged use of glucocorticoids, alterations in 
calcium and magnesium homeostasis in patients given calci-
neurin inhibitors contribute to bone loss [158, 159]. It is pru-
dent to be aware of this complication, assess bone density by 
DEXA scans at regular intervals, and replenish  calcium, 
vitamin D; and bisphosphonate therapy as indicated.

 Thyroid Dysfunction

Thyroid dysfunction is seen  2–56%, and effects  both 
autologous and allogeneic stem cell graft recipients [160, 
161]. Conditioning regimen is thought to  play a role, as 
expected, radiation-based conditioning would elicit direct 
damage to the thyroid tissue and to the hypothalamus and 
pituitary gland. The incidence of thyroid dysfunction after 
single dose irradiation is higher  (23–73%) compared 
with  10–28% seen with fractionated dose therapy  [162]. 
Similarly, patients undergoing  allogeneic vs. autologous 
HSCT have higer risk for thyroid dysfunction as a result of 
immunosuppressive drugs  [163, 164]. In the post-trans-
plant period, thyroid dysfunction presents as euthyroid 
sick syndrome (ETS), hypothyroidism, autoimmune dis-
ease, or a thyroid nodule.
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ETS is the most common thyroid dysfunction observed 
during first 3 months following HSCT.  It  is characterized 
by low free T3 and free T4 and a normal or low TSH; 
and  regarded as an indicator for   poor overall  prognosis. 
Hypothyroidism is a common long-term thyroid complica-
tion after transplantation,  with a  cumulative incidence of 
48% after 5 years and 67% after 8 years; however, median 
time to diagnosis is 4 years post-HSCT.  Single-dose 
TBI  carries higher risk for hypothyroidism  (50%) com-
pared with fractionated TBI (15%). The incidence of hypo-
thyroidism is lower (11%) in patients given non-radiation 
conditioning. In this case the mechanism appears to be 
related to the effects of chemotherapy on the cytokines that 
control thyroid function; in addition GVHD may elicit thy-
roid dysfunction via immune/inflammatory pathway [163, 
165, 166]. The incidence of thyroid nodules is higher in 
patients undergoing HSCT (27%) compared with the gen-
eral population (4%)  [162]. Although most patients 
with thyroid nodules have no symptoms, although 5–10% 
may be malignant, therefore, rigorous evaluation should be 
performed  at the time of initial  diagnosis  and follow up. 
Patients, particularly children undergoing HSCT, have an 
increased risk for thyroid cancers compared with the gen-
eral population, with an overall incidence of 0.2%. 
Radiation  (TBI)-associated relative risk for nodules and 
thyroid malignancies is estimated between  0.6–14.9 and 
3.6, respectively [167, 168].

 Secondary Malignancies After HCT

Secondary malignancies are a rare and usually late complica-
tion; total body irradiation and chronic GVHD appears to be 
the strongest risk factors [169].

 Solid Tumors

Secondary solid cancer following HSCT was performed by 
the Center for International Blood and Marrow Transplant 
Research (CIBMTR) [170]. Risk factors for solid cancers in 
a multi-institutional cohort of 28,874 allogeneic transplant 
recipients, who underwent myeloablative transplanta-
tion  was assessed. Approximately 70% had received TBI- 
based conditioning. New solid tumors were reported in 153 
transplant recipients, with a  cumulative incidence of 1% 
after 10 years, 2.2% after 15 years, and 3.3% 20 years after 
transplantation. In this study, transplant recipients developed 
solid organ malignancies twice the rate of age- and gender- 
matched general population. Risk for tumors involving  the 
oral cavity, liver, thyroid, bone, soft tissue, melanoma, brain 
and CNS were prominent. Risk for invasive solid tumor can-
cers was strongly related with  age at time of transplant, 

exposure to radiation as part of the conditioning regimen, 
and development of moderate-to-severe chronic 
GVHD. However, risk factors for solid tumors differed by 
the type of tumor. Radiation was found to be a major factor 
for non-squamous cell carcinoma (SCC), especially among 
patients who had survived 5  years or longer  after trans-
plant.  Whereas, chronic GVHD was associated with 
an increased risk for SCC, during both early and late post- 
transplant period [170]. The overall risk for secondary solid 
tumor was twofold higher  in  patients in whom  radiation 
was  a  part of pre-transplant  conditioning compared 
with  patients given radiation sparing prepartory regimen. 
The increased solid tumor risk with radiation was most sig-
nificant for patients younger than 10 years of age at the time 
of transplantation and remained high up to the age of 
30 years. Patients 30 years and older at the time of transplant 
did not display higher risk for secondary solid organ malig-
nancies despite receiving TBI conditioning.

The risks of secondary solid organ  malignancies 
in  nonradiation- based HSCT  conditioning, with busulfan- 
cyclophosphamide was evlauted in 4,318 patients [171]. The 
cumulative incidence of solid cancers was 0.8% after 5 years 
and 2% after 10 years following transplantation. HSCT recip-
ients had 1.4× higher rate of solid organ cancer compared 
with age- and gender-matched general population. Lung can-
cer  was common, followed by breast cancer; significantly 
elevated risk was also observed for tumors involving the oral 
cavity, esophagus, soft tissue, and brain. On multivariate 
analysis, old age, lower performance status at time of trans-
plantation, and chronic GVHD were important predictors for 
such cancers [171]. It is hypothesized that busulfan can cause 
pulmonary injury and fibrosis [172]; exposure to alkylator 
chemotherapy and particularly in patients with history 
of smoking increases the risk for lung cancer [173]. There 
might have been a synergistic carcinogenic effect of smoking 
and busulfan-cyclophosphamide lung cancer  in non-TBI 
HSCT study [170, 171, 174–177].

The pathophysiology of secondary solid organ malignan-
cies after allogeneic HSCT is not well understood and most 
likely a culmination of number of factors. Differences in type 
of malignancies related with  TBI exposure versus busulfan-
cyclophosphamide preparatory therapy or chronic GVHD sug-
gest divergent carcinogensis pathways. Radiation may increase 
the risk of post-transplant malignancies by inhibiting DNA 
repair mechanisms resulting  in gene  translocation and gene 
instability due to  breaks in  double-strand DNA.  Chronic 
GVHD and prolong exposure to immunosuppressive 
drugs  likely increase the risk for  secondary malignancies by 
inhibiting cancer-protecting immunologic defense mecha-
nisms; for example, increased incidence of SCC involving 
female genital tract or head and neck cancer due to infection 
with human papilloma virus is related with chronic GVHD and 
prolonged immunosuppressive therapy [170, 171, 177–179].
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 Post-Transplant Lymphoproliferative Disorder

Post-transplant lymphoproliferative disorder (PTLD) is a 
serious  complication in patients undergoing  solid organ 
transplants (SOT) and allogeneic HSCT. PTLD is a hetero-
geneous group of lymphoproliferative diseases with a wide- 
spectrum of underlying  pathology and clinical 
manifestations that range from benign lymphoid hyperplasia 
to aggressive lymphoma [180]. The incidence of PTLD is 
1–10% after SOT and 0.5–1% after HSCT [181–185]. Most 
SOT-related PTLD is of host origin [186], whereas PTLD in 
allogeneic HSCT recipients is predominately of donor origin 
[187]. The highest  risk for PTLD is in patients with drug- 
induced severe immune suppression for prevention and treat-
ment of solid organ  allograft rejection;  rate between 10% 
and 25% are observed in SOT subgroup that require  high 
doses of  antirejection therapy  that is commonly  given for 
a prolong duration after heart, lung, and multivisceral trans-
plants [181, 182, 188].  The incidence rates are lower (1% 
and 5%) after kidney and  liver transplantation, as these 
patients in most cases, do not require intense drug-induced 
immunosuppressive state [184, 188]. An estimated 50–70% 
of all PLTD cases are associated with EBV infection [189–
191], the risk is higher in  EBV-negative recipient 
given allograft from EBV-positive donor [190, 192].

In HSCT recipients, the main risk  factors for  PTLD 
are T-cell depletion (TCD), and HLA mismatch, unrelated 
donor graft transplants. Severity of GVHD, and transplanta-
tion for primary immune deficiency disorders are additional 
contributing factors [185, 187, 193]. The median time from 
transplantation for PTLD in SOT patients varies from 30 to 
72 months [183, 189, 194–197]. Among HSCT recipients, 
PTLD has a more rapid onset with a median time between 4 
and 6 months after transplantation [185, 187, 198].

The incidence of EBV-negative PTLD is 10–20%; it usu-
ally occurs late and responds poorly to treatment [169, 196, 
197]. PTLD have a diverse clinical presentation based on 
location and the degree an  organ is  involved. Presenting 
symptoms include fever, lymphadenopathy, weight loss, 
anorexia, fatigue, sepsis-like syndrome, and multi-organ 
dysfunction. Extra-nodal involvement is relatively common; 
sites such as the gastrointestinal tract, lung, skin, bone mar-
row, and central nervous system are frequently affected [183, 
189, 194, 197, 199, 200]. PTLD in patients after HSCT usu-
ally has an aggressive course with extensive  disseminated 
disease, involving multiple organs [201]. Prognostic factors 
associated with poor  survival include older age, elevated 
LDH, presence of B symptoms, multi-organ involvement, 
decreased performance status, advanced stage of the disease, 
involvement of the allograft in solid organ recipients, >1 
extra-nodal sites, and CNS or bone marrow involvement 
[202, 203]. At present there is no consensus on standard 
treatment for PTLD; reduction in immune suppression, when 

possible is the main treatment strategy. Additional therapeu-
tic options include rituximab, chemotherapy, antiviral ther-
apy, cytokine therapy, adoptive immunotherapy, surgery, and 
radiation [202, 204]. Given the heterogeneity of PTLD, sur-
vival is variable with an overall median survival range 
between ~1.5 and 8 years [180]. Mortality rate may be high 
(70–90%) in patients following high-risk allogeneic HSCT 
[185].

 Secondary Myelodysplastic Syndrome 
and Leukemia

 Recipient-Derived Myelodysplastic Syndrome 
and Acute Myelogenous Leukemia
Treatment-related myelodysplastic syndrome (MDS) and 
acute myelogenous leukemia (AML) may occur after autolo-
gous HSCT. Up to 10% of patients with lymphoma treated 
with either conventional or high-dose antineoplastic therapy, 
and those after autologous stem cell transplants may develop 
treatment-related MDS or AML within 10 years after the pri-
mary therapy [205, 206]. Main risk factors are prior exposure 
to alkylating agents and the purine nucleotide analog 
like fludarabine, and TBI as part of the preparatory regimen 
[205, 206]. Cases of treatment-related MDS/AML have been 
reported in patients who were treated with radioimmunother-
apy; however the possible contribution of radioimmunother-
apy to the risk for  secondary malignancies is still unclear 
since most patients had been previously treated with alkylat-
ing agents [207]. The pathogenesis  of alkylating drug and 
TBI-induced MDS/AML is a result of chromosomal damage 
of hematopoietic precursors; possibly other yet 
unknown tumor promoting external elements and unrecog-
nized hosts’ genetic haecceity may also play a role. The neo-
plastic transformation of the hematopoietic stem cells is a 
multiple step process, which is most likely initiated by 
prior exposure to cytotoxic drugs and accelerated by high- 
dose chemo- and radiation therapy used in transplant condi-
tioning. Therefore, patients undergoing autologous HSCT 
should be carefully evaluated for pre-transplantation risk(s) 
for  secondary MDS/AML, and selection of  conditioning 
regimen must be tailored accordingly.

 Donor-Derived MDS and AML
In the allogeneic setting, secondary MDS and AML after 
HSCT are thought to occur as a result of oncogenic trans-
formation of the apparently normal donor hematopoietic 
stem cells exposed to a foreign environment [208]. Donor- 
derived MDS/AML is a rare complication after HSCT, and 
its incidence has been reported between 0.12% and 5% 
[208–210]. Alteration of the bone marrow microenviron-
ment following allogeneic stem cell transplantation result-
ing from  high -doses cytotoxic and immunosuppressive 
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drugs may influence normal hematopoietic progenitor cells 
to undergo  leukemic transformation  via a complex 
mechanism(s) that may involve  interaction between 
donor  hematopoietic progenitor cells, and  recipi-
ents’ unique stromal cells and signalling milieu, influence 
of growth factors, selective impact via cytokines and che-
mokine dysregulation, among others [208]. In large survey 
conducted by  European Group for Blood and Marrow 
Transplantation (EBMT), 14 donor-derived leukemia were 
reported among 10,489 allogeneic HSCT recipients. The 
median time to onset was 17  months, with a range of 
4–164  months  after transplantation. No specific risk fac-
tors, such as  type of  conditioning  regimen, donor graft 
manipulation, or type and degree of recipients’  immune 
suppression were identified [209]. It is important to differ-
entiate secondary leukemia after allogenic transplant from 
relapse of the original disease, which is an important cause 
of death in patients undergoing allogeneic stem cell trans-
plantation [211].

The current understanding of secondary malignancies 
after HSCT is based on studies that evaluated mainly patients 
who  have  received myeloablative conditioning. Less is 
known about the repertoire and risks for secondary malig-
nancies after reduced-intensity HSCT recipients; long-term 
follow up studies are needed to assess post-transplant cancer 
risk this population.

 Conclusion

HSCT is an effective life-saving treatment modality  for 
many hematologic malignancies and a growing number 
of  nonmalignant hematologic and autoimmune disorders. 
However, as discussed in the aforementioned text, there are a 
number of  short- and long-term complications associated 
with preparatory regimens given prior to transplantation. In 
this chapter, we have enumerated  common and less fre-
quently noted complications attributed to various condition-
ing regimens used to achieve cytoreduction, antitumor effect, 
myeloablation, and immunosuppression. Additional compli-
cations and toxicities may occur as a result of GVHD, oppor-
tunistic infections, and disruption in various aspects of hosts' 
immune response. Whenever the transplant procedure is per-
formed, a life is at risk, and the question of risk vs. benefit 
needs to be discussed in great detail with the patient along 
with quality of life issues and reasonable  expectations in 
near and far post-transplant period. The goal always is  to 
minimize transplant-related risks, which can be achieved 
with better understanding of such complications. As we 
move forward into the era of targeted and molecular biolog-
ics, it remains imperative that feasiability of new agents with 
better therapeutic index and safety profiles be incorporated 
in next generation preparatory regimens with the aim to 

reduce the burden of complications and achieve  sustained 
cancer  remission  following  hematopoietic stem cell 
transplantation. 
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Intravascular Catheter and Implantable 
Device Infections in Transplant Patients

Nasia Safdar, Cybele Lara R. Abad, and Dennis G. Maki

 Introduction

The use of intravascular devices for administration of drugs, 
fluids, blood products, and nutritional support is essential to 
medical care. Unfortunately, these intravascular devices have 
a significant potential to produce iatrogenic disease, especially 
bloodstream infection originating from colonization of the 
device used for access or from contamination of the infusate 
administered through the device [1–4]. Over two- thirds of all 
healthcare-associated bacteremia originate from devices 
used for vascular access [5]. Patients with hematologic malig-
nancies undergoing stem cell transplantation (SCT), who have 
inherently compromised immune function because of their 
malignancy and are further incapacitated due to the prepara-
tive regimen or graft-versus-host disease (GVHD), are partic-
ularly prone to device-related infections [6].

Every year more than five million central venous catheters 
(CVC) are inserted in the United States [7]. More than 
250,000 intravascular catheter-related bloodstream infections 
(IVDR BSI) occur annually with an associated mortality of 
12–25% [7]. A recent meta-analysis found mortality to be sig-
nificantly increased in intensive care unit (ICU) patients who 
had IVDR BSI compared with those without IVDR BSI (odds 
ratio [OR], 1.96; 95%  confidence interval [CI], 1.25–3.09) 
(Fig.  13.1) [8]. Each episode of IVDR BSI significantly 
increases hospital length of stay, and the added healthcare 
costs range from $4,000 to $56,000 per episode [9–11].

Probably more than any other healthcare-associated 
infection, IVDR BSI is preventable [5, 12–15].

This chapter focuses on the epidemiology and prevention 
of IVDR BSI in transplant patients. Given the paucity of data 
specific to the transplant population, we extrapolate from 
studies in other populations, particularly the critically ill and 
patients with cancer.

The first step to preserve vascular access is a highly effec-
tive institutional program for prevention of IVDR BSI.  In 
recent years, a large volume of high-quality research studies 
have delineated key measures for prevention, and IVDR BSI 
rates in the ICU have declined markedly in most institutions 
[13, 16–27]. However, despite adherence to best practices, 
IVDR BSI continues to pose formidable challenges, espe-
cially in solid organ and stem cell transplant patients [28].

 Pathogenesis of IVDR BSI

There are two major sources of IVDR BSI: (1) colonization 
of the IVD, or device-related infection, and (2) contamina-
tion of the fluid administered through the device, or infusate- 
related infection [29]. Contaminated infusate is the cause of 
most epidemic intravascular device-related BSI [4, 30]; in 
contrast, catheter-related infections are responsible for most 
endemic device-related BSI. A major route of BSI in trans-
plant patients may be translocation of gut and oral flora into 
the bloodstream as a result of mucositis, called mucosal bar-
rier injury-related BSI. These infections may be mistakenly 
classified as IVDR BSI if the patient has an IVD in place at 
the time of positive blood culture.

Understanding the pathogenesis of IVDR BSI is funda-
mental to devising effective strategies for prevention and 
treatment of these infections; however, relatively few pub-
lished studies have determined the mechanism of IVDR 
colonization and infection using sophisticated molecular 
techniques to prove or disprove potential routes of infection 
[31–37].

In order for microorganisms to cause catheter-related 
infection, they must first gain access to the extraluminal or 
intraluminal surface of the device where they can adhere 
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and become incorporated into a biofilm that allows sus-
tained colonization and ultimately hematogenous dissemi-
nation [38]. Microorganisms gain access to the implanted 
IVD by one of three mechanisms: (1) skin organisms invade 
the percutaneous tract, probably facilitated by capillary 
action [39], at the time of insertion or in the days following; 
(2) microorganisms contaminate the catheter hub and lumen 
when the catheter is inserted over a percutaneous guidewire 
or later manipulated [40]; or (3)  organisms are carried 
hematogenously to the implanted IVD from remote sources 
of local infection, such as a pneumonia [41] or from gut or 
mouth translocation due to inflammation or mucositis 
(Fig. 13.2) [42].

With short-term IVDs that are in place <14 days, such 
as peripheral IV catheters, arterial catheters, and non-
cuffed, non-tunneled CVCs, most catheter-related BSIs 
are of cutaneous origin, from the insertion site, and gain 
access extraluminally or occasionally intraluminally [37, 
43, 44]. For long-term catheters, such as tunneled, cuffed 
CVCs, totally implantable ports, and peripherally inserted 
central catheters  (PICCs), luminal colonization has been 
shown to be the major mechanism leading to BSI [45, 46]. 
A characteristic pulsed-field gel electrophoresis image 
obtained from a short- term non-cuffed CVC causing BSI 
is shown in Fig. 13.3 and from a long-term catheter (PICC) 
in Fig. 13.4.

Review:  Impact of catheter-related bloodstream infections on the mortalty of critically ill patients: a meta-analysis
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Fig. 13.1 Attributable mortality of IVDR BSI in critically ill patients 
[8]. (Reprinted from Siempos et  al. [8], © 2009, http://journals.lww.
com/ccmjournal/Abstract/2009/07000/Impact_of_catheter_related_

bloodstream_infections.22.aspx, with permission from Wolters Kluwer 
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Fig. 13.2 Potential sources 
of infection of a percutaneous 
IVD: the contiguous skin 
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catheter hub and lumen, 
contamination of infusate, and 
hematogenous colonization of 
the IVD from distant, 
unrelated sites of infection 
[42]. (Reprinted from Crnich 
and Maki [42], by permission 
of Oxford University Press)
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 Microbiology

Antimicrobial resistance, now considered to be at global- crisis 
levels, continues to loom large, and the organisms implicated in 
IVDR BSI are no exception. In the past two decades, the pro-
portion of IVDR BSI caused by multidrug- resistant (MDR) 
organisms, such as methicillin-resistant Staphylococcus aureus 
(MRSA) and fluconazole-resistant Candida species, has risen 
inexorably [7, 47–49]. Overall, the organisms encountered 
most frequently in IVDR BSI are coagulase-negative staphylo-
cocci (CoNS) (31%), Staphylococcus aureus (20%), entero-
cocci (9%), and Candida species (9%) [25–27, 47, 50].

In one large prospective surveillance study using data 
from SCOPE (Surveillance and Control of Pathogens of 
Epidemiological Importance), comprising 24,179 cases of 
nosocomial BSI reported over a 7-year period from 49 hos-
pitals, the rates of MRSA infection increased from 22% of 
all S. aureus BSI in 1995 to 75% in 2001 (p < 0.001), and 
resistance to vancomycin was found in 60% of Enterococcus 
faecium isolates [47].

There is a paucity of data on the epidemiology and micro-
biology of IVDR BSI in the transplant population. However, 
a large multicenter study among 38 acute care hospitals, the 
majority of which were oncology and bone marrow 
transplant- capable centers, recently implemented the 
National Healthcare Safety Network (NHSN) surveillance 
definition of mucosal barrier injury laboratory-confirmed 
bloodstream infection (MBI-LCBI). In a study by See et al. 
[51], among 168 central line-associated bloodstream infec-
tions (CLABSI) from patients who met one of the two patient 
criteria of the MBI-LCBI definition, E. faecium, E. coli, and 
CoNS (16.0%, 12.6%, 12% of organisms, respectively) were 
the organisms most commonly reported. In comparison, 
among 121 cases of CLABSI from patients who did not meet 
the MBI-LCBI definition’s patient criteria, CoNS and S. 
aureus were the top organisms isolated, and both E. faecium 
and E. coli organisms were less commonly reported, with a 
joint rank of sixth (7.2% of organisms). This difference in the 
underlying etiologic organism favors the addition of mucosal 
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Fig. 13.3 Pulsed-field gel electrophoresis image showing the probable 
pathogenesis of a CVC-related bacteremia with coagulase-negative 
Staphylococcus. The isolates from the skin of the insertion site, catheter 
tip, and blood and were concordant, indicating an extraluminal route of 
infection [37]. (Reprinted from Safdar and Maki [37], with permission 
of Springer)
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Fig. 13.4 Pulsed-field gel electrophoresis image showing the probable 
pathogenesis of a PICC-related bacteremia with Serratia marcescens. 
The isolates from the catheter tip, blood, hub, and fluid were all concor-
dant, indicating an intraluminal route of infection
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barrier injury-related BSI as a separate entity from CLABSI 
particularly for the neutropenic transplant population, as the 
pathogenesis of bacteremia in this group of patients can arise 
from a wholly different mechanism.

 Diagnosis

Accurate and early diagnosis of IVDR BSI is essential in 
guiding management decisions, and a variety of diagnostic 
tests have been developed to help guide therapy. These 
tests are broadly categorized as methods that require removal 
of the IVD and those that do not. In general, those that 
require removal involve quantitative or qualitative cultures of 
the catheter segment, and those that do not require removal 
involve paired blood cultures or cytospin examination 
(Table 13.1) [52].

A meta-analysis by Safdar et al. examined the eight most 
common diagnostic methods used to evaluate catheter- 
related bloodstream infection, including qualitative catheter 
segment culture, semiquantitative catheter segment culture, 
or quantitative catheter segment culture, each in concordance 
with results of concomitant blood cultures; qualitative blood 
culture drawn through an IVD; quantitative blood culture 
drawn through an IVD, paired quantitative peripheral, and 
IVD-drawn blood cultures; acridine orange leukocyte cyto-
spin testing; and differential time to positivity. Overall sensi-
tivity was highest for the qualitative catheter segment culture 

(0.9), followed by IVD-drawn qualitative blood culture and 
paired quantitative blood cultures (both 0.87). The acridine 
orange cytospin test had the lowest sensitivity (0.72). Among 
all the tests, the paired quantitative cultures had the highest 
specificity (0.98), whereas the qualitative segment culture 
had the lowest (0.72). However, most methods had accept-
able sensitivity and specificity, and the commonly used dif-
ferential time to positivity test is the preferred method [52].

Notably, in this meta-analysis, only a few studies included 
immune-compromised patients [53–60], and none exclu-
sively studied the transplant population. Since, there have 
been only a few additional studies involving the transplant 
population [61–63]. All these studies evaluated the use of a 
catheter removal sparing method, the acridine orange leuko-
cyte cytospin (AOLC) test. In  a study by Abdelkefi  et  al., 
among 26 of 245 hematopoietic stem cell transplant recipi-
ents who had a positive differential time to positivity test, the 
cytospin test was only positive in two of the 26 patients and 
had a  very low sensitivity of 7% [63]. A study by Farina 
et  al.  showed similar results, with AOLC testing negative 
despite positive culture results [62]. In contrast, a smaller 
study by Krause et al. involving 16/51 hematopoietic stem 
cell transplant patients showed conflicting results, with much 
higher sensitivity at 70% and a 100% positive predictive 
value and a 88% negative predictive value [61]. Certainly, 
more information regarding the applicability of these and 
other methods of diagnoses in this particular population is 
needed.

Table 13.1 Major diagnostic methods for IVDR BSI [52]

Diagnostic method Description Criteria for positivity
Methods requiring device removal
Qualitative catheter segment culture A segment from the removed catheter is immersed 

in broth media and incubated for 24–72 h
Any growth

Semiquantitative catheter segment culture A 5-cm segment of the catheter is rolled four times 
across a blood agar plate and incubated

≥15 CFU

Quantitative catheter segment culture A segment from the removed catheter is flushed 
with broth or sonicated in broth, followed by serial 
dilutions, surface plating on blood agar, and 
incubation

≥1000 CFU

Methods not requiring device removal
Qualitative blood culture through the 
device

One or more conventional blood cultures are drawn 
through the device

Any growth

Quantitative blood culture through the 
device

A blood culture drawn through the device and 
processed by pour-plate methods or a lysis- 
centrifugation technique (Isolator, Wampole 
Laboratories, Cranbury, New Jersey)

≥100 CFU/mL

Paired quantitative blood cultures Concomitant quantitative blood cultures are drawn 
through the device and percutaneously and are 
monitored continuously

Cultures are positive from both sites and the 
concentration of microorganisms in the 
culture from the device is 3- to 5-fold greater 
than in the peripherally drawn culture

Differential time to positivity Concomitant conventional blood cultures are 
drawn through the device and percutaneously and 
are monitored continuously

Both blood cultures are positive and the 
catheter-drawn blood culture turns positive 
≥2 h earlier than the peripherally drawn culture

Acridine orange leukocyte cytospin Approximately 1 mL of blood is aspirated from the 
catheter; the cells are lysed with sterile water; and 
the specimen is centrifuged, stained with acridine 
orange, and examined microscopically

Visualization of any microorganisms

Abbreviation: CFU colony-forming units
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 Prevention of IVDR BSI

In 2002, the Healthcare Infection Control Practices Advisory 
Committee (HICPAC) of the CDC published a comprehensive 
guideline for the prevention of IVDR BSI [7]. This guideline 
was recently updated in 2011 [64] and provides recommenda-
tions for: all healthcare workers on best practices for catheter 
insertion and care; the surveillance of infection rates; practic-
ing maximal antisepsis, including hand hygiene and barrier 
precautions; choosing the optimal insertion site and dedicated 

insertion personnel; and removing the device as soon as it is 
deemed unnecessary [64]. Table 13.2 summarizes the recom-
mendations of the guideline [7, 64, 65]. Highlighted below are 
topics of importance in prevention as well as other strategies 
recently addressed in the guideline (Table 13.3) [66–78]. The 
recommendations are rated based on the strength of evidence 
supporting them as follows: IA, strongly recommended for 
implementation and strongly supported by well-designed 
experimental, clinical, or epidemiologic studies; IB, strongly 
recommended for implementation and supported by some 

Table 13.2 Recommendations for prevention of IVDR BSI, 2011 CDC HICPAC Guideline [7, 64, 65]

Recommendation Ratinga

Education, training, staffing
  Educate all relevant healthcare personnel regarding indications for IVC use, proper procedures for insertion and maintenance, and 

infection-control measures
IA

  Ensure appropriate nursing staff levels in ICUs IB
Surveillance
  Conduct institutional surveillance for rates of IVDR BSI, monitor trends, identifying lapses in infection-control practices IA
  Express ICU data as number of IVDR BSIs per 1000 catheter days IB
Antisepsis
  Maximal sterile barrier precautions during catheter insertion: cap, mask, sterile gown, sterile gloves, and large sterile sheet IB
  Hand hygiene: wash hands with antiseptic-containing soap and water or waterless alcohol-based product: before insertion or any 

manipulation of any IVC
IB

  Gloves: required for any manipulation of any IVC IB
   Sterile gloves required for arterial and central catheters
   Clean gloves acceptable for peripheral IVCs if site not touched after application of skin antiseptics
  Cutaneous antisepsis: use before insertion and during dressing changes: 2% chlorhexidine is preferred, an iodophor or 70% alcohol 

are acceptable
IA

Insertion
  When possible, use subclavian site when using a non-tunneled CVC IB
  Use ultrasound guidance and designated personnel for insertion and maintenance of IVCs IB
  Use sterile gauze or sterile, transparent semipermeable dressing IA
  Do not give prophylactic antibiotics to prevent catheter colonization or BSI IA
Maintenance
  Change dressing at least weekly IIII
  Monitor site visually or by palpation through intact dressing on regular basis and remove dressing for full exam if tender, fever 

without obvious source, or other manifestations suggesting local or BSI
  Do not routinely culture catheter tips IB
  Do not use topical antibiotic ointments or creams (except with dialysis catheters) IB
  Remove IVCs as soon as not necessary IB
  Do not routinely replace CVCs, PICCs, HD catheters or pulmonary artery catheters to prevent IVDR BSI
  Replace peripheral venous catheters at least every 72–96 h in adults IB
  Replace administration sets no more frequently than at 72 h unless infection or unless infusing blood products or lipid emulsions
  If after implementing a comprehensive strategy to reduce rates of IVDR BSI and rates remain high, use antimicrobial or antiseptic-

impregnated CVC in adults if CVC is expected to remain >5 days
IB

Other strategies recently addressed in current guidelines
  Consider antimicrobial lock solutions for use in all long-term devices II
  Chlorhexidine-impregnated dressings (Biopatch®) should be used with all short-term catheters IA
  A sutureless catheter securement device (StatLock®) is preferred to sutures II
  Adhere to the IHI bundle for CVCs IA
  Chlorhexidine bathing in the ICU II

Abbreviations: IVDR BSI intravascular catheter-related bloodstream infection, CVC central venous catheter, HD hemodialysis, IVC intravenous 
catheter, PICC peripherally inserted central venous catheter, IHI Institute for Healthcare Improvement
aCDC categories of evidence: IA: Strongly recommended for implementation and strongly supported by well-designed experimental, clinical, or 
epidemiologic studies, IB: Strongly recommended for implementation and supported by some experimental, clinical or epidemiologic studies, and 
a strong theoretical rationale, IC: Required by state or federal regulations, rules, or standards, II: Suggested for implementation and supported by 
suggestive clinical or epidemiologic studies or a theoretical rationale [7]
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experimental, clinical, or epidemiologic studies and a strong 
theoretical rationale; IC, required by state or federal regula-
tions, rules, or standards; and II, suggested for implementation 
and supported by suggestive clinical or epidemiologic studies 
or a theoretical rationale [7].

 Cutaneous Antisepsis

Iodophors, such as 10% povidone-iodine, or 70% alcohol 
were historically the most widely used agents for cutaneous 
antisepsis of the insertion site in US centers [79, 80]. 

Table 13.3 Novel strategies for the prevention of catheter-related bloodstream infections [66–78]

Strategy Study Design Technology Outcome
Antimicrobial lock solutions

Safdar et al. (2006) [67] Meta-analysis Vancomycin-containing locks versus 
heparin

50% risk reduction (RR, 0.49; 95%  
CI, 0.26–0.95)

Yahav et al. (2008) [68] Systematic review 
and meta-analysis

Various antibioticsa Antibiotic solutions:
Antibiotic plus antisepticb RR, 0.44 (95% CI, 0.38–0.5)
Antisepticc Non-antibiotic antiseptic solutions 

alone:
RR, 0.9 (95% CI, 0.48–1.69)
Non-antibiotic antiseptic solutions + 
other prevention methodsd:
RR, 0.25 (95% CI, 0.13–0.5)

Sanders et al. (2008) [69] Double-blind 
randomized trial

Ethanol-containing locks versus 
heparin

OR, 0.18 (95% CI, 0.05–0.65)

Antimicrobial catheters
Veenstra et al. (1999) [70] Meta-analysis Antiseptic-impregnated CVCse OR, 0.56 (95% CI, 0.37–0.84)
Ramritu et al. (2008) [71] Systematic review Antibiotic-impregnated CVCsf RR, 0.39 (95% CI, 0.17–0.92)
Crnich et al. (2002) [66] Meta-analysis Silver-impregnated CVCs RR, 0.40 (95% CI, 0.24–0.68)
Ramritu et al. (2008) [71] Systematic review Antibiotic versus first-generation 

antiseptic-impregnated CVCs
RR, 0.12 (95% CI 0.02–0.67)g

Hockenhull et al. (2009) [72] Meta-analysis Anti-infective CVCs (all types) OR, 0.49 (95% CI 0.37–0.64)h

Chlorhexidine dressings
Maki et al. (2000) [73] Randomized, 

controlled trial
Chlorhexidine-impregnated sponge 
dressing

IVDR BSI: RR 0.37 (0.17–0.80)

Ho et al. (2006) [74] Meta-analysis Chlorhexidine-impregnated dressing 
versus placebo or povidine-iodine 
dressing

Catheter or exit site colonization: 
14.3% vs 27.2%; OR, 0.4 (95% CI, 
0.26–0.61)
IVDR BSI:
2.2% vs 3.8%; OR, 0.58 (95% CI, 
0.29–1.14, p = 0.11)

Timsit et al. (2009) [75] Randomized, 
controlled trial

Chlorhexidine-impregnated dressing 
versus standard dressing

IVDR BSI:
0.4 vs 1.3 per 1000 catheter days; 
HR, 0.024 (95% CI, 0.09–0.65; 
p = 0.005)

Cutaneous antisepsis
Chaiyakunapruk et al. (2002) [76] Meta-analysis Chlorhexidine versus povidone-iodine RR, 0.49 (95% CI, 0.28–0.88)i

Maki et al. (1991) [77] RCT Chlorhexidine vs alcohol versus 
povidone-iodine

IVDR BSI RR 0.16, p = 0.04

Mupirocin prophylaxis
Tacconelli et al. (2003) [78] Meta-analysis Mupirocin prophylaxis in dialysis 

patientsj

Decrease in S. aureus bacteremia in 
hemodialysis patients by 78%;  
RR 0.22 (95% CI, 0.11–0.42)

Abbreviations: CI confidence interval, EDTA ethylenediamine tetraacetic acid, HR hazard ratio, IVDR BSI intravascular catheter-related blood-
stream infection, OR odds ratio, RR relative risk
aGentamicin; gentamicin + citrate; gentamicin + vancomycin; gentamicin + cefazolin; cefotaxime
bMinocycline with EDTA
cCitrate; citrate with taurolidine
dNasal mupirocin and exit-site iodine dressing
eChlorhexidine-silver sulfadiazine
fMinocycline and rifampin
gReduced risk with antibiotic catheters
hReduced risk with anti-infective catheters: all types combined, see text for subgroup analysis
iReduced with chlorhexidine
jSix studies used intranasal mupirocin two to three times daily for 5–14 days with various maintenance schedules; four studies used mupirocin 
applied to catheter exit site
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However, several studies, including a meta-analysis, have 
shown that 2% chlorhexidine (CHG) is unequivocally supe-
rior for preventing IVDR BSI [76, 77] and is now recom-
mended by the HICPAC Guideline as the agent of first choice 
(rating IA) [7, 64, 77, 79].

 Topical Antimicrobials

The HICPAC Guideline specifically recommends against the 
application of topical antimicrobial ointments or creams to 
the IVD insertion site, except in the case of hemodialysis 
catheters [7] to avoid promotion of fungal infection and anti-
microbial resistance (rating IA). The Guideline also discour-
ages the use of intranasal mupirocin for staphylococcal 
decolonization before IVD insertion or during the use of an 
IVD as a means to prevent colonization or IVDR BSI (rating 
IA) [7]. A meta-analysis of mupirocin prophylaxis to prevent 
S. aureus infections in patients undergoing dialysis showed a 
63% reduction (95% CI, 50–73%) in the rate of overall S. 
aureus infections [78]. The study population included both 
hemodialysis and peritoneal dialysis patients. Of the ten 
studies, six used intranasal mupirocin two to three times 
daily for 5–14  days, with various maintenance schedules, 
and four used mupirocin applied to the catheter exit site. In 
patients undergoing hemodialysis, S. aureus bacteremias 
were reduced by 78% (relative risk [RR], 0.22; 95% CI, 
0.11–0.42). However, the differences in site, frequency, and 
duration of mupirocin treatment in these studies and the 
resulting clinical heterogeneity make it difficult to offer 
robust recommendations [78].

A randomized, double-blind, placebo-controlled trial 
evaluating mupirocin prophylaxis for nosocomial S. aureus 
infections in nonsurgical patients found that restricting the 
use of intranasal mupirocin to patients shown to be carriers 
on admission did not prevent nosocomial S. aureus infec-
tions [81]. Increasing reports of mupirocin resistance [82–
87] has called decolonization with mupirocin into question 
as a strategy to prevent IVDR BSI, even in hemodialysis cen-
ters, and we do not recommend topical or intranasal mupiro-
cin for prevention of IVDR BSI.

The early promise of mupirocin has suggested that other 
topical approaches to preventing IVDR BSI bear study. One 
such agent is honey, which has long been known to have anti-
bacterial properties. In a randomized, controlled trial (RCT) 
to compare the effect of thrice-weekly application of 
Medihoney (commercially available; pooled antibacterial 
honeys including Leptospermum species honey; Medihoney 
Pty Ltd., Brisbane, Australia) to the IVD exit site versus 
mupirocin in 101 patients receiving hemodialysis through 
tunneled and cuffed CVCs, catheter-associated bacteremia 
rates in the two arms were similar (0.97 versus 0.85 episodes 
per 1000 catheter days; p > 0.05) [88]. Although these results 
are promising, a larger trial powered to show equivalence or 

superiority is needed to establish the utility of Medihoney for 
the prevention of IVDR BSI in patients receiving hemodialy-
sis through cuffed and tunneled CVCs.

 Maximal Barrier Precautions

The use of maximal barrier precautions, including cap, ster-
ile gown, mask, large sterile drape, and sterile gloves, signifi-
cantly reduces the rate of IVDR BSI when used during 
catheter insertion [7, 89, 90]. In an RCT, Raad et al. com-
pared maximal barrier precautions with minimal precautions 
such as sterile gloves and a small fenestrated drape, and 
found the CVC-related BSI rate to be 6.3 times higher in the 
control group (p = 0.06) [89]. The HICPAC Guideline rec-
ommends that maximal barrier precautions be used for all 
central IVD insertions, including PICCs (rating IB) [64].

 Insertion Site

According to the HICPAC Guideline, the preferred site for 
insertion of non-tunneled CVCs in adult patients is the sub-
clavian vein (rating 1B) [7]. However, the subclavian site is 
typically avoided in hemodialysis patients and patients with 
advanced kidney disease to avoid stenosis (1A). The femoral 
site has been reported to be associated with higher rates of 
catheter colonization as well as an  increased risk of deep 
vein thrombosis compared to cephalad sites in adults [7, 43, 
91–93]. In an RCT with uncuffed CVCs comparing femoral 
with subclavian sites, catheters inserted in a femoral site 
were associated with a higher incidence of infectious com-
plications (19.8% vs 4.5%; p < 0.001) [93].

The internal jugular vein site has also been associated 
with higher rates of IVDR BSI than the femoral or subcla-
vian sites in several studies [7, 43, 94]. However, a recent 
RCT comparing the jugular and femoral sites found no dif-
ference in the risk of infection between the two sites (2.3 vs 
1.5, p = 0.42) [95]. A prospective, observational study com-
paring the subclavian, internal jugular, and femoral insertion 
sites found colonization lowest at the subclavian site but no 
difference in rates of infection between sites [95, 96].

Using real-time ultrasound guidance for catheter insertion 
significantly reduces mechanical complications deriving 
from catheter insertion and catheter infection [7, 97, 98]. In 
a randomized study, real-time ultrasound guidance versus 
the landmark technique for catheter placement in the internal 
jugular vein resulted in significantly fewer complications, 
including fewer IVDR BSI (p < 0.001) [98]. A meta-analysis 
found that the use of ultrasound for insertion at internal jugu-
lar and subclavian vein sites reduced cannulation failure 
(RR, 0.32; 95% CI, 0.18–0.55), the need for multiple place-
ment attempts (RR, 0.60; 95% CI, 0.45–0.79), and complica-
tions during catheter placement (RR, 0.22; 95% CI, 
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0.10–0.45) in comparison with insertions using anatomic 
landmarks [97].

Although no RCT to date has compared the three inser-
tion sites, based on the available data we recommend the 
subclavian site as the first preferred site for CVC insertion 
and  routinely employing real-time ultrasound to minimize 
mechanical complications.

 Simulation-Based Training

A recent observational study, completed in an urban teaching 
hospital, evaluated the impact of a simulation-based educa-
tional intervention on the rates of IVDR BSI in a medical 
ICU [99]. As part of this study, 92 second- and third-year 
internal medicine and emergency medicine residents com-
pleted the educational program, which included a pretest, an 
informational video demonstrating proper CVC insertion 
technique, training with ultrasound and hands-on practice 
using a simulator device, and a posttest with a required mini-
mum score [99]. There were 3.2 infections per 1000 catheter 
days in the 16 months prior to the educational intervention in 
this medical ICU, and 4.9 infections per 1000 catheter days 
in a comparator unit in the same hospital, the surgical ICU, 
during the pre-intervention period. The rate of IVDR BSIs in 
the medical ICU during the 16-month intervention period, 
when all of the second- and third-year residents had com-
pleted the training, decreased to 0.5 per 1000 catheter days. 
The rate in the surgical ICU, where no rotating residents 
completed the simulation training, remained stable at 5.3 per 
1000 catheter days during the same 16-month interval [99]. 
This study highlights the value of cutting-edge programs for 
training healthcare personnel in proper CVC insertion tech-
niques, addressing a priority recommendation in the CDC 
HICPAC Guideline for the Prevention of IVDR BSI [7].

 Chlorhexidine-Impregnated Insertion Site 
Dressings

The application of a chlorhexidine (CHG)-impregnated 
sponge dressing (BioPatch®, Johnson & Johnson Gateway) 
over the CVC insertion site has been shown to greatly reduce 
the incidence of IVDR BSI in several randomized trials [5, 
73, 75, 79, 100, 101]. A large, randomized, open, controlled 
trial compared this dressing to standard sterile dressings in 
601 chemotherapy patients, with 9,731 catheterization days, 
and showed a significant reduction in IVDR BSI in the 
intervention group (6.4%, 19 of 300) compared to the con-
trol group (11.3%, 34 of 301; p = 0.016, RR, 0.54; 95% CI, 
0.31–0.94) [101]. In ICU patients, the use of CHG-
impregnated dressings led to significantly fewer IVDR BSIs 
when compared with standard sterile dressings, in a large, 

multicenter RCT (p = 0.005, HR, 0.024; 95% CI, 0.09–0.65) 
[75, 100].

The latest 2011 guideline recommends the use of CHG- 
impregnated dressings for short-term catheters in patients 
older than two  months of age if the CLABSI rate is not 
decreasing despite adherence to basic multimodal prevention 
measures (IB). However, there is considerable emerging data 
indicating that CHG-impregnated dressings are effective in 
reducing IVDR BSI, and we recommend their use as part of 
standard care [73, 75, 79, 100, 101].

 Chlorhexidine Bathing

Daily bathing with liquid CHG or the use of CHG- 
impregnated washcloths has been studied extensively in the 
past few years [102–104] for its impact on reducing 
healthcare- associated infections. A meta-analysis by O’Horo 
et  al. which included 12 studies examined the efficacy of 
daily bathing with CHG, focusing mainly on healthcare- 
associated BSIs, including CLABSI [102]. Ten of the 
12  studies were carried out in the ICU setting, and none 
included the transplant population. The results showed that 
291 patients in the CHG arm developed BSI over 67,775 days 
compared to 557 patients in the control arm who developed 
BSI  over 69,617  days (OR,  0.44; 95% CI, 0.33–0.59; 
p < 0.0001).

Data regarding the use of CHG bathing among transplant 
recipients is lacking. The study by Climo et al., a multicenter 
cluster-randomized, crossover trial, involved a total of nine 
units, of which one was exclusively bone marrow transplant 
patients [105]. However, results specific to the bone marrow 
population were not provided. Overall, the risk of acquiring 
primary BSI was significantly lower among patients bathed 
with CHG than among those bathed with non-antimicrobial 
cloths. In addition, the longer the length of stay in the unit, 
the lower the risk for a primary BSI among those bathed with 
CHG; for example, RR at day 7 was 0.69 compared to 0.51 
at 14 days.

 Anti-infective-Impregnated Catheters

The HICPAC Guideline recommends the use of anti- 
infective- coated CVCs if the catheter is expected to remain 
longer than five days and is used in combination with a com-
prehensive IVDR BSI reduction strategy (rating IB) [7]. 
However, the majority of studies have focused on the use of 
antimicrobial-coated CVCs used as short-term devices, and 
few data have been published on their use as long-term 
devices [71, 79]. Several types of catheters are available: 
catheters coated either externally, the first generation, or 
externally and internally, the second generation, with 
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chlorhexidine and sulfadiazine silver (CSS); catheters coated 
with minocycline or rifampin; and silver-impregnated cath-
eters [5]. Silver-coated catheters include silver-, platinum-, 
and carbon-coated catheters and silver ion/alloy catheters.

A recent comprehensive meta-analysis of anti-infective- 
coated catheters included clinical trials comparing 
antimicrobial- coated CVCs with either a standard CVC or 
another antimicrobial-coated CVC [106]. The main out-
comes were catheter colonization and catheter-related 
BSI. The first-generation CSS CVCs were shown to reduce 
colonization (OR, 0.51; 95% CI, 0.42–0.60) and catheter- 
related BSI (OR, 0.68; 95% CI, 0.47–0.98). Minocycline- 
rifampin- coated CVCs also reduced catheter colonization 
(OR, 0.39; 95% CI, 0.27–0.55) and catheter-related BSI 
(OR, 0.29; 95% CI 0.16–0.52) and performed better than the 
CSS CVCs for reducing catheter colonization and BSI (OR, 
0.18; 95% CI, 0.07–0.51). A small retrospective study among 
kidney transplant patients also showed that silver ion 
(AgION)-coated polyurethane catheters were less likely to 
be colonized with bacteria (58% vs 6.6%), compared to plain 
polyurethane catheters [107].

The choice of which catheter to use is governed by many 
factors including efficacy, cost, cost-effectiveness, and risk 
of promoting drug resistance. A recent analysis (2008) found 
an estimated cost savings of £138.20, approximately $227, 
for every anti-infective catheter inserted [11]. Antibiotic 
resistance is a particular concern with antibiotic-impregnated 
catheters, although trials assessing the efficacy of 
minocycline- rifampin-coated catheters have not found evi-
dence of emergence of drug resistance to date [71].

 Anti-infective Lock Solutions

The major mechanism of IVDR BSI in long-term IVDs is 
intraluminal colonization. For this reason, antimicrobial lock 
solutions have been a logical step to prevent colonization of 
the intraluminal surfaces of long-term IVDs to prevent IVDR 
BSI. A small volume of the antimicrobial solution is instilled 
into the lumen of the IVD and allowed to dwell for a pre-
scribed period, after which it is either removed or flushed 
into the patient’s bloodstream.

A meta-analysis of seven RCTs, involving mostly can-
cer patients, comparing a vancomycin-containing lock 
solution with sterile saline showed a significantly reduced 
risk of IVDR BSI (RR, 0.49; 95% CI, 0.26–0.95) [67]. 
Ethanol has also recently been shown to be safe and effec-
tive as an antimicrobial lock solution [69, 79, 107]. A 
recently published prospective, double-blind RCT compar-
ing ethanol with heparinized saline in granulocytopenic 
hematology patients showed a four-fold reduction in IVDR 
BSI in the ethanol group compared to controls (OR, 0.18; 
95% CI, 0.05–0.65) [69]. In contrast, a similar study com-

paring heparinized saline with 70% ethanol locks in patients 
with hematologic malignancies and tunneled CVCs did not 
show a reduction in device-associated infection with the 
use of ethanol locks [108].

A recent meta-analysis of 23 studies [109] published in 
2014 reported data on a variety of lock solutions and involved 
a total of 2,896 patients, including patients on hemodialysis, 
adult and pediatric oncology patients, critically ill neonates, 
and patients receiving total parenteral nutrition. The use of 
antimicrobial lock solutions led to a 69% reduction in 
CLABSI rate (RR, 0.31; 95% CI, 0.24–0.40) and a 32% 
reduction in the rate of exit site infections (RR, 0.68; 95% 
CI, 0.49–0.95) compared with heparin, without significantly 
affecting catheter failure due to noninfectious complications 
(RR, 0.83; 95% CI, 0.65–1.06).

While a number of new antibiotics show promise as lock 
solutions based on in vitro studies [110], further research of 
their efficacy in clinical trials is mandatory.

Given the promising data, we recommend the use of anti- 
infective lock solutions for prevention of IVDR BSI with 
long-term IVDs in patients at high risk for IVDR BSI, such 
as those receiving hemodialysis. In general, antiseptic lock 
solutions are preferable to antibiotic lock solutions because 
of their greater spectrum of activity and lower risk of pro-
moting antibiotic resistance.

 Anti-infective Luer-Activated Devices

In addition to the above novel technology-based strategies 
for prevention of IVDR BSI, an emerging role of needleless 
connectors in the pathogenesis of IVDR BSI must be men-
tioned, with conjecture of possible preventive strategies.

Needleless connectors were developed in response to 
demands for enhanced safety for healthcare workers, to pre-
vent needlestick injuries universally, and are an integral 
component of infusion systems in use across North America. 
Although needleless connectors, when properly used, clearly 
reduce the risk for needlestick injuries during access of an 
IVD or injection port [111–115], some reports published 
over the past decade have raised concerns about a potential 
increased risk of iatrogenic IVDR BSI associated with the 
use of luer-activated, valved connectors [43, 116–120]. Most 
of these studies have been retrospective and uncontrolled, 
and suboptimal manipulation of the device, rather than the 
device itself, may have been responsible for some of the 
increased incidence of BSI in some settings. However, many 
hospitals experienced sharp increases in primary BSI follow-
ing introduction of a new connector, and intensified infection 
control practices had no impact; only after removing the new 
connector from the hospital did rates of CVC-associated BSI 
return to baseline levels [121]. Most notably, multiple com-
mercial valved connectors have been implicated, indicating 
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that these devices can become contaminated and result in 
iatrogenic BSI.

Typically, healthcare personnel disinfect the connector 
before accessing with 70% (v/v) isopropyl alcohol. Although 
needleless connectors appeared to reduce contamination in 
comparison with standard caps [122], a recent study by 
Menyhay and Maki found that conventional methods of dis-
infection of the membranous septum may not prevent micro-
bial entry if the membrane of the luer-activated device (LAD) 
is heavily contaminated, which may account for the increased 
risk for CVC-associated BSI seen in some centers [123].

This issue has been addressed with the development of a 
new technology. The V-Link with VitaShield (Baxter 
Healthcare) is a LAD protected with interior and exterior 
antimicrobial coating and was recently approved by the 
FDA. The V-Link with VitaShield is effective against 99.9% 
of pathogens known to cause IVDR BSI in in vitro testing 
and was recently shown in a simulation study to prevent 
internal contamination, even with heavy contamination of 
the membranous septum [124].

Saralex-cl (Menyhay Healthcare Systems), another prom-
ising device, is an antimicrobial barrier cap that threads onto 
the end of a needleless LAD system. A recent prospective 
in  vitro study compared standard disinfection of common 
LADs using 70% isopropyl alcohol with the new antiseptic 
barrier cap [125]. This new antiseptic cap which bathes the 
connector septum with 0.25 mL of 2% CHG in 70% isopro-
pyl alcohol is almost totally effective in preventing transmis-
sion of pathogens across the membranes of pre-contaminated 
LADs when compared to standard techniques (positive con-
trol, 100% transmission; standard disinfection with 70% 
alcohol, 20 transmissions in 30 trials, 67% transmission; 
Saralex-cl,  1 transmission in 60 trials, 1.6% transmission; 
p < 0.001) [120]. Data on the clinical efficacy of antimicrobial- 
coated LADs and antimicrobial barrier caps based on RCTs 
is needed.

 Catheter Securement

Choices for securement of a percutaneous uncuffed CVC or 
PICC include sutures, tape, or novel catheter securement 
devices, such as StatLock® (Venetec International, a subsid-
iary of CR Bard). Sutures are often painful for the patient, 
pose the risk of needlestick injury to the provider placing 
them, and foster infection at the catheter insertion site, 
increasing the risk of catheter-related BSI.  StatLock®, a 
sutureless catheter securement device, reduces catheter- 
related complications including IVDR BSI [126–128]. A 
randomized trial comparing suture securement to the 
StatLock® with peripherally inserted central catheters 
showed a significant reduction in the number of catheter- 
related BSIs in the StatLock® group (2 vs 10; p = 0.032) 

[127]. We recommend the use of a sutureless securement 
device for peripheral IV and extended dwell catheters, such 
as non-cuffed CVCs and PICCs.

 Intensive Insulin Therapy

Glycemic control in critically ill ICU patients is essential for 
prevention of IVDR BSI.  However, the optimum level of 
glycemic control is controversial. A large, RCT in 1,548 
critically ill patients in a surgical ICU, the majority of whom 
had undergone surgical procedures, compared intensive 
insulin therapy for the maintenance of blood glucose level 
between 80 and 110 mg/dL by using continuous insulin infu-
sions with conventional subcutaneous insulin therapy given 
only if blood glucose levels exceeded 215 mg/dL, striving to 
maintain levels between 180 and 200  mg/dL [129]. The 
study found a markedly reduced ICU and hospital mortality 
with intensive glycemic control [8% with conventional treat-
ment vs 4.6% with intensive treatment (p < 0.04)]. The great-
est reduction in mortality was seen in patients with 
multi-organ failure due to a septic focus [129]. Most note-
worthy, the incidence of nosocomial BSI was cut in half 
from 8% to 4%. A similar study in medical ICU patients 
found no reduction in mortality or difference in bacteremia 
rates with intensive control [130].

A meta-analysis which included 29 RCTs and 8,432 
patients found no difference in hospital mortality with tight 
glucose control versus moderate control (21.6% vs 23.3%; 
RR, 0.93; 95% CI, 0.85–1.03), and the results did not change 
when patients were stratified by type of ICU: surgical, medi-
cal, or medical-surgical. However, tight glucose control was 
associated with a reduced risk of septicemia of 10.9% vs 
13.4% in the moderate control group (RR, 0.76; 95% CI, 
0.59–0.97) [130].

In the NICE SUGAR study, a large RCT of 6,104 adult 
ICU patients, intensive glycemic control (goal 81–108 mg/
dL) was associated with increased mortality compared to 
conventional control (goal ≤180 mg/dL) (OR, 1.14; 95% CI, 
1.02–1.28; p = 0.02) [131]. The study population included 
more medical than surgical ICU patients. The intensive 
group had 36.9% surgical and 63.1% medical  patients, 
whereas the conventional group included 37.2% surgical and 
62.8% medical ICU patients. Severe hypoglycemia, defined 
as ≤40 mg/dL was significantly more common in the inten-
sive control group (6.8% vs 0.5%; p < 0.001) [131].

A recent meta-analysis of 26 trials involving a total of 
13,567 patients, including the data from the NICE SUGAR 
trial, found no mortality benefit to intensive insulin therapy 
in critically ill patients; the pooled RR of death with inten-
sive therapy using insulin drip as compared with moderate 
control using subcutaneous insulin was 0.93 (95% CI, 
0.83–1.04) [132]. However, when analyzed separately, sur-
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gical ICU patients experienced significant benefit (RR, 
0.63; 95% CI, 0.44–0.91), while patients in nonsurgical 
ICUs did not.

Based on these studies, all hospitalized patients are likely 
to benefit from moderate glycemic control, and we recom-
mend the use of intensive glycemic control with an insulin 
drip in surgical ICU patients to reduce the risk of healthcare- 
associated infections, particularly BSI.  However, stringent 
monitoring to avoid severe hypoglycemia is critical, and a 
glycemic target that can be achieved safely should be cho-
sen, generally 120–130 mg/dL.

 Achieving High-Level Compliance 
with Essential Control Measures Through 
Institutional Systems

A multifaceted approach with near-100% compliance is 
essential to consistently and maximally reduce the risk of 
IVDR BSI. The Institute for Healthcare Improvement (IHI) 
has developed the concept of “bundles” to aid in risk reduc-
tion. A bundle, according to the IHI, is a structured way of 
improving the processes of care and patient outcomes using 
a set of practices, generally three to five, which when per-
formed collectively and reliably have been shown to improve 
patient outcomes [133]. The IHI-recommended evidence- 
based bundle for CVC care includes the following: (1) hand 
hygiene before IVD insertion; (2) maximal barrier precau-
tions during the insertion procedure; (3) cutaneous antisep-
sis with CHG; (4) optimal catheter insertion site selection, 
with the subclavian vein the preferred site for CVCs; and (5) 
daily review of continued need for the catheter, with imme-
diate removal when no longer needed [133]. In a pre-post 
trial in 100 Michigan hospitals, Pronovost et al. showed that 
development of effective systems within the hospitals which 
assured a very high level of compliance with the bundle for 
every CVC insertion resulted in a striking reduction in 
IVDR BSI in the individual hospitals over 18 months, with 
a reduction from pre-study baseline at 0–3 months of 0.62 
(95% CI, 0.47–0.81) and at 16–18 months of 0.34 (95% CI, 
0.23–0.5) [13]. These numbers represented an overall 66% 
reduction in rates of IVDR BSI, which was maintained for 
several months [15].

Bhutta et al. undertook a prospective quasi-experimental 
study in a children’s hospital which included the stepwise 
introduction of interventions over a 5-year period [134]. The 
interventions included maximal barrier precautions, a transi-
tion to antibiotic-impregnated CVCs, annual hand washing 
campaigns, and the use of CHG in lieu of povidone-iodine. 
Significant decreases in rates of infection occurred over the 
intervention period and were sustained over a 3-year follow-
 up. Annual rates of CVC-associated BSI decreased from 9.7 
per 1000 days in 1997 to 3.0 per 1000 days in 2005 (RR, 

0.75; 95% CI, 0.35–1.26). The investigators found that mul-
tifaceted interventions of this nature and development of sys-
tems to achieve uniformly high compliance reduce IVDR 
BSI but require strong institutional support.

The recent implementation of a multifaceted approach 
in a pediatric cardiac ICU, which included CVC insertion 
and maintenance bundles, CHG-impregnated dressings, 
nurse and physician education, and the addition of a unit-
based infection control nurse, resulted in a reduction in the 
rate of IVDR BSI from 7.8 to 2.3 infections per 1000 cath-
eter days over a period of less than 2 years [135]. Pronovost 
et  al. have outlined the essential steps to establishing an 
effective institutional system to achieve these recom-
mended results [14].

A recent meta-analysis by Blot et al. also investigated the 
efficacy of quality improvement interventions, including 
personnel education, catheter care bundles, and checklists in 
decreasing CLABSI. Results among the 41 studies showed 
an infection rate decrease (OR, 0.39; 95% CI, 0.33–0.46; 
p  <  0.001), which was more pronounced for trials imple-
menting a bundle or checklist approach (p  =  0.03) [136]. 
These results suggest that quality improvement interventions 
contribute to the prevention of CLABSI.

 Summary

The use of intravascular devices is now standard of care for 
many patients, including transplant recipients. Unfortunately, 
these devices, especially when used in the long term, increase 
the risk of bloodstream infections through external or inter-
nal colonization of the lumen. The key to preventing device- 
related bloodstream infection is establishment of, and strict 
compliance with, a multifaceted approach to consistently 
and maximally reduce the risk of IVDR BSI. This approach 
has largely been streamlined into a few steps called the bun-
dle of care and consists of hand hygiene, use of maximal 
barrier precautions, antisepsis, and removal of the line when 
it is no longer necessary.

In critically ill transplant patients where access is crucial 
and yet difficult to obtain, removal of the infected device 
may not be a feasible option, and catheter salvage is a viable 
alternative. Fortunately, there are now evidence-based rec-
ommendations from guidelines and several recent studies 
that have evaluated the use of salvage therapy, both for pre-
vention and treatment of device-related bacteremia. Among 
the options, the use of antibiotic or antiseptic lock solutions 
in combination with systemic therapy appears to be the most 
promising. Data among the transplant population remains 
scant at this time, and more prospective, randomized con-
trolled trials are needed in the future to evaluate whether cur-
rent recommendations for the general population are 
applicable to this population.
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Surgical Site Infections: Wound 
and Stump Infections

Nasia Safdar, Sara A. M. Zerbel, and Elizabeth Ann Misch

 Background and Prevalence

Surgical site infections (SSI) following transplantation have 
been linked to increased mortality, graft rejection, increased 
length of stay, and increased resource utilization [1, 2]. SSIs 
can be categorized by the anatomical depth at which the 
infection occurs. Superficial SSIs involve the skin and sub-
cutaneous tissue of the surgical incision only. Deep SSIs 
involve the deep soft tissues (e.g., fascia and muscle). Organ/
space infections involve tissue beyond the fascia and muscle 
including the intra-abdominal cavity, solid organs, bone, 
mediastinum, and spinal tissue (see Fig. 14.1). The Centers 
for Disease Control and Prevention’s (CDC) National 
Healthcare Safety Network (NHSN) defines the time frame 
for superficial, deep and organ/space SSIs as occurring 
within the 30 days after surgery for select procedures such 
as if no implant is present. For other procedures, such as if an 
implant is present, deep and organ/space infections can be 
linked back to a surgical procedure for up to 90 days after 
surgery. See Table  14.1 for detailed NHSN definitions of 
SSI.  Rates of SSI vary and can reach as high as 37% for 
some transplant procedures [3]. The risk of infection depends 
greatly on type of surgery and patient-specific factors. A 
number of factors predispose transplant patients to SSI 

including immunosuppression, reoperation, diabetes, and 
obesity [4–13]. The route of infection is dependent on the 
type of transplant surgery and may be both endogenous and 
exogenous sources. Microorganisms in posttransplant SSIs 
are primarily bacterial; however, fungal infections may also 
play a role [14–16]. Multidrug-resistant organisms are an 
increasingly common culprit in SSI [9–11] in this population 
due to a heavy exposure to the healthcare system, use of pro-
phylactic antibiotics, and immunosuppression. There are few 
guidelines to direct therapy. In general, management with 
debridement alone is not sufficient in the transplant popula-
tion, due to impaired host defenses. Culture or PCR of tis-
sues is critical to diagnose resistant or unexpected pathogens. 
Depending upon local epidemiology and site of infection, 
antibiotics to target resistant Gram-positive and Gram- 
negative organisms (including Pseudomonas), Candida, and, 
on occasion, Aspergillus, may be necessary. Measures to pre-
vent SSI during the preoperative, intraoperative, and postop-
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erative period should be evidence-based and incorporated 
into hospital quality control initiatives.

The incidence of SSI as published by NHSN is 3.28% in 
patients undergoing heart transplant, 3.67–6.57% for kidney 
transplant, and 11.61–20.10% for liver transplant [18] 

(Table 14.2). A prospective study of 113 living-donor liver 
transplant recipients showed an SSI rate of 37%, with intra- 
abdominal abscess and peritonitis as the most common 
infections [3].

 Major Risk Factors for SSI

Patients undergoing solid organ transplant are at an increased 
risk for development of SSI. A number of factors are known 
to increase the risk for infection in the transplant population 
including immunosuppression, recurrent rejection, reopera-
tion, diabetes mellitus, and obesity [3, 8–11, 19–21]. The 
CDC uses the following equation to estimate risk for SSI:

 

Dose of bacterial contamination virulence

Resistance of the

×
  host patient

Risk of SSI=

 Immunosuppression

The last two decades have witnessed tremendous advances 
in transplantation including the development of drugs that 
suppress the body’s immune system to aid the transplant 
and long-term acceptance of allogeneic tissue. However, 
these drugs simultaneously create an environment within 
the body that allows invasion by opportunistic pathogens 
[4, 22]. Environmental and skin organisms that offer little 
risk to patients with intact immune systems may colonize 
and infect immunosuppressed patients. In addition, due to 
immunosuppression, symptoms and signs of SSI may be 
attenuated in transplant patients. With a suboptimal immune 
response, redness, heat, and swelling may not be present as 
they would be in a patient with an intact immune system. 
With a lack of early symptoms, SSIs in immunosuppressed 
transplant patients are at risk for staying undetected until 
they become more severe. Patients undergoing transplant of 
cadaveric allografts are additionally at an increased risk for 
infection due to the elevated level of immunosuppression 
required for acceptance of the transplanted organ. Because 
of the high risk of infection in immunosuppressed patients, 
it is advisable to complete a comprehensive preoperative 
physical to evaluate for sources of potential current or pre-
vious infection and successfully treat any infections prior 
to surgery.

Table 14.1 CDC’s NHSN definition of SSI [17]

A superficial incisional SSI must meet each of the following criteria:
  1. Infection occurs within 30 days after operative procedure
  2. Involves only skin and subcutaneous tissue of the incision
  3. Patient has at least one of the following:
   a. Purulent drainage from the superficial incision
   b.  Organisms isolated from an aseptically obtained culture of 

fluid or tissue from the superficial incision
   c.  At least one of the following signs or symptoms of infection: 

pain or tenderness, localized swelling, redness, or heat, and 
superficial incision are deliberately opened by surgeon and 
are culture-positive or not cultured. A culture-negative finding 
does not meet this criterion

   d.  Diagnosis of superficial incisional SSI by the surgeon or 
attending physician

A deep incisional SSI must meet each of the following criteria:
 1.  Infection occurs within 30 days after the operative procedure 

for select procedures or within 90 days for others (such as if an 
implant is in place) and the infection appears to be related to the 
operative procedure

  2.  Involves deep soft tissues (e.g., fascial and muscle layers) of the 
incision

  3. Patient has at least one of the following:
   a.  Purulent drainage from the deep incision but not from the 

organ/space component of the surgical site
   b.  A deep incision spontaneously dehisces or is deliberately 

opened by a surgeon and is culture-positive or not cultured, 
and the patient has at least one of the following signs or 
symptoms: fever (>38 °C), or localized pain or tenderness. A 
culture-negative finding does not meet this criterion

   c.  An abscess or other evidence of infection involving the deep 
incision is found on direct examination, during reoperation, 
or by histopathologic or radiographic examination

   d.  Diagnosis of a deep incisional SSI by a surgeon or attending 
physician

An organ/space SSI must meet each of the following criteria:
  1.  Infection occurs within 30 days after the operative 

procedure for select procedures e or within 90 days for others  
(such as if an implant is in place) and the infection appears to 
be related to the operative procedure

  2.  Infection involves any part of the body, excluding the skin 
incision, fascia, or muscle layers, that is opened or manipulated 
during the operative procedure

  3.  Patient has at least one of the following:
   a.  Purulent drainage from a drain that is placed through a stab 

wound into the organ/space
   b.  Organisms isolated from an aseptically obtained culture of 

fluid or tissue in the organ/space
   c.  An abscess or other evidence of infection involving the organ/

space that is found on direct examination, during reoperation, 
or by histopathologic or radiologic examination

   d.  Diagnosis of an organ/space SSI by a surgeon or attending 
physician

Reprinted from Mangram et  al. [17], © 1999, with permission from 
Elsevier

Table 14.2 Posttransplant SSI rates [3, 18]

Organ transplanted Published SSI range Source
Living-donor liver transplant 37% Iinuma et al. [3]
Liver transplant 11.61–20.10% NHSN [18]
Heart transplant 3.28% NHSN [18]
Kidney transplant 3.67–6.57% NHSN [18]

N. Safdar et al.



267

 Repeat Surgery

Each time a surgical incision is made, there is a risk for 
contamination with endogenous organisms which conse-
quently increases the risk for infection. Reoperation at the 
allograft site presents a unique risk for SSI [10, 23]. 
Patients undergoing reoperation for transplantation are 
more likely to be highly immunosuppressed in an effort to 
save the transplanted organ. They are also very likely to 
have a number of comorbidities that will impact wound 
healing. In addition, rejection of a transplanted organ 
often leads to tissue necrosis which can fuel an organ/
space infection at the site of the transplant. Anastomotic 
leaks followed by repeat surgery have also been shown to 
greatly increase the risk of infection in liver transplant 
patients [1].

 Diabetes Mellitus

Diabetes mellitus adds to the risk of SSI, and with a high 
incidence in renal and pancreas transplant patients, it can be 
a common factor in many transplant patients. In a retrospec-
tive study of 680 liver transplant patients, Park et al. found 
that severe hyperglycemia was independently associated 
with SSI following liver transplantation [24]. Additionally, a 
prospective study of 1400 kidney transplant patients showed 
that diabetic patients were at increased risk of developing 
incisional SSIs after surgery [20]. Although diabetes mellitus 
is an immutable patient factor, perioperative blood glucose 
levels can be monitored and strictly controlled, which may 
reduce SSI and improve outcomes.

 Obesity

Many studies have linked obesity with a number of comor-
bidities, including heart disease, diabetes, cancer, vascular 
disease, hypertension, and, with these, an increased risk of 
postoperative wound infection. In addition to the comorbidi-
ties that often coexist with obesity, there is an increased risk 
of suboptimal or underdosing of preoperative antibiotic pro-
phylaxis, as well as concerns regarding postoperative wound 
care. A review by Holley et  al. showed that the most fre-
quently reported postrenal transplant complication in obese 
patients (BMI ≥30) was wound infection and wound disrup-
tion [13]. In another review by Johnson et al., obese patients 
(BMI >30) were more likely to experience postrenal trans-
plant superficial wound breakdown and wound dehiscence 
[19]. Due to the increased risk for postoperative wound 
infection in obese patients, an attempt at significant weight 
reduction prior to surgery may be indicated for optimal 
outcomes.

 Mechanism of Surgical Site Infection

 Type of Transplant

Risks for SSI vary greatly depending on the type of trans-
plant procedure (Table 14.2). Surgery at a sterile body site as 
in heart transplant is generally lower risk for a SSI than sur-
gery at body sites that can be more easily contaminated by 
the endogenous bacteria of the gastrointestinal tract, respira-
tory tract, or genitourinary tract. The CDC describes four 
types of wound classifications: (1) clean, (2) clean contami-
nated, (3) contaminated, and (4) dirty/infected (see 
Table 14.3) [17]. Heart and pancreas transplants are gener-
ally considered clean wounds. However, lung, kidney, intes-
tine, and liver transplants are generally considered clean 
contaminated. If bile or urine is infected, then a liver or kid-
ney transplant, respectively, is considered contaminated. 
This risk for infection is lowest for clean wounds and highest 
for dirty wounds.

 Endogenous Sources

As described previously, the risk for SSI is directly related to 
the level of microorganism contamination at the wound site. 

Table 14.3 Surgical wound classification [17]

Wound class Definition
Class I/clean An uninfected operative wound in which no 

inflammation is encountered and the respiratory, 
alimentary, genital, or uninfected urinary tract is not 
entered. In addition, clean wounds are primarily 
closed and, if necessary, drained with closed 
drainage. Operative incisional wounds that follow 
non-penetrating (blunt) trauma should be included 
in this category if they meet the criteria

Class II/
clean- 
contaminated

An operative wound in which the respiratory, 
alimentary, genital, or urinary tracts are entered 
under controlled conditions and without unusual 
contamination. Specifically, operations involving 
the biliary tract, appendix, vagina, and oropharynx 
are included in this category, provided no evidence 
of infection or major break in technique is 
encountered

Class III/
contaminated

Open, fresh, accidental wounds. In addition, 
operations with major breaks in sterile technique 
(e.g., open cardiac massage) or gross spillage from 
the GI tract, and incisions in which acute, non- 
purulent inflammation is encountered are included 
in this category

Class IV/
dirty-infected

Old traumatic wounds with retained devitalized 
tissue and those that involve existing clinical 
infection or perforated viscera. This definition 
suggests that the organisms causing postoperative 
infection were present in the operative field before 
the operation

Reprinted from Mangram et  al. [17], © 1999, with permission from 
Elsevier
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When a SSI does develop after a clean wound procedure, the 
infecting organism is much more likely to be endogenous 
normal skin flora. In particular, Gram-positive bacteria and 
especially Staphylococcus species dominate as the causative 
agent of infections after clean procedures. Alternatively, with 
clean-contaminated procedures, the causative agent is much 
more likely to be endogenous flora of the respiratory, gastro-
intestinal, or genitourinary tract depending on the type of 
surgery. The antibiotic chosen for surgical prophylaxis must 
take into consideration the wound class as well as the type 
and location of surgery.

 Exogenous Sources

Most sources of SSI originate from endogenous normal flora 
and asymptomatic and symptomatic infections that are pres-
ent at the time of surgery. However, lapses in surgical tech-
nique, hand hygiene compliance, postoperative wound care 
procedures, and postoperative infections from invasive 
devices are also contributing factors to the risk of SSI. Given 
the depressed immune status of the transplant patient, any 
number of exogenous sources could lead to a postoperative 
wound infection.

 Early Onset

In general, infections that occur within the first week of sur-
gery and are organ/space infections are a result of anastomotic 
leaks or other contamination of the open surgical site during 
surgery by endogenous or exogenous sources. These types of 
infections generally require, at minimum, drainage of fluid 
collections and possibly repeat surgery. Since the symptoms 
of SSI can be obscured by immunosuppression, there should 
be a high level of suspicion for SSI if a patient develops even 
a slightly elevated white blood cell count or fever.

 Late Onset

SSIs that develop after the first two postoperative weeks can 
have a variety of sources. Postoperative wound care in com-
bination with immunosuppression therapy can play an 
important role in these late-onset infections. Late-onset 
organ/space infections in posttransplant patients could be 
related to rejection of the transplanted organ. In addition, for 
surgery that involves an implant, deep and organ/space infec-
tions may develop as far out as several weeks after sur-
gery. An example of late onset SSI might be a deep sternal 
wound infection and mediastinitis after heart and lung trans-
plant,  since sternal wires are considered implants by the 
CDC definition.

 Diagnosis

The clinical presentation of SSI in immune-compromised 
(IC) patients may be attenuated in comparison to the normal 
host. In heart transplant patients, for example, sternal dehis-
cence, fever (approximately 25–30% of patients), or pain out 
of proportion to that expected following a sternotomy inci-
sion may be the only indicator of an infection at the operative 
site [9, 25, 26]. In a series of liver transplant recipients, leu-
kocytosis and fever were seen in only 53% and 34%, respec-
tively, of patients [12]. Clinicians should be aware that the 
differential diagnosis of skin and soft tissue infection in IC 
patients includes routine (Staphylococcus, Streptococcus, 
Gram-negative organisms, Clostridium) as well as atypical 
pathogens (yeasts, mold, mycobacteria) [27–32] and sys-
temic, noninfectious syndromes (drug eruption, pyoderma 
gangrenosum, and Sweet’s syndrome, among others) [33–
35]. Thus, patients who fail to respond to empiric antibiotics 
may require biopsy of the involved tissue to direct therapy 
toward a proven pathogen or establish an alternate diagnosis. 
Material can be obtained during debridement or through a 
separate procedure (punch biopsy) and should be  sent for 
bacterial Gram stain and stains for fungal,  acid-fast, and 
modified acid-fast organisms. Tissue should be submitted 
separately to the microbiology laboratory, for bacterial, fun-
gal, and mycobacterial culture, and to pathology (fresh fro-
zen section and fixed sections). Immunohistochemistry, 
PCR, and special stains can be added onto fresh or fixed tis-
sues and may permit more rapid diagnosis of pathogens (e.g., 
cytomegalovirus, fungi, mycobacteria). Histological evi-
dence of inflammation may be scant even in cases of proven 
infection.

 Microbiology

Recent case series of SSIs in liver transplant recipients 
emphasize a shift toward a predominance of Gram-negative 
pathogens, Enterococcus (often vancomycin-resistant), and 
drug-resistant Gram-positive and Gram-negative bacteria. 
Candida species are also reported [36–39]. In patients who 
received either small bowel or multivisceral transplant, 57% 
experienced an SSI within 30 days of surgery, with Gram- 
negative and Gram-positive organisms and Candida repre-
sented [40]. SSIs in kidney transplant recipients frequently 
involve Gram-positive bacteria, specifically, Staphylococci 
and Enterococci [8, 23, 41]. Frequent rates of Gram-positive 
organisms and Candida are reported in some series of post-
operative wound infections in kidney-pancreas transplant 
patients [21, 42], while a predominance of Gram-negative 
organisms has been reported in others [20]. Heart transplant 
patients have high rates of SSIs, with incidences of 8–15% 
[38, 43]. Staphylococci, methicillin-resistant Staphylococcus 
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aureus, and Candida species are commonly isolated, but 
Gram-negative organisms are also encountered [9, 25, 44–
46]. Microbiological data on SSIs in the lung transplant pop-
ulation is particularly lacking. In a single study of 31 “deep” 
SSIs occurring after lung transplantation [47], MSSA, 
MRSA, Enterococcus, Pseudomonas, and other Gram- 
negative bacteria, mycobacteria, and molds were identified.

 Treatment

Most of the studies cited above are retrospective and offer 
few insights as to the comparative effectiveness of different 
antibiotic regimens for prophylaxis or treatment of SSIs. 
Treatment of SSIs in transplant patients is not standardized, 
in part because the microbiology is different than for non- 
transplant surgery and has not been as systematically sur-
veyed. Existing guidelines for the treatment of SSIs in 
general surgical patients [48] may not be fully applicable to 
the transplant setting, where methicillin-resistant 
Staphylococci, vancomycin-resistant Enterococci SSIs, and 
multidrug-resistant pathogens are frequently encountered 
and mortality rates can be as high as 30% [44]. For immu-
nocompetent patients, opening and draining the wound is 
the cornerstone of management. Antibiotics are then added 
if there is evidence of a “significant systemic response,” 
such as redness, tissue induration, fever, tachycardia, or 
leukocytosis [48]. By contrast, in transplant patients the 
inflammatory response is markedly blunted in the first 
30  days after transplant. Since systemic signs may be 
masked in this population, antibiotics are considered man-
datory for the treatment of SSI. In general, tissue should be 
promptly sampled and treatment should be guided by 
organisms recovered on culture. When empiric, antibiotic 
selection should be broad and informed by the available 
epidemiology. For example, given that Gram-positive bac-
teria, including MRSA, Candida, and Gram-negative bac-
teria are reported in SSI series of heart transplant patients, 
an empiric antibiotic regimen could reasonably include 
vancomycin, linezolid, daptomycin, telavancin, or ceftaro-
line, an antifungal agent (an echinocandin or fluconazole), 
and an extended-spectrum beta-lactam, third- or fourth-
generation cephalosporin, or antipseudomonal carbapenem 
for Gram-negative pathogens. If institution- specific epide-
miology suggests high rates of MDROs, antibiotic cover-
age of Gram-negative organisms should be designed using 
local antibiograms.

Other critical aspects of management include drainage of 
associated collections (by catheter, needle aspiration, or sur-
gery), repair of anastomotic leaks, and the debridement of 
necrotic or unviable tissue. Infrequently, the dose of immu-
nosuppressive medications may need to be reduced, rais-
ing the prospect of graft loss.

 Prevention

Despite the increased risk for SSI associated with transplant 
surgery, there are measures that can be taken to reduce 
the incidence of SSI in this patient population. Dosing and 
choice of preoperative antibiotic, careful surgical technique 
to minimize tissue damage, nutritional support, surgical site 
antisepsis, and postoperative wound care are among the key 
areas for SSI prevention.

 Preoperative

 Screening for Infection and Colonization
A thorough preoperative history and physical should be 
completed to inspect for active infections at surgical or 
remote body sites. If possible, surgery should be delayed 
until infections are treated. Transplant centers should rou-
tinely evaluate transplant candidates for potential coloniza-
tion with multidrug resistant organisms.  Individuals who 
have had recent lengthy hospitalizations, live in a long term 
care environment, have been on multiple courses of antibi-
otic treatment, or have been incarcerated are all at higher risk 
for colonization with drug-resistant organisms. A patient 
with a history of MRSA could undergo a decolonization pro-
tocol prior to surgery to reduce the risk of infection with the 
colonizing organism [49]. Active screening for MDROs may 
be indicated when protocols for decolonization of known 
carriers are in place. Type of surgery and sources for poten-
tial infection should be considered when developing such 
protocols. Generally MRSA decolonization protocols are 
more effective when used for clean procedures  in which 
Staphylococcal species are more likely to cause infection.

 Antiseptic Preoperative Bath or Shower
Some studies have shown a benefit of preoperative skin 
bathing with the antiseptic agent chlorhexidine gluconate 
(CHG). Bathing with CHG the night before and the morn-
ing of surgery has been shown to decrease risk of bacterial 
colonization at the site, but studies have not consistently 
found a major effect on SSI [50]. Additionally, some stud-
ies support the use of a CHG-impregnated cloth, which is 
used to apply CHG to the skin where it is then left to dry. 
Leaving the CHG on the skin may have an increased ben-
efit as compared to washing  it away,  especially in clean 
procedures where normal skin flora is often the etiological 
agent of SSI.

 Preoperative Hair Removal
A number of studies confirm that hair removal should not be 
performed unless the hair at the surgical site will interfere 
with the operative procedure. If the hair must be removed, it 
should not be shaved. Shaving produces small nicks and cuts 
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in the skin that can serve as a portal of entry for microorgan-
isms. Clipping the hair or using depilatory creams has been 
shown to lower the risk of SSI as compared to shaving. 
Furthermore, the Association for Perioperative Registered 
Nurses (AORN) guidelines state that preoperative hair 
removal should take place outside the operating suite to pre-
vent contamination of the sterile field.

 Tobacco Cessation
A link has been shown between the use of nicotine and an 
increased risk of SSI through delayed wound healing. 
Tobacco cessation should be encouraged preoperatively. The 
CDC recommends that patients be instructed to abstain from 
products containing nicotine for at least 30 days before elec-
tive operation.

 Wash and Prep the Incision Site
In an effort to reduce bacterial load on the skin prior to sur-
gery, the patient’s skin should be washed and cleaned around 
the incision site. This should be followed with the applica-
tion of a surgical prep that is allowed to dry on the skin. The 
use of products containing alcohol in addition to CHG or 
povidone iodine has shown superior results in prevention of 
SSI in comparison to aqueous povidone iodine alone [51].

 Prophylactic Antibiotic Choice and Timing
The most effective time for antibiotic administration is 
within 30 min prior to incision. Between 1 and 2 h prior to 
incision is effective for vancomycin and fluoroquinolones. 
Prophylactic antibiotic choice depends primarily on the sight 
of infection and likely bacterial contaminants. For clean pro-
cedures, it is important to cover for Gram-positive  organ-
isms, whereas clean-contaminated procedures that could 
involve gastrointestinal flora should cover for Gram-negative 
anaerobes. Antibiotic dosing will depend on patient’s weight 
and creatinine clearance [52].

 Intraoperative

 Antibiotic Re-dosing
Antibiotic re-dosing should be completed as appropriate for 
long surgeries. Generally re-dosing is indicated when the 
half-life of the given prophylactic antibiotic is reached. 
Antibiotic re-dosing is also indicated when there is a high 
volume of blood loss (>1500 mL) and should also take into 
account patient renal function [52].

 Temperature Management
Research has shown that the incidence of SSI is significantly 
increased in hypothermic patients undergoing surgery [53]. 
Hypothermia, even when mild, results in subcutaneous vaso-
constriction which causes tissues hypoxia. When the cells of 

the immune system cannot reach the tissue, the risk for infec-
tion is elevated. All efforts should be made to maintain a 
minimum body temperature of 36 °C. This can be achieved 
through advanced technology in active warming devices 
such as a Bair Hugger or similar device.

 Technique
In a retrospective review of 166 liver transplant patients who 
developed SSI at  a single hospital from 2003 to 2008, 
Hellinger et al. found an association between SSI rate and 
surgeon that was independent of all other risk factors evalu-
ated [54]. Wound closure technique can play a role in risk for 
SSI. Tissue damage can also impact the rate of SSI. Excessive 
tissue injury, which can be caused by overuse of electrocau-
tery, has been shown to elevate the risk for SSI.  Surgical 
techniques such as multilayered wound closure that prevent 
the occurrence of dead spaces have also been shown to 
decrease the risk of wound infection.

 Postoperative

 Control of Serum Blood Glucose
A number of studies have linked diabetes mellitus to poor 
wound healing and an increased risk for postoperative wound 
infection [5]. Taking this one step further, research in dia-
betic patients showed that controlled serum blood glucose 
levels after open heart surgery are linked to a reduction in 
SSI [7]. Efforts should be made to control blood glucose 
perioperatively at a level less than 200 mg/dl.

 Wound Care
Protecting the surgical wound from contamination leads to a 
decreased risk of SSI. Surgical wounds that have been closed 
primarily should be covered with a sterile dressing for 
24–48 h. Hand hygiene should be performed before and after 
dressing changes. Sterile technique should be used when 
changing surgical incision dressings. The patient and family 
should be educated regarding proper wound care and symp-
toms of SSI prior to discharge from the hospital.

 The Role of the Environment

The preoperative, intraoperative, and postoperative environ-
ment should be a particular focus for transplant patients due 
to their diminished immune response. Preoperatively, 
patients with suppressed immune systems should be roomed 
in a protective environment with HEPA-filtered positive 
pressure airflow whenever possible to prevent opportunistic 
infections prior to surgery. In the OR suite, as with any surgi-
cal procedure, the air should be HEPA-filtered and air flow 
should be positive to the hall, with minimal traffic into the 
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OR during the case. After surgery, the patient should ideally 
return to a protective environment where environmental con-
tamination can be kept to a minimum. Protective precautions 
policies for immunosuppressed patients should incorporate 
HVAC controls and the use of personal protective equipment 
for the patient and staff, and prohibit plants and flowers from 
the patient’s environment.

 Summary

Advances in immunosuppressive therapies have led to suc-
cess in transplantation outcomes. However, infections remain 
a challenge for this population. SSIs are a common compli-
cation of transplantation and can range from superficial skin 
and subcutaneous tissue infections to deep and organ/space 
infections. Multiple factors play a role in the increased risk 
of SSI among transplant patients, including immunosuppres-
sion, repeat surgeries, diabetes mellitus, and obesity. The 
mechanism of post-transplant SSI can vary depending on the 
organ, with the possibility of both endogenous and exoge-
nous sources for bacterial and fungal contamination. SSIs 
generally present within the first 30 days after transplant and 
can be related to contamination with normal body flora dur-
ing incision or leaks at the site of anastomosis. Organisms 
involved in SSIs are generally bacterial, but fungal organ-
isms also play a role. Multidrug-resistant organisms are 
increasingly common in the transplant population. Guidelines 
for antibiotic therapy are lacking. We believe tissue sampling 
is essential to direct antibiotic selection. Empiric regimens 
should be broad and cover resistant Gram-positive (MRSA, 
VRE), resistant Gram-negative organisms and, depending 
upon the site of infection, fungal pathogens. Prevention of 
SSIs should focus on preoperative, intraoperative, and post-
operative periods and use evidence-based practices, includ-
ing preoperative assessments for infection and colonization 
with pathogenic organisms, surgical site preparation, tobacco 
cessation, antibiotic prophylaxis, surgical technique, and 
wound care.
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Endovascular Infections 
and Endocarditis

Walter Zingg and Didier Pittet

Introduction

Acute bloodstream infection (BSI) is one of the most severe 
forms of infection. BSI may be primary or secondary and 
community-acquired or healthcare-associated. BSI is fre-
quently observed among immunocompromised and critically 
ill patients, but is rarely asymptomatic and may be associated 
with multiple organ failure [1–3]. Infective endocarditis (IE) 
is either acute or subacute, the latter being more common 
with underlying vascular disease.

The term “bloodstream infection” includes all forms of 
microbiologically confirmed or non-confirmed bacteremia 
and fungemia. Acute BSI should be distinguished from septi-
cemia, clinical sepsis, and sepsis, which refer to clinical syn-
dromes. Definitions are summarized in Table 15.1 [8]. Strictly 
speaking, IE is a BSI variant, but for practical reasons, it is 
often considered a separate entity. Diagnosis of IE follows the 
modified Duke criteria as outlined in Table 15.2 [9].

 Epidemiology

Severe sepsis is not rare (3/1000 population; 2.3/100 hospital 
discharges), and particularly frequent in the elderly with an 
incidence increasing by >100-fold with age (0.2/1000  in 
children compared to 26.2/1000  in persons >85 years old) 
[10]. It is an expensive (US$ 22,100/case) and potentially 
fatal condition (28.6%). Laboratory-confirmed BSI accounts 
for 30–40% of all cases of severe sepsis and septic shock. In 
the healthcare setting, BSI contributes to 12–15% of all 
healthcare-associated infections (HAI) as reported in the 
European Prevalence of Infection in Intensive Care (EPIC) 
studies [11–13]. Almost half of all positive blood cultures in 

the hospital setting are due to healthcare-associated BSI 
[14]. Of these, most are primary and associated with central 
catheter use [15].

Most surveillance systems today, such as the United 
States National Healthcare Safety Network (NHSN), the 
German Krankenhaus Infektions Surveillance System 
(KISS), or the International Nosocomial Infection Control 
Consortium (INICC), focus on catheter-associated, 
laboratory- confirmed, primary BSI (CLABSI), with rates 
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Table 15.1 Definitions of bloodstream infections [4–6]

Type Criteria
Positive 
blood  
culture

Pathogens identified from one or more blood cultures

Laboratory- 
confirmed 
BSI

One or more positive blood cultures with a recognized 
pathogen; or common skin contaminant (diphteroids, 
Bacillus spp., Propionibacterium spp., coagulase- 
negative staphylococci, or micrococci) cultured from 
two or more blood cultures obtained on separate 
occasions, and at least one of the following signs or 
symptoms: fever (>100.4 °F [38 °C]) or hypothermia 
(<98.6 °F [37 °C]); chills; low blood pressure (systolic 
blood pressure ≤90 mm Hg or a decrease >40 mm Hg 
from baseline)

Primary BSI Laboratory-confirmed BSI occurring without a 
documented distal source of infection, but including 
those associated or related with an intravascular device 

Secondary 
BSI

Laboratory-confirmed BSI occurring in the presence 
of a documented distal source of infection

Catheter- 
associated 
BSI

Primary BSI and presence (>2 calendar days) of an 
intravascular device

Catheter- 
related BSI

Primary BSI and at least one of the following: positive 
semiquantitative culture of the catheter (>15 CFU/
catheter segment) with the same organism; [4] positive 
quantitative culture of the catheter (>103 CFU/catheter 
segment) with the same organism; [7] quantitative 
blood cultures obtained from the catheter and a 
peripheral vein with a ≥5: 1 ratio (catheter versus 
peripheral vein); [5] or differential time to positivity 
>2h of blood cultures simultaneously obtained from 
the catheter and a peripheral vein [6]

BSI bloodstream infection, CFU colony-forming unit
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reported as episodes per 1000 device-days. CLABSI inci-
dence density rates are known to be high in the intensive care 
unit (ICU), but non-ICU settings may have similar rates 
(Table  15.3) [16–29, 31–35]. The large differences among 
studies reporting on CLABSI are due to variable definitions 
and reporting systems. Thus, comparison and benchmarking 
should be performed with caution [36, 37].

Severe sepsis and septic shock are associated with 
increased morbidity, end-organ dysfunction, and risk of 
death [38]. Clinical sepsis has been reported to represent up 

to two- thirds of CLABSI, and focusing on microbiologically 
documented BSI may underestimate true CLABSI rates [15]. 
However, surveillance of clinical sepsis has been mostly 
abandoned because the definition of this infection leaves too 
much room for interpretation and is resource demanding 
[15]. The exception to this rule is BSI-surveillance in the 
neonatal intensive care unit (NICU) because blood cultures 
from neonates are often unreliable [39]. In adults, false- 
negative blood cultures are most likely due to previous anti-
biotic treatment.

Table 15.2 Infective endocarditis: modified Duke criteria

Major criteria
Blood culture positive for IE
  Typical microorganisms consistent with IE from 2 separate blood cultures:
   Viridans streptococci, Streptococcus bovis, HACEK group, Staphylococcus aureus
   Community-acquired enterococci in the absence of a primary focus
  Microorganisms consistent with IE from persistently positive blood cultures, defined as follows:
   At least 2 positive cultures of blood samples obtained >12 h apart
   All of 3 or a majority of >4 separate cultures of blood (with first and last sample obtained at least 1 h apart)
  Single positive blood culture for Coxiella burnetii or IgG antibody titer >1: 800
Evidence of endocardial involvement
Echocardiogram positive for IE (TEE recommended in patients with prosthetic valves, rated at least “possible IE” by clinical criteria, or 
complicated IE [paravalvular abscess]; TTE as first test in other patients), defined as follows:
  Oscillating intracardiac mass on valve or supporting structures in the path of regurgitant jets or on implanted material in the absence of an 

alternative anatomic explanation
  Abscess
  New partial dehiscence of prosthetic valve
New valvular regurgitation (worsening or changing of pre-existing murmur not sufficient)
Minor criteria
Predisposition, predisposing heart condition, or injection drug use
Fever (temperature >38 °C)
Vascular phenomena, major arterial emboli, septic pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival hemorrhages, 
and Janeway lesions
Immunologic phenomena: glomerulonephritis, Osler’s nodes, Roth’s spots, and rheumatoid factor
Microbiological evidence: positive blood culture, but does not meet a major criterion as noted abovea or serological evidence of active infection 
with an organism consistent with IE
Echocardiographic minor criteria eliminated
Definite infective endocarditis
Pathologic criteria
1.  Microorganisms demonstrated by culture or histologic examination of a vegetation, a vegetation that has embolized or an intracardiac 

abscess specimen
2. Pathologic lesions; vegetation or intracardiac abscess confirmed by histologic examination showing active endocarditis
Clinical criteria
1. 2 major criteria
2. 1 major criterion and 3 minor criteria
3. 5 minor criteria
Possible infective endocarditis
1. 1 major criterion and 1 minor criterion
2. 3 minor criteria
Rejected
1. Firm alternate diagnosis explaining evidence of infective endocarditis
2. Resolution of infective endocarditis syndrome with antibiotic therapy for <4 days
3. No pathologic evidence of infective endocarditis at surgery or autopsy, with antibiotic therapy for <4 days
4. Does not meet the criteria for possible infective endocarditis as detailed above

aExcludes single positive cultures for coagulase-negative staphylococci and organisms that do not cause endocarditis HACEK Haemo philus para-
influenzae, H. aphrophilus, Actinobacillus actinomycetemcomitans, Cardiobacterium homi nis, Eikenella corrodens, and Kingella kingae, IE 
infective endocarditis, TEE trans-esophageal echoca rdiography, TTE trans-thoracic echocardiography
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Patients with BSI have higher mortality compared to 
those without BSI [17, 40]. Attributable mortality from 
CLABSI is between 2% and 35% [41]. Healthcare-associated 
BSI, particularly CLABSI, is associated with morbidity, pro-
longed length of hospital stay, and increased resource utiliza-
tion in almost all groups of patients [1, 16, 17, 31–33, 41–51]. 
Interestingly, mortality from secondary BSI is higher com-
pared to primary BSI (29–45% vs. 18–29%, respectively). 
Furthermore, mortality from CLABSI is lower than mortal-
ity from  other primary BSI (15–26% vs. 18–29%, respec-
tively) [17, 40]. Although the reason for this remains unclear, 
delayed antibiotic therapy for community-acquired BSI and 
serious comorbidities in the context of secondary BSI may 
partially explain such trends. Microbiological factors have 
been found to be important in the context of mortality among 
patients with healthcare-associated BSI, even after adjust-
ment for major confounders such as patients’ underlying 
conditions [40]. Pathogens independently associated with 
mortality include Candida spp. and Pseudomonas aerugi-
nosa. Coagulase-negative staphylococci (CoNS) are less 
associated with mortality compared to other pathogens, 
although they are the most frequently isolated [40].

BSI is the most frequent type of infection in patients after 
hematopoietic stem cell transplantation (HSCT) with rates of 
approximately 11–19 per 1000 neutropenic days [52, 53]. Most 
BSI occur within the first 30 days after transplantation. In this 
period, there is no difference in BSI between allogeneic and 
autologous transplants, most likely due to neutropenia, which is 
similar in both groups [54]. Prolonged neutropenia is the most 
important risk factor for BSI and attributable mortality [54–56]. 
In the long term, BSI occurs almost exclusively in allogeneic 
transplant patients because of the prevention and treatment of 
graft-versus-host disease with immunosuppressive drugs [57].

IE accounts for about 1% of all cases of severe sepsis 
[10]. The estimated incidence is 3–10/100,000 patient-years 
with a low incidence in childhood and a peak incidence up to 
15/100,000 patient-years in the elderly [58–66]. The inci-
dence among children has been estimated at around 0.2–
1.25/1000 hospital admissions, with an average age of 
5–13 years [67–70]. Historically, the most important reason 
for IE was rheumatic heart disease. However, it has been 
estimated that the proportion of IE patients with this disease 
has decreased by 12% per decade, while the proportion of IE 
patients after valve surgery has increased by 9% in the same 
period [71]. Mortality from IE is approximately 20–25% 
during hospitalization, and up to one-third in the 1st year 
[10, 59, 63–65, 72]. Immunosuppressed and hemodialysis 
patients are particularly at risk [64]. In general, IE is a rather 
rare event after solid organ transplantation (SOT), but the 
overall incidence is still higher compared to the general pop-
ulation [73–75]. By contrast, IE is frequent (1.5%) after 
heart transplantation with an exceptionally high mortality of 
up to 80% and a dramatic reduction of the survival rate from 
9.3 to 1.4 years [76]. The annual incidence of IE among pros-
thetic valve recipients is 1–4% [77]. Patients with prosthetic 
valves and a history of past IE have the highest risk for recur-
rent IE. Other risk factors for IE include congenital malfor-
mations, rheumatic fever, degenerative valve lesions, and 
even mitral valve prolapse [78]. Although the individual risk 
of IE from mitral valve prolapse is small, the high prevalence 
of this heart condition in the general population makes it rel-
evant. Among congenital malformations, the ventricular sep-
tal defect is particularly of risk due to high blood flow and 
pressure gradients [81]. In recent years, intravenous drug use 
and healthcare-associated bacteremia have been recognized 
as emerging risk factors for IE [79, 80]. 

Table 15.3 Incidence of healthcare-associated bloodstream infections in various healthcare settings [16–30]

Report No. of hospitals Type of hospital Per 1000 admissions or discharges Per 1000 patient-days Per 1000 device-days
Hospital-wide series
Brun-Buissona [16] 24 Any 4.4 – –
Banerjee [19] 124 Community 1.3 – –
Banerjee [19] 124 University 6.5 – –
Pittet [30] 1 University 13.2 1.5 –
Marschall [27] 1 Teaching – 1.3 5.7
Zingg [28] 1 University – 0.2 4.2
ICU series
Richards [25] 205 mixed Any 7.5 2.4 –
Legras [26] 5 mixed Any 48 3.8 –
Renaud [17] 15 mixed Any 33.8 4.5 –
Richards [20] 112 medical Any 16.3 4.1 –
Richards [21] 61 pediatric Any 14.6 3.7 –
Raymond [22] 20 pediatric Any 8.9 3.4 –
Gastmeier [23] 72 pediatric Any – 2.1 –
Gilio [24] 1 pediatric University 6 1.5 –
Richards [18] 93 coronary Any 4.8 1.7 6.3
Zingg [29] 1 mixed University – 4.7 2.3

aBoth community-acquired and healthcare-associated infections were reported together
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 Pathogenesis

Microorganisms are not likely to attach to the vascular 
endothelium. However, host factors and cofactors such as 
fibrinogen, fibronectin, calcium, magnesium, and iron 
facilitate bacteria attachment on foreign material, such as 
intravascular catheters [82–92]. Streptococci possess 
fibronectin- binding proteins, platelet-aggregating factors 
and glucans, which facilitate adherence to endocardial 
lesions and vegetations [93]. Staphylococcus aureus 
adheres to host-tissue ligands, such as fibrinogen, via 
genetically defined microbial surface proteins, commonly 
referred to as “microbial surface components recognizing 
adhesive matrix molecules” (MSCRAMM) [94–96]. After 
adherence, the attachment becomes irreversible, and the 
microorganisms start to produce an extracellular matrix. 
This matrix protects microorganisms from host defense 
mechanisms and antibiotics, and allows them to proliferate 
in a protected environment. This process is called biofilm 
formation [97]. Thrombus formation around the catheter is 
thought to further increase the risk of catheter-related BSI, 
[98] although clinical evidence on this topic is controver-
sial [99–101]. Main risk factors for catheter-related BSI 
include catheter dwell time [102], femoral rather than the 
subclavian access site [103, 104], parenteral nutrition 
[105–107], guidewire exchange [108, 109], multi-lumen 
catheters [110], and previous HSCT [111, 112].

The pathogenesis of IE is initiated by turbulent flow and 
pressure gradients creating stress on endocardial tissue. Such 
stress is maximal on the atrial surface of the atrioventricular 
valves and the ventricular surface of the semilunar valves. In 
valve insufficiency, flow jets damage structures, such as the 
mitral chordae (aortic insufficiency), the atrial wall (mitral 
regurgitation), or the septal leaflet of the tricuspid valve 
(ventricular septal defect) [113, 114]. Defects in the endocar-
dium provoke the deposition of fibrin and platelets [115], an 
ongoing process resulting in thrombus formation. At any 
time, such a thrombus may become colonized by microor-
ganisms due to transient bacteremia or fungemia. Once 
attached, microorganisms are covered by further deposition 
of fibrin and platelets and proliferate in a protected environ-
ment. This cycle of fibrin and platelet deposition, together 
with the proliferation of microorganisms in the presence of 
pressure gradients and sheering forces, results in the forma-
tion of the typical IE vegetations. Gradually, the process trig-
gers an inflammatory response that is exemplified by elevated 
levels of inflammatory markers, such as C-reactive protein, 
tumor necrosis factor alpha, immune complexes, the rheu-
matoid factor, and increased the erythrocyte sedimentation 
rate [116]. The deposition of immune complexes can result 
in kidney amyloidosis.

 Microbiology

The distribution of microorganisms causing intravascular infec-
tions varies according to source, age (neonates, children, adults), 
and resources [16, 17, 20–22, 25, 30–33, 117–126]. Healthcare-
associated BSI are mainly due to Gram-positive organisms in 
high-income countries (Table 15.4) [25, 30, 128, 129]. In coun-
tries with limited resources, Gram-negative pathogens and 
among these, non- fermentative organisms such as Pseudomonas 
spp. and Acinetobacter spp., are predominant (Table  15.4) 
[119–123]. This may be the result of breaches in basic infection 
control procedures, such as the multiple use of infusates or han-
dling of catheteres without complying with aseptic procedures 
[120, 130]. The shift toward Gram-positive cocci in high-
income countries is mainly due to coagulase-negative staphylo-
cocci (CoNS), and is a consequence of the abundant use of 
central catheters and the fact that the proportion of patients with 
risk factors, such as neutropenia, SOT, HSCT, prematurity, or 
the use of immunosuppressive agents, has increased in the past 
years [131]. The mean interval between admission and infection 
depends on the microorganism and is shortest (13  days) for 
Escherichia coli, followed by S. aureus (16 days), Candida spp. 
and Klebsiella spp. (22  days), enterococci (23  days), and 
Acinetobacter spp. (26 days) [129].

The proportion of Candida spp. has increased over the 
years due to the use of broad-spectrum antibiotics, intravas-
cular devices, total parenteral nutrition, and prolonged neu-
tropenia in patients with chemotherapy [132–139]. But only 
recently, first reports suggested no further increase and even 
trends toward a reduction of Candida infections, at least in 
North America [140, 141]. By contrast, an important shift in 
the epidemiology of Candida BSI has occurred over the past 
decades with decreasing infections due to C. albicans, but 
increasing infections due to non-albicans species, in particu-
lar C. glabrata [142]. The emergence of this  species is a 
problem because it is often resistant to fluconazole [143]. 
BSI due to Candida spp. has a poor prognosis. Mortality 
from BSI with this microorganism ranges between 15% and 
55%, particularly when antifungal treatment is delayed or 
intravascular catheters are left in place [132, 144].

CoNS are the most common pathogens isolated from blood 
cultures, particularly in primary BSI [14]. They are mostly con-
taminants, but the detection of CoNS may not always be harm-
less, and mortality up to 12% has been reported, particularly in 
neutropenic patients [14, 145]. By contrast, mortality from S. 
aureus BSI ranges between 13% and 25% with higher propor-
tions in healthcare- associated compared to community-acquired 
infections [146, 147]. Detection of S. aureus on a catheter tip is 
a predictor for subsequent bacteremia, even in the absence of 
clinical signs and negative blood cultures at the time of catheter 
removal [148–150].
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The distribution of pathogens in SOT demonstrates a 
predominance of Gram-positive bacteria similar to 
healthcare- associated BSI in HSCT (Table 15.5). Emerging 
BSI in SOT due to Candida spp. are the result of antifungal 
prophylaxis [164]. In addition, rare causes such as 
Mycobacterium avium intracellulare, and Listeria spp. 
have been reported [165, 166]. Vascular infections due to 
donor organs are not frequent, although donor organs may 
be contaminated with CoNS, S. aureus, Streptococcus pyo-
genes, Enterobacteriaceae, Enterococcus, Pseudomonas, 
Candida spp., and Aspergillus [167, 168]. Recently how-
ever, infections including BSI due to donor organs colo-
nized with carbapenem- resistant Gram-negative organisms 
such as K. pneumoniae or A. baumannii after lung, liver, kid-
ney, or heart transplantation have been described [169–171]. 
Independent from donor organ contamination, patients after 
SOT and HSCT are at increased risk for BSI.

In bone marrow transplant patients, time from transplanta-
tion to first positive blood culture is between 5 and 10 days 
[172]. Most pathogens are Gram-positive bacteria with a large 
proportion of viridians streptococci and enterococci [159, 
173]. Mucositis is a risk condition for BSI due to enterococci 

and anaerobes such as Fusobacterium and Clostridium spp. 
[159, 174]. The incidence of pre- and post- engraftment BSI is 
similar in allogeneic HSCT recipients (22% and 19.5%, 
respectively). Pre-engraftment rates are highest for viridans 
streptococci (58), Enterobacteriaceae (39), and E. faecium 
(34) [173]. Attributable mortality from BSI is low except for 
infections due to P. aeruginosa, Enterobacter spp., Serratia, 
and Citrobacter spp. [172]. No significant difference in the 
distribution of pathogens  was identified in neutropenic  and 
non-neutropenic patients with hematological malignancies or 
solid neoplasms and BSI [175].

IE is largely due to Gram-positive bacteria, mostly S. 
aureus and streptococci, predominantly from the viridians 
group; however, enterococci or S. pneumoniae have been 
described as well. CoNS rarely cause IE, particularly on 
native valves [176]. Overall, a third of native valve IE are due 
to S. aureus [177]. Mortality from S. aureus IE is 20% [178], 
and patients are more likely to experience an embolic event 
(61%) or to have a central nervous system complication. 
More than half of the cases occur in patients with intravascu-
lar devices. IE due to other Gram-positive bacilli such as 
Corynebacterium spp., L. monocytogenes, or Lactobacillus 

Table 15.5 Most common microorganisms in healthcare-associated vascular infections, large series 1995–2012 [2, 20, 21, 30, 32, 52, 117, 129, 
151–163]

All-cause HSCT transplants Solid organ transplants
Gram-positive bacteria
CoNS 31.8% CoNS 41.0% Enterococcus spp. 16.9%
Staphylococcus aureusc 16.6% Streptococcus spp. 12.3% CoNSb 14.0%
Enterococcus spp. 10.4% Enterococcus spp. 10.1% Staphylococcus aureusa 10.3%
Streptococcus spp. 2.4% Staphylococcus aureusa 2.9% Streptococcus spp. 2.7%

Listeria spp. 0.2% Listeria spp. 0.7%
Gram-negative bacteria
Escherichia coli 8.2% Escherichia coli 8.9% Pseudomonas spp. 11.4%
Pseudomonas spp. 5.7% Pseudomonas spp. 4.5% Klebsiella spp. 6.7%
Klebsiella spp. 5.6% Klebsiella spp. 2.7% Escherichia coli 5.6%
Enterobacter spp. 4.7% Stenotrophomonas maltophilia 1.9% Acinetobacter spp. 4.2%
Serratia spp. 1.5% Enterobacter spp. 1.6% Enterobacter spp. 4.0%
Acinetobacter spp. 0.7% Acinetobacter spp. 1.0% Stenotrophomonas maltophilia 3.7%

Serratia spp. 0.3% Serratia spp. 1.1%
Fungi/other microorganisms
Candida spp. 8.8% Candida spp. 5.3% Candida spp. 5.2%
Anaerobes 0.5% Anaerobes  1.4%  Anaerobes 1.3%
Other microorganisms 3.1%  Other microorganisms 5.9%  Other microorganisms 12.2%
Authors
Pittet [30] Dettenkofer [152] Rodriguez [156]
Edmond [2] Wisplinghoff [129] Shi [157]
Richards [20] Danziger-Isakov [153] Iida [158]
Richards [21] Dettenkofer [154] Mikulska [159]
Palmer [151] Ortega [155] Hsu [160]
Luzzaro [117] Laws [52] Karvellas [161]
Lyytikäinen [32] Lee [162]

Busca [163]

CoNS coagulase-negative staphylococci, HSCT Hematopoietic stem cell transplantation
aIncluding methicillin-resistant Staphylococcus aureus (MRSA)
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are very rare. Gram-negative bacteria only cause few IE 
(4–5%) with a predominance of bacteria from the HACEK 
group (Haemophilus spp., Actinobacillus actinomycetem-
comitans, Cardiobacterium hominis, Eikenella corrodens, 
Kingella kingae). In a large study of 2761 patients with defi-
nite IE according to the Duke criteria, only 49 (1.8%) had 
endocarditis (20 native valve, 29 prosthetic valve or device) 
due to non-HACEK Gram-negative bacilli, with E. coli and 
P. aeruginosa being the most common pathogens [179]. 
Most IE due to non-HACEK Gram-negative bacilli  were 
healthcare-associated  and in patients with implanted intra-
vascular devices. 

IE after SOT is infrequent but the microorganisms differ 
from non-transplant patients. S. aureus, Candida, and 
Aspergillus spp. are predominant, but viridians streptococci 
remain rather rare (4%) [75]. Other pathogens found in this 
group include Coxiella burnetii, Nocardia, Listeria  spp., 
Pseudomonas spp., Enterococcus spp., Oerskovia xanthineo-
lytica, and Weissella confusa [74, 180–184]. Most fungal IE 
are due to Candida spp. with C. albicans being the most com-
mon microorganism, but other Candida spp. such as C. krusei, 
C. parapsilosis, C. tropicalis, or C. guillermondii have been 
reported as well. Aspergillus spp., including A. fumigatus, A. 
flavus, A. terreus, and A. niger, are isolated particularly in lung 
transplant recipients after cystic fibrosis, and IE due to these 
pathogens are associated with a poor prognosis [75, 76, 185, 
186]. Fungal infections predominate in the first 30 days after 
transplantation (20%), while bacteria are responsible for most 
infections (80%) after this period [75].

The most common organism in “culture-negative” IE is 
Coxiella burnetii. Other pathogens such as Bartonella spp., 
Brucella spp., Chlamydia spp., Mycoplasma hominis, 
Legionella pneumophila, rickettsiae, and Tropheryma whip-
plei have been rarely described [187].

 Clinical Signs

Fever is the hallmark of all vascular infections. Fever in the 
absence of other symptoms and, in particular, in the pres-
ence of an intravascular device must be considered a BSI 
until proven otherwise. Sepsis is characterized additionally 
by hemodynamic abnormalities. The symptoms of IE relate 
to systemic infection, (septic) emboli, metastatic infective 
foci, congestive heart failure, or immune complex-associ-
ated lesions [188]. Acute IE is characterized by fever, new 
or changed heart murmurs, and skin manifestations such as 
splinter hemorrhages, Osler nodes, Roth spots, or Janeway 
lesions. Subacute IE may present less typically without or 
with moderate fever  only, but with malaise, anorexia/
weight loss, heart failure, arthralgia, splenomegaly, or 
glomerulonephritis.

 Diagnosis

Blood cultures should be obtained from patients with clinical 
signs suggestive for BSI.  Severe sepsis and septic shock are 
associated with increased morbidity, mortality, and end- organ 
dysfunction [38]. Accordingly, when sepsis is suspected, it is 
not possible to wait until the results of blood cultures are avail-
able, and empirical antimicrobial treatment is initiated as soon 
as possible. Positive blood culture results with a recognized 
pathogen are sufficient to diagnose BSI, particularly when clini-
cal signs such as fever, hypothermia, chills, or low blood pres-
sure are present. BSI due to skin contaminants need confirmation 
with additional blood cultures and the presence of clinical signs. 
The classification into primary or secondary, and catheter-asso-
ciated or catheter- related BSI, can be done based on additional 
clinical signs and laboratory findings, and whether a catheter is 
in place (Table 15.1). Inappropriate blood culture sampling may 
produce false-positive results, particularly when skin contami-
nants are identified [189]. If CLABSI is suspected and the cath-
eter is removed, the tip should be cultured either by using the 
Maki roll-plate technique or the Brun-Buisson vortex method 
[4, 190, 191]. Alternatively, if the catheter is left in place, two 
blood culture samples – from the catheter and from a peripheral 
vein – should be obtained simultaneously to measure the dif-
ferential time to positivity [192]. To avoid missing infections, all 
lumens of a multi-lumen catheter should be tested [193].

The diagnosis of IE follows the modified major and minor 
Duke criteria distinguishing definite, possible, and rejected IE 
(Table 15.2). Prior antibiotic use may result in culture- negative 
IE, less likely to be classified as definite IE by the Duke criteria 
[194]. Clinical signs, such as fever, embolic complications, new 
or changed heart murmurs, and predisposing factors (e.g., rheu-
matic heart disease, congenital heart disease, mitral valve pro-
lapse, or previous cardiac surgery) should raise suspicion for IE, 
even in the absence of positive blood cultures.

 Laboratory Findings

Overall, only 10–15% of performed blood cultures turn posi-
tive. Even in the presence of a systemic inflammatory response 
syndrome, blood cultures are negative in 40–60% of cases [31]. 
Due to challenges of blood culture sampling in terms of tech-
nique, volume and availability of adequate blood culture bottles, 
the situation in neonates is even more pronounced [39]. The 
quality of blood cultures is better among older children but is 
not optimal either when compared to adults [189]. Prophylactic 
or preemptive antibiotic treatment at the time of sampling makes 
the interpretation of negative blood culture results difficult 
[195–197]. This can be bypassed by using nucleic acid testing 
with a multiplex polymerase chain reaction (PCR) identifying a 
wide range of microorganisms [198, 199]. However, most nega-
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tive test results are true negative. After SOT and HSCT, blood 
cultures should be obtained generously from febrile patients in 
the first 30 days after transplantation. BSI is less frequent in 
autologous HSCT recipients after engraftment, and in SOT 
recipients once immunosuppressive therapy is less intensive.

Most patients with IE have positive blood cultures, but 
they may remain negative for a long time in subacute IE due 
to non-common pathogens such as Candida spp. or microor-
ganisms of the HACEK group. However, blood cultures in IE 
are negative only in 10–15% of cases, although rates up to 
31% have been described [200–204]. Potential reasons for 
blood culture-negative IE are (1) right-sided IE, (2) previous 
administration of antibiotics, (3) fungi, (4) viruses, and (5) 
pathogens that do not grow in regular culture conditions such 
as Bartonella spp., Brucella spp., Chlamydia spp., 
Mycoplasma hominis, Legionella pneumophila, rickettsiae, 
Coxiella burnetii, and Tropheryma whipplei [203, 205]. 
Pathogens of blood culture-negative IE can still be identified 
by serological tests and by PCR in valve tissue obtained by 
surgery [205, 208–214]. In particular, fungi are be detected 
more readily in biopsies [215]. Microbiological culturing of 
heart valves on the other hand, has a low sensitivity [206, 
207]. By applying a range of methods (microbiology, serol-
ogy, molecular techniques), a pathogen can be identified in 
up to 63% of culture-negative IE cases [187].

Upon IE suspicion, two blood culture bottles for aerobic 
and anaerobic cultures and a serum  vial should be 
obtained immediately, the latter to search for rheumatoid fac-
tor and antibodies directed against Coxiella burnetii, 
Bartonella spp., Brucella spp., Chlamydia spp., Mycoplasma 
pneumonia, Legionella pneumophila, and Aspergillus spp. 
[204, 210]. Two additional samplings of blood culture bottles 
for aerobic and anaerobic cultures are obtained after 2 and 4 h.

Inflammatory markers such as C-reactive protein, procal-
citonin, erythrocyte sedimentation rate, and tumor necrosis 
factor alpha are elevated in vascular infections. Presence or 
absence of rheumatoid factor can distinguish between 
patients with definite and rejected IE based on the modified 
Duke criteria [116]. Autoantibodies, such as antinuclear anti-
bodies and anticardiolipin, can be present in IE, but they are 
less specific than the rheumatoid factor [216].

 General Principles of Management

The management of BSI combines early antimicrobial treat-
ment and the active search for a source of infection that 
might require specific therapeutic interventions. Either 
delayed or inappropriate antibiotic treatment is associated 
with higher mortality [34, 128, 217–219]. Similar results 
were observed for candidemia where mortality was signifi-
cantly higher when antifungal therapy was delayed [144, 
220, 221]. Conversely, inappropriate antibiotic treatment 

was not found to be a risk for developing septic shock in 
patients with positive blood cultures  in one study, [31] but 
mortality of those requiring inotropic drugs was significantly 
higher – 85% vs. 75% and 58% vs. 24%, respectively.

The choice of antibiotics to start empiric therapy should 
be based on knowledge of the local epidemiology and sus-
ceptibility of pathogens, and the source of infection. A mul-
tidisciplinary approach, allowing close collaboration 
between the physician in charge of the patient, the infectious 
disease specialist, and the microbiology laboratory, improves 
the accuracy of empiric therapy. Once susceptibility testing 
of the microorganisms is available, antimicrobial treatment 
should be adjusted accordingly. In some conditions, patho-
gens identified from other body sites may also need to be 
taken into account for selecting the appropriate antimicrobi-
als. In addition, specific measures such as abscess drainage , 
adequate surgical management of peritonitis, or removal of 
infected prosthetic material are necessary to control the 
infection. Follow-up of inflammatory markers can help to 
shorten antimicrobial treatment. Procalcitonin-based de- 
escalation of antimicrobial therapy can reduce exposure to 
antibiotics by almost 30% [222–224].

In the case of primary BSI or sepsis, central lines should 
be removed if in place at the time of infection. Catheter 
retention may result in a severalfold increase in risk for 
recurrence of BSI. However, recent data suggest that antibi-
otic locks in addition to systemic antibiotic therapy can be 
used as a salvage strategy if CLABSI involves long-term 
catheters, signs of exit site or tunnel infection are absent, and 
blood cultures reveal the presence of CoNS or enterococci 
[225, 226]. Removal of the catheter is mandatory in severe or 
complicated infections, in the presence of shock, in case of 
recurrent BSI, and when microorganisms such as S. aureus, 
Gram-negative bacilli, or Candida spp. are isolated [227]. 
Relapse, continuous fever, or bacteremia despite catheter 
removal requires an active search for complications, such as 
metastatic abscesses, septic thrombophlebitis, or endocardi-
tis. Following the completion of antimicrobial therapy, care-
ful follow-up is mandatory owing to the frequent occurrence 
of late complications [228, 229]. Recovery of S. aureus on a 
catheter tip may suggest the initiation of therapy, even in the 
absence of clinical signs and negative blood cultures [148].

Antibiotic therapy is the cornerstone in the treatment of 
IE, with the addition of an aminoglycoside to an antibiotic 
regimen with activity against Gram-positive bacteria [210, 
230, 231]. Although the addition of an aminoglycoside in the 
1st weeks of treatment is recommended by international 
guidelines, clinical trials did not show that such combination 
therapies decrease mortality or bacteriological failure, or 
reduce the need for surgery [210, 232–235]. For IE due to 
methicillin-resistant staphylococci, vancomycin remains the 
therapy of choice. Other antibiotics such as linezolid or dap-
tomycin have been shown to be effective, but have not been 
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proven to be superior to vancomycin [236, 237]. Furthermore, 
linezolid alone is bacteriostatic, but in the treatment of IE, a 
bacteriocidal substance is encouraged. Appropriate antibiot-
ics must be initiated as early as possible in the treatment of 
IE because a delay in antibiotic therapy worsens the clinical 
outcome [210, 238, 239] e.g. IE-related stroke [240].

Heart surgery is necessary in 25–42% of patients with IE 
[62, 73, 241]. The two primary objectives of surgery are the 
total removal of infected tissue and reconstruction of the car-
diac morphology [210]. Surgery can improve long-term sur-
vival, in particular for left-sided IE [242, 243]. However, a 
significant proportion of patients with a recommended indi-
cation does not receive cardiac surgery [244]. Because IE is 
a multifactorial event, a standardized management by a 
skilled multidisciplinary team is required for best outcome 
[245, 246].

 Prevention

As for any other healthcare-associated infection, the preven-
tion of BSI in the hospital relies on the basic principles of 
hygiene, particularly hand hygiene practices [247–249]. It 
has been shown that improved hand hygiene and good work 
organization prevents the transmission of pathogens [250]. 
For the prevention of device-associated infections, there is 
good evidence that multimodal strategies combining proce-
dural and technical interventions are effective [29, 251–254]. 
“Procedural” interventions include the introduction of stan-
dardized, written procedures for catheter insertion and cath-
eter care. “Technical” interventions include the use of 
alcohol-based chlorhexidine for skin antisepsis, devices 
(catheters, connectors, sponges, dressings) impregnated with 
chlorhexidine, chlorhexidine-silver sulfadiazine, silver and 
antibiotics, and the use of lock solutions with agents such as 
taurolidine, citrate, or EDTA. Alcohol-based, chlorhexidine- 
containing skin antiseptics have now become standard of 
care. The use of a chlorhexidine-impregnated sponge was 
found effective in two randomized controlled trials [255, 
256]. Daily bathing with a chlorhexidine-containing solution 
in the ICU reduced bacteremia due to vancomycin-resistant 
enterococci (VRE), as well as VRE-colonization and 
methicillin- resistant S. aureus (MRSA) acquisition. This 
allowed to reduce colonization pressure and shows the 
importance of microorganism transmission in the pathogen-
esis of BSI with multidrug-resistant pathogens [257]. Two 
meta-analyses demonstrated that chlorhexidine-silver 
sulfadiazine- impregnated catheters are effective in reducing 
catheter colonization, but not CLABSI, while rifampicin- 
minocycline- coated catheters are effective in reducing both 
catheter colonization and CLABSI [258, 259]. Most studies 
with central venous catheters are conducted in the ICU, 
including catheters with relatively short dwell times. No data 

on the efficacy of antibiotic-coated devices are available for 
long dwell-times, and there is evidence that chlorhexidine- 
silver sulfadiazine impregnation is not effective in the long 
run [260]. The efficacy of lock solutions  as a prevention 
strategy remains undetermined at present, although some 
studies show promising results [261–263]. A recent study 
among children reported that a taurolidine citrate lock solu-
tion was associated with a significant BSI reduction in 
immunocompromised pediatric patients [264]. Ethanol locks 
in CLABSI prevention on the other hand remain controver-
sial. Although the substance worked well in vitro [265, 266] 
and among patients with long-term catheters, [267–269] 
three recent randomized controlled trials did not find any sig-
nificant efficacy [270–272].

Educational programs or global preventive strategies 
based on the strict application of specific preventive mea-
sures and careful control of all factors associated with infec-
tion have been shown to be effective in reducing infection 
rates. Such programs must be multidisciplinary in prepara-
tion and multimodal in implementation in order to be effec-
tive [29, 251, 253, 273–277]. Education and training should 
use different modes such as bedside teaching, workshops, or 
simulator training [278–283]. Ex cathedra teaching or dis-
seminating guidelines alone are not sufficient to change 
behavior of healthcare workers [284].

IE prophylaxis has produced contradictory results [285, 
286] and has never been shown effective in clinical studies 
[113, 287, 288]. This is most likely due to the fact that IE is 
a rare event, even in the absence of prophylaxis. The 
procedure- related risk for IE due to dental procedures can be 
estimated as 1:14,000,000 for the general population and 
1:95,000 for patients with previous IE [78, 289]. No poten-
tial index procedure can be associated with IE [63]. The 
existing evidence does not support the extensive use of anti-
biotic prophylaxis recommended in previous guide-
lines.  Prophylaxis should be limited to patients at highest 
risk for IE or at high risk for adverse outcome from IE [231]. 
Compared to previous recommendations, all recent guide-
lines limit prophylaxis to clearly defined patients at risk and 
to dental procedures (Table 15.6) [231, 290] or do not recom-

Table 15.6 Patients at risk for infective endocarditis

1. Patients with a prosthetic valve or prosthetic material used for 
cardiac valve repair
2. Patients with previous infective endocarditis
3. Patients with congenital heart disease:
  Cyanotic congenital heart disease, without surgical repair, or with 

residual defects, palliative shunts, or conduits
  Congenital heart disease with complete repair with prosthetic 

material whether placed by surgery or by percutaneous technique, 
up to 6 months after the procedure

  When a residual defect persists at the site of implantation of a 
prosthetic material or device by cardiac surgery or percutaneous 
technique
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mend antibiotic prophylaxis at all [291]. However, all guide-
lines emphasize the importance of good oral hygiene in IE 
prevention [231, 290–293]. This is reasonable because it has 
been shown that transient bacteremia is associated most 
likely with tooth brushing, flossing, or chewing [294, 295]. 
IE prophylaxis is recommended only for dental procedures 
requiring manipulation of the gingival or periapical region or 
the teeth or perforation or the oral mucosa [231]. It is not 
recommended for any procedure of the respiratory, gastroin-
testinal, or urogenital tract, or for skin or soft tissue interven-
tions. Prophylaxis is administered as a single dose 30–60 min 
before the dental procedure either with penicillin or ampicil-
lin, or clindamycin in case of penicillin allergy.
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and Clostridium difficile Infection

Stephen Harold and Herbert L. DuPont

 Introduction

Gastrointestinal infections developing before, during, and 
after organ transplant is one of the leading causes of treat-
ment failures among transplant recipients. In addition to sig-
nificant increase in morbidity and mortality, GI complications 
also escalate the cost of treatment due to prolonged periods 
of hospitalization [1]. In this chapter, we provide an over-
view of the gastrointestinal infections with special emphasis 
on the Clostridium difficile (C. difficile)  infection (CDI) in 
transplant recipients. In Fig. 16.1 we outline important fac-
tors in the development of CDI.

Transplants are broadly classified into hematopoietic 
stem cell transplant (HSCT), bone marrow transplant (BMT), 
and solid organ transplant (SOT). Recent changes in trans-
plant immunosuppressant regimes have dramatically reduced 
the incidence of acute graft rejection. Newer immunosup-
pressive agents provide profound and sustained immunosup-
pression that effectively reduces the number of organ 
dysfunction or rejection and prolongs the survival of trans-
plant recipient. On the contrary, it increases the risk of infec-
tion in this patient population due to disruption of the delicate 
balance between immunosuppression and host defense 

mechanism [2, 3]. The risk of infection in this subset of 
patients is due to interplay of multiple predisposing factors 
such as the type of transplant, conditioning regimens, use of 
antibiotics and immunosuppressive agents, and time period 
following transplantation [2]. Knowledge of the impact of 
immunologic state and therapies administered on the risk of 
infectious diseases including CDI can be critical to outcome 
in transplantation.

 Clostridium difficile Infection (CDI)

CDI rates have tripled in hospitals in the  United 
States  (US)  since the 1990s. Rates are rising due to 
changes in organism virulence but more importantly 
because of changing resistance of the host [4]. This review 
focuses on the problem of CDI in patients undergoing 
transplantation.

 History

Bacillus difficilis was identified in 1935 by Hall and O’Toole 
as a common constituent of neonatal bowel flora [5]. The 
organisms, while now known as C. difficile, earned its appel-
lation due to the difficulty experienced in the laboratory in 
characterizing the organisms’ fermentation patterns. In the 
1950s, pseudomembranous enterocolitis was thought to 
occur infrequently in surgical patients and was generally 
attributed to Staphylococcus aureus [6, 7]. The modern era 
of CDI began in the early 1970s with a prospective study of 
200 patients treated with clindamycin, wherein 21% of the 
patients reported diarrhea and 10% were found to be suffer-
ing from pseudomembranous colitis (PMC) [8]. In 1977, a 
toxin produced by a Clostridium species was proposed as the 
cause of clindamycin-induced ileocecitis in hamsters [9], 
and in 1978, C. difficile was clearly identified as the causal 
agent of antibiotic-associated colitis in humans [10].
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 Epidemiology

CDI is the most commonly identified cause of antibiotic- 
associated diarrhea found in 15–25% of cases [1, 11–13]. 
CDI was also reported in 5–7% of autologous BMT and 
13–15% of allogeneic BMT patients [14–17]. Lung trans-
plant recipients were shown to be more susceptible to CDI 
and were more likely to have severe CDI than all other SOT 
patients [18]. It is also the most common cause of enteric 
infections among liver transplant recipients [19]. The emer-
gence of a so-called NAP1 hypervirulent strain further 
increased the incidence of CDI in some places of Canada, the 
US, and Europe since 2000 and is associated with increased 
morbidity and mortality where it occurs. The mortality rate 
due to CDI averages 1–2.5% of cases of infection [12].

 Risk Factors

Most patients with CDI develop their infection when three 
factors are aligned: (1) elderly and infirm host, often immu-

nosuppressed; (2) receipt of an antibiotic that dramatically 
alters colonic flora; and (3) exposure to C. difficile spores, 
often in a healthcare facility [4]. The specific antibiotic used 
in patients that leads to a disruption of normal bacterial flora 
is important [20, 21]. The antibiotics that are mostly associ-
ated with CDI are penicillins, cephalosporins, fluoroquino-
lones, and clindamycin [22–24]. Other predisposing factors 
for CDI are advanced age (greater than 65  years), severe 
underlying diseases, enteral feeding, use of proton pump 
inhibitors and chemotherapeutic agents, surgery, immuno-
suppression, and prolonged hospital stay leading to exposure 
to C. difficile spores [25, 26]. Most patients acquiring CDI 
have a combination of these risk factors.

 Route of Transmission

C. difficile is a spore-forming gram-positive bacillus. C. dif-
ficile spores are non-vegetative forms that are acid and heat 
resistant. Spores of the organism are viable for prolonged 
period of time and are resistant to commonly used disinfec-
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tants and antiseptics. Ten percent Clorox is the preferred dis-
infectant yet is poorly tolerated as a general hospital 
disinfectant. The major reservoirs of infection are patients 
with CDI or asymptomatic carriers of C. difficile that con-
taminate the environment. Transmission of C. difficile is 
through fecal-oral route. Exposure may occur through direct 
contact with contaminated surfaces or through oral inocula-
tion via contaminated materials like thermometers. When 
ingested, the spores of C. difficile survive gastric acidity, ger-
minate to vegetative forms when exposed to bile salts, and 
colonize the gut [27]. CDI mostly occurs after antimicrobial 
therapy that disrupts the normal bacterial flora of the colon, 
facilitating colonization of the gut by C. difficile. Depending 
on the immune status of the individual, the incubation period 
of illness varies from few days to 8 weeks, and they clinically 
manifest with varying degrees of severity [21, 28] (Fig. 16.1).

 Pathogenicity of C. difficile Infection

Pathogenesis of the disease is due to elaboration of two viru-
lent toxins, toxin A, an enterotoxin, and toxin B, a cytotoxin. 
These toxins are large antigenic proteins that mediate an 
acute inflammatory diarrhea, characterized by proteinaceous 
exudate containing large number of neutrophils. Toxin A, 
which is a 308-kD cytotoxin and enterotoxin, induces marked 
intestinal inflammation, fluid secretion, and mucosal injury, 
while Toxin B, which is a 270-kD cytotoxic protein, stimu-
lates the release of inflammatory cytokines from monocytes. 
It also activates calcium influx required for actin disassem-
bly during cytotoxicity [29, 30]. A third toxin, named CDT, 
is a member of the iota family of binary toxins, which com-
prises the Clostridium botulinum C2 toxin and iota toxin 
subfamilies. CDT comprises two independent unlinked pro-
tein chains, CDTa (the enzymic component) and CDTb (the 
binding component) [31, 32]. The binding component CDTb 
mediates entry of CDTa into the cell, which potentiates the 
ADP ribosylation of actin and leads to disorganization of the 
cytoskeleton [33]. The exact pathogenic role of the binary 
toxin CDT in C. difficile infections is still not fully under-
stood although it is associated with the hypervirulent NAP1 
strain. Since they act synergistically with other toxins and 
depolymerize the actin cytoskeleton by a complementary 
mechanism, they are considered to be an additional virulence 
factor that contributes to the increased morbidity and mortal-
ity [34, 35]. C. difficile toxins inflame and destroy the colonic 
mucosal lining and form the typical “pseudomembranes” 
[36, 37].

The surface layer proteins (SLPs) of C. difficile also play 
a significant role in activating the host immune response in 
CDI. SLPs are the outermost surface components of the bac-
terium and are responsible for gut colonization and adhesion 
to the intestinal mucosa. A possible mediation of the SLPs in 
binding to both the intestinal epithelial cells and some com-

ponents of their extracellular matrix fibers resulting in fur-
ther epithelial damage has been proposed. In addition, the 
pathogenicity of C. difficile infection is attributed to the loss 
of the delicate balance between regulatory and inflammatory 
cytokines in the immune regulatory cells like monocytes and 
dendritic cells [38].

Although the C. difficile bacteria are noninvasive, their 
toxins penetrate the mucosal barrier and initiate an immune 
response in the host [39]. The ability of the host to mount an 
immune response against toxins is a key factor that accounts 
for the spectrum of clinical manifestation [29, 40]. Low 
serum and/or intestinal antibody response to C. difficile toxin 
A is associated with severe, prolonged, and recurrent CDI 
[41]. Adequate antibody response to toxin A is therefore an 
important element in clinical recovery from C. difficile diar-
rhea [40]. A genetic polymorphism in the promoter region of 
interleukin 8 gene has been associated with increased rates 
of CDI [42] and disease recurrence [43]. Presence of this 
polymorphism apparently leads to recurrence by prevention 
of immune response to the toxin(s) of C. difficile during a 
bout of CDI [44]. This genetic marker has not been studied 
in CDI in patients with transplantation.

 Host Immune Response to C. difficile 
Colonization and Infection in Transplant 
Patients

The therapeutic prescription in transplant recipients includes 
a delicate balance between immunosuppression to protect 
the patient from graft-versus-host disease (GVHD)/organ 
rejection and simultaneous protection from life-threatening 
bacterial, viral, and fungal infection. With the advent of 
newer molecules and newer immunosuppressive regimens, 
the augmented immunosuppression confers protection 
against GVHD but inhibits the ability to mount a microbial 
specific cytotoxic T-lymphocyte response [45].

Immunosuppression deactivates immune competence in the 
transplant recipient through multiple pathways including sup-
pression of anti-inflammatory cytokines and suppression of 
antibody-mediated response to toxins by immunosuppressive 
agents, frequent use of antibiotics, and longer and more fre-
quent hospital admissions. These immunosuppressive path-
ways reduce their ability to mount an aggressive humoral 
response to the C. difficile toxin soon after the infection. 
Intensified immunosuppressive therapy and pulse steroid ther-
apy that prevent transplant rejection are also major contributors 
of posttransplant hypogammaglobulinemia (HGG) that is 
observed in 69.6% of transplant patients [46]. This inhibits 
immunoglobulin production primarily through an indirect 
pathway by altering lymphokine production by the T cells 
which in turn alters the B-cell function. A few newer immuno-
suppressive agents affect B-cell function through a direct path-
way too [47, 48]. Hence these patients are unable to initiate a 
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specific immune response against C. difficile’s toxin A and SLP 
[41, 49]. Besides, HGG is associated with increased incidence 
of opportunistic infection. Consequently, broad-spectrum anti-
biotics are used extensively as a prophylactic as well as thera-
peutic measure resulting in destruction of the normal intestinal 
flora. In addition, multiple antibiotics are administered to trans-
plant recipients as perioperative prophylaxis or postoperative 
therapy. These antibiotics alter the intestinal microecology 
and reduce the resistance to colonization of the bowel by C. 
difficile. This ultimately results in increased incidence of anti-
biotic-associated diarrhea and CDI [50]. Iatrogenic immuno-
suppression in transplant recipients thus offsets the fine 
balance and makes the patient more vulnerable to CDI.

 Emergence of a Hypervirulent Strain

A hypervirulent or BI/027/NAP1 toxinotype III strain of C. 
difficile has emerged during the past decade. This strain of 
bacteria possesses a binary toxin, with an 18-bp deletion in 
the tcdC gene that demonstrates in vitro resistance to fluoro-
quinolones [34, 51, 52]. The BI/027 strain produces 3 to 13 
times more toxins and sporulates at a higher degree than his-
torical strains [53]. In the US and UK isolates, the NAP1/027 
strain produced 16 times more of toxin A and 23 times more 
of toxin B concentrations than other strains [54]. These fac-
tors contribute to hypervirulence, increased severity of the 
disease, and widespread emergence of this epidemic strain 
all too often resulting in the development of toxic megacolon 
requiring colectomy, leukemoid reaction, shock, and death 
[34]. The importance of this organism in transplantation 
medicine has not been established.

 CDI in BMT Patients

BMT patients appear to be at increased risk of developing 
infectious gastroenteritis [55] most probably related to pro-
longed hospitalizations with enhanced exposure to infectious 
spores, treatment with numerous prophylactic broad- spectrum 
antibiotics, myeloablative chemotherapy, and altered integrity 
of the intestinal mucosa [14, 15, 56]. Cytopenias are frequently 
seen in these patients in spite of submyeloablative doses of 
chemotherapy. Prolonged neutropenia and placement of 
indwelling catheters prior to mobilization process predispose 
them to infections. Prophylactic antibiotics are given due to 
high risk of infection following intense chemotherapy to 
enhance stem cell yield. All these factors predispose this popu-
lation to increased risk of CDI [57]. However, the duration of 
immunosuppression is shorter in BMT patients than in SOT 
patients. Nevertheless, neutropenia seldom occurs in patients 
following SOT, whereas in HSCT recipients severe neutrope-
nia is routinely seen during the pre-engraftment period. CDI 

accounts for 1.3–20.4% of all diarrheal diseases in BMT 
patients [58]. The incidence of CDI is 5–7% in autologous 
transplant patients [15, 55], while Yolken et al. reported 15%, 
and Chakrabarti et al. reported CDI 13% in allogeneic BMT 
patients [17, 59]. This may be due to shorter duration of neu-
tropenia in patients undergoing autologous BMT because of 
increased use of hematopoietic growth factors [14, 60]. In 
allogeneic BMT patients, donor effector T cell may 
cause GVHD, and diarrhea is the common clinical presenta-
tion of intestinal tract GVHD [16]. High-dose steroids and 
antibiotics given to suppress the host anti-inflammatory 
response in patients with GVHD could have attributed to 
higher incidence of CDI in allogeneic BMT patients [16].

The average time to onset of CDI after autologous BMT is 
less than a week [16, 61] and after allogeneic BMT is 
33–38  days [16, 17]. Mobilization of stem cells is done by 
administration of cytokines like filgrastim alone, chemother-
apy alone, or both. However, the stem cell yield is greater for 
those patients receiving a combination of cytokines and che-
motherapy. This frequently results in prolonged periods of 
cytopenias including neutropenia [62]. Moreover, these condi-
tioning regimens, which are indispensable for stem cell mobi-
lization, damage the integrity of mucosal barriers [55]. In 
addition, the placement of indwelling catheters prior to mobili-
zation of stem cells and prophylactic use of antibiotics destroys 
the ecologic balance of the normal intestinal flora and promotes 
colonization of the gut by pathogenic organisms such as C. dif-
ficile in BMT patients [13, 57]. All these factors along with 
intense immunosuppressive therapy to prevent GVHD in allo-
geneic hematopoietic graft recipients may predispose BMT 
patients to earlier onset of CDI [57] than SOT patients. In a 
study of patients with CDI having previously undergone HSCT, 
the 1-year incidence of recurrent CDI was 31% with most 
recurrences seen in within 6 months of the initial infection [63].

 CDI in SOT Patients

It was determined in one study that CDI was five times more 
common in sold organ transplant recipients than among gen-
eral medicine inpatients and that CDI was associated with 
increased 30-day readmission for transplanted patients [64]. 
Reported incidence of CDI in SOT patients ranges from 1% 
to 31%: 3–7% in liver, 1–16% in kidney, 8–15% in heart, and 
7–31% in lung transplant patients [46, 50, 65–67]. In one 
study the median time from transplantation until develop-
ment of CDI was 51  days (14–249  days range) with liver 
recipients having the shortest time to infection, median 
36  days, and lung recipients a longer time to infection, 
median 136 days [68]. Hospitalized children with solid organ 
transplant recipients are at increased rates of CDI [69].

Poor pretransplant conditions such as end-stage organ fail-
ure and long waiting times, longer and more frequent hospital 
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admissions, and prolonged/protracted immune suppression 
over a period of 12 months in SOT patients increase the risk of 
CDI [65, 67]. These prolonged periods of immune suppres-
sion predispose SOT patients to repeated infections, which 
exposes them to repeated courses of broad-spectrum antibiot-
ics. The use of antibiotics in this group of patients alters the 
intestinal flora favoring the colonization of gut by C. difficile 
[50]. Suppression of anti-inflammatory and antibody- mediated 
immune response reduces their ability to mount an effective 
humoral response to the C. difficile toxin after the infection. In 
addition, immunosuppressive and steroid therapy in the post-
transplant period given to prevent transplant rejection is a 
major contributor of HGG in a vast majority of transplant 
patients [46]. This inhibits immunoglobulin production pri-
marily through an indirect pathway by altering lymphokine 
production by the T cells, which in turn alters the B-cell func-
tion. A few newer immunosuppressive agents affect B-cell 
function through a direct pathway too [47, 48]. Hence, these 
patients are unable to initiate a specific immune response 
against C. difficile’s toxin A and SLP. Besides, HGG is associ-
ated with increased risk of opportunistic infection [46]. 
Another common risk factor in SOT patients is gastric acid 
suppression by proton pump inhibitors. Hospitalized patients 
receiving proton pump inhibitors are two times more likely to 
develop CDI [70]. Though gastric acid does not have any 
action on the spores, it destroys the vegetative forms and 
reduces the ability of the spores to germinate. Proton pump 
inhibitors also alter the gastrointestinal flora, facilitating colo-
nization of the colon by C. difficile [71]. In a study by Dallal 
et al. [18], it was observed that the risk of developing CDI was 
46 times higher in lung transplant recipients and they were 8 
times more likely to have severe forms of CDI than all other 
patients with CDI. This may be due to more intense immuno-
suppression to prevent rejection and frequent use of antibiotics 
to treat recurrent pulmonary infection as lung transplant recip-
ients are the only SOT patients in whom the allograft is directly 
exposed to the environment [18]. Poor pretransplantation con-
dition associated with end-stage liver failure, longer waiting 
times, operative stress, and the required immune suppression 
impair the normal defense mechanism and predispose liver 
transplant recipients to higher incidence of infections. 
Administration of frequent, more diverse, and prolonged use 
of  antimicrobials favor increased incidence of CDI in liver 
transplant patients than kidney transplant patients. Further, 
certain newer immunosuppressive agents may cause severe 
mucosal damage and increase the incidence of CDI in this 
population [65, 67]. The incidence of CDI in kidney transplant 
recipients may be low because of underreporting [72]. Further, 
induction of immunosuppressive treatment and recent use of 
antibiotics are risk factors that favor CDI in this population 
[73]. CDI in adult kidney recipients appeared to represent a 
different pattern by their presentation at a later age invariably 
associated with use of antibiotics [72]. HGG has been reported 

in kidney, lung, heart, and liver transplant patients. Severe 
HGG was observed in approximately 10% of heart transplant 
patients, which increases the risk of CDI in this subset of 
transplant patients [48, 74, 75].

CDI occurs more frequently in the first 3  months after 
transplantation mostly due to enhanced immunosuppression, 
increased exposure to healthcare settings due to prolonged 
hospital stay, frequent use of antibiotics, and debilitated con-
dition prior to transplant [50, 65, 66]. Late-onset CDI corre-
late with the onset of HGG due to exposure to antimicrobials 
or intensified immunosuppression to treat graft rejection [66, 
72, 76, 77]. The outcome of CDI in recipients of solid organ 
transplants is good with recurrence the major complication 
as seen in non-transplant patients [78].

 Clinical Features

Depending on the immune response to toxin A of C. difficile, 
infected patients exhibit a wide spectrum of clinical manifes-
tations. Patients with a high titer of IgG to toxin A may 
remain as asymptomatic carriers of C. difficile [29]. 
Approximately 2–3% of healthy adults are asymptomatic 
carriers of C. difficile [79]. Symptomatic patients present 
with watery diarrhea, cramping, fever, dehydration, and leu-
kocytosis. Some of the complications of CDI include fulmi-
nant colitis, hypoalbuminemia, pseudomembranous colitis, 
toxic megacolon, and perforation of the colon [37, 80]. 
Recurrent CDI occurs in 10–25% of CDI and is more often 
due to relapse than reinfection. Some of the risk factors asso-
ciated with relapse include age greater than 65 years, pro-
longed hospitalization, prolonged antibiotic use, 
diverticulosis, and comorbidities [81]. An increased secre-
tion of IgG to toxin A is associated with decreased risk of 
recurrence [41].

 Diagnosis

Though there is no gold standard test to confirm the diagno-
sis of CDI, the commonly used tests are enzyme immunoas-
say (EIA) for toxin A/B, glutamate dehydrogenase (GDH), 
nucleic acid amplification tests (NAATs), toxigenic culture 
(TC), and cytotoxin neutralization (CTN) test [82, 83]. 
Diagnosis of CDI is made following detection of C. difficile 
toxin in stool samples in a patient with new onset diarrhea, 
often associated with antibiotic use. Stool toxin test is the 
most specific diagnostic test for CDI with sensitivity of 
67–100% depending upon the method of toxin testing 
employed. EIAs are done to detect toxin A and/or toxin B, 
but they have low sensitivity. In some institutions, a two-step 
process is being used to detect CDI [84]. Initially, a cost- 
effective screening test is done to detect the presence of GDH 
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in stools. As the presence of GDH does not differentiate 
between toxigenic and non-toxigenic strains of C. difficile, 
patients with stool specimen positive for GDH are subject to 
further evaluation by assays to confirm the presence of toxi-
genic C. difficile. Stool culture followed by testing the isolate 
for toxin production is a highly sensitive method (89–100%) 
with high specificity (84–99%). NAATs such as real-time 
polymerase chain reaction (RT-PCR) are as sensitive as cul-
ture for diagnosing CDI. A stool sample to be tested should 
be sent to the laboratory as soon as possible as the toxins 
secreted by C. difficile strains undergo degradation within 
hours [81]. Computed tomography imaging is a useful test 
that shows colonic thickening, and colonoscopy is also very 
sensitive showing characteristic white yellow mucosal 
plaques or pseudomembrane formation [85–87]. False-
positive tests commonly occur regardless of test because of 
C. difficile carriage making it difficult to determine if CDI 
was the diagnosis or diarrhea due to another cause. In a 
logistic regression model, allogeneic HSCT was identified as 
a significant risk factor (OR 18.6, p < 0.01) compared with 
other patients for colonization by C. difficile [88].

In the absence of above mentioned confirmatory labora-
tory findings, the following factors may be suggestive of 
CDI: (1) marked leukocytosis (WBC >15 × 109/L), (2) hypo-
albuminemia (<30 g/L), and (3) rise in serum creatinine level 
(133 μM or 1.5 times the premorbid level) [89].

 Treatment

General management includes discontinuing of offending anti-
biotic if possible together with fluid and electrolyte replace-
ment, anti-C. difficile antimicrobial therapy and institution of 
infection control measures. Specific anti-C. difficile treatment 
[85] includes administration of oral vancomycin, oral or intra-
venous metronidazole, or oral fidaxomicin for 10–14  days 
[90–92] (Table 16.1). Vancomycin and fidaxomicin are the two 

FDA-approved drugs for CDI. Response rate to treatment is 
86–100%. Oral vancomycin and fidaxomicin are the preferred 
treatments of CDI [92]. IV metronidazole is helpful for the 
management of patients with CDI who cannot take oral medi-
cations when combined with vancomycin enemas [93]. Though 
fidaxomicin is associated with lower frequency of recurrence 
than vancomycin, recurrences are not eliminated, and the drug 
is much more expensive. See Table 16.1 for summary of treat-
ment options for CDI. Recurrence rate of CDI after appropriate 
therapy averages 25% [94]. Because of the importance of anti-
C. difficile antibody development in CDI to ultimate recovery, 
anti-C. difficile toxin vaccines and antibody preparations are in 
development. A humanized anti-toxin A and B monoclonal 
antibody preparation reduced the occurrence of CDI recur-
rence in patients treated with standard anti-CDI therapy [95]. 
Pooled human immunoglobulin has been used with variable 
success in treating recurrent CDI [96].

First recurrent CDI can be managed with a repeat course 
of the initial antibiotic. Recurrent cases beyond the first recur-
rence can be treated with pulsed or tapered dose of oral van-
comycin over a month or longer [97]. Patients with fulminant 
CDI may require colectomy for cure [98]. Fecal microbiota 
transplant (FMT), a process by which feces from a healthy 
donor is directly transplanted  into the duodenum or lower 
gastrointestinal tract or is administered as frozen FMT cap-
sules to restore normal ecology, has been used increasingly 
for severe cases of post-antibiotic colitis and more frequently 
for refractory and recurrent cases of CDI [82, 99–102], the 
most successful treatment in immunocompetent hosts. 
However, recommended guidelines suggested avoidance of 
FMT in SOT recipients due to risk of infection from the 
organisms in the fecal material [84]. Nevertheless, in a retro-
spective study of 80 immunocompromised patients, including 
19 SOT recipients, who had received FMT for refractory/
recurrent/severe CDI, an overall cure rate of 89% was reported 
[103]. Though there were few severe adverse effects or related 
adverse effects, infections definitely related to FMT were not 
reported in this study which fits with another study of FMT 
for recurrent CDI in HSCT recipients [104]. Though seem-
ingly not appealing, FMT is emerging as an inexpensive, safe, 
and efficient treatment of refractory and recurrent CDI [105–
108]. There are limited centers for this option but the outcome 
is excellent. More research is needed to understand the posi-
tive elements of donor feces studied by metagenomic analy-
ses in the therapy of severe or recurrent CDI.

 Recommended Prevention and Control 
Measures

Preventive measures that effectively reduce the incidence of 
C. difficile infections and cross-infection in hospital settings 
include a precise and early diagnosis, early initiation of spe-

Table 16.1 Specific anti-C. difficile treatment

Therapeutic 
agent Dose Comments
Metronidazole 500 mg 3–4 

times a day for 
10–14 days PO 
or IV

Not as effective as other drugs 
when given orally due to high 
gut absorption; can be given IV 
if oral route unavailable; give 
orally when can

Oral 
vancomycin

125 mg four 
times a day for 
10–14 days

Standard therapy for moderately 
ill or severely ill patients

Fidaxomicin 200 mg every 
12 h for 10 days

Lower recurrence rate than 
vancomycin but remains the 
most expensive option

Other drugs with potential value: ramoplanin, rifalazil, rifaximin, tini-
dazole, nitazoxanide, teicoplanin, and fusidic acid
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cific treatment, adopting enteric precautions for symptom-
atic patients, promoting hand hygiene using soap and water, 
and adopting barrier precautions. Combination of hand 
hygiene and contact precaution can result in 60–80% reduc-
tion in spread of CDI [109, 110]. As a primary preventive 
step, environmental disinfection with 10% sodium hypo-
chlorite should be routinely employed in hospital rooms con-
fining or having confined patients with CDI [111]. The use of 
broad-spectrum antibiotics should be limited by adhering to 
antibiotic policy of the hospital which should be reviewed 
periodically [112]. C. difficile should be systematically 
investigated in patients with more serious forms of nosoco-
mial diarrhea. Educational programs for clinical and ancil-
lary clinical staff can help prevent transmission of C. difficile 
from patient to patient. Strict antiseptic measures including 
use of disposable gloves, mask, and gown, frequent washing 
of hands with soap and water, and use of disposable ther-
mometers and enhanced environmental cleaning must be 
enforced. Isolation methods such as private rooms or cohort-
ing of infected patients have been effective in reducing the 
rate of CDI.  Surveillance should be instituted in order to 
detect hospital and community outbreaks [81, 85].

Patients with CDI continue to excrete the organism for 
long periods. There is no established treatment for the fre-
quent patient in the hospital who becomes colonized by C. 
difficile. It is therefore essential that patients’ rooms be thor-
oughly sanitized to reduce the potential for reinfection of 
patients, as this is one of the commonest causes for recur-
rence of symptoms.

 Other Gastrointestinal Infections

Other non-C. difficile causes of diarrhea may be seen in the 
first 6  months after transplantation. Though the infections 
seen in BMT and SOT patients are similar, there is signifi-
cant difference in the duration and degree of immunosup-
pression. Infections that occur in the first month following 
SOT include endogenous pathogens infecting the patient 
pretransplant such as herpes viruses, those transmitted from 
the donor as, for example, hepatitis virus, and those related 
to the procedure itself such as gram-negative sepsis. 
Opportunistic infections that occur from 1 to 6 months fol-
lowing SOT include viral, fungal, and parasitic infections. 
Beyond the first 6 months, SOT patients are at a higher risk 
for community-acquired infections and lymphoproliferative 
diseases like B- and T-cell lymphoma due to continued 
intense immunosuppression [2].

Mucositis is common following BMT [113] and mucosal 
ulcerations which may be due to cytomegalovirus (CMV), 
herpes simplex virus, fungal agents, or Entamoeba histolyt-
ica [114, 115]. Diarrhea due to E. histolytica, Giardia lam-
blia, Cryptosporidium spp., Strongyloides stercoralis, CMV, 

and noroviruses are known to occur during the period of 
immunosuppression in BMT patients [116]. Abscess in the 
perianal region mostly due to bacteria is known to occur dur-
ing neutropenic episodes [117]. Hepatitis B and hepatitis C 
may be transmitted from the donor, or reactivation of the 
virus in an infected recipient may occur in the posttransplant 
period [118, 119]. Fatal fulminant hepatitis B has been 
reported in hepatitis B-infected recipients in the absence of 
viral prophylaxis [120]. Fungal infections are less common 
in BMT patients due to antifungal prophylaxis [121, 122].

CMV infection is the most common infection that occurs 
within the first year of SOT, with a peak incidence at 
4–6 months after transplant [45, 123]. Lung transplant and 
heart transplant patients are at a higher risk of developing 
CMV infection than other SOT patients. CMV hepatitis is 
more severe in orthoptic liver transplant patients than in any 
other SOT recipients [124]. Kidney and kidney-pancreas 
transplant patients are at a lower risk of developing CMV 
infection as the latent viral load is low in the allograft [123]. 
This is more likely to occur in those patients who receive 
antilymphocyte antibody in addition to conventional immu-
nosuppression or mycophenolate mofetil (MMF) for mainte-
nance [124–126].

Herpes simplex virus infection is the second most com-
monly occurring viral infection in SOT patients. It has great 
predilection for the squamous epithelium of the esophagus; 
however, it can involve the intestine and liver in the absence 
of appropriate prophylaxis. It is mostly due to reactivation of 
latent virus and hence manifests within the first 4 weeks of 
transplantation [127]. Other herpes virus infections are less 
common. However, the risk of dissemination of varicella- 
zoster virus increases with use of MMF immunotherapy.

Fungal infections usually develop after the first month of 
SOT especially in patients who have discontinued fungal 
prophylaxis [127]. Liver transplant patients are at a higher 
risk to develop invasive fungal infection in general and 
Candida albicans in particular than other SOT patients; 
while infection by Aspergillus spp. is highly prevalent in 
lung transplant and heart-lung transplant patients [128].

 Conclusions

The incidence of CDI in the immunosuppressed population 
is greater than in the general population and is dependent 
on receipt of antibiotics and other drugs and exposure to C. 
difficile. Recovery from CDI depends upon the patient’s 
ability to mount a quantitative immune response and pres-
ence of comorbidities. Disruption of the delicate balance 
between iatrogenic immunosuppression to prevent organ 
rejection and the ability to mount an immune response 
against pathogenic agents results in life-threatening or 
recurrent infections by C. difficile and other pathogens. 
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Prompt diagnosis and early treatment of CDI, effective 
infection control measures, and prudent use of antibiotics 
may help reduce morbidity and mortality due to 
CDI.  Understanding the gravity of the disease and strict 
implementation of hand hygiene and antiviral and antifun-
gal prophylaxis may help prevent other gastrointestinal 
infections following transplantation.
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 Introduction

Patients undergoing solid-organ and hematopoietic stem cell 
transplantation are at risk for numerous infections involving 
the hepatobiliary tract. Hepatobiliary tract infections contrib-
ute significantly to increased morbidity and mortality among 
recipients of solid-organ allografts, particularly in patients 
undergoing liver transplantation. Bacteria and less frequently 
yeast within the gastrointestinal tract may colonize a dys-
functional biliary system resulting in increased susceptibility 
for ascending cholangitis. Additionally, opportunistic viral 
infections such as varicella zoster virus, cytomegalovirus, 
and Epstein-Barr virus may trigger life-threatening acute ill-
nesses or perpetuate malignancies during the posttransplant 
period. Fungal and protozoal infections may also find refuge 
within the biliary tract of immunosuppressed host and requir-
ing multifaceted treatment approach. A thoughtful balance 
between utilization and adjustment of immunosuppressive 

medications, which are essential for graft preservation, while 
limiting the risk for opportunistic bacterial, fungal, viral, and 
parasitic disease, is pivotal in developing a fastidious approch 
towards patients undergoing allograft transplantation. 

Strategies for infection prevention play an important role 
in mitigating the risk for infections during the posttransplant 
period. A thorough pretransplant assessment includes (1) 
surveillance of active and latent infections, (2) early institu-
tion of appropriate antimicrobial drug prophylaxis, and (3) 
appropriate active and passive immunization. A high level of 
suspicion for biliary tract and infections involving the 
liver  along with improved new-generation diagnostic tests 
for early diagnosis, and prompt initiation of effective antimi-
crobial therapy, as expected, are deemed critical in improved 
patient outcomes. Lowering drug-induced immune suppres-
sion, when possible, remains pivotal in addressing manage-
ment of infections in this high-risk group. Here were present 
a comprehensive review of important infections in transplant 
population involving the hepatobiliary tract.

 Bacterial Infections

 Pretransplant Cholangitis

Acute cholangitis is a common bacterial infection affecting 
patients undergoing liver transplantation with advanced liver 
and/or biliary tract disease. The disease process typically 
involves an ascending bacterial infection originating in the 
duodenum that migrates into the lower  biliary tract. If 
untreated, the disease can progress resulting in  life- 
threatening systemic dissemination such as bloodstream 
invasion, sepsis,  severe sepsis, multiorgan dysfunction and 
death. In the pretransplant setting, cholangitis can develop as 
a complication of cirrhosis due to any etiology as well as be 
the  first manifestation of chronic liver disease. Cirrhotic 
patients are prone to cholangitis due to altered biliary motil-
ity and anatomic aberrancy involving  the biliary tract. In 
patients with chronic liver disease being considered for liver 
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transplantation, underlying biliary disease increases the risk 
for cholangitis; these include patients with primary or sec-
ondary cholangitis and less commonly, other causes of pri-
mary biliary tract  disease. Following transplantation, such 
infections may result from technical complications arising 
from  vascular insufficiency  and/or compromised  biliary 
duct anastomoses.

In the normally functioning biliary system, the sphincter 
of Oddi and the constant forward flow of bile prevents retro-
grade spread of bacteria from the duodenum into the biliary 
tract. With the frequent clearing of bacteriostatic bile salts, 
bacterial multiplication is kept in check. These protective 
systems, however, are less effective in patients with chronic 
liver and/or biliary tract disease. Inflammatory damage to the 
hepatocyte and epithelial cells in the bile  ducts distort the 
normal hepatic architecture and bile flow, predisposing to 
biliary stasis and gallstone formation. The presence of gall-
stones in turn serves as a nidus that promotes  the risk for 
ascending cholangitis. Bile aspirated from individuals with-
out gallstone disease is usually sterile. However, nearly 32% 
of bile cultures taken from cancer  patients with gallstones 
demonstrate bacterial colonization [1].

Primary sclerosing cholangitis (PSC) is characterized by 
chronic inflammatory damage of the intrahepatic and extra-
hepatic bile ducts, the  resulting fibrosis leads to strictures 
throughout the biliary tract. Although the precise etiology of 
this disease is not known, due its co-occurrence with inflam-
matory bowel disease, especially ulcerative colitis, autoim-
mune damage is presently the favored hypothesis for  this 
progressive and  devastating  illness. Chronic inflammation 
impedes normal excretion of bile due to stricture formation 
and anatomic distortion of bile duct system, resulting in fre-
quent episodes of cholangitis. Patients with PSC are also at a 
higher risk for gallstone formation. Endoscopic treatment to 
dilate or place stents in the region of severe bile duct narrow-
ing is often undertaken to alleviate bile stasis and to reduce 
the risk for recurrent infections.

Secondary sclerosing cholangitis (SSC) is radiographi-
cally and clinically similar to PSC.  Recurring injury to 
the  bile ducts  seen in patients with  chronic gallstone dis-
ease,  recurrent pancreatitis, surgical trauma to the biliary 
system,  treatment with antineoplastic drugs, eosinophilic 
 cholangitis, recurrent bacterial cholangitis, and HIV cholan-
giopathy are some of the common causes [2]. Injury to the 
bile duct results in anatomic damage and aberration in bile 
excretion predisposing to ascending bacterial colonization 
and  infections. Finally, cholangitis may be associated with 
congenital diseases such Caroli disease and Caroli syn-
drome. Caroli disease involves the cystic dilation of intrahe-
patic bile ducts, and Caroli syndrome involves bile duct 
dilatation as well as congenital hepatic fibrosis [3]. These 
patients are prone to recurrent acute cholangitis, which man-
ifest as the presenting sign in nearly two-thirds of the patients 
[4]. The true incidence of cholangitis is likely underesti-

mated, as biliary strictures likely lead to frequent, and con-
ceivably transient bacterial infection.

Acute cholangitis characteristically presents with jaundice, 
fever, and right upper quadrant abdominal pain. Because 
patients with chronic liver or biliary tract disease may be chron-
ically jaundiced and have abdominal pain and fever from other 
causes such as spontaneous bacterial peritonitis, the diagnosis 
may not be readily perceived. In addition, intrahepatic fibrosis 
may prevent the development of intrahepatic biliary dilatation 
[5]. Among patients with hepatic cirrhosis, the diagnostic 
approach with ultrasound, CT scan, MRCP, and ERCP is the 
same as for the non-cirrhotic patient. However, ERCP carries 
significant risk for complications in patients with cirrhosis due 
to (1) the adverse effects of sedation in preexisting hepatic 
encephalopathy, (2) risk of uncontrolled bleeding due to coagu-
lopathy, and (3) procedure-associated pancreatitis. ERCP-
associated pancreatitis is a serious complication, especially in 
patients with end-stage liver disease. However, diagnosis and 
relief from bile duct obstruction is crucial in prevent-
ing future infections and other complications.

The causative organisms of acute cholangitis are of intes-
tinal origin and similar to those associated with cholecystitis. 
Aerobic Gram-negative bacteria (GNB) such as 
Escherichia  coli, Klebsiella  spp.  and Enterobacter spp.; 
occasionally, Gram-positive bacteria (GPB) such as 
Enterococcus spp. are isolated. Anaerobes such as 
Bacteroides fragilis or Clostridium perfringens are uncom-
mon pathogens [6]. In patients with PSC, Candida species 
are increasingly isolated from the bile cultures [7]. 
Concurrent yeast and bacterial polymicrobial infection 
may  result in a more severe form of cholangitis. Systemic 
antifungals should be considered early in the course of ther-
apy for acute cholangitis, especially in patients with known 
biliary tract yeast colonization, in whom initial empiric anti-
bacterial therapy has failed.

Effective treatment consists of a multifaceted approach 
including systemic antimicrobials, biliary tract drainage, and 
supportive care. Current recommendations are to cover 
broadly for aerobic GNB, GPB, and anaerobes. More than 
50% of cases respond well to conservative antimicro-
bial  treatment alone,  given for 7–10  days [8]. If patients’ 
clinical status declines or infection  fails to improve within 
the first 24 h after treatment with antibiotics has commenced, 
emergent drainage of the biliary tract is recommended. 
Patient with cirrhosis experience high frequency of compli-
cations following ERCP and sphincterotomy. Approximately 
3–8% of cirrhotic patients will experience bleeding, and 
4–5% may develop acute pancreatitis following sphincterot-
omy [9, 10]. Other complications such as secondary cholan-
gitis, cholecystitis, stent occlusion, stent migration, and bile 
leak are also more frequent in  patients with cirrhosis of 
liver  [10]. Cholangitis in patients with PSC commonly 
requires dilation and/or stenting of bile duct  strictures. 
Placement of a foreign object act as an additional nidus, that 
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increases the risk for future infections; recurrent cholangitis 
was more common after stent placement compared with 
PSC patients, in whom only balloon dilation was performed 
[10]. Finally, percutaneous transhepatic cholangiography 
(PTC) can be employed in cases in which ERCP is not pos-
sible due to prior surgery; however, PTC carries an increased 
risk for bacteremia, hemorrhage, hemobilia, and creation of 
vascular-biliary fistula. This technique cannot be employed 
in patients with significant ascites as the ascitic fluid prevents 
maturation of the cutaneobiliary tract [11].

For patients with frequent, recurrent cholangitis associ-
ated with surgical alterations of the biliary tract such as 
hepaticojejunostomy and sphincteroplasty, the use of long- 
term antibiotic prophylaxis with rotating antibiotic regimens 
including amoxicillin-clavulanic acid, trimethoprim- 
sulfamethoxazole, or  ciprofloxacin are  proposed to reduce 
recurrences of cholangitis episodes [12, 13]. As with all 
long-term antibiotic prophylaxis, colonization and infection 
due to drug-resistant organisms remain a serious concern.

Finally, potential liver transplant recipients with PSC, 
during the episodes of recurrent cholangitis, have an 
increased risk of death; however, it  is considerably lower 
during the intervals without such infection episodes. To 
account for this additional risk of death, patients who have 
two or more serious episodes of cholangitis requiring hospi-
talization and intravenous antibiotic therapy within a 
6-month period are eligible to receive MELD exception 
points to prioritize their prospect for hepatic allograft 
transplantation [14].

 Posttransplantation Cholangitis

Cholangitis that occurs after transplantation procedure can 
be classified into conditions associated with anatomic altera-
tions in liver transplant recipients and those associated with 
anti-rejection drug  regimen-induced  immune  suppression. 
With the first category, bacterial pathogens are most com-
mon. In the subsequent category, polymicrobial infections 
associated with high level of drug-induced, cumula-
tive immune suppression become more prominent. Temporal- 
relationship, and other associated features such as source of 
the hepatic allograft, transplantation  procedure, and 
the underlying etiology of end-stage liver disease are impor-
tant features  in assessing patients with cholangitis after 
transplantation.

 Bacterial Cholangitis

Acute cholangitis is the most common infectious complica-
tion in liver transplant recipients and may arise at any time 
after undergoing transplantation. Alterations in the normal 
biliary anatomy predisposes to infections resulting from 

choledochojejunostomy anastomosis. Most surgical compli-
cations involve the biliary system; 15–30% of transplant 
recipients will experience a complication involving the bili-
ary tract [15]. Surgical complications such as bile leakage, 
wound dehiscence, and bile duct  strictures are commonly 
associated with the risk of  cholangitis. Recurrence of pri-
mary disease in patients with PSC is a well-known risk 
for  acute cholangitis. Finally, viral infections may involve 
the liver and confer a greater risk of cholangitis by promot-
ing bile stasis.

The causes and risks associated with the infection can 
roughly be grouped according to two main time periods: 
within 30 days and after 1st month following transplantation 
[16]. The incidence of acute cholangitis begins to decrease 
after the 1st year following transplantation. This is presum-
ably due to a decline in the risk factors for cholangitis that 
usually manifest early after transplant surgery.

During the first several weeks immediately following 
liver transplantation, surgical complications are the 
main cause of acute cholangitis. Acute cholangitis in the first 
30 days following transplant is commonly related to biliary 
anastomotic leaks. Bile leaks usually manifest within the 
first 30 days after transplant surgery, with a mean time for 
presentation being 17 days [17]. Subsequently, acute cholan-
gitis as a direct result of surgical complication becomes 
much less common. Placement of biliary T-tube in the duct- 
o- duct anastomosis increases the overall risk for complica-
tions, including the risk for cholangitis [18].

After the first month, strictures in the biliary tract 
become  the leading  cause of  cholangitis. Strictures can be 
classified as either anastomotic or non-anastomotic strictures 
and typically present around 6 months after transplantation 
[19]. Anastomotic strictures are short, limited to the surgi-
cal anastomosis site, resulting from fibrotic scar tissue forma-
tion. Non-anastomotic strictures are typically multiple, long, 
and proximal to the site of anastomosis involving within the 
transplanted hepatic allograft. They are divided into three 
main groups based on causative etiology: macroangiopathic, 
microangiopathic, and immunogenic. Macroangiopathic 
strictures are related to vascular events, the most common 
being hepatic artery thrombosis and hepatic artery stenosis, 
with an incidence of 1–3% [20]. Non-anastomotic strictures 
due to microangiopathic complications are related to isch-
emic events that occur during perioperative period involving 
donor liver or surgical and postsurgical complications in the 
recipients such as  inadequate tissue perfusion or the need for 
systemic vasopressor support. Bile duct  complications are 
more frequent in patients undergoing living donor transplan-
tation (LDT) due to the complex biliary and vascular grafting 
techniques; bile leaks and strictures may occur in up to 12.6 
and 5.8% of LDT cases, respectively [21]. Finally, recurrence 
of primary sclerosing cholangitis can cause immunogenic 
strictures. Of all the causes of biliary strictures, immunogenic 
strictures present furthest from the transplant procedure.  
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The most such complications will present within the first 
18  months after transplant; however, they may be encoun-
tered years after transplantation [22, 23]. Approximately 
10–20% of patients undergoing transplantation for PSC will 
develop disease recurrence with a median presentation time 
of 68 months [23, 24]. These cases are associated with HLA 
subtype, presence of acute cellular rejection, and necessity 
for chronic systemic corticosteroid therapy for ulcerative 
colitis [24].

Transplant recipients may or may not present with typical 
symptoms suggestive of acute cholangitis, and comparable 
clinical presentation of other conditions may initially obscure 
the diagnosis. Abdominal pain is not uncommon after liver 
transplant surgery. Liver biochemistries may be abnormal 
due for a variety of reasons. As a result, it is often difficult to 
diagnose an acute episode of cholangitis based on classic 
physical and laboratory findings. In addition, biliary dilata-
tion is frequently absent in patients with cholangitis due to 
local edema, blood clots, and sludge in the bile ducts  that 
obscure accurate visualization of the biliary tract. Abdominal 
ultrasound has low diagnostic sensitivity of 38–68% [25]. As 
a result, diagnostic MRCP is recommended in all appropri-
ate clinical settings.

Treatment of acute cholangitis in the transplant popula-
tion is similar to treatment approach for patients with acute 
cholangitis during pretransplant period; prompt initiation of 
empiric antibiotic coverage for GNB and GPB is recom-
mended. Concomitant fungal infection may be present in 
1–12% among such infections, typically Candida spp., rarely 
Aspergillus spp., and it is exceedingly rare to find extrapul-
monary Pneumocystis as a concurrent fungal pathogen [16, 
26]. Antifungal coverage should also be considered in 
patients receiving intensified antirejection regimen. Invasive 
fungal disease of the biliary tract is often rapidly fatal unless 
effective systemic treatment is given empirically and high 
level of suspicion plays an important role in such decision 
making [27]. Finally, ERCP-assisted biliary decompression 
with drainage and placement of stents may be needed.

 Cholangitis Associated 
with Immunosuppression

Immunosuppression used to prevent or treat liver graft rejec-
tion predisposes the patients  to infection with a variety of 
viruses and fungi which are normally harmless in individuals 
with intact immune function. In patients with CMV hepatitis, 
viral infection may extend to involve the biliary tract; fungal 
infections primarily Candida spp.  and  less commonly 
Aspergillus spp.  may occur, especially in highly susceptible 
population with (1) documented fungal infection prior to trans-
plantation; (2) advanced renal disease; (3) patients after pro-
longed transplant operative time; and (4) those with a 
choledochojejunostomy.

 Cholecystitis

Cholelithiasis and cholecystitis are prevalent in the general 
population, nearly 500,000 cholecystectomies are performed 
annually in the United States [28]. Detection and treatment 
of the disease among otherwise healthy individuals is gener-
ally successful without significant morbidity and mortality. 
However, gallbladder disease and surgery in the cirrhotic 
patient carries significant risk. Development of gallstones 
and progression to cholecystitis is common in patients with 
hepatic cirrhosis, this is ascribed to high levels of estrogen, 
unconjugated bilirubin, and increased risk for hemolysis. In 
patients with cirrhosis of liver, gallstones may develop at a 
frequency of 38% higher compared with general population 
[29, 30]. The prevalence of gallstones increases with disease 
severity, and recent studies have suggested chronic hepatitis 
C viral infection as an independent risk factor for gallstone 
disease in patients with cirrhosis [31, 32].

Clinical presentation of cholecystitis in patients with cir-
rhosis may be similar to that observed in the general popula-
tion; however,  presence of abdominal distension and 
abdominal pain from ascites, preexisting liver test abnormal-
ities may obscure the diagnosis. The bacteriology of acute 
cholecystitis in cirrhosis is similar to that of cholecystitis 
in  otherwise healthy patient, namely, the normal intestinal 
flora. Gram-negative bacilli such as E.coli, Klebsiella pneu-
moniae, Klebsiella oxytoca, and Enterobacter spp. and 
anaerobes such as Bacteroides and Fusobacterium spp. are 
frequently isolated. Due to higher frequency of exposure to 
the healcare environment including hospitalization and fre-
quent antibiotic use including antimicrobials given for pre-
vention of spontaneous bacterial peritonitis in patients with 
end-stage cirrhosis; the probability of infections due to mul-
tidrug-resistant organisms (MDROs)  is a concern. 
Colonization of the gastrointestinal tract with MDROs and 
unusual pathogens resulting from altered hosts’ microbiota 
is regarded as an important contributor in the changing spec-
trum of the causative agents for acute cholecystitis [33, 34]. 
Additionally, cirrhotic patients are at increased risk for renal 
failure due to impairments in normal renal circulation [35]. 
Predictive factors for renal failure in this population include, 
higher baseline MELD score of greater than 27 and severity 
of infection; therefore, administration of albumin with anti-
biotics has been proposed to improve outcomes in high-risk 
individuals [36].

Curative therapy for cholecystitis involves surgical removal 
of the gallbladder, however, patients with cirrhosis are poor 
surgical candidates. Derangements in fluid dynamics due 
to portal hypertension, dysregulation in coagulation cascade, 
and overall poor functional performance status in patients with 
end-stage liver disease are some of the salient factors contribut-
ing to the significant risk associated with surgery. Cirrhosis fol-
lows cardiovascular disease such as congestive heart failure in 
predicting complications during and after surgery. Prior to the 
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advent of laparoscopic cholecystectomy, advanced  cirrhosis 
was considered as a contraindication for cholecystectomy due 
to high  mortality rates approaching  25–83%. Such patients 
were managed conservatively with systemic  antibiotics and 
supportive care [37, 38]. Surgical complications included intra-
abdominal hemorrhage, variceal bleed, development or wors-
ening of ascites, superimposed infection(s), and cardiovascular 
compromise. With laparoscopy advanced  cholecystectomy 
techniques, favorable  outcomes have improved substantially 
[39] and should be attempted as the initial approach for a select 
group of patients [40]. Laparoscopic surgery is associated with 
shorter hospital stay, earlier resumption of enteral feeding, ear-
lier ambulation, less blood loss, and reduced pain dur-
ing the postoperative period [41]. Additionally, postoperative 
ascites is less common after laparoscopic procedure; probably 
a reflection on reduced disruption of hepatic and biliary lym-
phatic circulation and lower risk of bleeding in the peritoneal 
cavity [42]. In cases where laparoscopic total cholecystectomy 
is not possible due to extensive fibrosis and/or severe  local 
inflammation, subtotal cholecystectomy procedure that leaves 
the posterior wall of the gallbladder intact along the liver allows 
symptomatic relief and clinical resolution of the infection, 
while mitigating the aforementioned risk of complica-
tions  associated with a  more invasive surgical dissection 
needed during total cholecystectomy procedure [42–44].

Operation risk was initially assessed with Child-Turcotte- 
Pugh classification. Individuals with Child-Pugh A or B 
score  were considered safe to undergo  surgical procedure, 
whereas those with Child-Pugh C were managed with con-
servative therapy alone [45, 46]. More recently, the MELD 
(model for end-stage liver disease) scoring system, which 
also includes serum bilirubin, INR, and serum creatinine 
 levels, has shown to be a more accurate predictor of postop-
erative survival. In a retrospective study between 1995 
and  2009, complications following surgery significantly 
increased in patients with MELD scores greater than 13 [47]. 
Postoperative complications including hemorrhage, abdomi-
nal fluid collection, wound infection, and pulmonary infec-
tion increased from 11.6% in those with a MELD score 
of <13 to as high as 45.8% in patients with a MELD score 
higher than 13 [48, 49]. Many of the surgical complications 
were a result of portal hypertension, which increases the risk 
for hemorrhage, formation of ascites, and renal failure dur-
ing and after surgery. Placement of transjugular intrahepatic 
portosystemic shunt (TIPS)  is now routinely used to  lower 
portal circulation pressure  in patients with  end-stage liver 
disease  with refractory ascites and/or  recurrent, or severe 
varecieal  bleed. This procedure has made liver and intra- 
abdominal surgery possible in patients, in whom such proce-
dures otherwise would have been differed [50–53]. Patients 
with advanced cirrhosis are still considered high-risk candi-
dates for laparoscopic cholecystectomy, despite best medical 
optimization  efforts. For appropriate patients, liver trans-
plantation is the only feasible approach. As a provi-

sional measure for patients in urgent need for biliary tract 
decompression, percutaneous drainage via transhepatic route 
by placement of  cholecystostomy tube or immediate gall-
bladder aspiration may  be considered. Numerous studies 
have examined this technique versus laparoscopic cholecys-
tectomy among high-risk patients such as elderly and those 
with multiple comorbidities; favorable results accompanied 
by reduced complication rates make this as a  first-line 
approach for a  select group of high-risk individuals. 
Treatment success rates approach 83–85% with 30-day mor-
tality rates between 12 and 15% among otherwise inoperable 
patients [54, 55]. Similar studies involving patients with 
severe cirrhosis have shown similar favorable outcomes [56]. 
Finally, placement of stents in the cystic duct during ERCP 
has also been evaluated. A case series involving 13 nonsurgi-
cal candidates with advanced cirrhosis and symptomatic 
gallbladder disease reported successful stent placement from 
gallbladder into the duodenum with complete resolution of 
symptoms and absence of major complications with the pro-
cedure [57].

 Hepatic Abscess

Hepatic abscesses are a rare, albeit a life-threatening compli-
cation in patients undergoing allograft transplantation [58]. 
As with other serious infections, a high index of suspicion, 
prompt diagnosis, and institution of appropriate therapy are 
the essential components for better outcome [58]. Risk fac-
tors include diabetes mellitus, hepatic artery thrombosis, and 
strictures involving the bile duct anastomosis site. Most liver 
abscesses develop within the first 3  months following 
 transplantation surgery; liver ultrasonography remains the 
quickest and safest diagnostic test [58, 59]. Enteric Gram-
negative bacilli are common causative organisms, including 
enteric organims with hyperproduction of capsular polysac-
charide or those exhibiting hypermucoviscosity, such mono-
microbial infections can lead to  large, multiloculated 
intrahepatic collections. Polymicrobial infections, mixed aer-
obic, ananerobic bacteria and less frequently Candida spp. 
infection may occur. Treatment involves surgical or interven-
tion radiology- assisted abscess  drainage, and broad-spec-
trum intravenous antibiotics.

 Viral Infections

 Cytomegalovirus

Cytomegalovirus (CMV) is a member of the β-herpesvirus 
group and is endemic around the world with seroprevalence 
rates ranging from 45 to 100% [60, 61]. In immunocompe-
tent hosts, primary CMV infection most commonly presents 
without symptoms or as a self-limiting mononucleosis-like 
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syndrome. Infected individuals harbor the virus for life in a 
latent phase. However, reaction of the virus in immunocom-
promised individuals following allograft  transplantation is 
common and associated with significant morbidity and 
death [62].

Primary CMV infection in the general popultion presents 
as asymptomatic infection, and in 10% as mild self-limiting 
illness;  whereas,  life-threatening viral disease may rarely 
lead to severe cholestatic hepatitis and fulminant hepatic 
failure (FHH) [63–67]. CMV may involve any internal organ; 
in abdominal organ transplant recipients, gastrointestinal 
viral disease is most frequently encountered. In one report, 
FHH due to CMV infection was successfully treated with an 
emergency living-donor liver transplantation and ganciclovir 
therapy continued during the posttransplant period. 
Following liver transplantation, CMV is the most common 
viral pathogen that affects the overall outcome after  trans-
plantation. The clinical impact of CMV infection can be cat-
egorized as direct or an indirect viral effect. Direct effects of 
CMV can manifest as either CMV syndrome with fever, 
viral  myelosuppression, or tissue-invasive end- organ  viral 
disease [68]. CMV may involve any organ resulting in hepa-
titis, esophagitis, gastritis, enteritis, colitis, meningioenceph-
alitis, retinitis, and pneumonitis to name a few. Transplanted 
liver allografts are more susceptible to tissue-invasive CMV 
disease compared with the risk of viral disease involviong 
the  native organ. Reactivation of latent CMV infection in 
CMV seropositive recipient or allograft- transmitted primary 
CMV infection in CMV naive liver transplant recipient are 
well-established  risk factor for poor allograft function and 
patient survival [62, 69, 70]. CMV has the ability to upregu-
late alloantigen presentation  thereby promoting the  risk of 
both, acute and chronic allograft rejection; CMV-induced 
immune dysregulation included stunted hosts’ cellular 
immune response increases the risk for  infection due 
to  other  opportunistic pathogens; and its adverse  impact 
on accelerated HCV recurrence after liver transplantation are 
all important issues [71]. CMV infection has been linked to 
the vanishing bile duct syndrome, chronic rejection notice-
able by  ductopenia, and extrahepatic bile duct  strictures 
resulting in chronic cholestasis and eventual allograft failure 
[72–74].

 Epstein-Barr Virus Infection

Epstein-Barr virus (EBV), a member of the herpes virus fam-
ily, is a nearly ubiquitous infection in humans. According to 
the World Health Organization (WHO), nearly 95% of the 
world’s population by the age of 35–40 years has latent EBV 
infection  [75]. The virus is transmitted via oropharyngeal 
secretions and consists of a linear DNA genome, nucleocap-
sid, and viral envelope. Infection is usually transmitted in 

early adolescence, and most primary infections are asymp-
tomatic with only 30% presenting as acute viral illness [75]. 
Primary clinical EBV infection, known as infectious mono-
nucleosis, causes a flu- like illness, patients may have fever, 
pharyngitis, generalized lymphadenopathy, splenomegaly, 
atypical lymphocytosis, and elevations in transaminase lev-
els. Acute infection is usually a self-limiting illness and man-
aged with  supportive  care;  most infections  resolve 
in 4–6 weeks. Less than 5% of patients present with jaundice 
[76]. In very rare instances, acute EBV infection leads to ful-
minant hepatic failure with jaundice, aminotransferase levels 
elevated to 10,000–20,000  international units; hepatic 
encephalopathy, coagulopathy, and thrombocytopenia  are 
other common features. In some, an alarming progression of 
disease may result in nearly 90% mortality [77]. Although 
fulminant hepatic failure is more common in immunocom-
promised patients [78], this has been reported in individuals 
with competent immune function, both adults and children 
are at risk for this rare complication [79, 80]. Serologic test-
ing confirms acute EBV primary infection; blood EBV quan-
titative  PCR is better to assess  severity of infection. Low 
levels of free EBV DNA are usually present in acute infec-
tion, whereas high viral DNA levels are noted in severe life-
threatening cases; patients with fatal EBV infection tend to 
have 100× higher EBV DNA level in blood [81]. Liver trans-
plantation is the only curative treatment once disease has 
progressed to fulminant hepatic failure. Although there is no 
expert consensus or ongoing trials to assess pharmacother-
apy, high-dose steroids, antiviral agents; plasmapheresis 
is recommended while awaiting liver transplantation. Finally, 
there is limited information regarding the risk for EBV recur-
rence after transplantation in patients with EBV- induced 
liver failure. A single case report noted prevention of EBV 
recurrence up to 2 years after hepatic allograft transplanta-
tion with a regimen of acyclovir, low-dose antirejection 
immune suppression, and anti-EBV gamma globulin ther-
apy; however, this has not been replicated in other reports 
[77]. In the posttransplant period, acute EBV infection can 
either be the result of a primary infection or more commonly 
reactivation of remotely acquired latent viral infection. EBV 
has been implicated in a number of diseases that may occur 
in this population, such as posttransplant lymphoprolifera-
tive disorder, lymphoma, nasopharyngeal carcinoma, 
Burkett’s lymphoma, and Hodgkin’s disease  and are dis-
cussed in detail elsewhere [82–86].

 Herpes Simplex

Herpes simplex virus (HSV) is a common, double-stranded 
DNA virus with two subtypes HSV-1 and HSV-2; in the 
developed world  prevalence of HSV-1 is around 80% and 
HSV-2 nearly 30% [87, 88]. Primary and recurrent HSV 
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infection may rarely result in a disseminated infection that 
may result in fulminant hepatitis. Less than 1% of acute liver 
failure and 2% of viral-induced acute liver failure are caused 
by HSV [87, 89]. HSV hepatitis most commonly affects 
infants who acquire the virus via vertical transmission and 
adults with impaired cellular  immunity due to malignancy, 
HIV/AIDS, and treatment with immunosuppressive anti- 
rejection or anti-GVHD drugs [90–92]. Though commonly 
associated with immune deficiency, 25% of patients with 
HSV hepatitis are seen in patients with apparently competent 
immune function [87]. The development of HSV hepatitis 
can occur as a result of large inoculums at the time of initial 
infection that overwhelm natural immune defenses or sec-
ondary to dissemination from recrudescent herpetic lesion in 
the absence of an effective  hosts’ immune response. 
Virulence through reactivation of latent virus with superim-
posed infection due to a new viral strain and infection due 
to hepatotropic viral  strain promote risk for HSV hepatitis 
[92–94].

Patients with HSV hepatitis most commonly present with 
fever (98%), coagulopathy (84%), encephalopathy (80%), 
and leukopenia (71%) [87]. A rise in transaminase levels in 
the absence of jaundice is a characteristic feature of severe 
HSV hepatitis [90]. The presence of a herpetic rash can be 
observed in 40–60% of cases [87, 92]. Diagnosis of HSV 
hepatitis is challenging, as most cases are diagnosed during 
postmortem examination [87]. Pelvic examination may be 
helpful as women may less evident vaginal or cervical her-
petic lesions while sparing the vulva or perineum [87, 95]. 
Tzanck smear, or direct fluorescent antibody staining of skin 
lesions aid in diagnosis [87, 96]. Serologic testing has lim-
ited clinical use [87]. Detection of HSV DNA in blood by 
PCR and/or  demonstration/isolation of the virus in  liver 
biopsy samples is needed for establishing diagnosis [87, 97]. 
Gross pathologic specimens of HSV hepatitis are character-
ized by a mottled appearance with multiple red-yellow 
necrotic lesions. Histologic examination often reveals centri-
lobular hemorrhagic necrosis, scattered acidophilic bodies, 
and intranuclear ground-glass inclusions with margination of 
chromatin. The inflammatory response in these tissue speci-
mens is often minimal [90, 98, 99].

Clinical suspicion alone should prompt initiation of high- 
dose intravenous acyclovir given as 10 mg/kg dose every 8 h 
adjusted to renal dysfunction, when present [94, 100]. In a 
review of 134 patients with HSV hepatitis, 49 were treated 
with acyclovir within 4 days of the symptoms onset; 51% 
deaths and progression to liver transplant vs. 81% in the 
untreated group was a significant difference in outcome [87]. 
Risk factors for death and liver transplantation include age 
>  40, male gender, coagulopathy, immunosuppression, 
encephalopathy, ALT >5000, platelets <75,000  U, and the 
absence of treatment with acyclovir. A delay in institution of 
antiviral therapy of 4.7 vs. 3.5 days from the onset of symp-

toms was significantly related with the risk for death or need 
for urgent liver transplantation. Three of seven patients who 
underwent orthotopic liver transplantation for HSV acute 
liver failure survived [87]. Children have a significantly bet-
ter 5-year survival (74%) compare with long-term survival of 
27% seen in adult liver transplant recipients with fulminant 
HSV hepatitis [92].

Acyclovir prophylaxis is recommended for all patients 
undergoing liver transplantation for HSV liver failure [98, 
100]. However, several recent reports have noted recurrence 
of infection due to acyclovir-resistant HSV strains following 
transplantation, close monitoring is recommneded for possi-
ble recurrent infection due to a mutant viral strains [97, 98]. 
Foscarnet therapy followed by liver retransplantation in such 
cases demonstrated a 43% survival rate, though the degree 
of  immune  suppression in patients with  severe sepsis-like 
syndrome should be deemed carefully [101–103].

 Fungal Infections

 Aspergillosis

Aspergillus is a ubiquitous, saprophytic fungus that is widely 
distributed in the natural environment and the second most 
common cause of invasive fungal disease (IFD) in patients 
undergoing liver transplantation [104, 105]. Nearly one 
quarter of all IFD is due to Aspergillus spp. and account for 
1–8% of infections in the post-liver transplant period [106]. 
Risk factors of  invasive aspergillosis include renal insuffi-
ciency,  retransplantation, CMV infection, thrombocytope-
nia, leukocytopenia, recurrent bacterial infections, allograft 
dysfunction, fulminant hepatic failure, high requirement 
for blood and blood products, and treatment with anti-CD3 
monoclonal antibodies [106–113]. Invasive aspergillosis his-
torically manifest within 3 weeks after liver transplantation. 
However, several recent studies have noted that most cases of 
invasive aspergillosis are seen 100 days after transplant sur-
gery [108, 114–116]. This late occurrence coincides with 
CMV infection and prophylaxis with fluconazole, when used 
does not provide adequate protection against filamentous 
molds such as Aspergillus spp. [106]. Hepatic Aspergillus 
spp. abscesses were described in liver and in renal transplant 
recipients, especially during treatment with high-dose corti-
costeroid therapy for acute allograft rejection [117, 118].

Invasive aspergillosis (IA) typically manifest as a sinopul-
monary disease  in patients undergoing allogeneic hemato-
poietic stem cell transplantation, and due to neurotropism, 
fungal brain involvement may also  occur,  although fungal 
brain abscesses are not common complications in allograft 
transplant patients with IA. Given its ability to invade blood 
vessels, fungus  may be disseminated widely and 
patients may have clinically diverse presentations, including 
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involvement of the eyes, liver, spleen, heart, kidneys, bone, 
and brain [119]. In patients with seldom seen aspergillosis of 
the liver,  fungal abscesses and mycotic aneurysms are 
notible presentations [117, 120–123]. Posttransplant mycotic 
abscesses carry a significant mortality of nearly 60%; it is 
important to note that ruptured mycotic aneurysm may be the 
initial presentation of IA  in patients undergoing  liver 
allograft transplants [117, 120–123]. Early diagnosis contin-
ues to pose a challenge and thought to contribute toward high 
mortality seen with these  infections [124–126]. All liver 
abscesses require guided aspiration to establish correct diag-
nosis and early institution of appropriate therapy [117, 120–
122]. Fungal stains and culture of fine-needle aspirates 
samples  from  intra- or extrahepatic collections should be 
performed routinely; however, to establish diagnosis 
of  proven IFD, it is important to  demonstrate  tissue inva-
sion by molds; and  tissue biopsy should be pursued when 
possible in patients suspected for invasive aspergillosis [117, 
120–122]. The role of ancillary fungal antigen assays such as 
beta D glucan and galactomannan for diagnosis of IA involv-
ing hepatic allograft remain uncertain.

Amphotericin was  effective in the treatment of hepatic 
mycotic pseudoaneurysms [127]. Mortality rate associated 
with aspergillus abscesses in allograft transplant  recipients 
was unacceptably high, despite treatment with amphotericin 
B [117, 120–122]. The addition of broad-spectrum triazole- 
based drugs such as voriconazole, posaconazole and the 
recent addition of isavuconazonium sulfate in the cur-
rent  antifungal armamentarium provided a less toxic and 
more effective treatment option for these life-threatening 
opportunistic pathogens. Similarly, echinocandins including 
caspofungin, micafungin, and anidulafungin also consid-
ered safe treatment option and with significantly less poten-
tial for drug-drug interaction compared with the triazole 
drugs. Reduced intragenic, drug-induced immune suppres-
sion is important in solid allograft transplant patients with 
an active invasive fungal disease, an option that is not avail-
able for patients  with IFD following  allogeneic HSCT. 
Surgical drainage, excision of necrotic tissue, or resection of 
the infected devitalized organ is considered as important as 
treatment  with  effective antifungal  drugs [117, 119, 121, 
128, 129].  However, due to various reasons, patients with 
IFD during posttransplant period may not be suitable candi-
date for surgical resection or debridement.

 Candidiasis

Candida is a commensal yeast normally found on skin and 
mucus membranes of upper  respiratory, orointestinal, and 
genitourinary tracts [119]. Particular disease-causing species 
of Candida may lead to tissue invasive  infection with 
a potential for widespread hematogenous systemic dissemi-

nation. Yeast colonization involving multiple  body-sites, 
yeast overgrowth in  patients with  impaired  milieu inflict-
ing alterations in hosts’ protective microbiota, presences of 
indwelling foreign devices such as intravascular catheters, 
and surgical drains increases the risk for invasive candidia-
sis in severely immunosuppressed patients undergoing trans-
plantation. Individuals treated with extended and often 
multiple courses of broad-spectrum antibiotics and pro-
longed exposure to  healthcare that includes doctors office 
visit, repeat hospitalizations among others, are vulnerable to 
these complications. 

Candida infection plays a particularly prominent role in 
the development of cholangitis. In a recent retrospective 
study of 171 patients with PSC that were followed for 
20  years, the presence of Candida in biliary cultures was 
associated with a significantly poor transplant-free survival 
compared to patients with sterile bile cultures [130]. Infection 
with Candida and Enterococcus is responsible for sclerosing 
cholangitis in critically ill patients, this  entity  repre-
sents severe biliary disease, which may rapidly progress to 
liver cirrhosis; distinguished from PSC by a more rapid clini-
cal course and absence of a prior history of liver disease or 
injury responsible for bile duct obstruction [131].

Early diagnosis of invasive candidiasis presents a chal-
lenge as clinical features are not specific and Candida colo-
nization is particularly common in such hospitalized patients; 
furthermore, lack of sensitivity of routine blood cultures 
makes diagnosis of fungemia difficult. The fungal antigen 
assasys like beta-D-glucan assay, which detects fungal cell 
wall complex sugar  in blood and bronchoscopy samples, 
common to most clinically relevant fungi, are  increas-
ingly used to diagnose Candida spp. invasive disease. Several 
studies in renal transplant recipients have noted a diagnos-
tic specificity of 80% and a sensitivity of 50% with this assay 
[132–134]. Dialysis with cellulose membranes, concomitant 
use of certain antibiotics, perhaps infection due to S. pneu-
moniae, use of albumin products, coagulation factors, and 
human plasma-derived albumin and globulin may occasion-
ally  result in  false-positive detection of  beta-D-glucan in 
sterile  body fluid samples  [135]. Recently, flow cytometry 
has been used to identify yeast colonization in  patients 
undergoing living-donor liver transplantation [136].

Empiric antifungal  therapy is recommended in organ 
transplant patients with persistent fever, despite treatement 
with broad-spectrum antibiotics [119]. Historically, ampho-
tericin B was considered the drug of choice at a dose of 0.5–
0.7 mg/kg/day [119]. Echinocandins, such as caspofungin, 
micafungin, or anidulafungin, have shown high degree of 
efficacy and excellent safety profile compared with ampho-
tericin B in patients undergoing solid-organ and hematopoi-
etic stem cell transplantation [137–141]. A recent case report 
by Goicoechea et  al. has documented biliary excretion of 
caspofungin at levels above the MIC50 for C. albicans [142]. 
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Transient elevation of serum transaminases was observed in 
patients receiving caspofungin 70 mg daily along with cyclo-
sporine; FDA has cautioned against such combination ther-
apy [143, 144]. Fluconazole remains an alternative agent for 
C. albicans infections, although increasing resistance among 
the C. glabrata clinical isolates warrants fluconazole use as 
first-line agent, especially in transplant patients with invasive 
candidiasis, which may include anastomosis site abscesses, 
fungal  cholangitis, with or without evidence of  fungemia 
[145–147].

 Protozoal Infections

 Cryptosporidium

Cryptosporidium is a genus of protozoan parasites that 
causes an acute, self-limited diarrheal illness in the normal 
host, whereas in patients with severe immune suppression, 
Cryptosporidium may be responsible for debilitating chronic 
diarrheal illness. The most common species affecting humans 
is Cryptosporidium parvum, which is ubiquitous in natural 
water source around the world; transmission occurs via inges-
tion of water or food contaminated with mature oocysts. 
Cryptosporidiosis is an uncommon illness among transplant 
recipients in the United States and Europe; however, such 
infections are more visible in the immunosuppressed patients 
residing or visiting Cryptospridium endemic regions in the 
Middle East, India, South America, or Africa.

Extraintestinal manifestations are rare; biliary tract 
involvement has been noted in patients with advanced HIV/
AIDS, those with  congenital immunodeficiencies, and  in 
patients  undergoing  organ allograft  transplantation [148–
154]. Biliary manifestations observed in patients with AIDS 
include acalculous cholecystitis, sclerosing cholangitis, and 
pancreatitis [148, 149]. Diagnosis of cryptosporidiosis is 
based on microscopic examination of stool with findings of 
oocysts similar to size and shape of yeasts [154]. 
Immunofluorescent assays that employ monoclonal antibod-
ies against  Cryptosporidium oocysts and antigen-detection 
assays by ELISA and immunochromatographic formats are 
also available and have higher sensitivity compared with stool 
studies using  acid-fast staine. Initial management should 
focus on replacement of fluids and electrolytes. Treatment 
includes reducing  the degree of drug-induced  immunosup-
pression; antiparasitic agents active against  C. parvum are 
nitazoxanide, paromomycin, or macrolide antibiotics [154]. 
To date, only five cases of C. parvum-associated sclerosing 
cholangitis have been reported in the transplant population 
[150–152]. One case was reported in an adult renal trans-
plant recipient with a reversal of cholangiopathy secondary 
to C. parvum after reduction in immunosuppression [152]. 
Three other cases were in children in a series of 461 pediatric 

liver transplant recipients who developed diarrhea with a dif-
fuse cholangitis while on immunosuppression with tacroli-
mus and prednisone [151]. Bile duct anastomosis was revised 
in all three children, and one required retransplantation pro-
cedure. The fifth case was in an adult liver transplant recipi-
ent in whom the diagnosis of C. parvum-associated sclerosing 
cholangitis was made after percutaneous core biopsy of the 
liver showed C. parvum lining the bile duct epithelium [150]. 
In this patient, diarrhea and liver abnormalities resolved after 
treatment with azithromycin plus paromomycin, and follow-
 up liver biopsy was negative for the parasite.

 Entamoeba Histolytica

Entamoeba histolytica is transmitted via oral-fecal contami-
nation; such infections are common in the developing coun-
tries and areas of poor water sanitation. Disease initially 
involves the intestinal mucosa, the amoeba subsequently 
penetrates hepatic tissue forming multiple cysts or liver 
abscesses throughout the organ, although most patients pres-
ent with a single prominent liver  lesion and other smaller 
cysts scattered throughtout the organ. Patients present with 
vague abdominal discomfort or  pain and a history of  pro-
longed diarrheal illness. Laboratory evaluation may reveal 
leukocytosis, but liver tests are usually unremarkable. 
Diagnosis includes a high index of suspicion along with 
fecal antigen and/or serum antigen tests. Radiographic imag-
ing show  multiple cysts  in the liver. Paromomycin is 
 recommended for treatment due to limited cyst penetration 
by metronidazole. Surgical drainage is generally not 
required.

There is no clear consensus as to increased risk for ame-
bic liver disease in patients with hepatic cirrhosis. A report in 
the 1980s suggested a reduced prevalence of hepatic amebia-
sis in patients with cirrhosis; which was hypothesized 
to reflect reduced number of viable hepatocytes susceptible 
to amoebic invasion and severely altered hepatic architecture 
[155]. More recent reports, however, suggest contrary to be 
the case. A decade-long review of liver abscesses among cir-
rhotic patients in a high-incidence region of Thailand 
reported that 36% were due to amoebiasis [156].

Treatment is usually effective against protozoal infec-
tions; however, in nearly 7% of successfully treated individ-
uals, residual hepatic lesions may persist  on ultrasound; 
these are vestiges of previously treated infection and do not 
require further antiparasitic therapy [157]. For unclear rea-
sons, the residual lesions can persist for years at the site of 
prior infection, and as long as patients are not symptomatic, 
this does not warrant further therapy. This holds true for indi-
viduals being considered for organ transplantation. A recent 
report described a patient who had residual abscess cavity 
after receiving  treatment for amoebic liver disease; patient 
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underwent successful renal transplantation without infection 
recurrence during posttransplant follow up [158].

 Mycobacterial Infection

Tuberculosis is the most common mycobacterial infection 
worldwide. In the developed world, incidence of active 
tuberculosis infection after allograft  transplantation is less 
than 1%. Whereas, in the developing world, active tubercu-
losis  may be encountered in as high as 15% of transplant 
recipients [159, 160]. Predisposing factors for acute tubercu-
losis include coinfection with HCV and/or HIV and severe 
drug-induced cellular immune suppression [161–163]. Most 
cases are reactivation of latent tuberculosis rather than newly 
acquired, primary infection. In 63%, infection is confined to 
the lungs. Extrapulmonary foci of infection may be seen in 
12% of the cases with active tuberculosis infection. 
Disseminated tuberculosis may occur in upto 25% of trans-
plant patients  and involves various  extrapulmonary sites. 
Gastrointestinal tract is the most common non-pulmonary 
infection site; nearly half of such patients (48%) will demon-
strate tuberculous hepatitis.

Following transplantation, diagnosis of tuberculous hepa-
titis may be challenging  as  common presenting symptoms 
are non-specific, which may  include recurring  fever, along 
with other constitutional symptoms, and a vague right upper 
quadrant discomfort. Most patients with active tuberculo-
sis will present within first  year after transplantation [160, 
164]. Common  laboratory findings are  elevated liver 
enzymes, including  high  alkaline phosphatase levels  and 
coagulation abnormalities. Elevated alkaline phosphatase is 
the most common finding seen  in 75–87% of patients, 
whereas elevated serum  transaminase levels are 
noted  in  35–75% of patients  [165, 166]. Isolated cases of 
tuberculous hepatitis may occur, although  it is rare to 
see  tuberculosis confined to the liver as most patients will 
have concurrent pulmonary disease [166, 167].

Demonstration of acid-fast bacilli and/or a positive M. 
tuberculosis cultures  in liver biopsy samples confirms the 
diagnosis of active tuberculosis infection. In contrast to the 
general population, presence of granuloma in the hepatic 
parenchyma in itself is not diagnostic for active tuberculosis 
infection, especially  in allograft transplant  recipients  as 
granulomas may occur with other conditions such as acute 
cellular allograft rejection, recurrence of PBC, infections 
due to nontuberculous mycobacteria; hepatosplenic candidi-
asis, nocardiosis, and endemic mycoses among others. In a 
retrospective analysis, in patients after liver transplantation, 
less than 3% of granulomas were attributed to active 
M. tuberculous infection [168].

The common nontuberculous mycobacterial infections in 
patients undergoing allogeneic HSCT or SOT, are as follows: 

Mycobacterium avium complex, Mycobacterium haemophi-
lum, Mycobacterium kansasii, Mycobacterium abscessus, 
and Mycobacterium chelonae. These  insidious infec-
tions  may present  months to years after transplantation; a 
variety of organ systems may be involved  [169]. It is not 
uncommon for hepatic M. kansasii infection to present with 
a protracted febrile illness accompanied by abdominal pain; 
multiple liver abscesses may be seen on imaging  [170]. 
Granulomatous liver disease due to MAC  may  pres-
ent as portal hypertension and ascites [171]. Elevated alka-
line phosphatase serum  levels  may be the only finding, 
transaminase and bilirubin levels are often within the normal 
range. Treatment of mycobacterial infection is presented in 
Chapter 56.

 Schistosomiasis

Schistosoma is an  infection of trematode fluke  that 
affect  nearly 200 million people  in the endemic  regions 
worldwide [172]. Transmission occurs through infectious 
cercariae that emerge and released from freshwater snails into 
the local water reservoirs such as lakes, ponds, and rivers. The 
cercariae penetrate human skin and transform into immature 
worms [173]. Worms mature over 6 weeks and hone to target 
vessels in the mesentery and bladder, producing eggs that 
erode into the walls of the intestine and urinary bladder [173]. 
Three major Schistosoma species are known to cause disease. 
Schistosoma mansoni is prominent in Africa and South 
America, whereas Schistosoma japonicum intestinal and 
hepatic schistosomiasis is prevalent in Asia. Hepatic schisto-
somiasis results from entrapment of eggs lodged in the portal 
venules, initiating an inflammatory cascade that ultimately 
leads to portal fibrosis and venous congestion [173]. 
Schistosoma haematobium is associated with urinary bladder 
infestation; post-obstructive nephropathy is the consequence 
of chronic bladder and ureteral inflammation among patients 
in Africa and the Middle East [174, 175].

Acute schistosomiasis infection is asymptomatic although 
patients may experience fever, headache, myalgia, abdomi-
nal pain, or a systemic serum sickness-like reaction known 
as Katayama fever, which results from immune responses to 
parasitic invasion and migration [173]. Liver abscesses may 
occur in persons with early schistosome infections due to the 
sequestration of encapsulated bacteria in the integument of 
the adult worms [176]. Chronic schistosomiasis may occur 
in 60% of infected individuals, leading to extensive liver dis-
ease in 4–8% of cases [172, 177]. Patients with hepatic schis-
tosomiasis may present with variceal bleeding and 
splenomegaly due to portal congestion; synthetic liver func-
tion indices are often normal, and histologically, tissue infil-
tration with inflammatory cells is routinely noted. Advanced 
fibrosis in patients with long-standing schistosomal infection 
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resembles clay pipestems histologically and known 
as Symmers pipestem fibrosis [178].

Diagnosis is established by demonstrating schistosome 
eggs in the stool sample. The extent of fecal egg output cor-
relates with the burden of mature worms and the extent of dis-
ease in infections due to S. mansoni and S. japonicum [173]. 
ELISA assays are useful for population screening, however, a 
+ ELISA test result does not predict the activity of parasite 
in an individual [173]. Identification of Schistosoma eggs on 
mucosal biopsy remains the most sensitive method of diagno-
sis, although there are no widely accepted screening guide-
lines for patients undergoing allograft  transplantation. It has 
been suggested that individuals from endemic areas, particu-
larly the Middle East, Africa, South America, and Asia, should 
undergo serological and stool screening for ova and parasites 
during the pretransplant assessment [173, 179–181].

Effective treatment of schistosomiasis is achieved with 
three doses of 20 mg/kg praziquantel or oxamniquine given 
every 8 h for S. mansoni infection. Early treatment can result 
in total resolution of fibrosis, particularly in patients with 
early and mild disease [182]. Response to treatment may be 
followed by serial stool analysis. Epidemiological studies 
have demonstrated that high levels of IgE correlate with 
long-term resistance to schistosomal reinfection in individu-
als residing in the endemic regions [183].

Schistosoma-HCV coinfection is a leading indication for 
transplantation in Egypt and Saudi Arabia [184–186]. Mass 
treatment programs for schistosomiasis prior to 1980 utilized 
non-disposable syringes and needles, which significantly 
worsened the spread of HCV and regarded as largely respon-
sible for the high HCV prevalence and transmission rates in 
the  North African countries [187]. Clinical studies have 
demonstrated that Schistosoma-HCV coinfection accelerates 
liver injury compared with  HCV-positive patients without 
schistosomiasis; co-infection has as been known to increases 
the risk for hepatocellular carcinoma [184, 187–189]. It has 
been suggested that TH1 response, critical for containment 
and resolution of acute HCV infection, is downregulated by 
a prominent  TH2 cellular immune response garnered to 
tackle the invading parasites [190–192].

Recent evidence has demonstrated that patients with 
schistosomiasis in the absence of detectable organ damage 
may be viable liver and kidney donors. A study compared 
schistosoma-positive 20 living kidney donors with 20 unin-
fected donors; the investigators found no significant differ-
ence in graft survival over an average of 3.5-year follow-up 
[193]. Several case reports have demonstrated similar find-
ings in recipients of  liver allograft  from schistosoma- 
seropositive donors [194–196]. Moreover, a large trial by 
Mahmoud et  al. demonstrated no significant difference in 

Table 17.1 A summary of hepatobiliary tract infections in patients undergoing liver trnasplantation, along with clinical features, diagnosis and 
treatment

Infection Pathogens Clinical features Diagnosis Treatment
Cholangitis E.coli, Klebsiella, Enterobacter, 

Enterococcus (plus fungal 
following transplantation)

Jaundice, fever, RUQ pain Ultrasound, CT, MRCP 
(avoid ERCP in 
cirrhotics)

7–10 days antimicrobials, 
emergent drainage if no 
response within 24 h

Cholecystitis E.coli, Klebsiella, Enterobacter, 
Bacteroides

RUQ pain Ultrasound Cholecystectomy, percutaneous 
drainage with abx if surgery 
contraindicated

Viral CMV Hepatitis, biliary stasis Serum PCR, viral ctx, 
liver biopsy

Ganciclovir, transplant for FHH

EBV Jaundice, FHH Serum PCR Transplant for FHH (bridge w/
steroids, antivirals, 
plasmapheresis)

HSV Fever, coagulopathy, 
encephalopathy, leukopenia

Serum PCR, liver biopsy IV acyclovir

Fungal Aspergillus Variable, usually always 
pulmonary involvement

Abscess drainage with 
culture

Itraconazole, voriconazole, or 
caspofungin, consider surgical 
drainage

Candida Primarily involves biliary tract 
(cholangitis), usually within 1st 
30d of transplant

Difficult dx; can try 
beta-D-glucan or flow 
cytometry if suspicious

Amphotericin B

Protozoal Cryptococcus Diarrhea with cholangitis and/
or cholecystitis

Stool oocysts or antibody 
oocyst testing

Nitazoxanide, paromomycin, or 
macrolides

E. histolytica Vague abdominal pain with 
diarrhea

Fecal or serum antigen, 
radiographic cysts

Paromomycin

Mycobacterial M. tuberculosis Sweats, weight loss, almost 
always pulmonary involvement

Biopsy with AFB stain or 
positive culture

Extrapulmonary TB regimen 
with close LFT monitoring

Trematode Schistosome Fever, myalgia, abdominal pain 
(Katayama fever – serum 
sickness)

Eggs in stool or on 
mucosal biopsy

Praziquantel (oxamniquine if S. 
mansoni)
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renal allograft function; incidence and frequency of acute 
vs. chronic graft rejection between patients with schistosoma 
infection vs. no evidence of schistosoma infection [197]. In 
this trial, however, immunosuppression in schistosoma- 
positive patients was challenging due to higher doses of 
cyclosporine needed to achieve target blood level, which 
probably reflected poor intestinal drug absorption in the 
presence of parasitic infestation [198].

Recurrence of schistosomiasis after liver transplant is 
rare, with only few case reports described in the literature, 
and all of such cases were successfully treated with praziqu-
antel [179, 186]. Transplant recipients are at increased risk 
for reinfection particularly in endemic areas where re- 
exposure to parasite remains high. A study in Egypt by Sobh 
et  al. demonstrated that 23% of allograft recipients were 
diagnosed with reinfection during posttransplant follow-up 
[199]. End-stage kidney or  end-stage liver disease may be 
present for  many decades after the initial exposure to the 
parasites, and it is recommended that previously infected 
patients be treated prophylactically before undergoing allo-
geneic transplantation, as adult worms can survive for sev-
eral years after the initial exposure [179, 194]. Table  17.1 
provides  a summary of hepatobiliary tract  infections  in 
patients undergoing liver transplantation. 
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Ocular Infections in Transplant Patients
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Abbreviations

AIDS Acquired immunodeficiency syndrome
ARN Acute retinal necrosis
BCG Bacillus Calmette-Guerin vaccine
CMV Cytomegalovirus
CMVR Cytomegalovirus retinitis
CNS Central nervous system
EBV Epstein-Barr virus
GVHD Graft versus host disease
HAART Highly active antiretroviral therapy
HIV Human immunodeficiency virus
HSCT Hematopoietic stem cell transplant
HSV Herpes simplex virus
HZO Herpes zoster ophthalmicus
IRS Immune recovery syndrome
PCR Polymerase chain reaction
PORN Progressive outer retinal necrosis
TB Tuberculosis
VZV Varicella zoster virus

 Introduction

Transplant patients may develop infections in any part of the 
eye and ocular adnexa. The most common site of ocular 
infection is in the posterior segment of the eye, which includes 
the vitreous, retina, choroid, and optic nerve. Posterior seg-
ment infections occur most often from either hematogenous 
spread of systemic infection like endophthalmitis or reactiva-
tion of latent infections such as viral retinitis, and ocular toxo-
plasmosis. The anterior segment of the eye includes the 
conjunctiva, sclera, cornea, aqueous, iris, and ciliary body. 
These structures can be infected either through direct inocula-
tion in cases of keratitis or corneal infection or via hematog-
enous spread resulting in endophthalmitis. Various terms are 
used to define the location and structures of the eye involved 
in infectious and inflammatory processes. Endophthalmitis 
refers to a bacterial or fungal infection involving the vitreous 
and/or aqueous humors. Uveitis refers to an inflammatory or 
infectious process involving the uvea, which is comprised of 
the iris, ciliary body, and choroid. The uvea is highly vascular, 
so the choroid may be the first structure involved if a bactere-
mia or fungemia seeds the eye. Retinitis is considered a type 
of uveitis, even though the retina is not part of the uvea. In 
many cases of infection involving the retina, there is also 
underlying choroidal involvement, hence the term chorioreti-
nitis. In treating intraocular infections, the blood-eye barrier 
must be considered. This is similar to the blood-brain barrier 
and prevents some antibiotics from achieving therapeutic 
intraocular levels.

 Ocular Complications in Transplant Patients

The most common ocular complications in transplant 
patients are noninfectious. Cataract is the most common 
complication in several studies and usually occurs as a 
complication of corticosteroid therapy or, in allogeneic 
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hematopoietic stem cell transplant (HSCT) recipients, 
total body irradiation. In a study of 71 pediatric renal 
transplant  recipients with a mean follow-up of 5.6 years, 
cataract was the most common ocular complication and 
occurred in 8% [1]. Similarly, in a study of 46 lung trans-
plant recipients who underwent eye examination, cataract 
was the most common finding, occurring in 28% of patients 
[2]. In a prospective study of 115 heart, lung, or heart-lung 
transplant recipients, cataracts were again the most com-
mon finding, occurring in 17%, followed by hypertensive 
changes (8%), chorioretinal scarring (5%), and diabetic 
retinopathy (3%) [3]. In bone marrow transplant recipi-
ents, a major ocular complication is dry eyes related to 
chronic graft versus host disease (GVHD). In a prospective 
study of 101 consecutive patients who received allogenic 
stem cell transplants between 2004 and 2007, ocular 
GVHD developed in 54% and consisted mainly of dry eyes 
and conjunctivitis [4].

The incidence of ocular infections after solid organ or 
HSCT is low, with studies from around the world reporting 
an incidence of approximately 2%. In a study of 1198 solid 
organ or bone marrow transplant recipients examined at an 
eye clinic in Korea between 1995 and 2005, 33 had retinal 
complications, including 21 (1.8%) with infectious etiolo-
gies (15 viral, 5 fungal, 1 Toxoplasma) [5]. Over 80% of 
these eye infections occurred within the first year post-
transplant. Of the viral infections, cytomegalovirus (CMV) 
retinitis was the most common (11 cases), while acute reti-
nal necrosis (ARN) occurred in 3 and progressive outer 
retinal necrosis (PORN) in 1. A review of 860 patients who 
had received heart, lung, or liver transplants in Sydney, 
Australia, between 1984 and 1997 identified 19 (2%) who 
had non- cataract ocular complications [6]. Of these, ocular 
infections occurred in 14 patients (1.6%), with viral infec-
tions in 11 (5 ARN, 3 CMV retinitis, 2 herpes simplex 
virus keratitis, 1 herpes zoster ophthalmicus), fungal cho-
rioretinitis in 2, and bacterial dacryocystitis in 1. These 
infections occurred from 5  months to 4  years posttrans-
plantation. A study of heart, lung, and heart-lung recipi-
ents in London found only 1 of 115 (0.8%) developed an 
ocular infection (Aspergillus endophthalmitis) [3]. A study 
of 620 patients who underwent allogeneic stem cell trans-
plant from 1997 to 2007  in Riyadh, Saudi Arabia, found 
ocular infections in 16 (2.6%), with keratitis in 11 patients 
(bacterial 10, viral 1), CMV retinitis in 4 patients, and 
mold endophthalmitis in 1 patient [7]. A study of 313 
patients who received heart transplants at the Mayo Clinic 
in Rochester, Minnesota, between 1988 and 2006 found 6 
patients (1.9%) with potentially serious eye infections (1 
CMV retinitis, 1 Aspergillus endophthalmitis, 3 herpes 
zoster ophthalmicus, 1 preseptal cellulitis), while 2 others 
had minor infections (conjunctivitis, blepharitis) [8].

 Common Eye Infections in Transplant 
Patients

 Viral Retinitis

 Acute Retinal Necrosis
The acute retinal necrosis syndrome (ARN) is a rapidly pro-
gressive viral retinitis that was first described in 1971 [9]. 
Although ARN is mainly reported in immunocompetent 
patients, it is still one of the most common infections seen in 
transplant patients. The onset of ARN occurred 7 months to 
7  years posttransplant in several studies, with the average 
onset greater than 1 year posttransplant [5, 6, 10]. Most cases 
have been described in solid organ transplant patients rather 
than HSCT recipients. ARN is caused by varicella zoster 
virus (VZV), herpes simplex virus (HSV) types 1 and 2, and 
less commonly CMV. In non-transplant patients, VZV is the 
most common etiology, causing 60% of cases, while HSV 
causes 30–40% and CMV less than 10% of cases [11, 12]. 
The relative frequency of these etiologies in transplant 
patients has not been described. In transplant patients, the 
herpes viruses may be more likely than other infections to 
present solely in the eye without concomitant extraocular 
infection or graft rejection [5]. In immunocompetent patients, 
there is an age distribution for the different viral etiologies 
with VZV more likely to be the cause of ARN in older 
patients and HSV type 2 more likely in younger patients 
[13]. It is unclear whether this distribution also exists in 
transplant patients.

ARN usually presents with unilateral eye pain, photopho-
bia, and decreased vision. The eye pain may be mild or 
absent. In up to 30% of cases, ARN occurs in both eyes, 
although usually one eye is affected before the onset of 
symptoms in the other. The American Uveitis Society has 
established the following clinical criteria for diagnosis of 
ARN: (1) focal well-demarcated areas of retinal necrosis 
located in the retinal periphery, (2) rapid circumferential pro-
gression of necrosis, (3) occlusive vasculopathy, and (4) 
prominent inflammation (white blood cells) in the vitreous 
and aqueous [14]. Clinical exam is significant for a panuve-
itis (which produces symptoms of pain and blurred vision) 
and peripheral retinal whitening/retinitis (Fig. 18.1a, b).

The differential diagnosis of ARN includes CMV retini-
tis, Toxoplasma chorioretinitis, ocular syphilis, and infec-
tious endophthalmitis. The ocular findings in CMV retinitis 
differ from CMV-ARN and are discussed below; one major 
difference is that CMV-ARN has marked intraocular 
inflammation, while this is not a feature of CMV retinitis. 
Nearly all patients develop ARN as reactivation of latent 
infection due to VZV, HSV, or CMV, although rare cases 
have been described after recent acquisition of virus. 
Although ARN is primarily a clinical diagnosis, other diag-
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nostic tests may be helpful in distinguishing specific viral 
etiology and in tailoring treatment. Serum antibody titers 
are generally not helpful in diagnosis, given the high base-
line level of seropositivity in the general population. 
However, negative serology (IgM and IgG) for a particular 
virus (e.g., HSV or CMV) usually excludes that pathogen 
as an etiology of ARN. Molecular diagnostic testing with 
polymerase chain reaction (PCR) from ocular fluid samples 
provides a more specific test for identifying viral pathogens 
in ARN [13]. Aqueous fluid sampling is a relatively safe 
office procedure and can be used even in cases of primarily 
posterior segment disease including necrotizing retinitis 
even though the quantitative yield can be low [15, 16]. A 
vitreous aspirate has a higher yield and can also be obtained 
in the office but has more potential for complications, 
including infection and retinal detachment. A diagnostic 
vitrectomy can be performed in the operating room to 
obtain a larger sample of fluid for testing, especially in 
cases of minimal anterior segment inflammation. Clinicians 
should have a low threshold for performing molecular diag-
nostic testing in transplant patients with ARN in whom the 
viral etiology is unclear. Aqueous and/or vitreous sampling 
for viral PCR is especially important if initial empiric anti-
viral therapy does not halt progression of retinitis by fundu-
scopic examination. Quantitative PCR can also be used to 
monitor response to therapy; if there is no significant 
decline in viral load from vitreous aspirate signifying 
potential antiviral resistance, a change in antiviral therapy 
can be implemented [17, 18]. However, the results of such 
quantitative PCR testing may not be available in a timely 
fashion, and decisions must be made day by day based on 
the ophthalmologist’s examination of the eye. Progression 

of ARN in one eye or new involvement of the other eye 
while on intravenous antiviral therapy should prompt 
immediate change in therapy in order to save vision in this 
potentially blinding infection.

Treatment of ARN in transplant patients always includes 
intravenous antiviral therapy initially and may also include 
intravitreal injections of antiviral agents. Intravenous acyclo-
vir is the standard initial therapy for ARN in immunocompe-
tent patients, in whom CMV-ARN is very uncommon [19]. 
Intravenous acyclovir has also been used successfully in treat-
ing transplant patients with VZV and HSV ARN [10]. 
Valacyclovir has been used in treatment of early ARN in 
immunocompetent patients, but we do not recommend this, 
especially in immunosuppressed patients as retinitis may 
progress rapidly. One question in treating ARN is whether 
intravenous ganciclovir, rather than intravenous acyclovir, 
should be used initially in transplant patients and other severely 
immunosuppressed patients, given the increased likelihood of 
CMV-ARN in immunosuppressed patients. This question has 
not been answered. Successful treatment of ARN requires 
daily communication between the infectious disease specialist 
and the retina specialist, with the goal of halting retinitis pro-
gression as quickly as possible. Failure of intravenous acyclo-
vir to halt progression of retinitis may signify either CMV-ARN 
or acyclovir-resistant HSV or VZV (e.g., due to thymidine 
kinase mutation). CMV-ARN requires intravenous ganciclovir 
(acyclovir is ineffective), but progression despite ganciclovir 
may occur and may signify ganciclovir- resistant CMV. Such 
patients would be given intravenous foscarnet or, failing that, 
intravenous cidofovir, plus intravitreal foscarnet injections. 
Transplant patients on chronic acyclovir prophylaxis are at 
increased risk for acyclovir- resistant HSV and VZV, and gan-

a b

Fig. 18.1 (a, b) Acute retinal necrosis (ARN): fundus photographs of 
each eye demonstrating peripheral retinal whitening with hemorrhages 
and vitritis. Vitreous PCR was positive for CMV. The patient had been 

CMV seronegative when he received a kidney 14 months earlier from a 
CMV-seropositive donor. He developed bilateral ARN 2 months after 
completing a year of valganciclovir prophylaxis
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ciclovir will not be effective for such patients: intravenous fos-
carnet should be given. Cidofovir may be necessary in cases 
that continue to progress despite foscarnet. Intravitreal injec-
tions of foscarnet may be used to supplement systemic ther-
apy. Intravitreal injection of ganciclovir (for acyclovir-sensitive 
HSV or VZV and ganciclovir-sensitive CMV) or foscarnet 
within 48 h of initiation of systemic therapy may prevent rapid 
progression of retinitis and improve visual prognosis [11]. 
Multiple intravitreal antiviral injections may be given to halt 
the progression of retinal necrosis.

Systemic intravenous antiviral therapy should be given 
for a minimum of 1–2 weeks and can then be transitioned to 
an oral antiviral (valacyclovir or valganciclovir, if patients 
responded to intravenous acyclovir or ganciclovir, respec-
tively). Valacyclovir or valganciclovir is usually given for 
several months in immunocompetent patients, although the 
optimal duration of this therapy is unknown. Dosing may 
then be reduced to provide long-term prophylaxis, which 
may be necessary indefinitely in the transplant patient. In 
patients who require intravenous foscarnet for acyclovir- 
resistant HSV or VZV or for ganciclovir-resistant CMV, an 
oral equivalent is not currently available, so long-term pro-
phylactic therapy becomes more difficult.

A late complication of ARN is retinal detachment, which 
occurs 4 weeks to 6 months after the acute infection [20]. 
Barrier retinal laser photocoagulation can be performed at 
the edges of retinal necrosis early in the course in an attempt 
to prevent subsequent retinal detachment, but many patients 
with extensive necrosis may still develop retinal detachment 
[21, 22]. The severity of vitreous inflammation in the acute 
phase of infection may prevent adequate visualization of the 
retina for laser therapy. Vitrectomy with or without silicone 
oil tamponade can be performed to repair retinal detach-
ments associated with ARN.

Visual prognosis in ARN is guarded, and more than 50% 
of patients develop retinal detachment [21]. One retrospec-
tive study of 58 patients with unilateral ARN diagnosed 
between 1981 and 2008 and who had at least 6 months of 
follow-up reported that significant vision loss (≤20/200) in 
the affected eye occurred in 50% of patients by 3 months and 
75% by 5 years [20]. Patients with worse initial visual acuity 
or who developed a retinal detachment had worse outcomes 
in this study. This study found that 19% of ARN patients 
were immunocompromised, but did not note whether any 
were transplant recipients. The rate of significant visual loss 
from ARN is unknown in the transplant population. One 
study that included three patients treated with intravenous 
acyclovir found that all three had excellent outcomes [6], 
while another study of four patients (five eyes infected) 
found that final visual acuity was <20/200 in 40% [5]. Viral 
etiology also affects prognosis, and VZV has been associated 
with worse visual prognosis and more rapid necrosis com-
pared to HSV [11].

 Progressive Outer Retinal Necrosis
Progressive outer retinal necrosis (PORN) is a variant of a 
herpetic necrotizing retinitis that primarily involves the 
“outer” (deeper) layers of the retina. This rapidly progressive 
infection is characterized by lack of inflammation and retinal 
vasculitis. PORN initially was described only in severely 
immunosuppressed AIDS patients [23, 24]. This syndrome 
has also been noted in several cases of hematopoietic stem 
cell transplant (HSCT) and kidney transplant patients [5, 25, 
26]. VZV is the most common etiology for PORN, and the 
majority of transplant patients have an antecedent history of 
disseminated or localized herpes zoster infection prior to the 
development of necrotizing outer retinal necrosis. Several 
reported cases of PORN in HSCT patients occurred in the 
setting of significant immunosuppression for graft versus 
host disease [26, 27].

Rather than a blurred vision, patients often present with 
complaints of painless dimming of vision or constriction of 
their visual field. Visual complaints may be out of proportion 
to what is seen on clinical examination in early stages of dis-
ease. Clinical exam reveals multifocal circumscribed creamy 
deep retinal lesions in the periphery of the retina although 
the central macula can also be involved. These lesions rap-
idly progress to become confluent areas of retinal whitening 
with perivascular sparing (Fig.  18.2). Progression to near 
total vision loss is often very rapid in PORN, and timely and 
aggressive antiviral therapy is essential. Unlike cases of 
ARN, there is no inflammation in the anterior chamber or 
vitreous and no occlusive vasculitis in PORN.  The optic 
nerve can be involved with profound visual loss. Many 

Fig. 18.2 Progressive outer retinal necrosis (PORN): fundus photo-
graph demonstrating areas of retinal whitening and minimal vitritis. 
The risk factor in this patient was AIDS
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patients present with retinal detachments which often occur 
early in the course of the disease [28].

The differential diagnosis for PORN includes ARN, atyp-
ical toxoplasmosis, CMV retinitis, and ocular syphilis. 
Diagnosis is primarily clinical, but in cases of uncertainty, 
ocular fluid sampling for PCR can be performed. There have 
been rare cases of PCR positive for CMV and HSV from 
vitreous samples of patients with PORN [29].

Treatment for PORN also differs from ARN in that intra-
venous acyclovir has been found to be ineffective in many 
cases of PORN. Because many immunosuppressed patients 
have already been treated with prophylactic acyclovir or 
valacyclovir, there is concern that acyclovir resistance may 
be highly prevalent in patients who subsequently develop 
PORN [24]. Intravenous ganciclovir and foscarnet are the 
systemic therapies of choice due to the aggressive and rapid 
course of this disease. Induction doses of ganciclovir can be 
given for 3  weeks and foscarnet for 2  weeks followed by 
maintenance therapy until the retinitis has completely 
regressed [28]. Early treatment with intravitreal antiviral 
therapy, either foscarnet or ganciclovir, is also recommended; 
intravitreal therapy can be given as frequently as three injec-
tions per week at the outset of disease followed by weekly 
injections until the retinitis has stabilized. Barrier laser pho-
tocoagulation can be performed at the borders of areas of 
retinal necrosis, although even when performed, many 
patients still may develop retinal detachments. The absence 
of vitreous inflammation makes laser treatment more feasi-
ble in PORN compared with many cases of ARN.

PORN has the worst visual prognosis of all types of viral 
retinitis, with reports of greater than 60% of patients losing 
vision to the level of no light perception [23]. Macula and 
optic nerve involvement can cause profound vision loss, and 
70% of patients develop retinal detachments [28]. The 
aggressive use of intravenous and intravitreal antiviral thera-
pies has improved visual outcomes, but early diagnosis and 
treatment are paramount. Transplant patients with history of 
herpes zoster should be referred immediately for evaluation 
if they develop any new visual complaints.

 CMV Retinitis
CMV retinitis (CMVR) is an opportunistic infection most 
commonly seen in AIDS patients prior to the era of highly 
active antiretroviral therapy (HAART). While the overall 
incidence of CMVR has declined in AIDS patients in asso-
ciation with HAART therapy, this disease process has been 
reported in both the solid organ transplant and hematopoietic 
stem cell transplant (HSCT) populations. The incidence of 
CMVR after solid organ transplantation is reportedly 
between 2% and 15% compared to 0.19–2.2% for HSCT 
populations [6, 29–31], but there is some variation by study. 
A review of 101 studies from 1987 to 2007 involving 12,653 
liver transplant patients found CMV retinitis in only 0.1% 

[32]. The incidence of CMVR may be increasing due to the 
earlier recognition and treatment of CMV reactivation and 
decreased likelihood of lethal systemic CMV disease early in 
the posttransplant course [33]. The source of CMV infection 
can either be a CMV-antibody-positive donor, reactivation of 
latent CMV, or primary infection with CMV in the setting of 
transfusion or immunosuppression [5]. Characteristics asso-
ciated with the development of CMVR in transplant patients 
include severe immunosuppression and/or lymphopenia, 
graft versus host disease, and other systemic infections [5, 
33]. Viral retinitis has been reported more commonly in heart 
transplant patients likely due to the high level of immuno-
suppression required [5, 6]. In HSCT, risk factors for CMVR 
include unrelated donors, delayed lymphocyte engraftment, 
and increased CMV reactivation in the CMV-seropositive 
graft recipients [31].

 Clinical Presentation

Patients often present with complaints of floaters and blurred 
vision, but many patients may be asymptomatic if lesions are 
in the peripheral retina. Bilateral involvement is common, 
occurring in 40% of HSCT patients in one study [29] and 60% 
of solid organ transplant patients in another [34]. There are 
two characteristic fundus lesions seen on clinical examination: 
(1) a wedge-shaped area of hypopigmented retinal infiltrate 
along a vascular arcade often with associated intraretinal hem-
orrhages and (2) a peripheral yellow granular retinal lesion 
with a scarred center and an active border that slowly expands. 
Other associated clinical signs include satellite lesions adja-
cent to the main lesion, retinal vascular sheathing, and rarely 
extensive exudation along retinal blood vessels referred to as 
“frosted branch angiitis.” In contrast to other ocular infections, 
such as ARN and toxoplasmosis, CMVR has minimal anterior 
segment and vitreous inflammation.

The differential diagnosis for CMVR includes HSV or 
VZV retinitis, atypical ocular toxoplasmosis, fungal or bac-
terial endophthalmitis, and ocular syphilis. CMVR can gen-
erally be diagnosed based on clinical examination. In atypical 
cases, molecular diagnostic tests such as PCR can be per-
formed from aqueous or vitreous fluid samples. In most 
cases of CMVR, transplant patients may already have known 
systemic CMV disease and positive CMV antigenemia.

The immune reconstitution syndrome (IRS) (also called 
immune recovery uveitis) has also been reported in trans-
plant patients who have been treated for CMVR.  IRS is 
thought to be an immune reaction to CMV antigens in 
patients with active or inactive disease but is more common 
with larger-sized lesions [35]. This syndrome presents in the 
eye with vitritis, optic nerve edema, macular edema, and 
epiretinal membrane formation which can decrease visual 
acuity.
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 Treatment

The treatment of CMVR involves systemic induction therapy 
as well as local intravitreal therapy with ganciclovir or fos-
carnet. Intravitreal therapy serves as an important adjunct 
therapy for CMVR, especially in patients who cannot toler-
ate high-dose systemic therapy due to neutropenia [33]. In 
severe cases with rapid progression of retinitis, a ganciclovir 
sustained release implant can be inserted [36]. There have 
been cases of transplant patients who develop CMVR in 
spite of CMV prophylaxis with valganciclovir or ganciclovir, 
with one series reporting that 7 of 11 transplant patients were 
on ganciclovir for CMV antigenemia prior to the develop-
ment of CMVR [5]. In patients where retinitis continues to 
progress despite standard therapy with ganciclovir or valgan-
ciclovir, ganciclovir resistance should be suspected, and 
alternative therapy with foscarnet (intravenous and/or intra-
vitreal) or cidofovir is imperative [32]. Such patients should 
have samples of plasma tested for ganciclovir resistance 
(e.g., UL97 and UL54 gene sequencing). Duration of main-
tenance therapy varies for CMVR in transplant patients and 
depends on the level of cumulative immune suppression, 
systemic disease and adverse effects. Treatment of ocular 
IRS usually includes systemic or periocular corticosteroids 
in addition to ongoing antiviral therapy.

 Prognosis

Visual prognosis for transplant patients with CMVR is 
guarded. In one large series of CMVR in patients without 
HIV, the majority of patients had decreased visual acuity 
within 1  year following diagnosis [35]. Causes of ocular 
morbidity and limited visual prognosis include retinal scar-
ring and retinal detachment. Retinal necrosis leads to the 
development of retinal tears and subsequent detachment. 
Transplant patients with CMVR have a lower likelihood of 
developing retinal detachment compared to AIDS patients 
regardless of HAART therapy [35].

 Endophthalmitis
Endophthalmitis means bacterial or fungal infection involv-
ing the vitreous and/or aqueous. Endophthalmitis may be 
either exogenous, introduced from outside in, such as after 
eye surgery or eye trauma, or endogenous, due to hematog-
enous seeding of bacteria or fungi. The most common type 
of endophthalmitis in the general population is exogenous 
and bacterial, while the most common type in the transplant 
population is endogenous and fungal.

Cataract surgery is the most common type of ocular sur-
gery, with over two million surgeries performed annually in 
the United States alone. Endophthalmitis develops postop-
eratively in approximately 0.1% of cases, and 75% of 

patients develop symptoms (decreased vision, eye discom-
fort, redness) within the first week after eye surgery. Bacteria 
cause nearly all cases in western countries, with coagulase- 
negative staphylococci accounting for 70% of cases. 
Cataracts (opacities of the lens) are common in the trans-
plant population, occurring in at least 15% of patients as 
noted above. Both corticosteroid therapy and total body 
irradiation are risk factors in the transplant population. 
Many of these patients will eventually require cataract sur-
gery, so post-cataract endophthalmitis is a risk in this popu-
lation. However, this infection has not been specifically 
mentioned in reviews of ocular infections in transplant 
patients, so the incidence may be the same as in the general 
population.

Endogenous fungal endophthalmitis is the most common 
type of endophthalmitis in transplant patients and is often 
associated with disseminated fungal infection or fungal 
infection at another site. Blood cultures may be negative, 
however, as fungemia may be transient. It is worth noting a 
nomenclature issue: in the literature, fungal chorioretinitis 
(i.e., without significant vitritis) is sometimes distinguished 
from fungal “endophthalmitis,” a term that implies signifi-
cant vitritis. However, most of the transplant literature does 
not make this distinction, and we will only note the degree of 
vitritis here, when relevant.

Fungal endophthalmitis accounts for 20–25% of posterior 
segment infections in transplant patients, second only to 
viral retinitis [5–7]. Overall, 0.1–0.4% of transplant patients 
develop fungal endophthalmitis [5–7]. The onset is within 
1 year of transplant in nearly all cases. Because infections 
are endogenous, the “back” of the eye is usually seeded 
first – often the highly vascular choroid. This infection may 
be clinically silent at first, but then the patient develops 
decrease in vision with or without eye pain. On examination, 
fluffy white lesions may be seen in the posterior pole with 
minimal vitritis – this is termed chorioretinitis and is typical 
of early endogenous Candida infections. Patients with more 
severe eye infection usually have significant vitritis (white 
blood cells in the vitreous), often coalesced as “fluff balls” or 
a “string of pearls,” as well as inflammation in the aqueous 
(Fig. 18.3). At this stage, there may be eye pain and a “red 
eye.” On examination, a hypopyon (layer of white blood 
cells in the aqueous) may be present. There may be so much 
intraocular inflammation that the view of the retina is 
obscured. In some cases of mold endophthalmitis in trans-
plant patients, the primary appearance is of a subretinal 
abscess.

Both yeasts and molds have been described as causes of 
fungal endophthalmitis in transplant patients. Patients with 
Candida endophthalmitis may have concurrent or antecedent 
candidemia. Aspergillus endophthalmitis is the most com-
mon type of mold endophthalmitis in transplant patients and 
accounts for over half of cases [37]. There is often another 
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organ infected concurrently, such as Aspergillus endocarditis 
[8] and pulmonary aspergillosis [6]. Endogenous Aspergillus 
endophthalmitis may be unrecognized during life, especially 
if patients are too ill to complain of eye symptoms. In an 
autopsy series of 85 liver transplant patients, 6 patients were 
found to have Aspergillus endophthalmitis, but only 1 was 
diagnosed before death [38]. The eye was the second most 
common site of infection, after the lungs.

Scedosporium apiospermum (the asexual form of 
Pseudallescheria boydii) is another common cause of fungal 
endophthalmitis in transplant patients [39]. It is often associ-
ated with disseminated infection, and mortality is at least 
50% in transplant patients and nearly 100% in lung trans-
plant recipients. This fungus is resistant to amphotericin but 
usually responds to voriconazole. Successful treatment using 
long-term voriconazole has been described in two lung trans-
plant patients with disseminated infection including endo-
phthalmitis [40]. Fusarium endophthalmitis is the second 
most common cause of mold endophthalmitis worldwide, 
after Aspergillus, but in non-immunocompromised patients, 
this infection usually arises exogenously – either as an exten-
sion of Fusarium keratitis (corneal infection), after eye 
trauma, or as a nosocomial complication of eye surgery in 
tropical countries. In transplant patients, Fusarium is usually 
associated with disseminated infection, as in the case of a 
HSCT patient with bilateral endophthalmitis who died 
despite maximal therapy [41].

Bacterial endophthalmitis is rare in transplant patients 
and nearly always occurs from bacteremic seeding, although 
blood cultures may be negative at the time of presentation 
with eye findings. Case reports have described other bacte-
rial etiologies, including a case of bilateral Pseudomonas 
endophthalmitis in a cystic fibrosis patient after lung trans-
plantation [42], Listeria endophthalmitis in a renal transplant 
patient [43], and Nocardia endophthalmitis in a cardiac 
transplant patient [44].

Treatment of fungal endophthalmitis requires systemic 
antifungal therapy optimized for the fungus involved. 
In cases of Candida chorioretinitis without vitritis, or with 
minimal vitritis, systemic therapy alone may be sufficient to 
also treat the eye infection. However, if significant vitritis is 
present or in cases of mold endophthalmitis, intravitreal 
injections of antifungal agents must also be given. These are 
either amphotericin or voriconazole injections and may be 
repeated more than once. Vitrectomy, if the patient is well 
enough to undergo eye surgery, is often essential to control 
intraocular mold infections; in these cases, an injection of 
antifungal (amphotericin or voriconazole) is given at the end 
of the case.

The prognosis for endogenous fungal endophthalmitis in 
transplant patients has been poor, and many die of the sys-
temic fungal disease. However, successful therapy is increas-
ingly common in the era of the new antifungal agents.

 Rare Eye Infections in Transplant Patients

 Infectious Uveitis

 Ocular Toxoplasmosis
Ocular toxoplasmosis is the most common infectious cause 
of posterior uveitis in the world. In transplant patients, toxo-
plasmosis can present as encephalitis, pneumonitis, or myo-
carditis, but it has been reported infrequently in the eye. In 
one series of 102 non-AIDS immunocompromised patients, 
6% of patients developed chorioretinitis, and 70% of these 
patients had concomitant encephalitis [45]. The overall inci-
dence of reactivation of toxoplasmosis in HSCT patients 
who have known Toxoplasma IgG seropositivity is 2% [46]. 
The majority of cases of toxoplasmosis in HSCT develop 
within 6 months after transplant [47]. Ocular toxoplasmosis 
in transplant patients is most often reactivation of latent dis-
ease, although reports of acquired infection from transplan-
tation have been described, particularly in cardiac and liver 
transplants [48]. Immunocompromised patients with posi-
tive antibodies to Toxoplasma prior to transplantation may 
be more likely to have reactivation of disease. Other risk 
factors for ocular toxoplasmosis in the transplant patient 
include prior episodes of ocular toxoplasmosis and severe 
GVHD.

Fig. 18.3 Fungal endophthalmitis: fundus photograph demonstrating 
several vitreous “fluff balls” typical of fungal endophthalmitis. Gram 
stain and fungal stain of aqueous humor samples demonstrated yeast, 
but cultures of the aqueous, vitreous, and blood were negative. The risk 
factor in this patient was intravenous drug abuse
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 Clinical Presentation

Patients may present with complaints of blurred vision, floaters, 
eye pain, and scotomata. Clinical examination reveals a mild 
cellular reaction in the anterior and posterior chambers with 
areas of white-yellow chorioretinal lesions which may be adja-
cent to an area of pigmented chorioretinal scarring (Fig. 18.4). 
These lesions are generally more bright white and have borders 
with smooth contours compared to CMV retinitis lesions. There 
can be associated retinal vasculitis. Patients may have multiple 
lesions and bilateral involvement. In contrast with ocular toxo-
plasmosis in immunocompetent patients, which is often associ-
ated with significant vitritis, transplant patients may have mild 
inflammation and more extensive chorioretinal necrosis, mak-
ing it difficult to distinguish from viral retinitis [49].

 Diagnostic Tests

Most cases of ocular toxoplasmosis are diagnosed clinically. 
Serologic testing for Toxoplasma antibodies (IgM and IgG) 
can be helpful, particularly if patients were seronegative prior 
to transplantation. Molecular diagnostic testing with PCR 
may be performed on ocular fluid samples in cases of atypical 
toxoplasmosis, Goldmann-Witmer coefficient testing com-
paring antibodies in ocular fluids and serum may be inconclu-
sive in severely immunosuppressed patients who may not be 
able to mount a sufficient antibody response for detection. 
One case of ocular toxoplasmosis was diagnosed in a HSCT 
patient based on fine needle aspiration biopsy of the chorio-
retinal lesion demonstrating Toxoplasma gondii tachyzoites 
and intracytoplasmic cysts; this approach can be reserved for 

atypical cases where it is unclear if the retinal process is 
infectious or a recurrence of leukemia [50]. Because of the 
potential for systemic Toxoplasma infection including 
encephalitis, neuroimaging should be performed in immuno-
compromised patients with ocular toxoplasmosis.

 Treatment

The treatment for ocular toxoplasmosis in the immunocom-
promised patient is sulfadiazine, plus pyrimethamine, with 
folinic acid rescue; clindamycin may also be added for “tri-
ple therapy.” Patients must be monitored closely for adverse 
effects of medications including additional bone marrow 
suppression with pyrimethamine and renal failure with sulfa-
diazine. Trimethoprim-sulfamethoxazole has been used to 
treat immunocompetent patients. Prophylactic treatment 
with either trimethoprim-sulfamethoxazole 160 mg/800 mg 
or combination of pyrimethamine/sulfadiazine has been rec-
ommended in transplant patients with known prior episodes 
of Toxoplasma chorioretinitis [47]. This prophylactic therapy 
is continued for months to years or even lifelong, with the 
duration depending on factors such as the degree and dura-
tion of immune suppression, type of transplantation proce-
dure, and the presence of GVHD or allograft rejection.

 Prognosis

The visual prognosis for ocular toxoplasmosis is dependent 
on the location of chorioretinal lesions. Once treated, lesions 
involving the macula or adjacent to the optic nerve become 
fibrotic scars with associated poor visual acuity. Patients with 
peripheral lesions generally have a good visual prognosis, 
with full recovery to baseline visual acuity with treatment. 
Potential complications which may also affect visual progno-
sis include retinal detachment and reactivation of infection.

 Ocular Tuberculosis
Ocular involvement of tuberculosis (TB) is rare. In a large 
series of patients from the United States during the era of TB 
sanatoria, only 1.4% of patients with pulmonary TB had ocular 
involvement [51]. The incidence of TB in solid organ trans-
plant populations was reported to be 25–50 times higher than 
the general population, according to one recent series from a 
single center in the United States [52]. The majority of trans-
plant patients present with pulmonary or disseminated TB 
within the first year after transplantation when the level of 
immunosuppression is highest. Ocular TB in  transplant patients 
is rare and has been reported in a handful of cases, mainly in 
renal transplant patients with disseminated or pulmonary 
involvement [53, 54]. Ocular TB occurs following hematoge-
nous spread from pulmonary or disseminated infection.

Fig. 18.4 Toxoplasma chorioretinitis: fundus photograph demonstrat-
ing pigmented chorioretinal scar with adjacent active area of hypopig-
mented chorioretinitis
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Patients may present with complaints of blurred vision, 
floaters, or eye pain, depending on the location of the ocular 
involvement. One of the most common manifestations of 
ocular TB is a choroidal granuloma (“tubercle”) which 
appears as a gray or yellow mass deep to the retina with or 
without inflammation. Choroidal tubercles can be found in 
both eyes, range in size from one-fourth to several disc diam-
eters, and are histopathologically similar to tubercles found 
in other parts of the body, with caseating granulomas con-
taining acid-fast bacilli [55]. Untreated, choroidal granulo-
mas can grow in size and become subretinal abscesses as the 
choroid is replaced with necrotic tissue. Other types of ocu-
lar involvement include multifocal chorioretinitis which can 
coalesce to form serpiginous choroiditis, retinal vasculitis 
(mainly periphlebitis), vitritis, panuveitis, granulomatous 
anterior uveitis, and scleritis. The differential diagnosis of 
ocular TB includes ocular syphilis, ocular toxoplasmosis, 
viral retinitis, and noninfectious etiologies such as sarcoid-
osis and ocular Behcet’s disease.

Diagnosis of ocular TB in the absence of pulmonary or 
disseminated TB can be challenging. Immunosuppressed 
patients are more likely to have a negative tuberculin skin 
test even in the presence of active TB.  Interferon gamma 
release assays (IGRA), may be more sensitive in detecting 
TB in immunosuppressed patients and in patients with 
prior BCG vaccination [56]. Culture of ocular fluids rarely 
produces positive results. Ocular fluid sampling can be per-
formed for molecular diagnostic testing, but the sensitivity 
and diagnostic yield of TB PCR in ocular fluids are low. 
[57]. Because transplant patients with ocular TB most 
likely have systemic involvement, it is important to per-
form a thorough workup for evidence of disseminated TB.

Treatment of ocular TB consists of standard multidrug TB 
therapy as used for systemic infections. A quinolone antibi-
otic is sometimes substituted for ethambutol given concern 
for ethambutol-associated optic neuropathy. In patients with 
severe intraocular inflammation, where the inflammation 
alone may be harmful to the retina, local or systemic cortico-
steroids may be used. However, systemic corticosteroids 
should be used with caution in transplant patients with dis-
seminated disease.

Visual prognosis depends on the extent and location of 
ocular involvement. Patients with large choroidal granulo-
mas or subretinal abscesses who present with more advanced 
disease are at risk for significant vision loss. Early recogni-
tion of eye involvement and treatment with antitubercular 
therapy is important for  preventing severe vision loss and for 
treating systemic infection.

 Infectious Keratitis: Herpes Zoster Ophthalmicus, 
Herpes Simplex
Reactivation of VZV is a common complication in solid 
organ transplant and HSCT patients. VZV in the distribution 

of the first branch of the trigeminal nerve, also known as 
herpes zoster ophthalmicus (HZO), can cause significant 
morbidity. The incidence of HZO in one series of HSCT in 
children was 1.2% [58]. Patients present with the vesicular 
rash in a dermatomal distribution. Herpes simplex keratitis 
can also occur in transplant patients and can be distinguished 
from VZV by the absence of the dermatomal rash. There 
have also been rare instances of bilateral HSV keratitis in 
patients with graft versus host disease following SCT [59].

Patients often complain of eye pain, redness, tearing, and 
blurred vision, although there may be eye involvement in the 
absence of significant symptoms. Clinical examination may 
reveal a corneal pseudodendrite in HZO (similar to the der-
matologic vesicular lesion in zoster) or a corneal epithelial 
dendrite in HSV. Both HZO and HSV may also present with 
stromal keratitis, anterior uveitis, scleritis, and conjunctivi-
tis. HZO can cause an optic neuropathy or extraocular mus-
cle palsy. Both entities can cause elevated eye pressure on 
presentation. Systemic antiviral therapy should be instituted 
within 72 h of the development of the rash in HZO to decrease 
disease duration and potential morbidity, including posther-
petic neuralgia. Transplant patients are often treated with 
intravenous acyclovir for HZO, likely due to concerns for 
more aggressive disease process or risk of disseminated dis-
ease in immunosuppressed patients. There have also been 
cases of severe HSV keratitis in transplant patients requiring 
the use of intravenous acyclovir [60]. However, there is con-
cern for acyclovir resistance especially in immunocompro-
mised patients with VZV who may have been on antiviral 
prophylaxis. There was a case of HZO in a HSCT patient that 
persisted in spite of intravenous acyclovir therapy [61]. 
Transplant patients should be maintained on oral antiviral 
prophylaxis with acyclovir, valacyclovir, or famciclovir to 
prevent recurrence of inflammation, particularly stromal ker-
atitis and anterior uveitis [62]. Topical and local corticoste-
roids are used for the treatment of associated corneal stromal 
disease and intraocular inflammation. Visual prognosis is 
dependent on the location and severity of eye involvement. A 
small corneal dendrite in HSV may heal with minimal scar-
ring and preservation of visual acuity. Recurrent inflamma-
tion, involvement of the corneal stroma with the development 
of neovascularization and opacification, and any involve-
ment of the optic nerve can significantly limit visual 
prognosis.

 Orbital and Adnexal Infections
Transplant patients are susceptible to common and uncom-
mon bacterial and fungal infections of the orbit and 
adnexa. As with immunocompetent patients, orbital infec-
tions in transplant patients often develop as an extension 
of sinus disease. The most common orbital infection in 
transplant patients is orbital zygomycosis (or mucormy-
cosis). Zygomycosis is an invasive fungal infection with a 
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high rate of morbidity and mortality, particularly in the 
transplant population. Ubiquitous fungi from the genera 
Mucor, Absidia, and Rhizopus invade the oral and sinus 
mucosa of immunocompromised patients and can extend 
into the orbit and intracranial tissues (rhino-orbital-cere-
bral mucormycosis). In one large series of patients with 
zygomycosis, 19.5% of patients developed orbital involve-
ment [63]. In one series of solid organ transplant patients 
with zygomycosis, the average time to infection after 
transplant was between 60 and 120  days; risk factors 
included diabetes or hyperglycemia, acidosis, and renal 
failure [64]. Patients present with complaints of unilateral 
headache, eye pain, periorbital swelling, double vision, 
and vision loss. Signs on exam include periorbital edema 
with erythema, conjunctival edema (chemosis), ophthal-
moplegia, proptosis, and diminished visual acuity. There 
is often hypesthesia of the first and/or second divisions of 
cranial nerve 5. In late stages of the disease, examination 
of the nasal mucosa reveals a black eschar which results 
from tissue necrosis and infarction due to fungal invasion 
of blood vessels. Neuroimaging is important to ascertain 
the extent of invasion; solid organ transplant patients are 
more likely than diabetic patients to have central nervous 
system involvement [65]. A high index of suspicion is 
essential, as the clinical findings often precede any radio-
logic evidence of infection. An intranasal or sinus “black 
eschar” may not be present, and biopsy of nasal and sinus 
mucosa should be performed early. Biopsy of normal 
mucosa may demonstrate the invasive hyphae. Treatment 
of zygomycosis includes intravenous amphotericin B and 
surgical debridement of involved tissues. The liposomal 
formulation of amphotericin B has been associated with 
better outcomes than amphotericin B deoxycholate or 
other antifungal therapies [63, 65]. Posaconazole has been 
used in rare cases of medication toxicity or treatment fail-
ure with amphotericin B, but is not recommended as first-
line therapy [63, 66]. There have been reports of 
breakthrough zygomycosis in patients who are on 
posaconazole prophylaxis, leading to the concern for 
potential drug resistance [67]. Isavuconazole is a new 
antifungal agent that may have similar efficacy as ampho-
tericin against mucormycosis, based on results of a sin-
gle-arm non- randomized trial [68], although it is currently 
not recommended as first-line treatment. Exenteration 
may be necessary in some patients with mucormycosis 
involving the orbit in order to prevent intracranial exten-
sion of disease. Overall prognosis is poor, and mortality 
rates of rhino- orbital- cerebral zygomycosis in transplant 
patients have been reported between 52% and 100% [64, 
65]. CNS invasion is associated with higher mortality 
[65].
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Intracranial, Spinal, and Paraspinal 
Infections in the Transplant Recipient

Matthew W. McCarthy, Axel Rosengart, 
and Thomas J. Walsh

 Introduction

Intracranial, spinal, and paraspinal infections contribute signifi-
cantly to morbidity and mortality in patients receiving solid 
organ and stem cell transplants [1, 2] and should be considered 
a medical emergency [3]. The incidence of CNS involvement 
varies but is estimated to occur in 5–10% of transplant recipi-
ents [4] and is influenced by multiple factors, including the 
organ transplanted [5], the type and degree of immunosuppres-
sion, post-transplant adverse events [1], as well as donor char-
acteristics, e.g., autologous vs. allogeneic [6].

Fungal, viral, bacterial, and parasitic infections of the 
central nervous system are well-documented in transplant 
recipients [7]. Because post-transplantation immunosup-
pressive regimens may modify the clinical presentation of 
CNS infections, special attention should be given to even 
minor neurologic symptoms and noninfectious causes such 
as the toxic effects of calcineurin inhibitors, and lymphoma 
should be included in the differential diagnosis [3]. Here we 

review the most common intracranial, spinal, and paraspinal 
infections in the post-transplant patient.

 Part 1: Intracranial Infection 
in the Transplant Recipient

Some of the more common organisms responsible for intra-
cranial infection in the transplant recipient include species of 
Aspergillus, Toxoplasma, Candida, Klebsiella, Cryptococcus, 
Coccidioides, Listeria, and Mucor. In the late 1980s, three 
organisms – Listeria monocytogenes, Aspergillus fumigatus, 
and Cryptococcus neoformans  – accounted for the great 
majority of these infections in transplant recipients [8]. 
When presenting as meningoencephalitis or abscesses, these 
lesions were often multiple and deep-seated and were fre-
quently associated with pulmonary or disseminated infection 
[9]. However, with the development of new immunosuppres-
sive agents, antimicrobial prophylaxis, shifts in nosocomial 
flora, and improved diagnostic methods, it is now recognized 
that a broad array of pathogens cause intracranial infection 
and tend to occur at discrete time points in the post- transplant 
patient [10, 11].

These infections can be divided into the early post- 
transplantation period, intermediate period, and late post- 
transplantation period and are influenced by epidemiologic 
exposures, net state of immunosuppression, antimicrobial 
prophylaxis, and the type of transplantation [3, 12]. Below is 
a review of intracranial infections at each time point.

 Early Time Period Intracranial Infection

The early post-transplant period is generally defined as the 
first month after transplantation. Because the major effects 
of exogenous immunosuppression are not yet apparent, the 
causes of intracranial infection in this time period are those 
derived from either the donor or recipient and infectious 
complications of the transplant and hospitalization [13].
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 Recipient-Derived Infections
An important component of the pretransplant evaluation is to 
identify and treat any infection in the donor and recipient. 
Cytomegalovirus, Epstein-Barr virus, Mycobacterium tuber-
culosis, and Toxoplasma gondii are examples of pathogens 
that may exist in a latent state in the recipient and may be 
reactivated after transplantation, causing intracranial lesions. 
For this reason, they are routinely screened for prior to trans-
plant [14]. Pretransplant vaccination has also become recog-
nized as an important measure to protect patients from 
reactivation of latent pathogens. Many inactive and conju-
gate vaccines have been approved for use in the pretransplant 
patient. Recommendations for vaccinations of adult trans-
plant recipients including special considerations for house-
hold contacts have been published [15].

 Donor-Derived Infections
Transmission of donor-derived pathogens has been well- 
documented in the transplant recipient [16]. In 2010, a case 
was reported in which a 24-year-old patient developed inva-
sive Aspergillosis of the brain 9 days after heart transplanta-
tion [17]. Five organs from this patient were subsequently 
used for transplantation into five recipients. Of the five recip-
ients  – two kidney, one liver, one islet cell, and one lung 
recipient  – one lost the kidney graft because of invasive 
Aspergillosis of the transplanted organ. The lung recipient 
died due to primary non-function unrelated to infection. In 
the remaining recipients, prompt initiation of therapy pre-
vented the outbreak of symptomatic Aspergillosis. Severe 
malaria, including cerebral malaria, has been reported fol-
lowing organ transplantation, but it is not clear that the inci-
dence of cerebral malaria is elevated in this population [4]. 
Transplant-transmitted viral encephalitis from West Nile 
virus and Rabies virus has also been reported within 30 days 
of transplantation [18, 19].

 Infectious Complications Related to Surgery
The organisms responsible for postoperative intracranial 
infections are often the bacteria and fungi that have colonized 
the recipient or donor prior to transplant. These include anti-
microbial-resistant organisms, such as fluconazole- resistant 
Candida species, methicillin-resistant Staphylococcus 
aureus, vancomycin-resistant Enterococcus, Clostridium dif-
ficile, and resistant Gram-negative bacteria [20–26].

Because recipients are immunosuppressed, they are at 
risk for developing neurologic sequelae from bacteremia, 
and the risk is further increased with the use of indwelling 
vascular access catheters, urinary catheters, and surgical 
drains. Organ transplantation from donors with fever or viral 
syndromes is controversial. In cases in which the need for 
transplantation is not critical, we recommend avoiding the 
use of organs from donors with unexplained fever, encepha-
litis, or untreated infectious syndromes [3].

 Intermediate Time Period Intracranial 
Infections (1–6 Months After Transplant)

In the period 1–6 months after transplantation, the composi-
tion of intracranial pathogens changes. Opportunistic infec-
tions prevail although there is geographic variation given the 
inter-institution variation in immunosuppressive and antimi-
crobial prophylaxis strategies. Local epidemiology also 
plays a role, as endemic fungi, e.g., Histoplasma capsula-
tum, Coccidioides spp., and Cryptococcus gattii, as well as 
Mycobacterium tuberculosis and nontuberculous mycobac-
teria have been observed to cause infection [27–29].

Although the incidence has decreased with routine use of 
antimicrobial prophylaxis, transplant recipients are at 
increased risk for acquiring infection with Toxoplasma gon-
dii and Pneumocystis jirovecii, although intracranial infec-
tion remains rare. In a multicenter, matched case-control 
study in a 1:2 ratio, 22 cases of toxoplasmosis were identi-
fied among 15,800 solid organ transplant recipients per-
formed in 11 Spanish hospitals between 2000 and 2009 [30]. 
With respect to central nervous system involvement, five 
manifested as brain abscesses and one had meningitis.

Antiviral prophylaxis with has decreased the incidence of 
intracranial viral infections, but the disease has not been 
eliminated. Herpesviruses have frequently been implicated 
in interim period intracranial infection [31]. A 2011 analysis 
of 2628 patients after allogeneic stem cell transplantation 
found that viral encephalitis occurred in 32 patients [32]. 
Detected viruses included human herpesvirus 6, Epstein- 
Barr virus, herpes simplex virus, JC virus, varicella zoster 
virus, cytomegalovirus, and adenovirus. More than one virus 
was identified in 16% of patients with viral encephalitis. The 
median onset time was 106 days after allogeneic stem cell 
transplantation for the total group of 32 patients, but onset 
times were shortest in those with HHV-6 encephalitis and 
longest in those with JC virus-associated progressive multi-
focal leukoencephalopathy [32].

Progressive multifocal leukoencephalopathy (PML) is a 
rapidly progressive demyelinating disorder of the central 
nervous system almost exclusively encountered in immuno-
compromised individuals and is caused by reactivation of the 
John Cunningham virus (JCV) [32]. In January, 2011, a 
59-year-old woman underwent umbilical cord stem cell 
transplantation for follicular non-Hodgkin lymphoma [33]. 
On day 35, the patient developed grade 2 acute GVHD reac-
tion of the skin without other organ dysfunction, and 2 mg/
kg methylprednisolone was started. On day 51, the patient 
developed CMV reactivation in the peripheral blood 
(detected by PCR = 1359 copies); and an antiviral treatment 
with ganciclovir (Cymevan) 2.5  mg/kg/day was adminis-
trated. On day 68, she developed confusion and short-term 
memory dysfunction, with abnormal Babinski reflexes on the 
left. Brain MRI (FLAIR sequence) revealed hyper- intensity 
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lesions in the white matter of the frontal lobes. On day 84, 
the patient’s mental status was stable, and a lumbar cerebro-
spinal fluid (CSF) examination revealed a white blood cell 
(WBC) count of 1 cells/L, a normal glucose level of 
3.89 mmol/L, and a normal protein level of 389 mg/L. Gram 
staining and culture were negative. A specimen was sent for 
polymerase chain reaction (PCR) analysis for JC virus was 
positive in the CSF and the serum which was negative for 
CMV, VZV, HHV-6, EBV, and herpes simplex virus by 
PCR. A treatment with 5 mg/kg/week of cidofovir was initi-
ated on day 86 associated with mefloquine and mirtazapine. 
However, the patient’s neurologic condition continued to 
deteriorate, and she expired on day 110 after umbilical cord 
blood transplant; post-mortem neuropathologic examination 
was not performed secondary to the wishes of the family.

Transplant recipients are also at increased risk for acquir-
ing Mycobacterium tuberculosis. Solid organ transplant recip-
ients are 20–74 times more likely to acquire Mycobacterium 
tuberculosis than the general population and more frequently 
presents with extrapulmonary tuberculosis [34]. After solid 
organ transplant, the median time to development of tubercu-
losis is 183  days, and intracranial tuberculosis infection 
appears to follow that pattern [35]. The most common symp-
toms of intracranial tuberculosis infection are fever, headache, 
vomiting, and altered level of consciousness. The basilar 
meninges and cistern are frequently affected and cause cranial 
nerve dysfunction, especially of the sixth (abducens or abdu-
cent) and seventh (facial) cranial nerves [36, 37]. Tuberculous 
meningitis may have an insidious onset, so physicians should 
have a high clinical suspicion in transplant recipients with 
altered level of consciousness in tuberculosis-endemic areas.

Microsporidia are spore-forming, obligate, intracellular 
parasites that are ubiquitous and infect invertebrates as well 
as all classes of vertebrates. At least one case of parasitic 
involvement of the brain parenchyma in the intermediate 
time period post-transplantation has been reported [38].

 Late Time Period Intracranial Infection (More 
than 6 Months After Transplant)

More than 6 months after transplantation, most patients with 
good graft function receive stable and reduced levels of 
immunosuppression while continuing on some form of anti-
microbial prophylaxis. The pathogens that cause intracranial 
infection tend to more closely resemble the community- 
acquired pathogens responsible for these infections in immu-
nocompetent hosts.

In contrast, patients with concern for rejection or impaired 
graft function generally require more significant immuno-
suppressive therapy and remain at highest risk for opportu-
nistic infections. In addition to the opportunistic pathogens 
mentioned in prior sections, these patients are at risk for 

developing intracranial nocardiosis [39], which has a special 
tropism for neural tissue [40]. Central nervous system nocar-
diosis is a formation of a parenchymal abscess that can occur 
in any region of the brain. A matched case-control study of 
5126 organ transplant recipients between January 1995 and 
December 2005 revealed 35 cases of Nocardia infection 
[41]. Of the 35 cases, 7 had disseminated disease, including 
3 with CNS involvement, all in the form of brain abscess as 
1 presented with a solitary abscess and 1 presented with mul-
tiple abscesses.

An emerging pathogen in the immunocompromised host, 
Rhodococcus equi, is a Gram-positive coccobacillus that is a 
well-documented pathogen in veterinary literature causing 
pneumonia and sepsis in farm animals, especially in horses 
and cattle. It is an unusual cause of infection in humans but 
has recently been described as a cause of intracranial infec-
tion in the post-transplant patient. In one case report, a 
42-year-old woman developed end-stage renal failure 
because of hemolytic uremic syndrome and malignant hyper-
tension in 2001 and subsequently underwent kidney trans-
plantation in 2003 [42]. Five years later, while on maintenance 
of immunosuppressive therapy with mycophenolate mofetil 
500 mg BID, tacrolimus 1 mg BID, and prednisolone 7.5 mg 
once a day, she presented with a deep subcutaneous abscess 
in her right hip. The abscess was treated with surgical drain-
age and antibiotic therapy, and R. equi was identified in cul-
tures from drained material from the subcutaneous abscess. 
Five weeks after this episode, she presented again with an 
abscess in her right hip, for which she again underwent sur-
gical drainage. During her stay at the hospital, she developed 
epileptic seizures, and imaging revealed two brain abscesses 
that were not accessible to surgery. She subsequently died 
14 days after admission from transtentorial brain herniation.

 Conclusions

The nature of intracranial infections after solid organ trans-
plantation continues to evolve, and with improved diagnostic 
tools, new pathogens have been identified in this subset of 
patients, including many with significant antimicrobial resis-
tance [43]. An emerging issue is that of donor-derived infec-
tion, including West Nile virus, rabies, and lymphocytic 
choriomeningitis virus [44]. As of 2012, four clusters of 
organ transplant-associated lymphocytic choriomeningitis 
virus (LCMV) transmissions have been identified in the 
United States [45]. In immunocompetent patients, the dis-
ease can cause a non-specific febrile illness and, in some 
cases, aseptic meningitis [46]. In the transplant recipient, 
LCMV may cause multi-organ failure and often death. Of 15 
confirmed cases of transplant-associated LCMV in the 
United States, 12 patients died of complications from the 
virus [45].
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 Part 2: Spinal Infection in the Transplant 
Recipient

Although rare, spinal infection in the post-transplant patient 
has been documented [47, 48] and has potentially devastat-
ing consequences if not identified and treated appropriately. 
For most patients, the primary route of infection is via hema-
togenous spread secondary to bacteremia. Septic emboli 
lodge at the vertebral end plate as it is supplied by end- 
arterial circulation. This leads to local infarction, and the 
avascular vertebrae become involved in the infective process 
[49]. These infections can be classified by the anatomical 
location involved: the vertebral column, the intervertebral 
disk space, and the spinal canal as well as by the time frame 
in which they occur after organ transplantation (i.e., early, 
intermediate, and late). Infection in adjacent soft tissues will 
be discussed later in the chapter.

Because of blunted host immune response, signs and 
symptoms of spinal infection may vary. The overriding 
symptom, however, is back pain. Radiculopathy, myelopa-
thy, and sensory loss may accompany focal tenderness. CT 
scan, magnetic resonance, and bone scan play a vital role in 
the diagnosis of these infections [50]. The cornerstone of 
treatment is the identification of the responsible pathogen, 
appropriate medical therapy including possible surgical 
debridement, immobilization of the affected segment of the 
spine, and physical therapy to combat physical decondition-
ing [50].

 Early Time Period Spinal Infection

Spinal infection in the first month after organ transplantation 
is rare, and incidence remains on the level of the case report 
[51]. As with intracranial infection, spinal infections in this 
period are usually attributed to nosocomial factors (surgery 
and hospitalization) or infection derived from the host or 
donor that spreads to the spine.

 Intermediate Time Period Spinal Infection

Between 1 and 6 months after organ transplantation, bacterial 
and fungal pathogens predominate and tend to occur as a result 
of hematogenous seeding to the spine. However, viral compli-
cations such as progressive multifocal leukoencephalopathy 
caused by the reactivation of the JC virus have been reported 
[33]. The incidence of pyogenic spinal infection continues to 
occur, but its incidence has been decreased by the routine use 
of antimicrobial prophylaxis. And as result of improvements in 
transplant surgical methods, the prevalence of invasive fungal 
infections – primarily Candida and Aspergillus species, respec-
tively – has declined as a whole over the past two decades [52]. 

However, a reduction in the number of spinal infections caused 
by Candida species has been accompanied by a rise in infec-
tions caused by Aspergillus. A 2010 review of Aspergillus spi-
nal infection in solid organ transplant recipients identified 15 
cases of spondylodiscitis [48]. Most cases (80%) were afebrile 
on presentation. All patients presented with progressive pain, 
showing radiographic evidence of lumbar osteomyelitis and 
discitis. In liver transplant recipients, the median time to onset 
was 2.125  months; for heart transplant recipients, it was 
5.4 months. Aspergillus fumigatus and Aspergillus flavus were 
the most common pathogens, occurring in 84.62% and 15.38% 
of isolates, respectively. In all of the cases reviewed, heart 
transplant recipients were more inclined to have spinal 
Aspergillosis than renal or liver graft recipients There has been 
some success treating these patients with surgical debridement 
and voriconazole although the data is limited [53].

 Late Spinal Infection

The majority of spinal infections reported in the literature 
occur after 6  months. These patients are often on reduced 
levels of immunosuppression, and the role of lifetime 
trimethoprim- sulfamethoxazole or antifungal prophylaxis 
remains controversial. Such long-term prophylaxis carries 
some risk of the development of microbial resistance to the 
prophylactic agents and possible future drug interactions [3]. 
Staphylococcus aureus is frequently implicated in cases of 
vertebral osteomyelitis in immunocompetent hosts and has 
similarly been reported in cases of post-transplantation ver-
tebral osteomyelitis [49]. In one case of an orthotropic heart 
transplantation, the patient presented 14  months post- 
transplantation, with fever, nausea, vomiting, and severe epi-
gastric pain that was unrelated to food but aggravated by 
movement and lying supine. Examination revealed bilateral 
tenderness over the lumbar region with localized tenderness 
over the lower thoracic and lumbar spine. Blood cultures 
revealed methicillin-sensitive Staphylococcus aureus, and 
MRI revealed findings consistent with infective diskitis and 
T-10 vertebral body osteomyelitis. The patient was success-
fully treated with intravenous and oral antibiotics, and the 
authors speculate that spinal infection may have resulted 
from hematogenous spread to areas of previously diseased 
osteoporotic vertebrae or damaged vertebral facet joints 
from analgesic injections.

Vertebral osteomyelitis by Aspergillus remains rare, 
although vertebrae are the most common site of Aspergillus 
infection in the bone [54]. In 2003, a case of a 46-year-old 
man with a 30-year history of type I diabetes, complicated by 
end-stage renal disease, who underwent simultaneous pan-
creas/kidney transplantation was reported [55]. One year 
after his transplant, the patient presented with fever, progres-
sive low back pain, and paravertebral tenderness in the lum-
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bar region. The patient was noted to be neutropenic with a 
white blood cell count of 1600 cells/mL, and imaging 
revealed L2–L3 osteopenia and diskitis, without compres-
sion, fracture, or abscess. Computed tomography (CT)-
guided biopsy of L3 vertebra showed hyphae on mycological 
smears, and culture revealed Aspergillus fumigatus. The 
patient was treated with amphotericin B 1  mg/kg/day and 
underwent diskectomy, with debridement and drainage.

Some evidence suggests CMV disease or being a CMV- 
seronegative recipient of a CMV-seropositive donor organ is 
a predictor for invasive fungal disease following solid organ 
transplantation [56] and is now routinely included in the pre-
transplantation assessment of both donor and recipient.

 Conclusions

Spinal infection in the transplant recipient is an uncommon 
but aggressive disease that may cause spinal instability, neu-
rological insult, and possibly death. Because the host’s 
immune system is often suppressed, the clinical must retain 
a high level of suspicion to ensure prompt diagnosis and 
treatment. Aggressive surgical treatment with concurrent 
pharmacotherapy can successfully treat these infections and 
prevent neurological injury.

 Part 3: Paraspinal Myositis and Other 
Paraspinal Infections in the Transplant 
Recipient

Paraspinal infection in the post-transplant patient is a rare 
event and includes paraspinal myositis and psoas muscle 
abscesses. It may be caused by a broad range of bacterial, 
fungal, parasitic, and viral agents and remains uncommon 
due to the relative resistance of musculature to infection 
[57]. Modes of transmission include transcutaneous infec-
tion of the deep tissue by needles or catheters, surgery, blunt 
trauma, and hematogenous seeding from remote sites. Signs 
and symptoms of paraspinal infection include back or flank 
pain, fever, inguinal mass, limp, anorexia, and weight loss 
[58]. In cases of psoas abscess formation, CT is the imaging 
modality of choice. Management consists of drainage and 
prompt initiation of antibiotics.

Bacterial causes are categorized by organism and ana-
tomic location (i.e., Staphylococcus aureus myositis, group 
A streptococcal necrotizing myositis, group B streptococcal 
myositis, clostridial gas gangrene, and nonclostridial myosi-
tis). In the transplant recipient, however, atypical pathogens 
have also been implicated in paraspinal infection. In 2004, a 
case report detailed the course of a 35-year-old man who 
underwent combined kidney and pancreas transplantation in 
2000 [59]. Two years after undergoing transplantation, the 

patient developed septic arthritis affecting the right knee and 
sternoclavicular joints and pain in the left iliac fossa. 
Radiological investigations demonstrated abnormal gallium 
uptake in these areas and an associated left psoas abscess. 
Purulent fluid was aspirated from the psoas abscess; how-
ever, no microorganisms were noted by microscopic evalua-
tion or culture. Amplification of 16S rRNA gene was 
performed on psoas abscess material and demonstrated 
sequence homologies of 99–100% with Mycoplasma pneu-
moniae. Treatment with oral doxycycline 100 mg BID was 
then introduced, resulting in a rapid and complete clinical 
improvement within 3 weeks.

Fungal myositis is rare; Histoplasma capsulatum necro-
tizing myofascitis has been identified in a renal transplant 
patient, but the infection was of the upper extremity, not the 
paraspinal muscles [60]. Similarly, severe Coccidioides 
immitis myositis of the lower extremity has been seen in an 
orthotopic cardiac transplant recipient. For this reason, a 
careful travel history should be obtained in any transplant 
recipient with an unexplained febrile illness [61]. Parasitic 
myositis in the immunocompetent host is most commonly a 
result of trichinosis or cysticercosis, but other protozoa or 
helminths may be involved and are often suggested by 
peripheral eosinophilia and/or travel history [57]. To our 
knowledge, a parasitic cause of paraspinal infection in the 
transplant recipient has not been reported. Viruses known to 
cause myositis in the immunocompetent host include influ-
enza virus and coxsackievirus B. Interestingly, one case of 
influenza vaccine-induced proximal muscle rhabdomyolysis 
has been described in a renal transplant patient [62]. The 
diagnosis of paraspinal infection in the transplant recipient 
may be subtle and is ultimately determined by the clinical 
presentation, radiologic imaging, and microbiologic or sero-
logic testing. Therapy is based on the clinical presentation 
and the underlying pathogen.

 Summary

Immunosuppression following organ transplantation 
increases susceptibility to central nervous system infections 
[4]. Despite ever-improving surgical techniques, diagnostic 
modalities, and prophylactic and therapeutic antibiotic regi-
mens, intracranial, spinal, and paraspinal infections remain 
an important source of morbidity and mortality among trans-
plant recipients. Because signs and symptoms may be subtle, 
the clinician must retain a high index of suspicion with any 
patient presenting with fever or neurologic symptoms. These 
infections should be considered a medical emergency, and 
treatment should be prompt to minimize the risk of neuro-
logic sequelae and death. Table  19.1 shows a summary of 
antimicrobial therapy for common pathogens causing infec-
tion of the central nervous system in transplant recipients.
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Table 19.1 Summary of antimicrobial therapy for common pathogens causing infection of the central nervous system in transplant recipients

Organism First-line therapy Second-line therapy/comments
Fungi
Aspergillus spp. Voriconazole ABLC (5 mg/kg/day IV)

Loading dose: 6 mg/kg IV q12hr Caspofungin
Maintenance dose: 4 mg/kg IV q12h Loading dose: 70 mg day IV
L-AMB (5–7.5 mg/kg/day IV) Maintenance dose: 50 mg/day IV thereafter

Posaconazole (200 mg QID initially and then 400 mg 
PO BID)
Itraconazole (dosage depends upon formulation)

Mucorales L-AMB (3–5 mg/kg/day IV) Posaconazole (200 mg QID initially and then 400 mg 
PO BID)ABLC (5 mg/kg/day IV)

Cryptococcus Induction therapy: liposomal AmB (3–4 mg/kg per day) 
or ABLC (5 mg/kg per day) PLUS flucytosine (100 mg/
kg per day)

Induction therapy: liposomal AmB (6 mg/kg per day) 
or ABLC (5 mg/kg per day)

For 2 weeks
Consolidation therapy: fluconazole (400–800 mg per 
day)
For 8 weeks
Maintenance therapy: fluconazole (200–400 mg per day)
For 6–12 months

Candida spp. L-AMB (5–7.5 mg/kg/day IV) Fluconazole (400–800 mg per day)
Micafungin 100 mg IV q12hr
Caspofungin
Loading dose: 70 mg day IV
Maintenance dose: 50 mg/day IV thereafter

Protozoa
Toxoplasma Pyrimethamine (100 mg loading dose PO followed by 

25–50 mg daily) plus sulfadiazine (2–4 g/day PO q6hrs)
Pyrimethamine (100 mg loading dose PO followed by 
25–50 mg daily) plus azithromycin (500 mg daily) or 
atovaquone 750 mg Po q12hr

Bacteria
Listeria monocytogenes Ampicillin 2 g IV q4hr × 21 days Trimethoprim- sulfamethoxazole (5 mg/kg [based on 

the trimethoprim component) IV or PO every 6–12 h
Meropenem 1 g IV q8hr

Streptococcus pneumoniae In patients with isolates that are susceptible to penicillin 
(MIC ≤0.06 mcg/mL), penicillin (4 million units IV 
every 4 h) can be used

Ceftriaxone 2 g IV q12hr in patients with penicillin 
(MIC ≤0.06 mcg/mL)

Methicillin- resistant 
Staphylococcus aureus

Vancomycin 15–20 mg/kg IV every 8–12 h (not to 
exceed 2 g per dose or a total daily dose of 60 mg/kg); 
adjust dose to achieve serum trough concentrations of 
15–20 mcg/mL)

Daptomycin 8 mg IV q24hr

Viral
CMV Valganciclovir Ganciclovir 5 mg/kg IV every 12 h

Induction therapy: 900 mg PO q12hr 14–21 days
Maintenance therapy: valganciclovir 900 mg PO q12hr

VZV Valacyclovir (1000 mg PO q8hr) for 7 days Famciclovir (500 mg PO q8hr)
EBV Supportive care
HSV Acyclovir (10 mg/kg IV every 8 h) for 14–21 days
WNV Supportive care The use of alfa interferon is based upon evidence of 

efficacy against WNV in vitro and in animal models
Hyperimmune globulin on protocol

*Surgical resection may be appropriate for focal lesions
**Dosages are written for adults
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Respiratory Tract Infections: Sinusitis, 
Bronchitis, and Pneumonia

Benjamin A. Miko, Marcus R. Pereira, and Amar Safdar

 Introduction

Upper and lower respiratory tract infections are among the 
most common infectious processes among solid organ and 
hematopoietic stem cell transplant (HSCT) recipients [1]. As 
with most infectious syndromes outlined in this text, the 
increased risk of respiratory tract disease encountered in trans-
plant recipients relates in part to defects in innate and adaptive 
immunity. Within this population, however, the incidence and 
microbiological etiology of respiratory infections are quite 
variable. This is due in part to the use of heterogeneous immu-
nosuppressive regimens and differing prophylactic antibiotic 
strategies. In addition to diminished host immunity, anatomic 
breaches in upper and lower respiratory tract defenses may 
increase the susceptibility of immunocompromised hosts to a 
variety of common and opportunistic pathogens. Such ana-
tomical considerations are especially important in patients 
who have undergone thoracic surgery for lung and heart trans-
plantation and individuals who have required prolonged 
mechanical ventilation. Medical devices such as nasogastric 
and endotracheal tubes hinder coordinated glottic movement 
and mucociliary function and act as conduits for the introduc-
tion of pathogenic organisms to the respiratory tract [2].

Several immune deficits can affect transplant recipients 
and consequently increase the risk of upper and lower respi-
ratory tract infections. These include:

 1. Neutropenia: Commonly associated with medication 
toxicities, chemotherapy, hematological malignancies, 
and viral infections, deficits in neutrophil count and 
function can increase the risk of infection with staphylo-
cocci, streptococci, Gram-negative bacilli (GNB), and 
fungi [3, 4].

 2. T lymphocyte deficiency: Caused by many transplant 
immunosuppressive medications that include calcineurin 
inhibitors, mTOR inhibitors, glucocorticoids. T lympho-
cyte deficiency is also encountered in the setting of HIV 
infection, lymphoma, leukemia, and infection/reactiva-
tion of various herpesviruses, especially Cytomegalovirus 
(CMV). Patients with cellular immune dysfunction are at 
increased risk of respiratory infection due to intracellular 
organisms such as Listeria monocytogenes, Salmonella 
spp., Legionella spp., and Toxoplasma gondii, mycobac-
teria, fungi-like Cryptococcus spp., Histoplasma capsu-
latum, and Pneumocystis jirovecii, as well as CMV, 
Human herpesvirus 6 (HHV-6), varicella-zoster virus 
(VZV), and respiratory viruses [5–7].

 3. B lymphocyte deficiency: Associated with various trans-
plant/oncology medications like azathioprine, mycophe-
nolate, rituximab, and glucocorticoids and hematological 
malignancies such as leukemia, multiple myeloma, and 
other causes of humoral immune defects increases the 
risk of infection with encapsulated bacteria including S. 
pneumoniae, H. influenzae, and N. meningitidis.

 4. Asplenia and hypocomplementemia: Similarly increase 
the risk of infection with encapsulated bacteria as well as 
Capnocytophaga.

Because such immune defects are often mixed, careful 
attention to clinical and radiographic features as well as rec-
ognition of nosocomial versus community sources of infec-
tion are critical to making a correct diagnosis and initiating 
empiric antimicrobial therapy [1]. In both solid organ trans-
plant and HSCT recipients, delays in appropriate antimicro-
bial therapy may increase the risk of secondary complications 
and infection-associated deaths, especially in those with 
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severe immunosuppression. Therefore, it is common practice 
to initiate empiric or preemptive antimicrobial therapy in 
patients for whom the suspicion of infection is high.

This chapter reviews the common respiratory tract infec-
tions affecting transplant recipients including sinusitis, bron-
chitis, tracheobronchitis, and pneumonia. Particular attention 
is directed to epidemiological risk factors including health-
care exposure, clinical presentation, diagnosis, and common 
microbiological etiologies. Unique causes of opportunistic 
pneumonias are reviewed in the final section of this chapter.

 Sinusitis

Sinus infections are a common occurrence in transplant 
recipients, affecting between 4% and 31% of HSCT recipi-
ents [8, 9] and probably a similar percent of solid organ 
transplant recipients [10]. Of note, transplant patients with 
underlying cystic fibrosis (CF) are at extremely high risk for 
sinusitis with between 90% and 100% of individuals with CF 
showing pan-sinusitis on imaging by 8 months of age [11]. 
In HSCT recipients, risk factors for developing severe rhino-
sinusitis include graft-versus-host disease (GVHD) [12, 13]. 
The determinants of sinusitis in solid organ transplant recipi-
ents are less clearly defined, possibly due to the heteroge-
neous disease processes prompting transplantation. Unlike 
non-immunosuppressed individuals, no studies have linked 
tobacco, allergy, asthma, and low IgG levels to sinusitis in 
transplant recipients [13].

In general, sinusitis can be classified temporally as acute 
(<4 weeks), subacute (4–12 weeks), or chronic (>12 weeks) and 
in terms of severity as invasive or noninvasive. Typical signs and 
symptoms include nasal congestion, focal sinus pressure or 
pain, nasal discharge, and reduced sense of smell although, as is 
generally the case, transplant recipients can often have a muted 
clinical picture. Among HSCT recipients, nasal congestion and 
cough are the most common symptoms of acute sinusitis (80% 
and 61%, respectively) [8]. The nonspecific nature of these 
symptoms may ultimately lead to delays in diagnosis resulting 
in poorer clinical outcomes of invasive infections.

The diagnosis of acute sinusitis is often based entirely on 
clinical presentation  in the immunocompetent patients, 
whereas in transplant recipients, a  high degree  of  suspision 
due to dampened clinical signs and symptoms should be 
accompanied by an appropriate diagnostic investigation that 
often includes  CT  or MRI scan of the  face and paranasal 
sinuses. In most cases, cultures of nasal discharge are not help-
ful; a nasal wash for bacterial cultures and a PCR panel that 
assesses a number of common and uncommon  respira-
tory viruses may considerably improve diagnostic yeild. When 
imaging is obtained, fluid levels are found in 86% of cases [6]. 
Although a wide variety of organisms can cause acute sinus-
itis, the vast majority of infections are due to viral pathogens. 
These include rhinovirus, respiratory syncytial virus (RSV), 

adenovirus, coronavirus, influenza, parainfluenza, and even 
CMV [14–16]. Viral infections can be short-lived but viral 
shedding can be prolonged among immunocompromised 
patients. Bacterial sinus infections are much less common and 
rarely occur with less than 7 days of symptoms [17]. Common 
bacterial causes of acute bacterial sinusitis include S. pneu-
moniae, Haemophilus influenzae, Moraxella catarrhalis, S. 
aureus, and anaerobes. Pseudomonas can be a prominent 
sinus pathogen in cystic fibrosis patients both before and after 
lung transplantation [18, 19]. While most cases of acute bacte-
rial sinusitis are caused by one predominant organism, up to 
one quarter have two distinct pathogens present in high con-
centration [20]. It is important to note, however, that in routine 
clinical practice, the majority of patients with acute sinusitis 
do not have a bacterial pathogen isolated.

In the immunocompetent patients treatment of acute sinus-
itis is usually supportive except in cases where symptoms per-
sist for greater than 7 days, at which point empiric antimicrobial 
therapy may be warranted. In severely immunocompormised 
transplant patients with or without neutropenia, approach has 
been to start treatment early when bacterial sinus infection is 
suspected. Complications of acute sinusitis include facial cel-
lulitis, preseptal periorbital cellulitis, brain abscess, cavernous 
sinus thrombosis, and orbital invasion that may result in sight 
and life threatening orbital (post-septal) cellulitis  [21]. 
Intracraneal extension  should be suspected if mental status 
changes occur or if there are focal neurological signs [22]. CT 
imaging or MRI scan should be urgently obtained, and otolar-
yngology evaluation with endoscopy should be sought for 
both diagnosis (cultures and histology) and therapeutic drain-
age. Empiric antimicrobials should be initiated while this 
diagnostic evaluation is pending. In lung transplant recipients 
with underlying cystic fibrosis, sinus surgery can decrease 
recurrence of Pseudomonas-related sinus infections [18].

Invasive fungal sinus infections are associated with 
increased morbidity and mortality that may range from 50% 
and may beupto as high as 90% in patients undergoing solid 
organ allograft and allogenic hematopoietic stem cell trans-
plantation [23]. Bony erosions can be a sign of invasive dis-
ease. There is a correlation with chronicity and invasiveness. 
Invasive sinus disease is often fungal although bacterial 
causes such as Pseudomonas and S. aureus are not uncom-
mon. In transplant recipients, Candida and Aspergillus spe-
cies remain the most common fungal organisms to cause 
sinusitis, resulting in invasive and noninvasive sinus disease 
[24]. Rhizopus is also an important organism associated with 
rapidly progressive infection with high mortality rate [21]. 
Even rarer fungal etiologies include Scopulariopsis [25], 
Fusarium [26, 27], Trichoderma [28], Scedosporium [29], 
and Pseudallescheria [30]. Acanthamoeba is a rare but 
 well- described parasitic cause of invasive rhinosinusitis in 
immunosuppressed patients with a strong predilection for 
intracraneal involvement, in such patients brain infection 
carries high fatality [31, 32].
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 Bronchitis and Tracheobronchitis

The terms tracheobronchitis and acute bronchitis are fre-
quently used interchangeably, with acute bronchitis having a 
preferential use in the literature with the exception of aspergil-
losis and ventilator-associated tracheobronchial infections 
[33–35]. As such, both are generally defined as a self-limited 
inflammation of the large airways of the lung, or bronchi, due 
to an infection. As opposed to pneumonia, the lower airways 
are not involved, and chest imaging is generally normal. 
Patients typically present with a cough lasting more than 
5 days, an important factor distinguishing it from mild upper 
respiratory infection (URI) [36]. Symptoms usually persist for 
10–20  days but may extend for more than 4  weeks. Most 
patients report purulent sputum, indicating sloughing of tra-
cheobronchial epithelium and inflammation. As opposed to 
bronchiolitis, acute bronchitis does not usually present with 
progressive cough, wheezing, tachypnea, respiratory distress, 
and hypoxemia. Chronic bronchitis, on the other hand, entails 
continuing symptoms on most days of the month for at least 
3 months of the year during two consecutive years.

Many studies have shown that community-acquired viruses 
are by far the most common cause of acute bronchitis [37–40]. 
These include influenza A and B, adenovirus, rhinovirus, 
coronavirus, parainfluenza, RSV, and human metapneumovi-
rus [37–40]. Bacteria, particularly atypical organisms, can 
also cause acute bronchitis; commonly implicated pathogens 
include Bordetella pertussis, Chlamydophila pneumoniae, 
and Mycoplasma pneumonia. Among immunocompromised 
patients, the causative agents of acute bronchitis are largely 
similar to the general population [41–43]. Opportunistic 
pathogens can also cause tracheobronchial infections, particu-
larly among lung transplant and allogeneic HSCT recipients. 
The most important of these include invasive fungal infec-
tions, especially Aspergillus [35, 44, 45].

Acute bronchitis affects about 5% of adults annually, with 
the majority of infections occurring during the fall and win-
ter [46]. The incidence of upper respiratory tract infections 
among solid organ transplant and HSCT recipients appears 
to be similar to that of the general population [43, 47–49]. 
Despite similar epidemiology, immunocompromised patients 
often suffer from prolonged periods viral shedding and prog-
ress to pneumonia more frequently [50]. Higher rates of air-
flow obstruction and increased mortality are also key 
differences [50, 51]. Respiratory viral infections immedi-
ately prior to bone marrow transplant are associated with 
decreased survival [52]. Among lung transplant recipients, 
respiratory viral infection, particularly RSV, can be associ-
ated with progression of chronic rejection and bronchiolitis 
obliterans syndrome (BOS) on histopathologic examina-
tion [41, 47, 48, 53]. Patients undergoing allogeneic hemato-
pietic stem cell transplantation similarly are at risk for BOS 
that potentially may have been triggered  after an episode 
of respiratory viral infection [54].

The major procedures employed for diagnosis of upper 
respiratory tract infections include multiplex PCR platforms 
and sputum cultures. When a fungal etiology is suspected, 
bronchoscopy is often performed to establish microbiologi-
cal diagnosis. Among lung transplant recipients, examina-
tion of the bronchial anastomosis is essential to ascertain its 
integrity and the presence of necrosis.

Treatment for acute bronchitis depends on the causative 
infectious agent [51]. For the viral organisms without an 
established therapy, supportive care and close monitoring is 
recommended. Please refer to each specific pathogen for fur-
ther information on treatment.

 Pneumonia

Guidelines put forth by the Infectious Diseases Society of 
American (IDSA) and American Thoracic Society (ATS) sug-
gest that the diagnosis of pneumonia requires a constellation of 
suggestive clinical features such as fever, purulent sputum, leu-
kocytosis, and decline in oxygen saturation, and a demonstrable 
infiltrate on chest radiograph or other imaging technique with or 
without supporting microbiological data [55, 56]. As the com-
mon clinical and radiographic manifestations of pneumonia 
may be absent or attenuated in immunosuppressed patients due 
to impaired inflammatory responses [1], the diagnosis of pneu-
monia may be difficult to establish in solid allograft transplant 
and both autologous and allogeneic HSCT recipients. Adding to 
this diagnostic challenge is the frequent colonization of the 
upper airway with microorganisms that do not contribute to 
lung disease, rendering the microbiological diagnosis of pneu-
monia by conventional culture techniques difficult. Conversely, 
sterile respiratory tract cultures do not exclude an infectious 
etiology, particularly in the setting of recent exposure to broad- 
spectrum antibiotics. The common use of prophylactic 
antimicrobials in transplant recipients may contribute to sup-
pression of culture results while increasing the risk of infections 
that are resistant to commonly used antimicrobial agents given 
for infection prophylaxis such as  fluoroquinolones, trime-
thoprim-sulfamethoxazole, triazole-based antifungals, and vala-
cyclovir or valganciclovir [57–59].

As in the general population, pneumonias occurring in 
transplant recipients are traditionally defined based on the 
setting in which they are acquired, i.e., community-
acquired vs. hospital-acquired. Until 2016, the IDSA and 
ATS designated a third category, healthcare-associated 
pneumonia (HCAP), to delineate patients with significant 
exposure to nursing homes, dialysis centers, and outpatient 
clinics. While this was intended to highlight this group’s 
increased risk of multi-drug resistant pathogens, several 
studies have shown HCAP to be caused by organisms simi-
lar to those causing community-acquired pneumonia 
(CAP) [60–62]. Given that, the HCAP designation was 
removed from the most-recent IDSA/ATS guidelines for 
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the management of hospital- acquired pneumonia (HAP) 
and ventilator-associated pneumonia (VAP) [56].

 Community-Acquired Pneumonia

CAP, as defined by IDSA and ATS, refers to the radiographic 
and clinical development of pneumonia in the community set-
ting, distinguishing it from HAP, as outlined below [55, 56]. The 
distinction of CAP from nosocomial pneumonia remains impor-
tant as it allows for prediction of likely pathogens and permits 
prognostic estimations based on epidemiologic descriptions of 
the underlying cause. Consequently, this distinction provides a 
framework for decisions regarding the appropriate diagnostic 
evaluation and empiric antimicrobial therapy.

The etiologic spectrum of bacterial pathogens causing 
CAP among transplant recipients with mild-to-moderate 
immunosuppression is similar to that of patients without a 
history of transplantation. However, a clinically insignificant 
microbial inoculum in the general population may cause 
severe infection among patients with underlying immuno-
suppression. S. pneumoniae remains the most commonly 
identified pathogen and the most frequent cause of lethal 
CAP [63]. S. aureus, nontypeable Haemophilus influenzae, 
Pseudomonas spp., and other GNB may also cause life- 
threatening CAP. Recently, other non-lactose fermenting 
(NF)-GNB such as Stenotrophomonas, Burkholderia, 
Chryseobacterium, Achromobacter, and Alcaligenes species 
have been increasingly recognized as etiologic agents in both 
CAP and nosocomial infections [64]. S. pyogenes, Neisseria 
meningitidis, and Moraxella catarrhalis also cause CAP less 
frequently. The incidence of CAP associated with the atypi-
cal pathogens such as Mycoplasma pneumoniae, Chlamydia 
pneumoniae, and Legionella spp. varies widely with patient 
age, seasonal variation, and geographic location. Viral pneu-
monias, most commonly caused by influenza, parainfluenza, 
and adenovirus, are also sources of CAP, which may be 
severe in the setting of transplantation. It is important to note 
that lower respiratory tract infections may be due to a mixed 
population of viruses, bacteria, and fungi in solid organ 
transplant and HSCT recipients [65–70].

The microbiological diagnosis of CAP is based upon 
recovery of a likely pathogen from an otherwise sterile 
source like blood, urine, pleural fluid, isolation of a noncom-
mensal organism in respiratory secretions, or positive results 
of selected serological tests. Although the utility of Gram 
staining and culture of expectorated sputum in the diagnosis 
of pneumonia has been debated for years, carefully procured 
sputum specimens with cytologic confirmation of a lower 
respiratory source appear to be diagnostically useful, partic-
ularly if they are obtained before the initiation of antimicro-
bial therapy. Timely establishment of an accurate diagnosis 
contributes to a successful outcome, although treatment 
should not be withheld while diagnostic interventions are 

underway. Antimicrobial selection should be based upon the 
probable infecting organism(s), the severity of the patient’s 
pneumonia, the patient’s underlying immune status, and the 
presence or absence of comorbid conditions [71, 72].

 Hospital-Acquired Pneumonia

Lower respiratory tract infections that occur more than 48 h 
after hospital admission in patients without antecedent clini-
cal symptoms or radiographic findings suggestive of pneu-
monia are referred to as HAP. The etiological spectrum of 
microbial pathogens causing HAP among low-risk transplant 
recipients with no recent antibiotic exposure is similar as that 
seen in the general population. H. influenzae, S. pneumoniae, 
S. aureus, and Enterobacteriaceae are frequently encoun-
tered. Methicillin-resistant S. aureus (MRSA) may cause 
severe HAP, especially among patients with prior MRSA 
colonization, antibiotic exposure, advanced age, and/or pro-
longed ventilatory support [73]. Protracted mechanical ven-
tilation and recent antibiotic administration are also 
associated with increased rates of HAP caused by P. aerugi-
nosa, Acinetobacter baumannii complex, Enterobacter spp., 
and emerging strains of MDR NF-GNB such as S. malto-
philia, Burkholderia cepacia complex, and Alcaligenes 
(Achromobacter) species, which may be difficult to treat. 
Mortality rates associated with HAP due to MRSA or P. 
aeruginosa are disproportionately higher than those caused 
by other nosocomial bacterial pathogens [74].

Polymicrobial isolates and MDR pathogens are more 
common among patients with HAP, particularly when it 
occurs as a late complication during hospitalization. Because 
of the frequency with which multiple organisms are identi-
fied on a single respiratory sample, recent evidence-based 
guidelines advocate the use of quantitative or semiquantita-
tive lower respiratory tract cultures obtained either broncho-
scopically or noninvasively as part of the initial evaluation of 
the patients with suspected HAP or VAP [75].

Empiric antibiotic selections for HAP that develop within 
7 days of admission should target S. pneumoniae, S. aureus 
including MRSA, Streptococcus spp., H. influenzae, and 
Enterobacteriaceae. Patients with late HAP occurring 
>1 week after hospitalization should receive empiric antimi-
crobial therapy that includes coverage for MDR-GNB. The 
scope of alternative antimicrobial choices in patients with 
refractory or slow-to-respond HAP or VAP should be based 
on institution-dependent susceptibility profiles. If an institu-
tion’s incidence of MRSA pneumonia is low and respiratory 
cultures are unavailable or unrevealing, screening for MRSA 
nasal colonization may be useful in guiding therapy [76]. As 
the absence of MRSA nasal colonization has a high negative 
predictive value for MRSA pneumonia, coverage for that 
organism can often be discontinued early in the treatment 
course if screening swabs are negative [76].
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 Pneumonias Caused by Aspiration 
and Bronchial Obstruction

Aspiration of orogastric contents and mechanical obstruction of 
the airways may create a favorable milieu for pneumonia caused 
by microaerophilic or anaerobic bacteria like Peptostreptococcus 
spp. A variety of factors, such as abnormal swallow function, 
altered cough reflex, impaired mucociliary clearance, altered 
mental status, the use of sedating medications, chemotherapy-
induced mucositis, supine positioning, gastroparesis, mechani-
cal ventilation, and nasogastric tube feeding, all contribute to the 
increased predilection for aspiration in patients with histories of 
transplantation or malignancy [77–79]. Pneumonia associated 
with large- volume aspiration of gastric contents typically occurs 
as a late finding. The acidic gastric contents act as a poor 
medium for bacterial growth. Thus, the initial clinical syndrome 
following aspiration of gastric contents arises from the direct 
caustic effect of the acidic aspirate on the cells of the alveolar- 
capillary interface, i.e., chemical pneumonitis. A true bacterial 
pneumonia, if it occurs, is consequently a superimposed pro-
cess. Aspiration of oral contents, by contrast, results from inha-
lation of nonsterile oropharyngeal material. The clinical 
presentation is often insidious, and the diagnosis is commonly 
inferred based on a compatible patient risk profile coupled with 
radiographic evidence of pneumonia.

Chest radiographs may show focal abnormalities that cor-
relate with the patient’s position at the time of aspiration. For 
example, aspiration that occurs while the patient is in the 
upright position typically localizes to the basilar segments of 
the lower lobes, whereas the superior segments of the lower 
lobes and posterior segments of the upper lobes are more 
frequently affected following aspiration that occurs in the 
supine position. The major pathogens underlying nosoco-
mial versus community-acquired aspiration pneumonias dif-
fer although a microbiologic diagnosis may not be established 
due to the limited yield of conventional anaerobic cultures 
[78, 80–82]. If necessary, such cultures may be best obtained 
bronchoscopically using a protected strategy.

The management of patients with significant lung injury 
associated with the aspiration of gastric contents includes 
aggressive supportive care. Upper airway suctioning, pulmo-
nary toilet, and, if necessary, positive pressure ventilation com-
prise the mainstays of therapy. There is no clearly established 
role for corticosteroids in this setting, though the practice of 
prescribing moderate- to high-dose prednisolone is not uncom-
mon. Early and aggressive antimicrobial therapy is recom-
mended for patients with pneumonia secondary to aspiration of 
oropharyngeal contents. Antimicrobial selections should be tai-
lored to the immune status of the patient and setting in which the 
aspiration occurred, i.e., community vs. healthcare environment 
but in general should be broad in spectrum and target Gram-
negative organisms and oral anaerobes. Anaerobic coverage 
may be particularly important in patients with periodontal dis-
ease, putrid sputum, or evidence of necrotizing pneumonia [78].

 Other Sources of Pneumonia

Transplant recipients with altered pulmonary anatomy specifi-
cally lung transplant recipients with bronchial anastomotic 
strictures may be at risk for obstruction of the airways, atelec-
tasis, and postobstructive pneumonia. The associated pneumo-
nias tend to be polymicrobial in nature including GNB, 
staphylococci, and anaerobes and may require relief of the 
obstruction to achieve adequate antimicrobial effects, even if 
appropriate antibiotics are selected. This is often most rapidly 
achieved through interventional bronchoscopic techniques 
such as bronchial dilation with or without stent placement.

The lungs may also become infected via septic emboli 
arising from suppurative endovascular bacterial and, less 
commonly, fungal infections. Infected intravascular septic 
deep venous thrombi are increasingly recognized as a poten-
tial source of infection in immunosuppressed patients. The 
radiographic pattern in these patients is distinctive and 
includes multicentric, pleomorphic lung nodules with asym-
metric, relatively small, thick-walled cavities.

 Specific Pathogens

Opportunistic organisms commonly implicated in transplant- 
related respiratory tract infections are outlined below.

 Nocardia and Actinomycosis

Over 30 species of Nocardia have been associated with 
human disease [83]. Nocardia asteroides complex, includ-
ing N. asteroides sensu stricto and N. farcinica, accounts 
for nearly 90% of Nocardia infections, both in cancer 
patients and the general population. Risk factors for 
Nocardia pneumonia include profound deficiencies in cel-
lular immunity, prolonged use of high-dose systemic corti-
costeroids, especially in the treatment of chronic lung 
diseases [84], and the presence of GVHD.  Solid organ 
transplant recipients are also at particular risk for Nocardia 
infections although this varies based upon the organ trans-
planted. One review demonstrated infection rates of 3.5%, 
2.5%, 1.3%, 0.2%, and 0.1% among recipients of the lungs, 
hearts, intestines, livers, and kidneys, respectively [85]. 
Nocardia infections commonly occur within the 1st year of 
transplantation although early (<1  month) and late 
(>2  years) infections have also been reported [85–87]. 
Infection with the organism should be considered if nodu-
lar pulmonary infiltrates are seen, although reticulonodular 
or diffuse infiltrates are occasionally described. Solitary 
nodules associated with irregular, thick-walled cavities that 
mimic invasive pulmonary aspergillosis, histoplasmosis, 
necrotizing cancer, or chronic bacterial lung abscess have 
also been associated with Nocardia infection.
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Indolent Nocardia pneumonia may be clinically indistin-
guishable from other actinomycetes infections and from pneu-
monias caused by pulmonary eumycetes. Severely 
immunosuppressed cancer patients with refractory leukemia 
or prior allogenic HSCT may present with rapidly progressive 
multifocal nocardiosis. Spontaneous pneumothorax and 
hemoptysis are also recognized presentations of Nocardia 
infection among immunocompromised patients. Concomitant 
brain involvement is not uncommon, and preemptive evalua-
tion is recommended to diagnose asymptomatic brain abscess 
in patients with pulmonary Nocardia infection. Trimethoprim-
sulfamethoxazole (10–12  mg/kg daily) is effective against 
many Nocardia species. Retrospective studies suggest that 
clinical outcomes are improved when appropriate therapy is 
given for an extended period of time (6–12  months) [88]. 
Despite aggressive antimicrobial therapy, pulmonary nocardi-
osis carries a high mortality in immunosuppressed individuals 
[84]. Pulmonary actinomycosis typically presents in a very 
similar manner to nocardiosis, although it is classically associ-
ated with invasion across tissue plans. As such, pulmonary 
infection may involve the adjoining pleura and subsequently 
erode through the chest wall. Isolation of Actinomycetes from 
the respiratory tract should be evaluated critically as their pres-
ence may represent oropharyngeal contamination.

 Tuberculosis

Mycobacterium tuberculosis is a rare cause of pulmonary infec-
tions in the developed world but is important to consider in 
severely immunosuppressed patients, especially foreign-born 
individuals or patients undergoing allograft solid organ or stem 
cell translantation in the developing countries where tuberculo-
sis is regarded as an endemic disease [89]. Solid organ trans-
plant recipients are estimated to have 20–74 times 
higher incidence of active tuberculosis than that of the general 
population [90]. Frequency of disease varies based upon the 
organ transplanted and the time from transplantation, with two-
thirds of cases occurring within 1 year of transplantation [91].

A broad range of clinical manifestations may be possible 
with tuberculosis infection. Pulmonary tuberculosis may pres-
ent as an insidious pneumonia that is difficult to distinguish 
from Actinomycetes and eumycetes infection. Patients with 
impaired T-cell response may develop rapidly progressive 
tuberculosis that follows the course of a virulent bacterial 
infection. Systemic corticosteroid therapy is an independent 
predictor of both tuberculosis reactivation and suboptimal 
response to combination antimicrobial therapy. Hence, once 
the diagnosis of tuberculosis is established, every effort should 
be made to discontinue steroid therapy if not indicated for a 
specific syndrome [89]. Just as HIV- infected patients may 
develop clinical worsening of tuberculosis pneumonia when 
initiating antiretroviral therapy such as immune reconstitution 

inflammatory syndrome, tuberculosis- related lung disease in 
solid organ transplant or HSCT recipients may infrequently 
worsen as immune function recovers following temporary dis-
continuation or partial withdrawal of antirejection or  anti-
GVHD therapy. Nonetheless, minimizing immunosuppression 
may be helpful in clearing such infections.

 Nontuberculous Mycobacteria

Nontuberculous mycobacteria (NTM) are ubiquitous in the 
environment and generally cause infection only in hosts with 
specific anatomical or immunological defects [92]. Transplant 
recipients are at particular risk due to their impaired cell-medi-
ated immunity. Among patients with structural lung disease 
particularly those before and after  lung transplantation, this 
risk is further compounded by anatomical abnormalities. 
Epidemiological data are somewhat lacking for these patho-
gens as NTM infections are not reportable infections  [92]. 
Incidence rates for NTM pulmonary infections are estimated 
at 0.24–2.8% among heart transplant recipients and 0.46–
8.0% among lung transplant recipients [93–95].

Pulmonary NTM infections are classically caused by M. 
avium-intracellulare complex and other slow-growing 
mycobacteria. These opportunistic pathogens are most fre-
quently associated with chronic, indolent pneumonias. In the 
United States, the rapidly growing mycobacteria particularly 
M. abscessus and M. fortuitum have emerged as another 
important, albeit less frequent cause of NTM lung disease. 
The diagnosis of pulmonary NTM infections remains a chal-
lenge as identification of these organisms in respiratory cul-
tures may result from colonization of the respiratory tract or 
environmental contamination. Causality is suggested by 
identification of NTM in sterile lower respiratory tract speci-
mens coupled with corresponding clinical manifestations 
such as chronic nonproductive cough and exertional dys-
pnea and a NTM lung disease compatible radiographic pre-
sentation. Fever, night sweats, weight loss, pleuritic chest 
pain, and pleural effusions are also possible but less frequent 
in the absence of systemic disseminated infection.

Radiographic features of NTM infection include upper 
lobe predominant nonspecific nodular lesions and small, thin-
walled cavities. Chest CT findings demonstrating the charac-
teristic “tree-in-bud” appearance may also be seen in patients 
with other chronic infections. The so-called Lady Windermere 
syndrome, characterized by relapsing or refractory pulmonary 
NTM infection due to slow-growing mycobacteria, may be 
seen in patients with defects in endogenous interferon-gamma 
cellular immune response  [96]. NTM pulmonary infections 
are usually insidious, although rapidly progressive disease has 
been seen in patients with profound defects in helper T-cells. 
Treatment should include at least two antimicrobial agents to 
which the Mycobacterium is susceptible.
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 Pneumocystis jirovecii

Similar to NTM, P. jirovecii previously known as P. carinii is 
thought to be ubiquitous in the environment and only causes 
infection in the setting of impaired immunity. Classically 
described in HIV-positive individuals with pronounced CD4 
lymphocytopenia, Pneumocystis is an important pathogen in 
solid organ transplant recipients [97]. In most immunosup-
pressed patients, Pneumocystis pneumonia presents as a 
slowly progressive infection accompanied by nonproductive 
cough, exertional dyspnea, and hypoxemia, although an acute, 
rapidly progressive form has been described. CT evidence of 
perihilar infiltrates may be mistaken for pneumonitis caused 
by common acquired viral infections such as RSV, influenza, 
parainfluenza, or CMV during the early phase of the infection. 
Bronchoalveolar lavage typically has a high diagnostic yield 
either through silver staining or through PCR amplification. 
High-dose trimethoprim- sulfamethoxazole (15–20  mg/kg 
daily) given for 21 days is the treatment of choice. Adjuvant 
systemic corticosteroids should be administered to most 
patients with severe hypoxemia. Oral atovaquone, primaquine 
plus clindamycin, and parenteral pentamidine may be given to 
patients who are intolerant of sulfa-containing regimens.

 Invasive Fungal Pneumonia

Invasive pulmonary aspergillosis (IPA) is a relatively common 
cause of pneumonia in patients undergoing allogeneic HSCT 
and severely  immunosuppressed patients following high-
risk solid organ allograft  transplantation [98]. Among cancer 
patients, risk factors for invasive pulmonary aspergillosis 
include prolonged (>1 week) and severe (<100 cells/μL) neu-
tropenia, refractory leukemia, allogeneic HSCT, GVHD, 
immunosuppressive therapy, and treatment with high-dose sys-
temic corticosteroids [99, 100]. Among solid organ transplant 
recipients, risk factors vary based upon the organ transplanted 
but often include renal failure, reoperation/retransplantation, 
and CMV infection [101]. Aspergillus fumigatus is most com-
monly encountered, although non-fumigatus Aspergillus spe-
cies are increasingly recognized. Similarly, a marked increase 
in pulmonary invasive fungal infections due to non-Aspergillus 
molds including Fusarium, Pseudallescheria boydii, and 
Scedosporium spp. and the dematiaceous (black) molds has 
also been noted, making the selection of an effective empiric 
regimen more challenging. The increased incidence of pulmo-
nary mucormycosis may be related to changes in antifungal 
utilization with a shift away from amphotericin B compounds 
in favor of mold-active triazole drugs like voriconazole [102]. 
The effects of newer triazole agents like posaconazole and isa-
vuconazonium on the overall feasibility, efficacy and safety in 
magagement of  fungal pneumonia in transplant recipients is 
evolving and appears encouraging. 

While the clinical symptoms of fungal pneumonia may be 
similar to those seen in bacterial pneumonia, CT imaging 
may reveal a highly suggestive “halo sign” during the early 
course of infection and/or less often observed “crescent 
sign” that becomes apparent during the later course of IPA. 
Despite this, in most cases of pulmonary mycosis, the only 
radiographic findings at the time of presentation are periph-
eral, pleural-based lung nodules, sometimes with thick- 
walled regular or irregular cavities [103]. The definitive 
diagnosis of pulmonary invasive fungal infection requires 
demonstration of fungal hyphae within the involved lung 
tissue. Therefore, the clinical diagnosis is often made by 
inference as high prevalence of thrombocytopenia and coag-
ulopathies  in transplant recipients render  lung biopsies 
unsafe. It is important to note that isolation of fungi in respi-
ratory samples may misrepresent the etiology of underlying 
pulmonary infiltrates as they may reflect environmental con-
tamination or respiratory tract colonization.

The measurement of fungal antigens such as serum galac-
tomannan, bronchoalveolar lavage galactomannan, and 
serum beta-D-glucan can aid in the detection of invasive pul-
monary mycosis. Newer assays, including sequence-based 
nucleic acid amplification techniques, may further alter the 
diagnostic strategies used for invasive fungal infection in the 
future. Therapeutic strategies for these infections are dis-
cussed elsewhere.

 Viruses

As previously noted, respiratory viruses including RSV, influ-
enza A and B, parainfluenza, and adenovirus are common 
causes of upper respiratory tract infections that may have 
lower respiratory tract manifestations in immunosuppressed 
patients. Human metapneumovirus (hMPV) is also recognized 
as a serious pulmonary pathogen in this population. The spec-
trum of hMPV disease may range from mild upper respiratory 
tract infection to serious disseminated infection leading to 
respiratory failure and encephalitis. Herpesviruses, particu-
larly CMV, are also important causes of pneumonitis in trans-
plant recipients. As invasive CMV disease often affects the 
transplanted allograft, lung transplant recipients are at particu-
larly high risk of CMV pneumonitis [104]. The virus itself is 
immunomodulatory in nature, and CMV has been associated 
with bacterial and fungal superinfections as well as lymphop-
roliferative disorders [105, 106].

Fever and nonproductive cough are prominent but non-
specific features of viral respiratory tract infection. In 
patients with extensive lung involvement, dyspnea may 
appear early in the course of infection. Viral nucleic acids in 
nasal washes, tracheal aspirates, and bronchial specimens 
are most frequently used in diagnosing viral respiratory 
infections through multiplex PCR platforms. Despite that, 
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the isolation of CMV especially by PCR amplification from 
lower respiratory tract secretions may not necessarily indi-
cate CMV lung infection as even in transplant recipients with 
severe cellular immune defects; intermittent low-level viral 
replication and shed virus without developing viral lung dis-
ease has been well established. Hosts’ risk assessment and 
CMV disease  susceptibility evaluation along with  radio-
graphic imaging such as non-iv-contrast chest CT scan prove 
helpful in discerning  active viral lung  disease  versus non- 
disease associated CMV respiratory tract viral shedding. Of 
note, chest CT scans may show ground glass opacities even 
when conventional chest radiographs are unremarkable, 
improving the sensitivity of diagnosis. Ganciclovir or foscar-
net are commonly prescribed for systemic CMV infections. 
In transplant recipients with  CMV pneumonitis, IVIG 
immune  modulation along with effective antiviral drug  if 
recommended. A detailed discussion  is provided regarding 
specific pathogens and approach towards therapeutic man-
agement of lung infections in chapters throughout this book. 
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Respiratory Tract Diseases That May 
Be Mistaken for Infection
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 Introduction

The prevention, diagnosis, and treatment of pneumonia are 
critical to outcomes among transplantation patients. The 
diagnosis of pneumonia is usually considered when a new 
radiographic infiltrate is identified. Rarely, pneumonia may 
present initially without infiltrates in an immunocompro-
mised host. However, even in severely immunosuppressed 
patients, infectious microbes cause inflammation through 
innate immune mechanisms that lead to tissue edema which 
is evident radiographically. The occurrence of pneumonia 
that is not apparent when a CT scan is included in the assess-
ment is sufficiently rare that it will not be further considered 
here. Instead, we begin with an abnormal imaging study of 
the lungs, which is typically obtained during the workup of 
a symptom or sign such as cough, fever, or chills. The dif-
ferential diagnosis of a lung infiltrate in a transplantation 
patient includes several common non-infectious causes. 
Failure to accurately diagnose non-infectious causes of lung 
infiltrates can lead to unnecessary treatment with antibiot-
ics, and more importantly to failure to address the under-
lying pathophysiologic process. This chapter is focused on 
clinical presentations of pulmonary disorders that mimic 
infectious pneumonia.

 Hematopoietic Stem Cell Transplantation 
(HSCT)

Despite advances in treatment regimens and supportive 
care, pulmonary complications still occur in up to 60% of 
HSCT recipients [1]. These complications are mostly due 
to toxicities from conditioning regimens, delayed bone 
marrow recovery, prolonged immunosuppressive therapy, 
and graft- versus- host disease (GVHD). As the incidence of 
infectious pulmonary complications has diminished, largely 
due to effective prophylactic therapy, non-infectious pul-
monary complications have emerged as a major cause of 
morbidity and mortality [2]. Pulmonary complications have 
been divided into those that occur “early” (during the first 
100 days after transplantation) and those that occur “late,” 
but this is not a rigid division. In particular, some “late” com-
plications such as cryptogenic organizing pneumonia and 
constrictive bronchiolitis occur with substantial frequency 
during the first 100 days.

 Pulmonary Edema

Cardiogenic (hydrostatic) pulmonary edema occurs with 
regularity in transplant patients due to the large volumes 
of fluid administered with chemotherapy and antibiotics, 
chemotherapy- induced cardiotoxicity, and co-morbidities 
(e.g., renal insufficiency) [3]. The classic presentation of 
cardiogenic pulmonary edema, consisting of acute, bilateral, 
symmetrical, perihilar infiltrates with interstitial thickening, 
an enlarged heart, and pleural effusions in a patient with pre- 
existing heart disease and associated findings of peripheral 
edema and bibasilar rales, is easy to recognize. However, 
cardiogenic pulmonary edema may also be the cause of 
asymmetrical infiltrates in a patient with underlying lung 
disease, such as bullous emphysema, that precludes alveolar 
filling in localized regions (see Fig. 21.1). An enlarged heart 
may not be present on the radiograph if cardiac dysfunction 
is not longstanding, so that the heart has not had time to 
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remodel (e.g., acute volume overload or diastolic dysfunc-
tion secondary to acute ischemia). In these cases, additional 
studies can be very helpful in establishing the diagnosis 
[4–6]. CT of the chest may show the diffuse nature of alveo-
lar infiltrates and pleural effusions that are less apparent on 
plain films, and may additionally reveal interstitial edema 
and cardiac chamber enlargement. Review of serial radio-
graphs may show infiltrates that wax and wane in associa-
tion with variations in patient weight, peripheral edema, or 

fluid administration. Echocardiography is very supportive 
when it reveals systolic dysfunction, but it is important to 
recognize that diastolic dysfunction is an equally prevalent 
cause of heart failure [7], potentially exacerbated by rhythm 
disturbances such as atrial fibrillation, valvular dysfunc-
tion, or transient ventricular wall stiffening due to ischemia. 
Brain natriuretic peptide (BNP) levels are quite specific and 
sensitive but are less elevated in diastolic than in systolic 
dysfunction [7].

a b

c d

Fig. 21.1 Atypical presentation of congestive heart failure. A 68-year- 
old male was receiving radiation therapy to a squamous cell carcinoma 
of the upper lobe of the right lung. He had received 19 of 37 planned 
fractions, when he was admitted because of increasing dyspnea and 
cough, presumed to be pneumonia. (a) The PA radiograph in the left 
upper corner shows the right upper lobe with associated radiation pneu-
monitis. (b) The AP radiograph in the right upper corner taken 4 days 
later shows lung infiltrates that spare the left upper lobe. (c) However, 
the CT angiogram on the lower panel performed on the day of admis-
sion 01-24-2007 shows that the left upper chest is mostly occupied by 

emphysematous bullae, accounting for the sparing of the left upper lung 
field when pulmonary edema developed. (d) The remainder of the lung 
fields contain ground-glass opacities suggestive of congestive heart 
failure. The diagnosis of congestive heart failure was supported by the 
patient’s history of prior episodes of pulmonary edema, bilateral ankle 
edema, a depressed left ventricular ejection fraction of 30–35%, moder-
ate mitral regurgitation, elevated BNP of 1043, transudative pleural 
effusion, and improvement with diuresis [8]. (Reprinted from Kaplan 
et al. [8], with permission of Springer)
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Non-cardiogenic pulmonary edema due to increased 
permeability of the alveolocapillary membrane (acute lung 
injury and adult respiratory distress syndrome (ARDS)) 
can occur as a result of a wide variety of causes in trans-
plant patients. Sepsis is the most common cause of per-
meability edema of the lungs in general [6, 9, 10] and can 
cause radiographic infiltrates in transplant patients. In addi-
tion, transplant patients are susceptible to lung injury from 
causes unique to this population, such as from chemother-
apy or the effects of acute GVHD. Transplant patients are 
also frequently exposed to treatments associated with lung 
injury in the general hospital population, such as transfusion. 
Transfusion-related acute lung injury (TRALI) is the leading 
cause of mortality from transfusions [11] and has been asso-
ciated with all plasma-containing blood products, including 
immunoglobulins. The incidence of TRALI is not known, but 
has been estimated at 0.02% per unit transfused and 0.16% 
per patient transfused [12]. Patients with TRALI commonly 
present with dyspnea, cough, fever, acute hypoxemia hypo-
tension, and bilateral pulmonary infiltrates within 1–6 h after 
the transfusion. Transient leukopenia, due to pulmonary 
sequestration of the circulating pool of leukocytes, may be 
observed. The mainstay of treatment for TRALI is to discon-
tinue the transfusion, followed by supportive care. Although 
there has never been a randomized controlled trial of gluco-
corticoid therapy, they have no effect on the 5–8% mortality. 
With supportive treatment, infiltrates usually resolve, within 
96 h, and survivors have no long-term sequelae [13].

 Engraftment Syndrome (ES)

ES is characterized by a constellation of symptoms and signs 
including fever, erythrodermatous skin rash, diarrhea, and 
non-cardiogenic pulmonary edema with bilateral pulmonary 
infiltrates, which generally occur within 5 days of neutrophil 
engraftment following HSCT. In more severe cases, systemic 
involvement, i.e., renal failure, hepatic failure, encephalopa-
thy, or seizures, may be observed. Seen most often follow-
ing autologous HSCT, ES has also been described in those 
individuals who have undergone allogeneic HSCT with a non- 
myeloablative preparative therapy. Although the pathophysi-
ology of ES is not well understood, it is thought to result from 
a combination of endothelial injury due to preconditioning 
chemotherapy and the production and release of cytokines and 
products of neutrophil degranulation and oxidative metabo-
lism, leading to capillary leak, with either local injury in the 
lung or systemic tissue injury [14]. Bronchoalveolar lavage 
(BAL) may show a neutrophilic alveolitis. Surgical lung 
biopsies, when obtained, often reveal diffuse alveolar dam-
age. Treatment entails observation and supportive care (i.e., 
antibiotics, intravenous fluids) in mild cases. High-dose cor-
ticosteroid therapy is very effective, often resulting in rapid 

clinical improvement in those with progressive or symptom-
atic ES. Respiratory failure requiring mechanical ventilation 
has been observed, however, in up to one-third of patients [15].

 Idiopathic Pneumonia Syndrome (IPS)

In 1993, a panel convened by the NIH proposed a broad work-
ing definition of IPS as widespread non-lobar radiographic 
infiltrates in the absence of congestive heart failure or evidence 
of lower respiratory tract infection [16]. IPS occurs in 10% of 
HSCT recipients, usually 14–90  days following transplanta-
tion. Mortality rates range from 50% to 70% [17]. Possible 
etiologies of IPS include direct toxic effects of the chemoradia-
tion conditioning regimen, occult infection, and/or the release 
of inflammatory cytokines secondary to some as yet unknown 
inciting stimuli. The association of IPS with the presence of 
acute GVHD after allogeneic HSCT suggests that alloreactive 
T cells may be at least one of these stimuli [17, 18].

The clinical presentation is non-specific, with symp-
toms of dyspnea, cough, and fever associated with diffuse 
infiltrates on chest radiograph. The diagnosis of IPS largely 
relies on the exclusion of infection on lower respiratory 
samples obtained from a diagnostic procedure, e.g., BAL or 
lung biopsy. Common pathologic findings of non-specific 
interstitial pneumonitis (NSIP) and/or diffuse alveolar dam-
age (DAD) may be seen. Although no randomized controlled 
trials of treatment for IPS are available, current standards 
include high-dose intravenous corticosteroids and support-
ive care, such as supplemental oxygen and broad-spectrum 
antibiotics. Recent preclinical and clinical data suggest a 
potential role for tumor necrosis factor-α (TNF-α) in the 
pathogenesis of IPS [19–21], and a randomized trial using 
etanercept, a TNF receptor fusion protein, is being con-
ducted by the Blood and Marrow Transplant Clinical Trials 
Network.

This same Network has included diffuse alveolar hemor-
rhage (DAH) within the definition of IPS, and we know of 
no reason to separate the two. Post-transplantation DAH was 
initially described in autologous HSCT recipients as wide-
spread lung injury manifested by diffuse radiographic infil-
trates that occurred in the absence of identifiable infection. 
DAH is now known to occur in both allogeneic and autolo-
gous transplant recipients and is seen in approximately 5% 
of all HSCT [22]. The etiology is unclear, but is not clearly 
related to any specific coagulopathy or to thrombocytopenia 
[23]. Pre-transplant high-dose chemotherapy, thoracic and/
or total body irradiation, and undocumented infections are 
putative factors which may cause the initial injury, priming 
the lung for subsequent development of DAH. It can coin-
cide with stem cell engraftment, but late onset (after the first 
30 days) has been observed and is associated with a worse 
prognosis. Hemoptysis occurs in less than 20% of patients. 
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Bronchoscopic diagnostic criteria include progressively 
bloodier returns on BAL or the presence of 20% or more 
hemosiderin-laden macrophages on cytologic inspection of 
BAL fluid. However, these bronchoscopic criteria may be 
seen in association with diffuse lung injury from a wide vari-
ety of causes, including infections, congestive heart failure, 
and malignancy. There are no prospective randomized tri-
als addressing the treatment of DAH.  Earlier retrospective 
studies demonstrated reduced need for mechanical ventila-
tion and mortality in a cohort of patients receiving high-dose 
corticosteroids, but more recent observational studies found 
no survival benefit [24, 25].

 Drug-Induced Lung Injury (DILI)

DILI may present with dyspnea, fever, and pulmonary infil-
trates, clinically indistinguishable from a pneumonia [26]. 
DILI may present at the time of transplantation as a conse-
quence of chemotherapy administered for treatment of an 
underlying cancer or after transplantation as a consequence of 
chemotherapy administered as part of the conditioning regi-
men, or given as prophylaxis of GVHD. Agents of concern 
are listed in Table 21.1. Symptoms vary with the severity of 
injury; fever can be absent, and patients may have only dys-
pnea on exertion or be asymptomatic. In such patients, diffuse 
infiltrates seen on radiographs or abnormalities on pulmonary 
function testing may be the only signs of lung injury. There is 
no pathognomonic finding unique for DILI, and the diagnosis 
is one of exclusion [27]. Given the severe immune compro-
mise of HSCT patients, bronchoscopy to exclude infection is 
indicated for most patients with new diffuse infiltrates.

Lung injury may occur either from a drug’s cytotoxic 
mechanism or from its presence as an antigen. The histologic 
and radiographic patterns produced vary and include Usual 
Interstitial Pneumonitis (UIP)/fibrosis, hypersensitivity pneu-
monitis, and acute lung injury (ALI)/ARDS. Bleomycin pro-
duces lung injury both by cytotoxic action and as an antigen. It 
is used primarily to treat Hodgkin’s disease and forms a moiety 

with ferrous ions that induces oxidative injury to tumor cells 
[28]. Human lungs and skin lack an enzyme, bleomycin hydro-
lase, which limits injury to other tissues. A UIP/fibrosis pathol-
ogy is produced, with peripheral and basal infiltrates [29]. (See 
Fig.  21.2.) Exposure to supplemental oxygen can exacerbate 
this form of toxicity, by potentiating oxidative injury. As an 
antibiotic, bleomycin can cause hypersensitivity pneumonitis, 
with high fevers and acute infiltrates. This presentation tends 
to be responsive to steroid therapy [28–30]. Methotrexate also 
produces hypersensitivity pneumonitis. It is used both for the 
treatment of lymphoma and for prophylaxis against GVHD 
after HSCT. In contrast to bleomycin, the hypersensitivity from 
methotrexate can be accompanied by peripheral eosinophilia 
and thoracic adenopathy [31, 32]. Granulomas are seen on 
biopsy, and the toxicity is responsive to steroid therapy [31]. 
The substituted nucleoside fludarabine may also produce granu-
lomatous disease, as well as eosinophilic pneumonia [33, 34]. 
Etoposide is rarely toxic but can produce a severe hypersensitiv-
ity reaction with symptoms of angioedema or ARDS [35, 36]. 
Etoposide use is common in HSCT, as a component of the ICE  

Table 21.1 Chemotherapeutic agents characterized by class, indication, and pulmonary toxicity

Agent Class Indication Pulmonary toxicity
Anti-thymocyte globulin Monoclonal antibody Induction agent ALI/ARDS
Bleomycin Antibiotic Lymphoma IP/H/OP
Busulfan Alkylating agent Induction agent IP/pleural effusion
Carmustine/BCNU Nitrosourea Induction agent IP/fibrosis
Cyclophosphamide Alkylating agent Induction/lymphoma IP/pleuritis
Cytarabine Substituted nucleoside AML Capillary leak
Etoposide Anti-podophyllotoxin Induction agent/lymphoma ALI/ARDS
Fludarabine Substituted nucleoside CLL/induction EP/H
Melphalan Alkylating agent Induction agent IP
Methotrexate Antimetabolite Induction/GVHD H/pleuritis/adenopathy
Sirolimus mTOR inhibitor GVHD IP

Abbreviations: ALI acute lung injury, EP eosinophilic pneumonia, H hypersensitivity, IP interstitial pneumonitis, OP organizing pneumonia

Fig. 21.2 Severe bleomycin toxicity, UIP presentation. Note periph-
eral and basal pattern of infiltration, as well as spontaneous pneumotho-
rax seen anteriorly
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(ifosfamide, cisplatin, and etoposide) regimen, as a “salvage” 
regimen for lymphoma, and also as an induction agent [37, 38]. 
Cytarabine, commonly used to treat acute myeloid leukemia 
(AML), may cause non-cardiogenic pulmonary edema. This 
is usually responsive to steroid therapy and is resolved prior to 
transplant [39]. Dasatinib is a tyrosine kinase inhibitor useful 
in the treatment of CML. In addition to producing pleural effu-
sions, ground-glass opacities can be seen as well as alveolar 
septal thickening [40].

HSCT patients receive high-dose chemotherapy as an 
induction regimen to eliminate marrow cells and prevent 
rejection of the graft. Following transplantation, immunosup-
pressive agents to prevent GVHD are prescribed for patients 
who received allogeneic grafts. Anti-thymocyte globulin is an 
antibody derived from rabbit or equine serum that can pro-
duce interstitial infiltrates and progress to ARDS [41, 42]. 
The mechanism of lung injury is not clear. As ATG is an anti-
leukocyte antibody, the pathogenesis may be similar to that of 
transfusion-related lung injury (TRALI), or it may stem from 
its presence as a foreign protein [41, 42]. BCNU may produce 
DILI within 6 weeks of administration or as late as 20 years 
after administration to treat pediatric cancers [43, 44]. It pres-
ents with diffuse infiltrates and dyspnea, generally without 
fever, and is irregularly responsive to steroid therapy. The 
alkylating agents busulfan, melphalan, and cyclophosphamide 
can all produce a UIP/fibrosing pattern of injury [27]. Busulfan 
was the first cytotoxic agent described to produce lung injury 
more than 50 years ago [45]. In one series, the incidence of 
toxicity was 46% [46]. Today, it is only used as an induction 
agent for HSCT. Melphalan is well-tolerated at standard doses 
but given at the high doses used for induction can produce a 
DIP-like presentation [47]. Cyclophosphamide, used to treat 
lymphoma and for induction, can produce an early-onset 
pneumonitis, within 1–6 months of administration, which may 
be responsive to cessation of the drug or steroid therapy [48]. 
It can also produce fibrosis and pleural thickening that can 
chronically progress despite cessation. Rituximab, which is 
a B-cell-depleting monoclonal antibody, is used to treat lym-
phomas and rheumatologic ailments. It can be used for induc-
tion as well. Symptoms may appear as early as 30 days or as 
late as 5 months. It rarely causes interstitial lung disease, with 
only 121 cases reported to date; however, 15% of the cases 
were fatal [49]. Sirolimus, temsirolimus, and everolimus are 
mTOR inhibitors used for prevention of GVHD and for treat-
ment of renal and other cancers [50, 51]. The mTOR inhibitors 
can all cause pneumonitis and are discussed in the subsequent 
section on solid organ transplantation.

 Radiation-Induced Lung Injury

As with DILI, lung injury can be a consequence of radia-
tion administered for control of a tumor prior to transplan-

tation or for radiation administered as part of an induction 
regimen for HSCT. The symptoms and radiographic findings 
are a consequence of both radiation injury per se to pulmo-
nary parenchyma and the host immunologic response to the 
injury. Bilateral lymphocytic alveolitis is seen after radia-
tion is administered to only one lung [52, 53]. Roberts et al. 
performed bilateral BAL on 17 patients receiving radiation 
therapy for breast cancer, and bilateral lymphocytic alveoli-
tis was seen even in the 15 asymptomatic patients [52]. This 
type presentation can be appreciated as part of the natural 
course of radiation-induced lung injury in the young patient 
shown in Fig.  21.3. Three months earlier, he had received 
a hilar “boost” of radiation therapy prior to an HSCT for 
Hodgkin’s disease. Low-grade fevers and increased inter-
stitial markings (Fig. 21.3a, b) evolved over weeks into the 
dramatic infiltrate seen in Fig.  21.3c. By the time of the 
final radiograph, fevers had resolved and no steroids were 
prescribed. In general, radiation lung injury may be treated 
as a self-limited process, with steroid therapy reserved for 
patients who are febrile or hypoxic.

Total body irradiation (TBI) administered for induction 
is associated with acute pulmonary toxicity. Among 101 
patients undergoing HSCT with TBI at Duke, one-third 
developed severe pulmonary toxicity, though the only inde-
pendent factor correlated with the development of pulmonary 
toxicity was the number of chemotherapy regimens prior to 
transplant [54]. Gopal et  al. found a similar rate of severe 
pulmonary toxicity among patients receiving 12 cGy of TBI 
in 4 once-daily fractions (6 of 24 patients, 25%) [55]. There 
was a lower incidence of severe toxicity among patients 
treated with 10.2  cGy in 6 twice-daily fractions (7 of 57, 
12%); however, the difference was not significant (P- 0.19). 
TBI has also been associated with alveolar hemorrhage in 
patients undergoing autologous transplantation [23].

 Pulmonary Alveolar Proteinosis (PAP)

PAP is a rare complication that may occur within the first 
100 days after HSCT [56, 57]. Patients typically present with 
slowly progressive dyspnea and a non-productive cough. 
Bilateral diffuse alveolar densities and diffuse ground-glass 
attenuation with superimposed interlobular septal thickening 
and intralobular lines in a “crazy-paving” pattern on chest CT 
are non-specific, but supportive radiographic findings (see 
Fig. 21.4a). Bronchoscopic examination demonstrates copi-
ous, milky BAL effluent, which on cytologic examination 
contains foamy macrophages engorged with periodic acid-
Schiff-positive intracellular inclusions and granular, acel-
lular eosinophilic proteinaceous material (see Fig.  21.4b). 
Concentrically laminated phospholipid lamellar bodies may 
be seen on electron microscopy, which is occasionally neces-
sary to confirm the diagnosis. Spontaneous reversal of PAP 
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Fig. 21.3 Natural progression of radiation pneumonitis, 3 months after 
treatment. A young man underwent autologous HSCT for Hodgkin’s 
disease in June of 1994 after receiving a right hilar “boost” to an 
enlarged lymph node. (a) A PA chest radiograph from 09-01-1994 
showed increased interstitial markings on the right. (b) A PA chest 
radiograph on 09-07-1994 during a febrile episode attributed to an 

infected catheter showed an increase in the interstitial infiltrates. (c) 
The pulmonary service was consulted to evaluate this PA chest radio-
graph on 09-22-1994; however, the patient was asymptomatic. (d) A 
chest CT confirmed the linear border of the infiltrate and revealed an 
unsuspected small effusion. No treatment was prescribed
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has been described after the resolution of neutropenia or an 
associated infection. In patients with severe dyspnea and/
or significant hypoxemia, whole lung lavage or GM-CSF 
administered either subcutaneously or via nebulization have 
been effective in patients with PAP not associated with 
HSCT [58, 59]. Steroids are not recommended, since they 
may increase mortality.

 Cryptogenic Organizing Pneumonitis (COP)

COP [formerly, Bronchiolitis Obliterans with Organizing 
Pneumonia (BOOP)] occurs mostly in allogeneic HSCT 
recipients with GVHD or following CMV pneumonitis [60], 
with an onset between 1 and 13  months after transplanta-
tion. It is less common than post-transplantation constric-
tive bronchiolitis (PTCB) and should not be confused with 
it since PTCB is not associated with radiographic infiltrates. 
Cough and fever are the most common symptoms of COP 
on presentation; dyspnea, if present, is mild, and, in some 
cases, patients are asymptomatic [61]. COP usually pres-
ents with patchy bilateral alveolar opacities which can be 
migratory on chest radiograph. The opacities have a lower 
lobe predominance and are peripheral in location. They may 
appear as ground-glass opacities or consolidation with air 
bronchograms on high-resolution CT scans (see Fig. 21.5a). 
Occasionally, COP can present radiographically as a soli-
tary nodule or mass mimicking a neoplasm or chronic non- 
resolving pneumonia. In 1 retrospective study of 43 cancer 
patients, 81% of patients with solid organ tumors had nodular 

or mass-like radiographic abnormalities, and 19% presented 
with diffuse infiltrates [62]. In the same study, diffuse infil-
trates were seen in the majority of patients with hematologic 
malignancies, including HSCT, and mimicked infection and 
drug-induced toxicity.

Pathologically, COP is characterized by the presence 
of granulation tissue within the lumen of the distal air 
spaces with or without bronchoalveolar involvement (see 
Fig. 21.5b). This pathologic picture can be seen with multi-
ple other accompanying diagnoses, such as congestive heart 
failure, infections, and drug-induced toxicity; hence, in the 
HSCT recipient, other diagnoses should be excluded before 
a diagnosis of COP is made. COP is highly responsive to cor-
ticosteroids. The minimal effective dose and duration of ther-
apy are unknown; however, a prolonged steroid course with 
a slow taper is usually necessary due to high relapse rates. 
Macrolides have been used with success in some cases and 
might be considered in those individuals who are intolerant 
to steroid therapy or in whom relapse occurs [63]. Although 
the specific mechanism of action is not known, macrolides 
are thought to exert their beneficial effects through anti-
inflammatory rather than anti-microbial activities.

 Post-transplantation Lymphoproliferative 
Disorder (PTLD)

PTLD occurs in approximately 1% of HSCT patients, usually 
within the first 4–12 months after transplantation [1, 64]. The 
clinical constellation may include fever, lymphadenopathy, 

a b

Fig. 21.4 Pulmonary alveolar proteinosis (PAP) in a patient with 
chronic myeloid leukemia. (a) CT chest demonstrates a “crazy-paving” 
pattern, with a network of smoothly thickened reticular (i.e., septal) 
lines superimposed on ground-glass opacities. (b) Histopathologic find-

ings in PAP include the filling of alveolar spaces with eosinophilic pro-
teinaceous material, which may stain periodic acid-Schiff-positive [8]. 
(From Kaplan et al. [8], with permission of Springer)
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pharyngitis, hepatosplenomegaly, and neurologic symptoms. 
There appears to be a greater incidence of fulminant, dissemi-
nated PTLD in HSCT recipients as compared to solid organ 
transplant recipients, possibly accounting for the increased 
mortality associated with PTLD in this population [65]. The 
lung is involved only 20% of the time, usually as a compo-
nent of disseminated disease, most commonly with ill-defined 
nodular infiltrates. It can also present as well- defined nodules, 
surrounded by a rim of ground-glass density (halo sign), mim-
icking the features of invasive aspergillosis. Hilar and medias-
tinal adenopathy and pleural effusions may also be seen. The 
pathogenesis of PTLD and its treatment are addressed below 
under Solid Organ Transplantation.

 Solid Organ Transplantation

A number of non-infectious pulmonary complications affect-
ing solid organ transplant recipients present with clinical 
and radiographic features that may mimic infection. These 
are described in the following sections; complications lim-
ited to specific organ recipient populations are noted in the 
subheadings.

 Primary Graft Dysfunction (Lung 
Transplantation)

Primary graft dysfunction (PGD) represents a form of 
acute lung injury associated with the development of non- 
cardiogenic pulmonary edema within the first 72 h follow-
ing lung transplantation [66]. It is presumed to result from 

ischemia- reperfusion injury to the allograft(s), but inflam-
matory events triggered by brain death in the donor prior to 
implantation, as well as surgical trauma and lymphatic dis-
ruption, may be contributing factors. In most cases, the pro-
cess is mild and transient, with fleeting pulmonary infiltrates 
on chest x-ray. In approximately 10% of cases, however, the 
presentation and course are similar to the acute respiratory 
distress syndrome (ARDS) with severe hypoxemia, wide-
spread airspace opacities on chest x-ray, and the need for 
mechanical ventilator support. In common with ARDS, lung 
biopsies performed in patients with PGD demonstrate a pre-
vailing pattern of diffuse alveolar damage.

A multitude of factors have been identified as associ-
ated with an increased risk of developing PGD, though the 
causal nature and mechanisms underlying these associations 
have not been established. Donor-related risk factors include 
female gender, African-American race, older age, and low 
donor PaO2/FiO2 ratio [67–69]. An elevated level of inter-
leukin- 8 in bronchoalveolar lavage fluid recovered from the 
donor has been associated with the development of severe 
PGD, supporting the notion that inflammatory events pre-
ceding organ harvest may play a role. Recipient risk factors 
include an underlying diagnosis of idiopathic pulmonary 
arterial hypertension as well as the presence of elevated pul-
monary artery pressures independent of diagnosis. An asso-
ciation between graft ischemic time and PGD has not been 
consistently demonstrated. A possible explanation for the 
conflicting data is that ischemic time may become a factor 
only when it exceeds a certain threshold, suggested by one 
study as occurring beyond 6 h [70].

PGD should be considered when pulmonary infiltrates 
appear in the allograft(s) (sparing the native lung in cases 

a b

Fig. 21.5 Organizing pneumonia in a patient with a history of chroni-
cally waxing and waning pulmonary infiltrates. (a) Patchy airspace con-
solidation with air bronchograms, often in a subpleural location, is a 
characteristic radiographic presentation for organizing pneumonia. (b) 

On histopathologic examination, granulation tissue can be seen within 
the lumen of the distal air spaces, swirling into alveoli, associated with 
chronic inflammation in the surrounding alveoli [8]. (From Kaplan 
et al. [8], with permission of Springer)
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of single lung transplantation) within the initial 3 days after 
lung transplantation. The diagnosis is one of exclusion. 
Other entities to be considered include volume overload, 
hyperacute rejection, aspiration pneumonitis, and pulmo-
nary venous outflow obstruction. Pneumonia, transmitted 
from the donor via the allograft or acquired de novo post- 
transplantation, is an additional consideration. Evaluation 
should include assessment of hemodynamics (especially pul-
monary capillary wedge pressure if a right heart catheter is in 
place), bronchoscopy to assess for purulent secretions and to 
obtain cultures, transesophageal echocardiography to visual-
ize the pulmonary veins, and immunological testing for the 
presence of donor-specific anti-HLA antibodies.

As with ARDS due to other causes, treatment of severe 
PGD is supportive. Mechanical ventilation, employing a 
“low stretch” protocol, is the mainstay of care. Adjunct 
measures considered when oxygenation is tenuous include 
use of inhaled nitric oxide or prostacyclin and extracorpo-
real life support. Results of emergent retransplantation in 
this setting have been poor [71]. Severe PGD is associated 
with a mortality rate in the range of 30–40% and represents 
a leading cause of perioperative death among lung transplant 
recipients. Recovery among survivors is often protracted, but 
achievement of normal graft function is possible. Survivors 
do appear to be at increased risk of developing bronchiolitis 
obliterans syndrome [72].

 Allograft Rejection (Lung Transplantation)

Hyperacute rejection is a rare cause of widespread pulmo-
nary infiltrates in the immediate postoperative period fol-
lowing lung transplantation [73]. This form of rejection is 
mediated by preformed donor-specific anti-HLA antibodies 
present in the recipient at the time of transplantation. These 
antibodies target the pulmonary microvasculature, leading 
to complement- and neutrophil-mediated damage and wide-
spread deposition of platelet/fibrin thrombi. Hyperacute 
rejection becomes clinically manifest within minutes to 
hours of establishing perfusion to the freshly implanted 
allograft. Intraoperatively, the allograft often appears dusky, 
mottled, and grossly edematous. Profound hypoxemia, 
hemodynamic instability, and dense opacification of the 
allograft(s) on chest x-ray are accompanying features. Four 
of five patients with this complication reported in the litera-
ture died; the one survivor was treated with a combination 
of plasmapheresis, anti-thymocyte globulin, and cyclophos-
phamide [74, 75]. Routine screening of all lung transplant 
candidates for preformed anti-HLA antibodies and either 
avoidance of donors with the targeted antigens or prospec-
tive cross-matching prior to transplantation have proven to 
be highly effective in minimizing the risk of hyperacute 
rejection.

Acute cellular rejection is a common alloimmune phenom-
enon, occurring in up to 75% of lung transplant recipients dur-
ing the first post-transplant year but diminishing markedly in 
frequency beyond this time point [76]. It may be clinically and 
radiographically silent in up to 40% of cases, detected only 
by surveillance transbronchial lung biopsies. When clinically 
overt, symptoms include malaise, low-grade fever, dyspnea, 
and cough. Radiographic features are varied and include con-
solidation, ground-glass opacities, interstitial opacities, and 
pleural effusions (Fig. 21.6). A decline in oxygenation and/
or spirometry values is often seen. Notably, similar clinical, 
radiographic, and physiologic features accompany bouts of 
infection; reliance on these features to make a diagnosis of 
acute rejection runs the risk of misdiagnosis and needless 
augmentation of immunosuppression. Rather, transbronchial 
lung biopsies should be obtained in all suspected cases, unless 
contraindicated by severe hypoxemia or marginal lung func-
tion. The reported sensitivity of transbronchial biopsies in the 
diagnosis of acute cellular rejection is 61–94% and the speci-
ficity exceeds 90% [77]. Diagnosis requires demonstration of 
perivascular lymphocytic infiltrates that in more severe cases 
spill over into the adjacent interstitium and alveolar spaces. 
Lymphocytic bronchiolitis may accompany the parenchymal 
involvement or may be an independent feature. Standard treat-
ment for acute cellular rejection consists of a 3-day pulse of 
intravenous methylprednisolone, typically at a dose of 15 mg/
kg. In most cases, this leads to clinical and radiographic 
improvement within several days. Anti-thymocyte globulin is 
employed in refractory cases.

Antibody-mediated rejection is a more recently recognized 
but still ill-defined form of acute rejection in lung transplant 
recipients [78]. In contrast to hyperacute rejection, in which 
donor-specific anti-HLA alloantibodies are present in the 
recipient at the time of transplantation, this process is medi-
ated by antibodies that develop de novo after transplantation, 

Fig. 21.6 Chest CT demonstrating ground-glass opacities and inter-
lobular septal thickening in the right lung allograft of a single lung 
transplant recipient. Transbronchial biopsies demonstrated acute cellu-
lar rejection
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and it is therefore delayed in onset. The clinical  presentation 
can be indistinguishable from acute cellular rejection or infec-
tion, with dyspnea, hypoxemia, and diffuse radiographic opac-
ities. Hemoptysis, reflecting the presence of capillaritis, is an 
important clue but occurs in only 25% of cases [79]. Proposed 
diagnostic criteria for acute antibody- mediated rejection are 
(1) presence of circulating donor- specific anti-HLA anti-
bodies, (2) histopathological evidence of capillaritis, and 
(3) detection of endothelial cell C4d deposition. Treatment 
with high-dose corticosteroids is effective in less than half of 
patients; the addition of plasmapheresis is beneficial in the 
majority of steroid-refractory cases [79]. Intravenous immu-
noglobulin and anti-CD20 monoclonal antibodies have also 
been used as adjunctive therapy.

 Post-transplantation Lymphoproliferative 
Disorder (PTLD)

PTLD encompasses a spectrum of abnormal prolifera-
tive responses involving B cells in the majority of cases 
and ranging from benign hyperplasia to frank lymphomas. 
Epstein- Barr virus is responsible for driving B-cell prolifera-
tion in approximately 90% of cases. Proliferation occurs in 
an unregulated fashion due to absence of the normal cyto-
toxic T-cell response in the immunosuppressed patient. The 
proliferating B cells are of recipient origin in most cases. In 
contrast to B-cell-derived PTLD, the less commonly encoun-
tered T-cell neoplasms are predominantly EBV-negative.

The prevalence of PTLD varies considerably among the 
different solid organ transplant populations. The prevalence 
is lowest in kidney recipients (1%); intermediate in liver 
(2–5%), heart (2–5%), and lung (2–8%) transplant recipi-
ents; and highest in bowel transplant recipients (up to 30%) 
[80, 81]. Across all organ types, EBV-naïve recipients who 
receive organs from EBV-positive donors are at greatest risk 
for developing PTLD [82]. The net state of immunosup-
pression and, in particular, the use of anti-lymphocyte anti-
bodies, has also been implicated as a risk factor. A recent 
study of lung transplant recipients documented a decline in 
the incidence of PTLD at one large center in recent years; 
the authors speculate that this may relate to the shift from 
anti- lymphocyte antibodies to the less immunosuppressive 
interleukin- 2 antagonists for induction [83].

The risk of PTLD is greatest in the first post- transplantation 
year. The development of this complication may be heralded 
by constitutional symptoms of fever, malaise, sweats, and 
weight loss. The particular pattern of organ involvement var-
ies among the different solid organ transplant populations and 
includes lung, intestine, central nervous system, liver, kidney, 
and lymph nodes. Intrathoracic involvement occurs in the 
majority of cases of PTLD in lung and heart-lung transplant 
recipients. It occurs less commonly in other recipient popula-

tions, with reported frequencies of 16–32% in heart transplant 
recipients, 4.2–24% in liver recipients, and 4.4–15% in kidney 
recipients [81, 84]. Lung involvement typically manifests as 
one or multiple nodules or masses (Fig. 21.7). Occasionally, 
these opacities may have a surrounding halo, mimicking the 
radiographic appearance of invasive aspergillosis (Fig. 21.8). 
Airspace consolidation is a less common radiographic  

Fig. 21.7 Multiple lung nodules and masses due to PTLD in a bilateral 
lung transplant recipient

Fig. 21.8 Halo sign (lung nodule with surrounding rim of ground 
glass) associated with PTLD. This finding is more commonly associ-
ated with invasive aspergillosis and invasive lung disease due to other 
opportunistic mold infections
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manifestation, but one that similarly creates diagnostic con-
fusion with infection. Intrathoracic lymphadenopathy may 
accompany parenchymal abnormalities or may occur in iso-
lation. Pleural effusions are uncommon.

Definitive diagnosis of PTLD requires tissue biopsy; 
fine needle aspiration rarely yields sufficient material to 
establish a diagnosis with confidence. Pathological analy-
sis should include flow cytometry to determine clonality, 
in situ hybridization or immunohistochemical staining to 
assess for the presence of EBV, and determination of CD-20 
expression to assist in planning treatment. Determination 
of EBV viral load by quantitative polymerase chain reac-
tion assays has been touted as an ancillary diagnostic tool. 
However, this technique is limited by a lack of consensus 
on the appropriate specimen source (serum, whole blood, 
or peripheral mononuclear cells) and by varying threshold 
value definitions of a positive result. As a consequence of 
this, performance characteristics of EBV viral load testing 
in the diagnosis of PTLD vary considerably in the published 
literature [85, 86].

The initial treatment of PTLD involves reduction in the 
magnitude of immunosuppression to allow partial reconstitu-
tion of host T cellular immunity against EBV. Regression of 
tumor ensues in up to three-quarters of patients, typically within 
2–4  weeks [87]. While often successful, reduction in immu-
nosuppression carries the attendant risk of precipitating acute 
or chronic allograft rejection, documented in 39% of patients 
in one series [87]. Factors predictive of failure to respond to 
reduced immunosuppression include elevated serum lactate 
dehydrogenase level, severe organ dysfunction (need for hemo-
dialysis, mechanical ventilation, vasopressors (bilirubin >4 mg/ 
dL), and multiple visceral sites of involvement [87].

For patients with CD-20-positive PTLD who fail to 
respond to reduced immunosuppression alone or have more 
aggressive tumors, administration of anti-CD20 monoclo-
nal antibodies (rituximab) has emerged as the treatment of 
choice. This agent is generally well-tolerated and has been 
associated with remission rates of up to 60% and improved 
survival [88, 89]. Standard chemotherapy is reserved for 
patients with CD-20-negative PTLD, for rituximab failures, 
and for aggressive, life-threatening disease. While effective, 
chemotherapy is often poorly tolerated and associated with 
a significant risk of lethal infectious complications [89]. 
Antiviral therapy is not effective in the treatment of estab-
lished PTLD, but prophylactic use of antiviral agents for 
other purposes has been associated with a reduced risk of 
subsequent development of PTLD.

 Lung Cancer (Heart and Lung Transplantation)

The reported incidence of lung cancer is 1.6–4.1% in heart 
transplant recipients and 2–4% in lung transplant recipients 

[90]. These rates are considerably higher than that reported 
in other solid organ recipient populations and in the general 
population. It is not clear, however, that these rates truly 
represent increased risk or simply reflect expected occur-
rence rates in populations with similar risk factors. Among 
lung transplant patients, the vast majority of reported cases 
involve the native lung of single lung transplant recipients 
with underlying chronic obstructive pulmonary disease or 
pulmonary fibrosis (Fig. 21.9), the majority of whom were 
former smokers. In one study that specifically examined the 
incidence by transplant type, lung cancer developed in 6.9% 
of single lung transplant recipients compared to none of the 
bilateral lung recipients [91]. Risk factors other than trans-
plant type that were identified in this study were increasing 
age and >60 pack-year history of cigarette smoking. Rarely, 
lung cancer of donor origin has been transmitted to recipi-
ents via the allograft. Lung cancer in the transplant recipient 
often progresses at a rapid pace, potentially leading to ini-
tial confusion with an infectious process. Overall prognosis 
is poor but should not preclude attempts at curative resec-
tion in the minority of cases in which early stage disease is 
encountered.

 Sirolimus (mTOR Inhibitor) Pneumonitis

Sirolimus, also known as rapamycin, is used with varying 
frequency in different solid organ transplant populations 
as a component of the maintenance immunosuppressive 
regimen. Since its introduction into clinical practice, there 
have been numerous reports of interstitial pneumonitis 
developing in association with sirolimus [92–94]. The inci-
dence of this complication remains poorly defined. Initial 
reports suggested that interstitial pneumonitis was largely a  

Fig. 21.9 Cavitary squamous cell carcinoma in the fibrotic native lung 
of a single lung transplant recipient

21 Respiratory Tract Diseases That May Be Mistaken for Infection



362

complication of excessive sirolimus blood concentrations, but 
more recent reports have documented cases in the setting of 
therapeutic drug levels. Approximately 50% of cases develop 
within the first 6 months after initiation of the drug. Onset is 
usually insidious, but acute and fulminant presentations have 
been described [95]. Common presenting symptoms include 
dyspnea, non-productive cough, and fever; hemoptysis is 
occasionally present. Radiographic abnormalities include 
bilateral interstitial infiltrates, alveolar consolidation, ground-
glass opacities, and nodules (Fig.  21.10). Bronchoalveolar 
lavage reveals evidence of a lymphocytic alveolitis and, less 
commonly, of alveolar hemorrhage. Histological findings are 
diverse and include bronchiolitis obliterans with organizing 
pneumonia, interstitial lymphocytic infiltrates, alveolar hem-
orrhage, and non-necrotizing granulomas. Discontinuation of 
the drug typically leads to prompt clinical improvement while 
radiographic abnormalities may take several months to fully 
resolve. In more severe cases, high doses of corticosteroids 
have been administered, but the true efficacy of these agents 
remains uncertain.

 Conclusion

Multiple common disorders in transplantation patients are 
associated with radiographic lung infiltrates that can be con-
fused with infectious pneumonia. While pneumonia is a seri-
ous complication in transplantation patients, leading to an 
appropriately high index of suspicion, accurate diagnosis of 
both infectious and non-infectious etiologies of lung infil-
trates is essential to optimal treatment. The identification of 

non-infectious etiologies of lung infiltrates can usually be 
made on the basis of clinical findings and imaging studies, 
but invasive studies are sometimes necessary.
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Skin and Soft Tissue Infection 
in Transplant Recipients
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 Introduction

Transplant patients are vulnerable to a vast array of infec-
tious and noninfectious cutaneous complications related to 
immunosuppression, chemotherapy and antibiotic exposure, 
and immunologic interactions between host and donor tis-
sue. The diagnosis and treatment of cutaneous infections are 
especially challenging due to the vast array of infections—
both common and rare—which may occur and the marked 
variability of appearance, both typical and atypical, with 
which they may present.

Yet, with this great challenge, comes great opportunity. 
The skin and mucous membranes form the host’s most basic 
barrier against infection. Visible to the naked eye, their sur-
faces provide warning of invaders from the outside and, 
more ominously, dissemination of infections from the inside. 
Accessible to examination and easily sampled for pathology 
and culture, the skin can provide a wealth of information on 
the health of the patient.

In the following chapter, we review common, serious, or 
otherwise important cutaneous infections and their presenta-
tions in the immunocompromised transplant patient. Where 
possible, we discuss both typical and atypical presentations 
of these diseases and provide strategies for diagnosis and 
treatment. In all cases, the clinician must stay alert; main-
tain appropriate diagnostic suspicion; be aware of relevant 
history, timing, and systemic symptoms; carry out thorough 
examinations; and not hesitate to perform appropriate diag-
nostic studies. Systematic attention to these tenets and the 
cutaneous exam itself may be lifesaving.

 Gram-Positive Bacteria

 Staphylococcus

Staphylococci colonize the skin of immunologically intact 
hosts and are a frequent cause of superficial skin infections. 
Transplant patients and other immunocompromised patients 
are no different in this regard. While unusual infections 
and atypical presentations are seen, common things remain 
common, and staphylococci often cause skin and soft tissue 
infections in the transplant population.

Staphylococcal skin colonization is increased in certain 
populations of patients, including those with pre-existing 
skin diseases such as atopic dermatitis and cutaneous T-cell 
lymphoma, as well as those with various types of immu-
nosuppression, such as diabetes, chronic granulomatous 
disease, hyper IgE syndrome, acquired immunodeficiency 
syndrome (AIDS), leukopenia, and cancer (particularly 
hematologic malignancies) [1–3].

Superficial cutaneous staphylococcal infections are 
common in such patients and increase in incidence with 
more significant immunodeficiency. Impetigo, with its 
honey- colored crust, is common in periorificial areas, 
at sites of injury, or where the normal skin barrier func-
tion is otherwise compromised (Fig. 22.1). It may involve 
weeping skin in a patient with profound lower extremity 
edema or anasarca, and it can superinfect lesions of her-
pes simplex or herpes zoster. Patients who develop cutane-
ous toxicities from chemotherapy or immunotherapy may 
also develop superinfection of the affected areas. A large 
number (38%) of those with rash secondary to one of the 
epidermal growth factor (EGF) receptor inhibitors develop 
bacterial superinfection of the lesions, most often with S. 
aureus [4].

Folliculitis or furunculosis of hair-bearing areas typically 
presents with follicular erythematous papules and pustules. 
It may become quite extensive, causing fever and systemic 
illness in some patients, but can also be subtle in neutropenic 
patients whose ability to mount an inflammatory response is 
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impaired. Ecthyma typically presents as a shallow ulceration 
and is most commonly due to staphylococcal or streptococ-
cal species.

Cellulitis in transplant patients generally presents as it does 
in the general population, with swelling, warmth, and ery-
thema. Special attention to the skin around indwelling lines, 
which may be covered from view by tape or bulky dressings, 
is essential to avoid a delay in diagnosis. Irritation or allergy to 
adhesives or topical cleansers, such as chlorhexidine, may cause 
some irritation which can be mistaken for cellulitis; clues to a 
contact dermatitis include linear, geometric, or sharply defined 
shape, itching, and weeping or scaling of the skin. It is also 
important to note that atypical presentations of fungal, viral, or 
other bacterial infections may mimic Gram-positive cellulitis. 
A high index of suspicion for atypical infections is especially 
appropriate in cases which do not respond to antibiotic therapy 
for the usual staphylococcal or streptococcal species.

Staphylococcal scalded skin syndrome (SSSS) is charac-
terized by toxin-mediated generalized erythema and superfi-
cial exfoliation caused by local cutaneous infection with S. 
aureus type 71, phage group 2. This bacterium elutes exfo-
liating toxins A and B, which circulate and cleave the des-
mosomal protein desmoglein 1 in the superficial epidermis, 
resulting in widespread peeling. This syndrome is most com-
monly observed in young children, in whom the prognosis is 
quite good. Risk factors for adult infection include impaired 
renal function, which decreases clearance of the toxin, as 
well as immunosuppression due to systemic steroids, malig-
nancy, or organ transplantation [5]. In adults with these 
comorbid diseases, the incidence of positive blood cultures 
and the mortality rate are increased [6].

Unusual presentations of S. aureus infection in immu-
nosuppressed patients include blastomycosis-like verru-
cous plaques with multiple pustules, violaceous plaque-like 

lesions of folliculitis, monomorphic vesicles or bullae, and 
chronic suppurative infections with bacterial granules (bot-
ryomycosis) [3]. Blistering distal dactylitis, characterized by 
tender, tense bullae on the fingertips, may also be caused by 
staphylococcal species [7].

 Streptococcus

Like Staphylococcus, cutaneous streptococcal infections are 
quite common. Streptococcal species are responsible for the 
majority of cellulitis and erysipelas and also cause impetigo 
and ecthyma.

In immunocompromised patients, all of these more typi-
cal manifestations may be seen, but streptococcal infections 
may be unusually extensive or may appear clinically atypi-
cal. Streptococcus pyogenes (group A β-hemolytic strep) may 
cause extensive ecthyma or facial erysipelas that can result in 
bacteremia [8, 9]. Streptococcus agalactiae (group B strep) 
most commonly causes invasive infection in pregnant women 
and neonates but is also increased in immunocompromised 
patients [10]. In addition to erysipelas, cellulitis, and ecthyma, 
group B strep can cause myositis, necrotizing fasciitis, and 
toxic shock syndrome, as well as an acute cellulitis-adenitis 
condition with rapidly enlarging lymph nodes and fever [11].

Streptococcus pneumoniae uncommonly causes skin 
or soft tissue infection but may result in a facial and neck 
cellulitis in patients with hematologic malignancies [12]. 
Pneumococcal cellulitis commonly appears brown or dusky 
with bulla formation [13]. Necrotizing fasciitis and purpura 
fulminans/disseminated intravascular coagulation (DIC) are 
rare but deadly complications of S. pneumoniae infection. 
Transplant patients are at increased risk of such complica-
tions as are others who are immunosuppressed, particularly 
those with functional or anatomical asplenism.

 Clostridium

Clostridial myonecrosis (gas gangrene) may be posttrau-
matic or spontaneous. Underlying immunosuppression, 
such as that caused by hematologic malignancy or neutro-
phil dysfunction, increases the risk of spontaneous infection. 
Clostridium perfringens (60%) and Clostridium septicum 
(30%) are the most common isolates from these infections 
[14], resulting in a 32% and 79% mortality, respectively [15].

Clostridial myonecrosis is characterized by a relatively 
sudden onset of severe pain in the involved site, rapid exten-
sion of infection, and systemic toxicity. The skin may appear 
pallid or mottled, then a dusky brownish purple. Finally, 
tense hemorrhagic bullae develop, signaling necrosis of the 
involved tissue. Crepitus may be detected clinically or on 
radiographic imaging.

Fig. 22.1 A patient with relapsed cutaneous T-cell lymphoma following 
stem cell transplantation developed S. aureus impetigo superinfection
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Underlying muscle and soft tissue involvement may be 
quite extensive, far exceeding what is visible on the skin sur-
face. Rapid progression, sepsis, and death can occur within 
1–2  days. Timely diagnosis is essential. Gram staining of 
the serosanguineous fluid found in the hemorrhagic bullae 
shows numerous Gram-positive rods. Computed tomogra-
phy (CT) or other radiographic imaging may help define the 
extent of infection [15], but surgical debridement and treat-
ment with intravenous antibiotics (high-dose penicillin is the 
treatment of choice) should not be delayed for imaging stud-
ies. Granulocyte colony-stimulating factor (G-CSF) should 
be considered as adjunctive therapy in neutropenic patients.

 Bacillus

Bacillus cereus is best known as a cause of mild food poison-
ing, but it can also cause life-threatening infection in immu-
nocompromised patients, particularly those with neutropenia 
following chemotherapy or stem cell transplantation. A sin-
gle painful vesicle, pustule, or bulla may appear on a digit or 
extremity at a site of inoculation, followed by necrosis and 
ulcer or eschar formation, rapidly spreading cellulitis, and 
high fever [16]. This presentation may mimic that of clos-
tridial myonecrosis, complete with large Gram-positive rods 
on Gram stain. However, unlike Clostridium, B. cereus is 
generally resistant to many beta-lactam antibiotics including 
most cephalosporins. Vancomycin, aminoglycosides, and 
carbapenems are acceptable alternatives. Severe infection, 
with necrotizing fasciitis, endocarditis, and brain abscesses, 
in immunosuppressed patients has been reported and is fre-
quently fatal [17, 18].

 Corynebacterium

Aside from C. diphtheriae, corynebacteria are part of the 
normal skin flora, rarely cause infection, and are susceptible 
to most antibiotics. C. jeikeium most commonly colonizes 
the perineal, rectal, inguinal, and axillary areas of adult men 
and postmenopausal women, likely related to increased 
sebum production, which promotes the growth of lipophilic 
organisms [19]. Risk factors for colonization are the same as 
for infection and include indwelling intravenous catheters, 
neutropenia, prolonged hospitalization, and previous treat-
ment with broad-spectrum antibiotics [20].

Primary cutaneous C. jeikeium infection occurs at breaks 
in the skin barrier due to trauma or nosocomial inocula-
tion, most commonly presenting as a cellulitis. The organ-
ism may then enter the bloodstream, leading to septicemia 
[21]. Secondary skin infection results from hematogenous 
spread. It may present with nontender subcutaneous nodules, 
erythematous macules or papules, or nonblanching red pap-

ules or pustules with secondary necrosis. C. jeikeium is most 
aggressive in those with hematologic malignancies undergo-
ing chemotherapy or status post stem cell transplantation. 
This group is most likely to develop C. jeikeium sepsis and 
more commonly develops cutaneous manifestations of the 
disease. Forty-eight percent of such patients develop skin 
lesions due to hematogenous spread, making the skin the 
second most common infected organ [22].

Vancomycin is the agent of choice for the treatment of C. 
jeikeium and should be continued until hematologic recov-
ery. The mortality of C. jeikeium sepsis approaches 34% 
in those with hematologic malignancies but drops to 5% in 
those with bone marrow recovery [22].

 Nocardia

Nocardia is a branching, filamentous aerobic bacteria found 
in soil and decaying plant matter. It is not part of the normal 
human flora, so positive cultures should be evaluated carefully 
[23]. N. asteroides is the most common member of the genus 
to cause human infection. It involves the lungs most frequently, 
followed by the skin, and the central nervous system (CNS).

Immunocompromised states predispose to nocardial 
infection. Those with a history of hematologic malignancy, 
organ transplantation, iatrogenic immunosuppressive therapy, 
and advanced HIV disease (CD4 < 100) are at greatest risk. 
Nocardia infection is more common following solid organ 
transplantation than hematopoietic stem cell transplantation. 
Independent risk factors include high-dose steroid therapy, 
prior cytomegalovirus infection, and high serum levels of cal-
cineurin inhibitor in the month prior to infection [24].

Cutaneous nocardiosis may be due to primary inoculation 
or secondary to dissemination. Primary lesions may present 
with swelling, induration, and purulence of a mycetoma; 
the beefy red nodules of lymphocutaneous or “sporotri-
choid” infection spreading along lymphatics from the site of 
inoculation; or with the erythema, fluctuance, or ulceration 
of a more superficial cellulitis, abscess, or crusted nodule 
(Fig. 22.2) [25–27].

Secondary cutaneous lesions due to hematogenous spread 
may be indistinguishable from the type of abscesses, nodules, or 
ulcers seen in primary disease. Therefore, all patients present-
ing with cutaneous nocardiosis should be screened for systemic 
involvement with imaging of the lungs and CNS. Cutaneous 
lesions may be the only sign of otherwise asymptomatic dis-
seminated infection [28]. Dissemination from a primary skin 
lesion to other organs is rare, but late dissemination from the 
lungs to the skin or CNS can occur in immunosuppressed 
patients despite appropriate therapy for pulmonary nocardiosis.

Cutaneous nocardiosis may take on other more atypical 
forms in immunosuppressed patients. Among the less com-
mon presentations described in transplant patients are warm 
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and cold subcutaneous nodules [29, 30], pustules, and pyo-
myositis [31]. Cases of disseminated infection are usually 
due to N. asteroides, but in the organ transplant recipient, 
N. nova is the most frequent cause of disseminated disease.

Cutaneous Nocardia can present a diagnostic challenge 
because lesions may resemble pyogenic bacterial infections. 
Empiric treatment without culture and failure of the organism 
to grow in culture before it is thrown away are factors which 
contribute to treatment failure. Nocardia are Gram- positive 
and variably acid-fast. They are not seen on routine hematox-
ylin and eosin-stained sections. Gomori methenamine silver 
(GMS) and Brown-Brenn stains are needed to diagnose the 
infection histologically. The microbiology laboratory should 
be alerted if the clinician suspects Nocardia so that cultures 
can be saved for 4 weeks or longer.

A history of inoculation injury, occupational exposure to 
decaying plant matter, worsening or recurrence of infection 
despite standard antibiotics, and chronic suppurative infec-
tion with negative cultures suggest the possibility of Nocardia 
infection [32]. The coexistence of lung nodules and skin 
lesions raises the possibility of that diagnosis in an immuno-
compromised host, as do pleural or pericardial infections [28].

Trimethoprim-sulfamethoxazole is an effective treatment 
for most Nocardia, but N. farcinica may be highly resistant 
to antibiotics.

 Gram-Negative Bacteria

 Escherichia Coli

Escherichia coli is a Gram-negative aerobic rod which is part 
of the normal gastrointestinal flora. Cutaneous infection may 

produce abscesses at sites of inoculation or contaminated 
surgical wounds. Perirectal phlegmon is seen in neutropenic 
patients. E. coli cellulitis is rare but is more commonly seen 
in those with neutropenia, corticosteroid treatment, renal or 
hepatic insufficiency, chronic alcohol use, and diabetes mel-
litus. Gram-negative cellulitis can be indistinguishable from 
streptococcal cellulitis, with pain, redness, and fever, though 
in immunocompromised patients it is frequently described 
as rapidly progressive. Among transplant patients, hepatic 
transplant may be a particular risk factor. Spontaneous 
Gram- negative cellulitis has been well-described in cirrhotic 
patients due to hypoalbuminemia, edema, and immunosup-
pression. One reported patient developed spontaneous E. coli 
cellulitis with numerous bullae 8 days after liver transplant 
for hepatitis C cirrhosis [33].

Ecthyma gangrenosum, classically associated with 
Pseudomonas aeruginosa bacteremia, has been described 
with many other Gram-negative organisms including E. coli 
[34, 35]. Ecthyma gangrenosum most commonly appears in 
the gluteal or perineal region (57%) and less frequently on 
the extremities (30%). For this reason, a thorough skin exam 
is an indispensable part of the workup of the febrile neu-
tropenic or otherwise immunocompromised patient. Timely 
diagnosis and treatment are essential; the mortality rate of 
ecthyma gangrenosum is 10–38% [36].

E. coli septicemia may present with tense serous or hem-
orrhagic bullae, either on otherwise normal-appearing skin 
or overlying a cellulitis (Fig. 22.3). These bullae have a pre-
dilection for acral sites. Cultures of the bullae, and often of 
the blood or urine, grow E. coli [37, 38].

Malakoplakia is a rare granulomatous skin disease which 
results from defective killing of bacteria by macrophages. 
It is most common in immunocompromised patients, par-
ticularly those status post renal transplantation. Cutaneous 

Fig. 22.2 A patient with AML status post stem cell transplantation 
developed several tender, red, subcutaneous nodules on the legs. Tissue 
culture grew Nocardia

Fig. 22.3 Purpura fulminans and tense bullae in a patient with E. coli 
septicemia. (Image courtesy of Katherine Evans, MD)
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lesions are typically perianal abscesses, nodules, ulcers, or 
draining sinuses which may be due to E. coli, Klebsiella, 
Enterobacter, S. aureus, Streptococcus, and Enterococcus 
species [39, 40]. Biopsy reveals large macrophages with 
intracytoplasmic granules known as Michaelis-Gutmann 
bodies.

 Klebsiella, Enterobacter, and Serratia

Klebsiella pneumoniae, Enterobacter cloacae, and Serratia 
marcescens are closely related aerobic Gram-negative bacilli 
that may colonize the gastrointestinal, respiratory, or urinary 
tracts and are common causes of opportunistic nosocomial 
infection in debilitated or immunocompromised patients. 
Like E. coli, cutaneous infection with these organisms can 
cause cellulitis which may progress rapidly to systemic 
toxicity, hemorrhagic bullae, and necrosis [41]. Cutaneous 
ulceration, ecthyma gangrenosum, nonclostridial crepitant 
cellulitis, and necrotizing fasciitis can also occur [42–46]. 
Like other Gram-negative rods, septicemia with these organ-
isms can cause acral hemorrhagic bullae (Fig. 22.4) [47].

 Salmonella

Nontyphoidal Salmonella species may rarely cause subcuta-
neous abscesses, hemorrhagic cellulitis, or necrotizing fas-
ciitis in immunocompromised hosts. One woman developed 
necrotizing fasciitis due to Salmonella while on high-dose 
immunosuppression status post peripheral blood stem cell 
transplantation for multiple myeloma [48]. Salmonella bacte-
remia in the absence of gastrointestinal infection is a marker 
of immunosuppression and portends a poor prognosis [49].

 Legionella

Legionella is best known as a pulmonary pathogen in immu-
nocompromised patients but may also rarely be a cause of 
cellulitis and soft tissue infection in those with dysfunc-
tional immune systems. Legionella could be considered in 
the differential diagnosis for cellulitis, which is refractory 
to conventional antibiotics for skin and soft tissue infections 
or relapses after therapy. Gram stain and culture of any puru-
lent material may demonstrate neutrophils but no organisms. 
Legionella skin infection, when present, typically occurs 
without concurrent Legionella pneumonia.

Cellulitis caused by Legionella is rapidly spreading and 
necrotizing. Debridement or amputation may be necessary 
[50]. Relapse of infection in immunocompromised patients 
can occur even after prolonged therapy with antimicrobials 
which should ordinarily be curative.

 Morganella

Morganella morganii is a Gram-negative rod found in soil, 
water, and human fecal flora. Morganella infection is unusual, 
but hematologic malignancy, neutropenia, chemotherapy, 
and systemic steroids, among other things, increase the risk 
[51]. In reported cases, cellulitis with hemorrhagic bullae is 
described most often. Gas gangrene with tissue crepitus may 
occur secondary to fermentation of glucose with production of 
gas by Morganella. As with other  Gram- negative organisms, 
Morganella may also present as ecthyma gangrenosum [52].

 Helicobacter

Helicobacter cinaedi is a fastidious Gram-negative bacillus 
which is an unusual pathogen usually affecting only severely 
immunocompromised patients. Clinical symptoms include 
fever, rash, arthritis, and leg pain [53]. Common cutaneous 
manifestations of H. cinaedi bacteremia are large, multifocal 

Fig. 22.4 Hemorrhagic necrotic bullae on the forearm. Blood and 
wound cultures grew K. pneumoniae. (Image reprinted from Grossman 
et  al. [284], Fig.  13.21, p.  261, with kind permission from Springer 
Nature)
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cellulitic plaques on the extremities with large joint arthritis 
adjacent to areas of cellulitis [54]. Lesions resembling super-
ficial thrombophlebitis may also occur [55]. By nature, H. 
cinaedi bacteremia is a relapsing condition with recurrent 
bouts of multifocal cellulitis, which requires prolonged or 
repeated courses of antibiotics. Growth of the organism in 
culture can be difficult.

 Citrobacter

Citrobacter freundii and C. koseri comprise the major-
ity of Citrobacter infections, with increased incidence in 
immunosuppressed patients. Typical cellulitis and “bilateral 
inflammatory erysipelas” on the legs have been described in 
patients following organ transplantation or receiving treat-
ment for hematologic malignancy. Citrobacter is another 
bacterium which may cause ecthyma gangrenosum-like 
ulcers or hemorrhagic bullae [34, 56, 57].

 Pseudomonas

P. aeruginosa is a common nosocomial pathogen encoun-
tered in patients’ immunosuppressed due to organ trans-
plantation or other causes. Dermatologic manifestations 
of Pseudomonas bacteremia include hemorrhagic bullae, 
gangrenous or bullous cellulitis, and ecthyma gangreno-
sum, which presents with erythematous or purpuric macules 
that progress rapidly to become violaceous or “gun metal” 
gray necrotic plaques or bullae with a red halo [58]. These 
lesions have a predilection for the anogenital area so may 
not be readily visible. Pathologically, the violaceous color 
and necrosis that occur in this condition signal compromise 
of the underlying cutaneous blood vessels due to invading 
bacteria.

Though ecthyma gangrenosum is classically due to pseu-
domonal bacteremia, it has been described in association 
with many other Gram-negative bacterial, fungal, and viral 
infections in immunocompromised patients. Furthermore, 
ecthyma gangrenosum can occur in the absence of bactere-
mia as a primary and localized infection due to inoculation 
injury, in which case the prognosis is better [59].

Pseudomonas also causes a necrotizing cellulitis in neutro-
penic patients which progresses from tense, tender erythema 
to purpuric, cyanotic, bullous, and ultimately black, necrotic 
tissue associated with systemic toxicity. The course of this 
entity is often fulminant and fatal; surgical debridement can 
be lifesaving but is often performed too late [60, 61].

Subcutaneous nodules and hemorrhagic bullae are other 
manifestations of Pseudomonas bacteremia, which may be 
solitary or distributed widely over the skin. Some nodules 
resolve with appropriate antibiotic therapy, but surgical 

drainage is indicated when nodules or signs of systemic tox-
icity persist despite antibiotics [62, 63].

 Stenotrophomonas

A denizen of moist environs like Pseudomonas, and formally 
a member of that genus, Stenotrophomonas maltophilia is 
an exceedingly resistant nosocomial Gram-negative rod 
with high mortality rates in immunocompromised patients. 
Malignancy, neutropenia, chemotherapy, radiation, graft- 
versus- host disease, antibiotic exposure, central venous 
catheter, and prolonged hospitalization are risk factors for 
Stenotrophomonas infection [64].

Typical cellulitis, necrotizing cellulitis, ecthyma gangreno-
sum, metastatic nodules, and multifocal cellulitic plaques are 
all cutaneous manifestations [65]. These lesions typically 
manifest with red or violaceous erythema and tenderness and 
often eventuate in necrosis and ulceration [66–68].

 Aeromonas

Aeromonas is another water-loving Gram-negative rod 
which can cause nosocomial infection in immunosuppressed 
patients. A rapidly progressive cellulitis can follow trauma 
with freshwater exposure. Suppuration and necrosis can 
occur, necessitating debridement of necrotic tissue. Severe 
infections such as fasciitis, myonecrosis, and ecthyma gan-
grenosum can result. Septicemia in immunocompromised 
patients can result in multiple hemorrhagic bullae, followed 
by extensive necrotizing fasciitis and septic shock [69, 70].

 Vibrio

Vibrio vulnificus is the most common member of this 
genus causing opportunistic wound infection or septice-
mia in immunocompromised patients. Though classically 
 associated with cirrhosis and chronic iron overload, hema-
tologic malignancy, organ transplantation, and the use of 
immunosuppressive medications are also risk factors for 
infection [71, 72]. Infection can occur via primary inocula-
tion injury in a marine environment or through dissemination 
from the gastrointestinal tract following consumption of raw 
or inadequately cooked seafood.

Local infection can progress rapidly from edema and 
cellulitis to hemorrhagic bullae with fever, chills, hypoten-
sion, and necrotizing fasciitis. Vibrio bacteremia is charac-
terized by fever, chills, hypotension, and shock with rapidly 
progressive erythematous or ecchymotic plaques and large 
hemorrhagic bullae on the extremities or trunk. Necrotic 
ulcers may result in fasciitis and gangrene. Such infections 
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can be rapidly fatal with a mortality >50%. Early diagnosis 
and aggressive treatment, including surgical debridement, if 
warranted, are paramount [73–76].

 Bartonella

Bartonella species are responsible for cat scratch disease, 
Oroya fever/verruga peruana, and trench fever as well as 
bacillary angiomatosis. Though most commonly seen in 
AIDS patients with CD4 count <100 cells/mm3, bacillary 
angiomatosis due to B. henselae and B. quintana also occurs 
in patients immunocompromised for other reasons, includ-
ing solid organ and bone marrow transplant recipients [77], 
as well as those undergoing chemotherapy for hematologic 
malignancy. Bacillary angiomatosis typically manifests with 
nonspecific constitutional symptoms. It can affect multiple 
organs including the liver, lymphoreticular system, brain, 
bone marrow, conjunctiva, gastrointestinal, respiratory, oral 
mucosae, and the skin. Of these, skin lesions are the most 
common clinical manifestation [78, 79]. Characteristically, 
single or multiple asymptomatic, firm, red-purple papules 
are found on the skin. These lesions may be innumerable 
and disseminated over the entire body surface. They may 
appear smooth, pedunculated, or verrucous. They resemble 
pyogenic granuloma and Kaposi sarcoma but do not ulcer-
ate or bleed. Less commonly, bacillary angiomatosis may 
also present with flesh-colored, subcutaneous nodules. 
Erythromycin is the therapy of choice.

 Mycobacteria

 Mycobacterium tuberculosis

M. tuberculosis infection of the skin can occur via inocula-
tion injury, contiguous spread from other infected sites, or 
hematogenous dissemination. Cutaneous manifestations are 
on a spectrum from primary cutaneous tuberculosis (tuber-
culous chancre) to tuberculosis verrucosa cutis, tuberculosis 
cutis orificialis, scrofuloderma, lupus vulgaris, and miliary 
cutaneous tuberculosis. Further immunologically driven 
manifestations include the tuberculids erythema induratum, 
papulonecrotic tuberculid, lichen scrofulosorum, and nodu-
lar tuberculid [80].

Tuberculosis is a serious cause of opportunistic infection 
among solid organ transplant recipients. It may occur through 
primary infection or reactivation of latent disease, or it may 
be acquired through the transplanted organ. Acute miliary 
tuberculosis can present with a widespread eruption of ery-
thematous or brown macules and papules which evolve into 
vesiculopustules and can become crusted or necrotic [81]. 
Signs of systemic infection, including fever, cough, and gen-

eralized wasting, may be present. Other reported manifes-
tations of disseminated tuberculosis in immunosuppressed 
transplant patients include subcutaneous nodules, erythema 
and edema mimicking cellulitis, and multiple ulcerating 
nodules [82–84]. Biopsy of such lesions is generally floridly 
positive with caseating granulomas and numerous acid-fast 
bacilli.

 Nontuberculous Mycobacteria

Nontuberculous or atypical mycobacteria are ubiquitous in 
the environment [85]. Presentations of cutaneous disease 
vary markedly between immunocompetent and immunoin-
competent patients. In those with normal immune systems, 
inoculation injury may lead in several weeks to a verrucous 
nodule or abscess, usually on an extremity, followed in some 
cases by “sporotrichoid” spread up the regional lymphatics 
as is seen in the “fish tank” granuloma of Mycobacterium 
marinum. In immunosuppressed patients, a history of trauma 
may or may not be elicited. Infection may more often lead 
to multiple localized violaceous subcutaneous nodules with 
sporotrichoid spread [86, 87] or to widespread disease in the 
form of nodules, sinus tracts, ulcers, abscesses, or cellulitis 
(Fig. 22.5) [86, 88–90].

The most common presentations of atypical mycobacte-
rial infection in solid organ transplant patients are cutaneous 
lesions on the extremities, tenosynovitis, and arthritis, often 
with skin lesions overlying affected joints [91, 92]. Chronic 
indwelling central venous catheters are a common cause of 
atypical mycobacterial infection in solid organ or bone mar-
row transplant patients [93]. Diagnosis can be difficult since 
many of these organisms are difficult to grow in culture and 
hard to demonstrate on histologic sections. Notifying the 
microbiology lab of suspected pathogens will alert them to 
use proper plating media and incubate at the correct tempera-
tures. Polymerase chain reaction (PCR) can be performed 
to aid in diagnosis when suspicion is high. Speciation is 
 essential to guide therapy, as susceptibility profiles differ 
among the organisms in question.

 Viruses

 Herpes Simplex

Herpes simplex virus (HSV) infection is exceedingly com-
mon among both immunocompetent and immunocompro-
mised hosts. In normal hosts, primary and secondary, or 
recurrent, infections are self-limited. Typically, 1–2  mm 
pruritic or painful vesicles arise in the orolabial or anogeni-
tal areas, progress to crusted erosions, and resolve over the 
course of several days. In immunocompromised hosts, HSV 
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infections may be chronic and atypical in appearance, bely-
ing the diagnosis and leading to therapeutic delay.

In unusual cases of HSV, it is useful to think about the 
appearance and normal progression of the individual her-
petic lesion. The initial 1–2 mm vesicle may become pus-
tular or hemorrhagic; when unroofed, it becomes a wet or 
weeping 1–2 mm round erosion; then, ultimately, a crust or 
scab forms. When multiple lesions are present, vesicles or 
erosions may coalesce to form large areas of open, weep-
ing skin. A scalloped border created by the joining of mul-
tiple individual round erosions is a morphologic clue to the 
origin of such lesions as typical herpetic vesicles. When 
chronic HSV infection occurs in an area which is moist or 
macerated, such as the intergluteal cleft, weeping erosions 
or deeper ulcerations persist. In areas which are drier, such 
as the cutaneous lips or nose, serous or sanguineous exu-
date from the erosions dries out and becomes a crusted and 

heaped-up plaque which may appear exophytic and verru-
cous (Fig. 22.6). Upon close examination, helpful clues such 
as a scalloped, friable, eroded, or minute vesicular border 
may be visible.

Given these myriad presentations, any periorificial ulcer 
or crust in an immunocompromised host should be consid-
ered herpes simplex until proven otherwise. Prompt diagno-
sis using Tzanck smear, direct immunofluorescence, PCR, 
culture, or skin biopsy should be used to guide management 
(Fig.  22.7). Correct technique for performing such tests is 
important to avoid false-negative results. Vesicles and crusts 
must be unroofed, and the raw area beneath scraped or 
swabbed.

Fig. 22.5 A heart transplant patient presented with a 3-month history 
of left arm cellulitis. A tender erythematous plaque involved the left 
arm. Skin biopsy demonstrated sarcoidal granulomas with numerous 
acid-fast bacilli. Tissue cultures grew M. haemophilum after 12 weeks. 
(Image reprinted from Grossman et al. [285], Fig. 5.23, p. 126, with 
kind permission from Springer Nature)

Fig. 22.6 Herpes simplex virus infection manifesting in a heart trans-
plant patient as a chronic, nontender, crusted plaque with scalloped bor-
ders extending from the left naris onto the upper lip

Fig. 22.7 Biopsy of the plaque demonstrated viral cytopathic changes 
including multinucleation, nuclear molding, and nuclear margination of 
keratinocytes consistent with herpes simplex virus infection; viral cul-
ture confirmed the diagnosis
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Other atypical manifestations of cutaneous HSV infec-
tion in immunocompromised patients include intra-oral 
involvement, an unusual finding among those with intact 
immune systems. Intra-oral HSV appears as single or mul-
tiple erosions or ulcers on the gingiva, palate, tongue, or 
buccal mucosa with the characteristic scalloped or polycy-
clic border. Such lesions may occur without herpes labia-
lis, making diagnosis more difficult. In transplant patients, 
lesions generally develop in the first 4  weeks after trans-
plantation, often following a serious infection or rejection 
episode [94].

Involvement of the tongue with HSV may result in ten-
der ulcers or linear fissures on the dorsum known as herpetic 
geometric glossitis [95, 96]. These ulcers may be confused 
with radiation or chemotherapy-induced mucositis, aphthous 
stomatitis, erythema multiforme, and other infectious causes. 
Extension of the infection into the esophagus or respiratory 
tract may also occur.

Chronic perianal or buttock HSV may be confused with 
pressure ulcers but tend to be more superficial, have scal-
loped borders, and involve body fold areas which are not 
subject to decubitus pressure. Heaped-up granulation tissue 
may in some cases result in exophytic papules or plaques 
which mimic condyloma or squamous cell carcinoma. This 
hypertrophic HSV, also called herpes vegetans, can occur 
rarely in organ transplant recipients as well as patients with 
AIDS [97, 98]. Superinfection with bacteria and/or yeast 
may further complicate the presentation of anogenital HSV 
and should be considered when ulcers fail to heal with anti-
viral therapy. Chronic herpetic ulcers in the inguinal or glu-
teal creases may develop so-called “kissing” lesions on the 
opposing side of the skin fold, another clue to the diagnosis. 
Deep linear fissures due to chronic HSV infection can occur 
in intertriginous areas like the inguinal crease or inframam-
mary or infra-abdominal folds. Termed the “knife-cut sign,” 
this atypical presentation of HSV in immunosuppressed 
patients should not be confused with other more common 
types of intertrigo [99].

Digital HSV infection (herpetic whitlow) occurs in immu-
nocompetent patients, often as an occupational hazard of 
dentists or dental hygienists. In immunosuppressed patients, 
including transplant patients, digital herpes can produce 
paronychial inflammation and chronic fingertip ulceration 
[100]. Such lesions are quite painful and destructive and are 
frequently incorrectly diagnosed as bacterial infection or 
paronychia.

Disseminated HSV infection is rare following solid organ 
transplantation compared with bone marrow transplantation 
[101]. Dissemination may occur from primary HSV infec-
tion, including from the donor organ, as well as through 
reactivation of donor or recipient virus. Hematogenous 
dissemination of HSV can result in pneumonitis, hepatitis, 
pancreatitis, esophagitis, retinitis, encephalitis, and adre-

nal necrosis [102]. HSV hepatitis should be suspected in 
an immunocompromised patient presenting with abdomi-
nal pain, anicteric transaminitis, fever, and compatible skin 
lesions [103, 104].

Disseminated cutaneous HSV, also known as Kaposi’s 
varicelliform eruption or eczema herpeticum, presents with 
widespread 1–2 mm vesicles or punched-out erosions. This 
eruption can affect immunosuppressed patients and is most 
likely to occur in those with preexisting skin diseases which 
result in dysfunctional skin barriers, such as atopic derma-
titis or cutaneous T-cell lymphoma [105]. The eruption is 
associated with fever and malaise and increases the risk of 
bacterial superinfection with impetigo, cellulitis, or even 
sepsis. Ocular involvement may be a consequence of wide-
spread facial HSV in this condition.

Acyclovir-resistant HSV is increasingly common among 
immunocompromised patients with chronic HSV [106]. 
The degree of immunosuppression and prolonged use of 
acyclovir are two important factors in the development of 
drug resistance, as well as erratic or suboptimal dosing or 
lack of compliance. In patients with profound immunodefi-
ciency, however, lack of response to an antiviral agent does 
not necessarily correlate with in vitro drug resistance [107]. 
Acyclovir resistance should be considered when lesions do 
not decrease in size or when new satellite lesions develop 
after several days of therapy (Fig. 22.8) [108].

 Varicella Zoster

Varicella zoster virus (VZV) is a common cause of vesicular 
rash in immunocompromised patients. VZV may be derma-
tomal, disseminated, or chronic. Its incidence increases with 
advancing age and immunodeficiency, as immunity to the 
virus wanes and reactivated infection occurs. The condition 
is increased in both solid organ and particularly bone marrow 
transplant recipients.

Dermatomal VZV is the most common presentation. 
Typical presentations are easily recognized by the unilat-
eral distribution of vesicles over patchy erythema in a der-
matomal distribution with sharp midline cutoff. One or two 
contiguous dermatomes may be involved, and few scattered 
vesicles may occur outside the affected dermatomes. As with 
HSV, vesicles progress over time and may become pustular, 
hemorrhagic, or crusted (Fig. 22.9). Pain may be severe but 
need not be present. Periocular lesions in the distribution of 
cranial nerve V1, particularly when there are vesicles at the 
tip of the nose (Hutchinson’s sign), are worrisome for ocular 
involvement. Interestingly, herpes zoster may occur in areas 
of local immunosuppression such as sites of radiation or sur-
gery or overlying tumors or nodal metastasis. Finally, pain 
may occur even if skin lesions do not develop (zoster sine 
herpete).
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Disseminated zoster is defined as cutaneous VZV in more 
than three contiguous dermatomes, more than 20 lesions 
outside the involved dermatome (s), or evidence of sys-
temic involvement. Dissemination to visceral organs usually 
occurs after the onset of the rash; pneumonitis, meningoen-
cephalitis, and hepatitis due to VZV can be fatal. Rarely, dis-
seminated VZV can present with severe abdominal pain and 
hyponatremia from the syndrome of inappropriate antidi-
uretic hormone secretion (SIADH) [109, 110]. Visceral zos-
ter in bone marrow transplant patients can cause abdominal 
pain and progressive pancreatitis, hepatitis, and paralytic 
ileus which precede the onset of skin lesions and carry a 
mortality of 50% despite antiviral therapy [111]. Testing for 
VZV in the blood by PCR in the appropriate clinical setting 
may facilitate earlier treatment for disseminated VZV with 
acyclovir even if vesicles are not seen.

Another form of disseminated VZV seen in immuno-
compromised patients is referred to as recurrent primary 
varicella. This presentation is similar to primary varicella 
(chicken pox) with widespread vesicles on an erythematous 
base; however, the total number of lesions is far fewer and 
the course more attenuated than in primary varicella. In the 
setting of waning, though partial, VZV immunity, endoge-
nous reactivation or exogenous reinfection may explain this 
presentation [112, 113].

Chronic herpes zoster, characterized by hyperkeratotic 
thickly crusted plaques, ecthymatous punched-out ulcer-
ations or eschars, or prolonged widespread disseminated 
vesicles, is defined as active VZV infection that persists 
longer than 1  month. This presentation is most common 
in patients with AIDS but may rarely occur in transplant 
patients or those otherwise immunosuppressed [114, 115]. 
Many of the reported cases have demonstrated acyclovir 
resistance.

 Cytomegalovirus

Cytomegalovirus (CMV) disease in an immunocompro-
mised host can result from primary infection of a seronega-
tive patient, reactivation of latent virus, or reinfection with 
a new virus subtype. Most is due to reactivation of latent 
virus. In cases of iatrogenic immunosuppression, as is seen 
in organ transplantation, the onset of CMV disease may be 
rapid. The pattern of organ involvement varies from group 
to group; in solid organ transplant patients, gastrointestinal 
ulceration and hepatitis are more common, whereas intersti-
tial pneumonitis and myelosuppression are more common in 
bone marrow transplant recipients [116]. Cutaneous mani-
festations of CMV infection are rare in any circumstance.

Lesions of cutaneous CMV are not sufficiently distinctive 
to allow the diagnosis to be made on clinical grounds alone. 

Fig. 22.8 A patient with cutaneous T-cell lymphoma status post stem 
cell transplant developed chronic herpes simplex virus infection on the 
face and hands characterized by scalloped borders, scattered intact ves-
icles, and hemorrhagic and yellow crusts consistent with secondary 
impetiginization. Refractory to several weeks of intravenous acyclovir 
therapy, cultures ultimately demonstrated both acyclovir-resistant her-
pes simplex virus and methicillin-resistant Staphylococcus aureus

Fig. 22.9 Varicella zoster virus manifesting as coalescing hemorrhagic 
vesicles in a dermatomal distribution in a patient with severe thrombo-
cytopenia as a complication of chemotherapy
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The most common manifestation of CMV skin infection is 
chronic ulceration of the anogenital area. These ulcers may 
be single or multiple, small or large, with sharply marginated 
borders. Because such ulcers can be clinically indistinguish-
able from those caused by chronic HSV infection, correct 
diagnosis relies upon culture, PCR, or histopathology. HSV 
and CMV co-infection in such ulcers may further complicate 
diagnosis and management.

Chronic ulcers due to CMV may occur elsewhere on the 
skin and mucous membranes. They may become quite large 
with purulent exudate or thick black eschar [117, 118]. Oral 
manifestations include painful erosions or ulcers of the lip, 
tongue, or buccal mucosa (Fig. 22.10).

Widespread exanthematous morbilliform eruptions due 
to CMV have also been described in transplant patients 
[119]. These eruptions, unlike other nonspecific morbil-
liform eruptions, demonstrate characteristic large intranu-
clear inclusions with a surrounding halo, the “owl’s eye” 
nuclei of CMV, in dermal vessel endothelial cells, which 
may be confirmed with an immunoperoxidase stain [120]. 
This endothelial cell infection may evolve into capillari-
tis or vasculitis with consequent purpuric appearance or 
infarction [121–123].

 Human Herpes Virus 6

Human herpes virus 6 (HHV-6), along with HSV, VZV, 
CMV, and EBV, is a member of the Herpesviridae family 
which is the causative agent of exanthema subitum (rose-
ola infantum) in infancy. As with other herpes viruses, 

HHV-6 can establish latency after primary infection and 
reactivate in the setting of immunocompromise. Most such 
reactivations occur 2–4 weeks after transplantation [124]. 
The use of muromonab- CD3, alemtuzumab, and antithy-
mocyte globulin for prevention of rejection increases the 
risk of HHV-6 reactivation in solid organ transplant recipi-
ents [125]. Symptoms of HHV-6 reactivation include fever, 
rash, pneumonitis, bone marrow suppression, and enceph-
alitis. Typically, the rash is an erythematous morbilliform 
eruption not unlike acute GVHD. Because HHV-6 reacti-
vation has been associated with the development of severe 
acute GVHD, and because the clinical and histologic find-
ings are nonspecific, it is difficult to distinguish between 
the two entities [126].

 Human Papillomavirus

Human papillomavirus (HPV) infection is common in both 
immunocompetent and immunoincompetent patients. In 
those with dysfunctional immune systems, lesions of HPV 
can be extensive, numerous, exuberant, and recalcitrant in 
addition to exceedingly common. Eighty percent of organ 
transplant recipients may develop warts [127].

Lesions of HPV classically are exophytic, verrucous pap-
ules or plaques which may be flat, sessile or pedunculated, 
brown, gray, or flesh colored (Fig.  22.11). They are com-
monly found in the genital region, where they may become 
large and confluent, locally destructive cauliflower-like 
masses in immunosuppressed patients. Facial, oral, and digi-
tal warts, as well as more widespread papules on the extremi-
ties and trunk, may be seen.

Fig. 22.10 A heart transplant patient presented with an ulcer on the 
lower lip. Biopsyzrevealed multinucleate giant cells with inclusion bod-
ies and immunoperoxidase staining for cytomegalovirus. (Image 
reprinted from Grossman et al. [286], Fig. 6.65, p. 168, with kind per-
mission from Springer Nature)

Fig. 22.11 Verrucous perianal papules and plaques of human papil-
loma virus infection
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 Molluscum Contagiosum

Typical lesions of molluscum contagiosum are 3–5  mm 
white or flesh-colored dome-shaped papules with central 
umbilication (Fig. 22.12). The presence of molluscum, espe-
cially widespread or giant molluscum, in an adult patient 
is a marker of immunosuppression. Such presentations are 
most common with advanced HIV disease but are also seen 
in transplant patients and those immunosuppressed for other 
reasons [128].

Giant molluscum may present as large verrucous or lobu-
lated nodules. Molluscum may also cause a viral folliculitis 
with multiple reddish papules on the chin and cheeks mim-
icking tinea barbae [129]. Disseminated cryptococcosis and 
histoplasmosis can appear molluscoid and should be sus-
pected in the proper clinical setting, particularly when the 
lesions are atypical and there are signs of systemic illness. 
In contrast with normal hosts, in whom molluscum is self- 
limited, molluscum in immunosuppressed patients can be 
highly recalcitrant, chronic, and resistant to therapy.

 Subcutaneous and Deep Mycoses

 Aspergillus

Invasive aspergillosis is the most common opportunistic fun-
gal infection following hematopoietic stem cell transplanta-
tion [130]. Infection with this ubiquitous mold occurs in the 
setting of severe or prolonged neutropenia, high-dose cor-
ticosteroid therapy for graft-versus-host disease (GVHD), 
and other states of profound immunosuppression. Following 
stem cell transplant, invasive aspergillosis is now more com-
monly seen in the post-engraftment phase due to iatrogenic 
immunosuppression for GVHD than in the neutropenic 
period [131]. It is less common, but not infrequently seen, in 
solid organ transplant recipients.

Cutaneous Aspergillus infection can result from primary 
inoculation injury, in which case A. flavus and A. niger are 
the most common causes, or secondary dissemination, most 
often due to A. fumigatus [132]. Primary cutaneous infection 
generally occurs at sites of iatrogenic trauma or contamina-
tion, under arm boards or tape or where intravenous cannu-
las puncture the skin. Such sites are frequently hidden from 
view under dressings and are difficult to examine but should 
be visualized as part of a thorough assessment.

Lesions of cutaneous aspergillosis begin as tender ery-
thematous or purpuric macules or papules that progress to 
violaceous, edematous plaques with necrotic black or purple 
centers and a bright purpuric rim. Lesions may become hem-
orrhagic bullae as the necrotic skin sloughs or ultimately black 
eschars (Fig.  22.13). Less common presentations include 

Fig. 22.12 Umbilicated, dome-shaped, flesh-colored and white pap-
ules of molluscum contagiosum on the abdomen

Fig. 22.13 A hemorrhagic bulla on the forearm of a child with 
ALL. Potassium hydroxide (KOH) preparation, biopsy, and culture all 
demonstrated Aspergillus fumigatus. (Image reprinted from Grossman 
et al. [287], Fig. 1.5, p. 4, with kind permission from Springer Nature)
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erythematous to violaceous plaques studded with pustules, 
subcutaneous purplish nodules, and cellulitic plaques, among 
others [133–138].

When such a lesion is noted, it should prompt a thor-
ough examination of the remainder of the skin and mucous 
membranes to determine whether other lesions are present. 
Potassium hydroxide (KOH) prep of the blister roof can reveal 
characteristic broad, regularly septate hyphae dichotomously 
branching at acute angles, providing an immediate presump-
tive diagnosis [139]. Otherwise, prompt diagnosis of invasive 
disease through frozen section biopsy or “rushed” preparation 
of a fixed specimen, as well as tissue culture, is essential for 
proper management. Histologic findings may include intra-
vascular thrombosis with masses of angioinvasive hyphae, 
hemorrhage, necrosis, and inflammatory infiltrate.

While only 10% of cases of disseminated aspergillosis 
have skin manifestations, cutaneous lesions may be the pre-
senting sign of systemic disease [140]. Thus, in addition to a 
thorough skin exam, patients with suggestive lesions should 
undergo further workup, such as CT scans of the chest, abdo-
men, pelvis, and brain, to determine whether there is evi-
dence of dissemination. Determination of whether a single 
lesion—or multiple lesions—is present is critical for guiding 
treatment and predicting outcome.

Single primary lesions have a more favorable progno-
sis than secondary or disseminated disease. In addition to 
systemic antifungal therapy with voriconazole, amphoteri-
cin B, itraconazole, posaconazole, or caspofungin, surgical 
excision and debridement may play a critical role. Because 
Aspergillus may secondarily disseminate from primary skin 
lesions, local control of the infection may be critical to cure. 
Conversely, if there is more than one cutaneous lesion or 
radiographic evidence of disseminated disease, there is no 
role for debridement, and antifungal therapy alone is used. In 
such cases, mortality is high, particularly without resolution 
of underlying immunosuppression.

 Fusarium

Fusarium is a ubiquitous soil mold which can cause infection 
in immunocompromised patients which is clinically and his-
tologically similar to that of Aspergillus. Major risk factors for 
Fusarium infection include prolonged neutropenia and corti-
costeroid use as commonly occurring in those with hemato-
logic malignancies who receive stem cell transplantation and 
require treatment for graft-versus-host disease [141–144].

Primary, locally invasive disease presents at sites of 
trauma such as that which occurs with intravenous cannula 
placement or accidental injury to a digit or extremity. Skin 
lesions evolve rapidly from a painful red macule or papule 
into a violaceous, necrotic pustule, bulla, ulcer, or eschar 
with a rim of erythema [145–148].

Disseminated infection occurs almost exclusively in those 
who are neutropenic or status post bone marrow transplan-
tation. Skin lesions evolve as they do in primary infection. 
Compared with disseminated Aspergillus, cutaneous lesions 
of Fusarium are more common (75–90% versus only 10%) 
and more numerous and widespread [3]. They appear clini-
cally similar to lesions of other angioinvasive fungi, including 
Aspergillus and Mucor species, but they tend to be smaller. 
Associated sinopulmonary disease is common, as is fungemia.

Disseminated fusariosis is almost uniformly fatal, espe-
cially without white blood cell recovery [149]. Compared to 
neutropenic patients, infection which occurs in the setting of 
solid organ transplantation is more likely to be localized and 
has a better prognosis.

 Scedosporium and Pseudallescheria

Infection with this soil saprophyte (Scedosporium is the 
asexual and Pseudallescheria the sexual state of the organ-
ism) is typically acquired through inhalation or inoculation. 
Infection is most commonly associated with hematopoi-
etic stem cell transplants, organ transplants, hematologic 
malignancies, and HIV.  A significant cause of disease, it 
is responsible for approximately 25% of non-Aspergillus 
mold infections in organ transplant recipients [150]. When 
infection occurs in this group, it most often does so within 
6 months of transplant and with devastating consequences; 
more than half of patients present with disseminated disease, 
and around 60% die [150].

One-third of patients with Scedosporium infection 
have cutaneous lesions [151]. Localized lesions may fol-
low trauma, whereas disseminated lesions are secondary 
to hematogenous spread [151, 152]. Scedosporium and 
Pseudallescheria may present with ulcerated dusky nodules, 
tender pustules, necrotic bullae, or subcutaneous suppurative 
nodules with spread along cutaneous lymphatics that resem-
bles that of sporotrichosis [153–159].

Scedosporium, Aspergillus, and Fusarium can be indis-
tinguishable in histologic section; tissue culture is required 
to differentiate these organisms. Blood cultures may also be 
positive in 75–80%, in contrast with many other dissemi-
nated fungal infections [160, 161]. Itraconazole and vori-
conazole, as well as surgical debridement, may be effective 
in some cases of S. apiospermum infection, but S. prolifi-
cans is resistant to almost all antifungals and has a mortality 
approaching 100% [161].

 Mucormycosis/Zygomycosis

Mucormycosis, or zygomycosis, is a term used to describe 
invasive infection with molds of the genera Rhizopus, 
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Absidia, Rhizomucor, and Mucor. The organisms in these 
genera are morphologically identical and cause the same 
clinical disease.

These fungi are ubiquitous in the environment. In sus-
ceptible patients, they can cause rhinocerebral, pulmonary, 
cutaneous, gastrointestinal, central nervous system, and 
disseminated infections [162]. Infections most commonly 
present in the nose and paranasal sinuses or on the palate, 
from which they spread rapidly to the central nervous system 
through the orbit and cribriform plate.

Cutaneous mucormycosis most commonly affects patients 
with significant immunocompromise, including those receiv-
ing immunosuppressants following solid organ or stem cell 
transplantation, as well as those with prolonged neutrope-
nia, and those receiving systemic corticosteroids and other 
agents for severe graft-versus-host disease [162–165]. An 
additional risk factor is voriconazole use for fungal prophy-
laxis after transplantation. Since this agent does not cover 
zygomycetes, its use may select for zygomycotic infection 
[166, 167].

Primary inoculation of mucormycosis into the skin most 
commonly develops at the sites of intravenous catheters, 
injections, burn injuries, or surgical wounds or in the set-
ting of contaminated tape, dressings, or arm boards. An 
erythematous papule or plaque initially develops and then 
becomes purpuric, pustular, hemorrhagic, or ulcerated, ulti-
mately developing into a necrotic eschar [168]. Infection 
may spread rapidly along tissue planes such that the involved 
area may far exceed that which is visible clinically. As with 
Aspergillus and other angioinvasive fungi, identification 
of a single primary cutaneous lesion is critical, as surgical 
debridement may be curative and systemic dissemination 
from a primary lesion can occur [169–171].

Secondary cutaneous mucormycosis occurs as a conse-
quence of disseminated infection, most often originating in 
the lungs or sinuses in the setting of hematologic malignancy, 
bone marrow transplantation, and prolonged neutropenia. 
Lesions are most often violaceous and necrotic-appearing 
plaques with concentric shades of black, yellow, and purple 
with a thin purpuric red rim, the so-called “bull’s-eye infarct” 
of cutaneous zygomycosis (Fig. 22.14) [172]. Histologically, 
this clinical appearance corresponds to hyphal invasion and 
thrombosis of dermal blood vessels with consequent necro-
sis of surrounding tissue (Fig. 22.15).

Rhinocerebral mucormycosis is the most common pre-
sentation of systemic infection. One of the earliest signs is 
nasal discharge. The nasal mucosa may appear black and 
necrotic. Invasion into the mouth may cause infarction of 
the palate, producing a black eschar or ulcer. Necrotic facial 
lesions suggest aggressive and advanced angioinvasive infec-
tion. Extension of infection through the nasal turbinates into 
the sinuses may result in orbital cellulitis, extraocular muscle 
paresis, proptosis, chemosis, and eyelid edema.

Diagnosis of cutaneous mucormycosis relies on histo-
logic demonstration of tissue invasion. A touch preparation 
of a skin biopsy specimen to a glass slide may allow rapid 
confirmation of infection. Otherwise, frozen section biopsy 
or “rushed” permanent section processing is vitally impor-
tant to dictate management [173]. Zygomycetes in tissue 
appear as wide, ribbon-like, nonseptate hyphae with right- 
angle branching. Such an appearance is suggestive, if pres-
ent, but zygomycetes cannot reliably be differentiated from 
Aspergillus on the basis of histologic features alone [174]. 
Culture is required to identify the particular fungal organism.

Fig. 22.14 Disseminated mucormycosis manifesting as a rapidly 
expanding violaceous and necrotic-appearing plaque on the neck with 
concentric shades of black, yellow, and purple and a peripheral rim of 
erythema

Fig. 22.15 Frozen section and permanent section biopsy demonstrated 
thick, translucent, ribbon-like, nonseptate hyphae with right-angle 
branching filling a vessel in the subcutis; findings consistent with 
mucormycosis. The patient had two other cutaneous lesions and multi-
ple infarcts in the lungs, kidneys, brain, and other organs discovered on 
computed tomography scan and at autopsy
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The mortality rate of invasive mucormycosis is exceed-
ingly high, on the order of 80–100% [166], particularly in 
the absence of hematologic recovery or resolution of the 
underlying immunodeficiency. Prompt initiation of ampho-
tericin B is the therapy of choice, particularly in those 
already on prophylactic voriconazole. Surgical debridement 
can play an important role if infection is localized and not 
widely disseminated. Long-term or even lifelong therapy 
with posaconazole may be required in those who survive the 
acute phase of infection.

 Hyalohyphomycoses

Together with Fusarium, this group of hyaline (nonpig-
mented) septate molds includes Paecilomyces, Acremonium, 
Trichoderma, Scopulariopsis, and Trichosporon. Though 
less common, these organisms are nonetheless medically 
important pathogens in the transplant population.

The majority of reported Paecilomyces infections involve 
those with solid organ or bone marrow transplant, chronic 
steroid use, or lymphoma. Paecilomyces enters where there 
has been a breakdown of the skin barrier, such as occurs with 
tinea pedis or onychomycosis. Lower extremity involvement 
is therefore common [175]. Indwelling catheters may pro-
vide another portal of entry [176]. Lesions appear as ery-
thematous macules, vesicles, pustules, painful red nodules or 
furuncles, or cellulitis [177–181]. Culture and histology are 
necessary for diagnosis, and species identification is impor-
tant to guide management. Most cases of Paecilomyces in 
immunocompromised patients are localized to the skin and 
achieve cure with antifungal therapy +/− surgical debride-
ment, but P. lilacinus is intrinsically resistant to conven-
tional antifungals such as amphotericin, flucytosine, and 
fluconazole.

Like Paecilomyces, Acremonium and Trichoderma are 
increasingly recognized opportunistic pathogens which 
cause a variety of presentations in immunocompromised 
patients with hematologic malignancies, prolonged neutro-
penia, chronic steroid use, or organ transplantation [182]. 
Acremonium may present with widespread painful and 
necrotic cutaneous papules or nodules in the setting of refrac-
tory febrile neutropenia and myalgias [183–185], frequently 
associated with positive blood cultures [186]. Mycetoma 
of the extremities with tumefaction and draining sinuses 
has also been reported as a manifestation of Acremonium 
in transplant patients [187, 188]. Trichoderma may present 
with necrotic, ulcerated plaques at intravenous cannula sites 
in immunosuppressed transplant or neutropenic patients; 
from there, the fungus may lead to fatal dissemination to the 
lungs, liver, and brain [189–192].

Cutaneous manifestations of Scopulariopsis infection 
reported in immunosuppressed transplant patients include a 

solitary necrotic black eschar at an intravenous cannula site, 
red-purple, ulcerative, subcutaneous nodules on the extremi-
ties, and onychomycosis with necrotic periungual celluli-
tis [193–196]. Most Scopulariopsis species are resistant to 
amphotericin B, itraconazole, and many other conventional 
antifungals. Surgical debridement may play an important 
role in eliminating localized infection.

Trichosporon is a rare but emerging opportunistic patho-
gen. Invasive infection most commonly affects neutropenic 
leukemic patients. It presents similarly to candidiasis, with 
fever, myalgia, endophthalmitis, and multiple necrotizing 
purpuric papules and nodules in one third of patients [197–
201]. However, fungemia, visceral involvement, and death 
are more common in Trichosporon infection. Skin biopsy 
and tissue culture have high diagnostic yield. Cryptococcal 
antigen and Aspergillus galactomannan may be cross- 
reactive and falsely positive [202]. Case fatality approaches 
80% in disseminated disease despite antifungal treatment 
unless hematologic recovery occurs [203].

 Phaeohyphomycosis

Infection by one of these pigmented fungi, which include 
such organisms as Phialophora, Fonseca, Cladosporium, 
Exophiala, Alternaria, and Scedosporium, usually results 
from accidental inoculation of the skin with plant matter, 
soil, or wood. Lesions may appear up to several years after 
the event during immunosuppression for transplantation 
or other causes. A subcutaneous phaeomycotic nodule or 
abscess may develop, often without pain or other signs of 
local or systemic inflammation. Suppuration, sinus tract for-
mation, and ulceration may occur less often, or the lesion may 
become scaly and verrucous [160, 204–208] (Fig. 22.16).

Disseminated phaeohyphomycosis usually occurs in 
immunosuppressed patients [160]. It is more common for 
infection to disseminate from the lungs or other viscera to 
the blood and skin, but secondary dissemination from the 
skin has also been reported [209]. Disseminated cutaneous 
lesions may be tender subcutaneous nodules, ulcerated pap-
ules, pustules, or nonhealing ulcers (Fig. 22.17) [210].

Surgical debridement is the treatment of choice, if 
possible, for primary cutaneous phaeohyphomycosis. 
Amphotericin B, itraconazole, ketoconazole, voriconazole, 
and terbinafine are antifungal agents which may be useful.

 Candidiasis

Behind Aspergillus, Candida is the second most common 
invasive fungal infection in patients following hematopoi-
etic stem cell transplantation. Among solid organ transplant 
recipients, it is the most common cause of invasive fungal 
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infection [211]. The spectrum of infection ranges from thrush 
to widespread dissemination. Iatrogenic immunosuppres-
sion, chemotherapy, hematologic malignancies, neutropenia, 
and prolonged broad-spectrum antibiotics predispose to dis-
seminated candidiasis. The gastrointestinal tract, indwelling 
lines, and even a transplanted organ may be the source of 
dissemination [212].

Candida albicans causes approximately half of dissemi-
nated candidiasis—C. glabrata, C. tropicalis, C. krusei, and 
C. parapsilosis account for most of the rest of infections. 
About 10–13% of the time, disseminated candidiasis is asso-
ciated with skin lesions [213]. Of these cases, C. albicans 
causes only about 10%, whereas C. tropicalis and C. krusei 
make up the majority [131, 214, 215].

Diagnostic delay is a significant contributing factor for 
the high mortality associated with disseminated candidiasis. 
Nonspecific symptoms and a frequent lack of positive blood 
cultures make diagnosis difficult. The presence of cutaneous 
lesions, however, provides an opportunity for earlier diagno-
sis and treatment.

Skin lesions may be single or multiple, localized or dif-
fuse, most often involving the trunk and proximal extremities. 
Morphologically, they are typically erythematous 0.5–
1.0 cm papules may be purpuric and can have pale, necrotic, 
or pustular centers. (Fig. 22.18). Subcutaneous nodules, fol-
liculitis, and cellulitis-like plaques may also occur. Patients 
are often ill-appearing with fever and clinical deterioration 
despite therapy with broad-spectrum antibiotics.

Disseminated candidiasis can also cause endophthalmitis 
with blurred vision and eye pain, as well as muscle abscesses 
with fever and severe myalgias. Hepatosplenic infection is 
also characteristic.

Skin biopsy may demonstrate Candida in and around der-
mal blood vessels, but the organism can be difficult to see. 
Tissue culture is positive in 50% of patients, and potassium 
hydroxide examination of a touch prep of a tissue specimen 
may be useful [212, 216]. The mortality associated with 
Candida fungemia is quite high [214, 215]. Fluconazole 
is the empiric treatment of choice in stable patients, while 
amphotericin B or echinocandins are preferred in neutrope-
nic or otherwise unstable patients [217].

 Cryptococcosis

Cryptococcus neoformans infection is usually acquired via 
inhalation of spores found in soil or decaying wood contami-
nated with bird guano. Primary pulmonary infection is the most 
common form of cryptococcosis. Secondary dissemination 
most frequently results in central nervous system infection, 

Fig. 22.16 A patient with a history of bilateral lung transplant for α-1 
antitrypsin deficiency developed an indurated ulcer and two erythema-
tous nodules on the right lower leg 11  years after transplantation. 
Pathology and DNA sequencing confirmed the diagnosis of phaeohy-
phomycosis due to Exophiala spinifera

Fig. 22.17 Biopsy of the phaeohyphomycotic ulcer edge demon-
strated pigmented yeast-like and pseudohyphal elements highlighted by 
Fontana Masson stain
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followed by the skin in roughly 10–15% of immunocompro-
mised hosts [218]. The combination of meningeal or crani-
obulbar signs with skin lesions in an immunocompromised 
patient should raise the possibility of cryptococcal infection. 
In most cases, this represents reactivation and dissemination 
of latent infection in the setting of immunosuppression [219].

Primary cutaneous cryptococcosis only rarely occurs. 
In cases of dissemination, skin lesions can present months 
before signs of systemic infection. Isolated cutaneous cryp-
tococcosis, therefore, is considered a diagnosis of exclusion, 
and skin lesions should prompt a thorough workup for extra-
cutaneous disease in all immunosuppressed patients.

Cryptococcal lesions in HIV patients are most often 
molluscum contagiosum-like umbilicated or crusted pap-
ules with a predilection for the head and neck. In non-HIV-
related immunosuppression, cutaneous cryptococcosis, 
whether primary or secondary, most often presents with cel-
lulitis, subcutaneous nodules, or ulcers [220–223]. In solid 

organ transplant recipients, cellulitis is most common [224] 
(Fig.  22.19). As with bacterial cellulitis, signs and symp-
toms include erythema, warmth, and tenderness. Patients 
with cutaneous cryptococcosis, however, do not respond to 
typical empiric antibiotics. Necrotizing cellulitis and fasci-
itis have also been reported in renal and cardiac transplant 
patients [225, 226].

Patients taking one of the calcineurin inhibitors, which 
inhibit C. neoformans growth in  vitro at 37  °C, are more 
likely to develop cutaneous, soft tissue, bone, joint, or lung 
involvement than central nervous system or disseminated 
disease [219, 224, 227–229].

Diagnosis of cutaneous cryptococcosis can be confirmed 
via biopsy or culture or by visualizing the budding yeast in 
a Tzanck smear or India ink preparation made from vesicle 
fluid, ulcer exudate, or skin biopsy touch prep. Serum cryp-
tococcal antigen is always positive in disseminated disease.

Disseminated cryptococcosis is lethal if untreated. 
Amphotericin B, usually in combination with flucytosine, is 
the treatment of choice. Lifelong maintenance therapy with 
fluconazole is often recommended. Reduction of immunosup-
pression in transplant patients, if feasible, can be lifesaving.

 Coccidioidomycosis

Coccidioides immitis is a dimorphic fungus endemic to the 
soil of the Southwestern United States, as well as Central and 
South America. Primarily a respiratory pathogen, cutaneous 
disease can be reactive to the organism (such as erythema 
nodosum, erythema multiforme, and Sweet syndrome) or 
due to direct infection (primary inoculation or secondary 
dissemination) [230].

Fig. 22.18 Disseminated erythematous papules with central erosions 
and crusts due to Candida parapsilosis. (Image reprinted from 
Grossman et  al. [287], Fig.  1.21, p.  14, with kind permission from 
Springer Nature)

Fig. 22.19 Cryptococcal cellulitis involving the calf of a renal trans-
plant patient. (Image reprinted from Grossman et al. [287], Fig. 1.36, 
p. 24, with kind permission from Springer Nature)
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Disseminated coccidioidomycosis presents with fever, 
cough, and sweats; involvement of the skin, meninges, 
bones, and joints is common [230]. Disseminated cutaneous 
disease is rare even in immunosuppressed patients but may 
present with verrucous or crusted papules or plaques, subcu-
taneous abscesses, cellulitic plaques, and ulcers [231–233].

The diagnosis is confirmed through culture, histo-
logic demonstration of the organism, or serologic testing. 
Treatment with amphotericin B, fluconazole, or itraconazole 
is recommended for immunocompromised patients in the 
acute phase of infection. Continuous treatment with an azole 
antifungal is recommended thereafter for the duration of 
immunosuppression.

 Blastomycosis

Blastomyces dermatitidis is a dimorphic fungus endemic 
to the Mississippi and Ohio River valleys, the Great Lakes 
region, and part of Africa and India [234]. Infection usually 
results from inhalation and is typically asymptomatic. Skin 
lesions may result from dissemination, which accounts for 
60% of cases involving the skin, or primary inoculation.

Primary blastomycosis presents with a solitary plaque 
with an atrophic, scarred, or ulcerated center and verru-
cous edges studded with pustules. Associated streaky lym-
phangitis, lymphadenitis, and red, tender nodules along the 
cutaneous lymphatics may also be present [218]. In immuno-
suppressed patients, ulceration and pustulosis may be more 
prominent features. Disseminated papulopustules and subcu-
taneous nodules may also occur [235–238].

Though most blastomycosis occurs in immunocompetent 
patients, severe immunosuppression, including that associ-
ated with organ transplantation, may predispose to more 
severe or disseminated disease and carries a mortality of 
29–40% [235, 239]. The skin, bone, genitourinary system, 
and central nervous system are most commonly involved 
in cases of disseminated disease [240]. Therapy, which 
may be lifelong, consists of amphotericin B followed by 
itraconazole.

 Histoplasmosis

Histoplasmosis is most commonly a self-limited primary pul-
monary condition which is either asymptomatic or accom-
panied by flu-like symptoms. Progressive disseminated 
histoplasmosis can also occur, usually as a consequence of 
depressed cellular immunity. Symptoms include fever, respi-
ratory symptoms, weight loss, hepatosplenomegaly, and 
bone marrow suppression. This presentation is most com-
mon in patients with AIDS living in endemic areas [241]. 

Other susceptible patients include those receiving corticoste-
roids or chemotherapy and those with various hematologic 
malignancies.

Cutaneous histoplasmosis manifests in three general 
ways—via primary inoculation, as a reactive erythema, or as 
a manifestation of disseminated disease. Primary inoculation 
is rare and results in a nodule or ulcer. Reactive erythema 
presents as erythema nodosum or erythema multiforme-type 
lesions. Disseminated cutaneous histoplasmosis may pres-
ent with macules, papules, necrotic papules, a morbilliform 
eruption, pustules, nodules, ulcers, panniculitis, cellulitis, 
and verrucous or vegetative plaques [242].

Skin biopsy of a suspicious lesion reveals the organism 
within the cytoplasm of histiocytes in the dermis. Urine 
Histoplasma antigen is detected by radioimmunoassay in up 
to 90% of patients with disseminated disease [243]. Treatment 
is with amphotericin B or itraconazole. If untreated, the mor-
tality rate of disseminated disease is 95% [241].

 Sporotrichosis

Sporothrix schenckii is another dimorphic fungus which is 
found commonly in plant material and soil. Cutaneous inoc-
ulation is classically associated with rose thorns and sphag-
num moss [244] and can occur in both immunocompetent and 
immunoincompetent hosts. Clinical presentations include 
fixed cutaneous (20%), lymphocutaneous (70%), dissemi-
nated, and extracutaneous disease [245, 246]. Disseminated 
and extracutaneous sporotrichosis are rare, but immunosup-
pression such as that due to organ transplantation, hemato-
logic malignancy, steroid use, and HIV/AIDS increase the 
risk. Hematogenous spread can occur from either a primary 
cutaneous or pulmonary source [247].

Cutaneous sporotrichosis classically presents with a 
painless papule or ulcerated, draining nodule at the site 
of inoculation, followed by the appearance of asymptom-
atic erythematous nodules extending along the cutaneous 
lymphatics. Lesions may also become fixed verrucous or 
ulcerated nodules without lymphatic spread [245]. In dis-
seminated disease, cutaneous lesions may be widely dis-
tributed ulcerated papules or plaques, crusted nodules, or 
necrotic ulcers [248]. Dissemination to multiple visceral 
organs may occur, but involvement of the bones and joints 
is most characteristic, occurring in 80% of cases [247, 249]. 
Skin lesions usually precede diagnosis of such widespread 
involvement.

Yeast cells may be demonstrated as cigar-shaped bodies 
in histologic sections but should be cultured for definitive 
diagnosis. Itraconazole is an accepted treatment for localized 
disease, whereas amphotericin B may be more appropriate in 
cases of dissemination or immunosuppression.
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 Superficial Mycoses

Dermatophytosis of the skin, hair, and nails is com-
mon in immunocompetent and immunoincompetent 
patients. Organisms of this group, including Trichophyton, 
Microsporum, and Epidermophyton, only rarely cause 
invasive infection but may do so in the severely immuno-
suppressed. Invasive infection usually occurs at the site of 
chronic superficial dermatophytosis, presenting with ery-
thematous or violaceous papules or nodules [250–252]. 
Deep dermal abscesses, draining nodules, or chronic ulcers 
may also occur [253, 254]. Lesions are typically few but may 
be many [253].

Because they are rarely suspected and may mimic other 
cutaneous diseases, widespread, invasive, or otherwise atypi-
cal dermatophyte infections are often misdiagnosed. Annular, 
erythematous, scaling plaques with serpiginous borders are 
typical of tinea corporis (Fig. 22.20). In the immunocompro-
mised host, a florid presentation may mimic cutaneous lupus 
or rosacea [255]. Pustular or bullous eruptions may mimic bac-
terial folliculitis or HSV/VZV, respectively [256]. Application 

of a topical steroid to a misdiagnosed dermatophyte infection 
can also produce widespread and atypical- appearing tinea with 
decreased erythema and scale and follicular papules or pus-
tules [257]. Appropriate history taking and awareness should 
prompt a scraping for potassium hydroxide (KOH) prepara-
tion, skin biopsy, or dermatophyte culture which should, in 
most cases, readily demonstrate the organism in tissue.

Superficial dermatophytosis of the skin can be treated 
with a topical azole antifungal or terbinafine, which may be 
preferred due to its greater fungicidal activity [258]. Hair and 
nail infections require systemic antifungals; the same is true 
of cutaneous dermatophytosis with follicular papules or pus-
tules, indurated papules or plaques, nodules, abscesses, or 
other signs of deep, invasive, or widespread infection. Oral 
terbinafine is the most potent systemic drug for dermatophy-
tosis based on in vitro testing, followed by voriconazole, itra-
conazole, ketoconazole, and griseofulvin. Micafungin and 
caspofungin also have good activity [259]. Fluconazole has a 
mean MIC >6 [260]. Though it has excellent in vitro activity 
against dermatophytes, amphotericin B is ineffective in vivo 
because it is not secreted in sweat or sebum, and low tissue 
levels are achieved in the outer layers of the skin through 
passive diffusion [261].

 Protozoa

Trypanosoma cruzi (Chagas disease) reactivation can occur 
with bone marrow transplantation, solid organ transplanta-
tion, and other immunosuppressed states [262]. If the indica-
tion for transplantation was Chagas cardiomyopathy, the risk 
of reactivation is roughly 30% within 3 months of cardiac 
transplantation [263, 264]. Chagas reactivation can result 
from transplant-related immunosuppression in a previously 
infected host. The organism can also be transmitted through 
an infected organ. Only the donor need have a history of 
travel to an endemic area. Fever, myocarditis, heart failure, 
and painful skin lesions are typical, including tender subcu-
taneous nodules or painful, erythematous, indurated plaques 
mimicking cellulitis [264–266].

Leishmaniasis in the transplant patient occurs at a 
median of 18  months after transplantation. It may repre-
sent primary infection, reactivation with immunosuppres-
sion, or acquisition from an infected organ [267]. Visceral 
leishmaniasis is the most common form of the disease 
associated with organ transplantation. Primary skin lesions 
acquired through the bite of the Phlebotomus or Lutzomyia 
sandfly are classically beefy ulcers which develop at the 
site of inoculation (Fig. 22.21). Skin lesions due to second-
ary dissemination are rare; they present as erythematous or 
brown macules and papules and may be the presenting sign 
of visceral disease.

Fig. 22.20 Coalescing annular and arciform scaly pink papules and 
plaques of tinea corporis on the upper legs and abdomen of a stem cell 
transplant patient
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Toxoplasmosis may also occur due to reactivation of 
past infection or de novo transition via a transplanted organ. 
Fever, central nervous system, and pulmonary symptoms are 
common, while cutaneous disease is not. When skin lesions 
develop, they may be disseminated erythematous papules 
resembling acute graft-versus-host disease [268–270].

Acanthamoeba may infect the sinuses or lungs and spread 
hematogenously to the skin, visceral organs, and brain, causing 
an almost universally fatal meningoencephalitis. Cutaneous 
lesions are often the presenting sign of disseminated dis-
ease. Numerous firm, purulent papulonodules develop into 
nonhealing, crusted ulcers (Fig. 22.22) [271, 272]. Amoebic 
trophozoites and cysts are readily seen on biopsy of these 
lesions, which is often necessary for diagnosis.

 Helminths

Strongyloides stercoralis is native to parts of Asia, South 
America, and Africa, as well as the Southeastern United 
States [273]. Uniquely, the organism can complete its life 
cycle in one human host, persisting for years with mini-
mal or no symptoms, sometimes far from the geographic 
region where it was required. During times of immuno-
suppression, a fulminant type of strongyloidiasis called 
hyperinfection syndrome may develop, wherein numer-
ous larvae disseminate throughout the organs of the pre-
viously asymptomatic host. Defective cell-mediated 

immunity, as may occur in hematologic malignancy, organ 
transplantation, or during treatment for graft rejection or 
graft-versus-host disease, increases the risk [274, 275]. 
Organ transplantation confers an additional risk in that 
Strongyloides may be acquired from the organ itself; the 
concomitant immunosuppression can precipitate hyperin-
fection syndrome [276].

Complications of hyperinfection syndrome include per-
sistent or recurrent Gram-negative or polymicrobial sepsis, 
pneumonia, or meningitis. As the larvae migrate across the 
intestinal wall, they bring enteric bacteria with them to sterile 
sites. Eosinophilia, abdominal pain, diarrhea or constipation, 
nausea, gastrointestinal bleeding, cough wheeze, hemopty-
sis, interstitial pulmonary infiltrates, and acute respiratory 
distress syndrome may develop. In patients requiring intu-
bation, a dramatic cutaneous manifestation of Strongyloides 
hyperinfection may develop. Due to positive- pressure venti-
lation, portal venous pressure increases,  shunting blood (and 
numerous larvae) through the periumbilical portal-systemic 
shunt and into the skin. Extravasation of larvae and red blood 
cells creates pathognomonic “thumbprint” purpura and innu-
merable fine petechiae on the abdomen, flanks, and thighs 
[277, 278]. Examination of bronchoalveolar lavage, stool, 
and skin biopsy specimens readily reveals the organism. 
Ivermectin, in addition to supportive care, is the treatment 
of choice.

Fig. 22.21 Primary cutaneous leishmaniasis manifesting as beefy 
ulcerations on the dorsal hand

Fig. 22.22 A liver transplant patient with graft versus host disease 
developed innumerable erythematous papules and pustules with 
necrotic black crusts on the face, head, and neck. Skin biopsy demon-
strated numerous Acanthamoeba trophozoites, and polymerase chain 
reaction testing was positive for Acanthamoeba species. (Image 
reprinted from Grossman et al. [288], Fig. 9.9, p. 198, with kind permis-
sion from Springer Nature)
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 Scabies

Crusted scabies, a severe infestation with the scabies 
mite Sarcoptes scabiei, can occur in immunosuppressed 
patients, including those status post organ transplantation. 
Crusted scabies, previously called Norwegian scabies, is 
characterized by widespread thick, crusted, yellow-brown 
plaques with a predilection for the hands and feet, scalp, 
ears, groin, and axillae but the potential for involvement 
of the whole body surface (Fig. 22.23). The condition may 
be mistaken for severe seborrheic dermatitis or psoriasis 
[279]. Unlike scabies in a normal host, crusted scabies is 
paradoxically nonpruritic due to the absence of a normal 
inflammatory response. Exfoliated scale litters the envi-
ronment of such patients with thousands of infectious 
fomites. Failure to diagnosis the condition in a hospital-

ized patient can therefore become a significant infection 
control problem.

The diagnosis can be confirmed fairly easily due to the 
high mite burden with either a skin scraping or biopsy dem-
onstrating mites, eggs, or feces (Fig.  22.24). Dual therapy 
with oral ivermectin and topical permethrin, precipitated sul-
fur, or other scabicide is required [280]. Repeated treatments 
and scrapings to demonstrate clearance are often necessary. 
Bacterial superinfection of the involved skin is a frequent 
complication that may lead to bacteremia and mortality in 
some patients [281–283].

 Conclusion

In transplant patients, cutaneous infections run the full 
gamut—they may be common or rare, present typically 
or atypically, be localized or widespread on the skin, and 
affect the skin alone or portend widespread visceral dis-
semination. With this myriad of presentations, the cli-
nician must at all times be alert and aware, maintain 
appropriate diagnostic suspicion, and note clues sugges-
tive of systemic disease. There should be a low threshold 
for biopsy and culture of unusual lesions. An understand-
ing of these principles and disease entities hastens diagno-
sis and the delivery of needed therapy to this vulnerable 
group (Table 22.1).

Fig. 22.23 Crusted scabies manifesting as widespread dry scale on 
most of the body, accentuated in body fold areas such as the finger webs 
and axillae

Fig. 22.24 A mineral oil preparation demonstrated numerous mites, 
ova, and feces
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Table 22.1 Clinical presentations and complications of skin and soft tissue infections in transplant recipients

Organism Common cutaneous presentations Atypical presentations Complications and prognosis
Gram-positive bacteria
Staphylococcus Impetigo, ecthyma, folliculitis/

furunculosis, cellulitis
Staph-scalded skin syndrome, 
botryomycosis (verrucous plaque)

Sepsis, toxic shock

Streptococcus Similar to staph; most common 
cause of cellulitis/erysipelas

Necrotizing fasciitis Sepsis, toxic shock

Clostridium Myonecrosis (mottled, dusky, 
crepitus)

Hemorrhagic bullae with numerous 
Gram-positive rods

Sepsis; 32–79% mortality

Bacillus Mild food poisoning Vesicle or pustule with ulceration and 
rapidly spreading cellulitis

Necrotizing fasciitis, endocarditis, brain 
abscess; beta-lactam resistance

Corynebacterium Skin flora; rare cutaneous 
infection

Cellulitis; nontender subcutaneous 
nodules, red papules

Skin lesions in nearly half of those with 
C. jeikeium sepsis; 34% mortality

Nocardia Nodule, abscess, or ulcer with 
lymphocutaneous spread

Subcutaneous nodules, pustules, 
pyomyositis

Primary and disseminated skin disease 
are indistinguishable; must rule out 
sepsis and CNS/lung infection

Gram-negative bacteria
Escherichia coli Abscess, perirectal phlegmon, 

rapidly progressive cellulitis, 
ecthyma gangrenosum

Acral hemorrhagic bullae +/− 
underlying cellulitis a sign of sepsis, 
malakoplakia perianal or urethral 
draining nodules

Ecthyma gangrenosum most common in 
intergluteal cleft; related sepsis with 
10–38% mortality

Klebsiella,
Enterobacter,
Serratia

Similar to E. coli; rapidly 
progressive cellulitis

Acral hemorrhagic bullae, ecthyma 
gangrenosum, crepitant cellulitis, 
necrotizing fasciitis

Acral hemorrhagic bullae are a sign of 
sepsis

Salmonella Rare cutaneous infection Subcutaneous abscess, hemorrhagic 
cellulitis, necrotizing fasciitis

Bacteremia in the absence of GI infection 
portends a poor prognosis

Legionella Rare cutaneous infection Refractory or relapsing necrotizing 
cellulitis

Legionella skin infection typically occurs 
without concurrent pneumonia

Morganella Rare cutaneous infection Cellulitis with hemorrhagic bullae, 
crepitant gangrene, ecthyma 
gangrenosum

Increased in hematologic malignancy, 
neutropenia, chemotherapy

Helicobacter Rare cutaneous infection Large, multifocal cellulitic plaques 
with adjacent large joint arthritis; 
superficial thrombophlebitis described

Relapsing bacteremia with recurrent 
multifocal cellulitis; prolonged 
antibiotics required

Citrobacter Rare cutaneous infection Cellulitis and bilateral inflammatory 
erysipelas of the legs, ecthyma 
gangrenosum and hemorrhagic bullae

Increased in organ transplantation and 
hematologic malignancy

Pseudomonas Hemorrhagic bullous cellulitis, 
ecthyma gangrenosum (gun metal 
gray, necrotic plaques)

Necrotizing cellulitis with systemic 
toxicity and fulminant course; 
subcutaneous nodules

Better prognosis for isolated ecthyma 
gangrenosum due to inoculation and not 
sepsis

Stenotrophomonas Similar to Pseudomonas; 
necrotizing cellulitis, ecthyma 
gangrenosum

Metastatic nodules, multifocal 
cellulitic plaques with eventual 
necrosis/ulceration

Highly resistant with high mortality rate 
in immunocompromised patients

Aeromonas Rapidly progressive necrotic 
cellulitis

Fasciitis, myonecrosis, ecthyma 
gangrenosum, multiple hemorrhagic 
bullae

Sepsis with extensive necrotizing fasciitis 
and septic shock

Vibrio Rapidly progressive edema and 
cellulitis with hemorrhagic bullae

Necrotic ulcers, fasciitis, gangrene Inoculation injury in seawater or 
dissemination from GI tract; sepsis with 
hypotension, shock, >50% mortality

Bartonella Bacillary angiomatosis with single 
or multiple asymptomatic 
red-purple papules

Flesh-colored, subcutaneous nodules Nonspecific constitutional symptoms, 
dissemination to multiple organs (skin, 
most common clinical manifestation)

Mycobacteria
M. tuberculosis Acute military TB: erythematous 

or brown macules and papules 
evolving to vesiculopustules

Subcutaneous nodules, ulcerating 
nodules, cellulitis mimic

Generalized wasting, fever, cough with 
disseminated disease

Nontuberculous 
mycobacteria

Violaceous subcutaneous nodules 
with sporotrichoid spread; 
tenosynovitis and arthritis with 
lesions overlying affected joints

Widespread nodules, sinus tracts, 
ulcers, abscesses, cellulitis

Speciation is essential to guide 
management
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Table 22.1 (continued)

Organism Common cutaneous presentations Atypical presentations Complications and prognosis
Viruses
Herpes simplex Vesicles or punched-out erosions; 

periorificial ulcer or crust with a 
scalloped/polycyclic border

Ulcers of the oral mucosa, herpetic 
geometric glossitis, linear fissures in 
body folds, exophytic granulation 
tissue (herpes vegetans), Kaposi 
varicelliform eruption

Dissemination with pneumonitis, 
hepatitis, pancreatitis, esophagitis, 
retinitis, encephalitis, adrenal necrosis

Varicella zoster Dermatomal, disseminated Zoster sine herpete, recurrent primary 
varicella, chronic hyperkeratotic 
crusted plaques and punched-out ulcers

Pneumonitis, meningoencephalitis, 
hepatitis; abdominal pain with 
hyponatremia and SIADH

Cytomegalovirus Rare cutaneous infection Chronic anogenital ulcers with sharp 
borders; can occur elsewhere on skin, 
oral mucosa; rare morbilliform 
exanthem

Gastrointestinal ulceration, hepatitis, 
pneumonitis, myelosuppression

Human herpes virus 6 Exanthem subitum in infants Erythematous morbilliform exanthem 
similar to acute graft-versus-host 
disease

Fever, pneumonitis, bone marrow 
suppression, encephalitis

Human 
papillomavirus

Verrucous papules or plaques Extensive, numerous, exuberant, 
recalcitrant; may become large, 
confluent

Warts develop in 80% of transplant 
patients; can be locally destructive

Molluscum 
contagiosum

Small white dome-shaped 
umbilicated papules

Giant molluscum: verrucous, lobulated 
nodules; viral folliculitis mimicking 
tinea barbae; recalcitrant and resistant, 
chronic

Differentiate from disseminated 
cryptococcosis and histoplasmosis, 
which can appear molluscoid

Subcutaneous and deep mycoses
Aspergillus Purpuric plaques with black or 

purple necrotic centers; sites of 
inoculation or dissemination, of 
which it may be a presenting sign

Erythematous to violaceous plaques 
with pustules, subcutaneous nodules, 
cellulitic plaques

Most common opportunistic fungal 
infection s/p SCT; consider aggressive 
surgical management of solitary lesions; 
high mortality in dissemination

Fusarium Painful red macules or papules 
evolving into violaceous, necrotic 
pustules, ulcers, or eschars; 
inoculation or dissemination

Acral bullae, flaccid umbilicated 
pustules, sporotrichoid nodules, 
localized abscess

Widespread cutaneous lesions more 
common than in aspergillosis (75–90% 
vs 10%); sinopulmonary, fungemia; 
dissemination almost uniformly fatal

Scedosporium/Pseuda
llescheria

Ulcerated dusky nodules, tender 
pustules, necrotic bullae; 
inoculation or dissemination

Suppurative nodules with spread along 
cutaneous lymphatics

More than half present with disseminated 
disease; around 60% die; blood cultures 
frequently positive; S. prolificans almost 
uniformly resistant

Mucormycosis/
zygomycosis

Rhinocerebral disease most 
common; nasal discharge, black 
nasal mucosa, palatal infarction, 
necrotic facial lesions

Erythematous papule or plaque 
develops into purpuric, hemorrhagic 
ulcer or necrotic eschar; “bull’s-eye 
infarct”

Rhinocerebral, pulmonary, GI, CNS, and 
disseminated disease; involved area may 
far exceed what is visible clinically; 
80–100% mortality

Hyalohyphomycosis Erythematous macules, necrotic, 
painful papules and nodules, 
vesiculopustules, cellulitis at 
portal of entry

Mycetoma with tumefaction and 
draining sinuses (Acremonium), 
onychomycosis with necrotic 
periungual cellulitis (Scopulariopsis)

Fusarium, Paecilomyces, Acremonium, 
Trichoderma, Scopulariopsis, 
Trichosporon; fungemia common and 
mortality high; high-level resistance

Phaeohyphomycosis Inoculation injury with prolonged 
incubation period; nodule or 
abscess

Suppuration, sinus tract formation, 
ulceration; scaly/verrucous plaques; 
dissemination from the skin is rare

Phialophora, Fonseca, Cladosporium, 
Exophiala, Alternaria, Scedosporium; 
surgical debridement if possible

Candida Local infection versus 
erythematous, purpuric papules 
with pale, necrotic, or pustular 
centers in disseminated disease

Subcutaneous nodules, folliculitis, and 
cellulitic plaques

Second most common fungal infection in 
SCT; skin lesions in 10% of 
dissemination; endophthalmitis, liver/
spleen infection; high mortality

Cryptococcus Molluscum-like umbilicated or 
crusted papules, cellulitis, 
subcutaneous nodules, ulcers

Skin lesions can present months before 
signs of dissemination; isolated skin 
lesions rare; can get necrotizing 
cellulitis, fasciitis

Skin lesions in 10–15% with 
dissemination; meningeal/ craniobulbar 
signs plus skin lesions

Coccidioides Reactive erythema nodosum Verrucous or crusted papules, plaques, 
abscesses, cellulitis, ulcers

Fever, cough, sweats; skin, meningeal, 
bone, and joint disease

(continued)
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dermatitis or psoriasis; can result in 
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body surface

Bacterial superinfection can occur; 
highly contagious, significant infection 
control issue
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Cutaneous Lesions that Mimic Infection 
in Transplant Patients

Ana Ciurea and Sharon Hymes

 Introduction

Many cutaneous conditions may mimic infectious processes. 
The ability to diagnose non-infectious skin eruptions, espe-
cially in cancer patients, is oftentimes challenging. Using the 
morphology of the primary skin lesion as a starting point, 
this section will review the clinical presentation, physical 
examination, and diagnostic work-up of many of these con-
ditions. This should help the clinician generate a differential 
diagnosis when evaluating cutaneous lesions in immunosup-
pressed patients.

 Section 1: Pustular Lesions

Pustules are purulent collections which can be solitary or 
widespread. Not all the pustular processes in the skin are due 
to infection; pustular psoriasis is one of the non-infectious 
examples. They may be mistaken for bacterial, fungal, or 
superinfected herpetic infections.

 Reactive Neutrophilic Dermatoses

Reactive neutrophilic dermatoses are a spectrum of diseases 
mediated by neutrophils manifested by systemic complaints 
in association with an underlying disease such as inflamma-
tory bowel disorders or internal malignancies.

 Differential Diagnosis: Bacterial, Fungal, 
and Viral Infections
Pyoderma gangrenosum is an uncommon idiopathic ulcer-
ative skin disorder that often is associated with systemic 
diseases. The ulcerations are distinctive: an irregular, boggy, 

undermined border surrounding a purulent necrotic base 
(Fig.  23.1). Culture-negative pulmonary infiltrates are the 
most common extracutaneous site of disease [1]. PG is asso-
ciated with a dysregulation of the immune system, in par-
ticular altered neutrophil chemotaxis in reaction to various 
precipitating causes such as inflammatory bowel diseases [2, 
3]. Many conditions can be confused with the early pustular 
stage: folliculitis, furunculosis, carbuncles, and streptococ-
cal gangrene. The ulcerative stage must be differentiated 
from cutaneous amebiasis, cryptococcosis, blastomycosis, 
sporotrichosis, and atypical mycobacterial infections [4–6]. 
PG has a tendency to recur and it usually heals with scarring.

Behcet’s syndrome is a chronic relapsing, idiopathic, 
multisystem disease of recurrent aphthous ulcers, genital 
ulcers, and uveitis (Fig. 23.2). The cause is unknown; how-
ever, current research points toward an autoimmune etiology 
following exposure to an infectious agent which includes 
herpes simplex virus, Streptococcus and Staphylococcus 
species, and Escherichia coli. It has been suggested that the 
heat shock proteins (HSPs) found in higher concentrations in 
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skin lesions and oral aphthae can induce antibody production 
that cross-react with streptococcal species that are usually 
found in the mouth [7].

An acneiform papulopustular eruption may be seen on the 
face, neck, and trunk. The aphthous lesions begin as vesicles 
and/or pustules and tend to heal with scar formation. Tender, 
erythematous, recurrent nodules that resemble erythema nodo-
sum are common on the extremities in women. Extragenital 
ulcerations, if present, are very specific for Behcet’s disease 
[8]. Various treatment regimens have demonstrated benefit 
including systemic corticosteroids, colchicine, azathioprine, 
dapsone, interferon-alfa, and infliximab. The disease can be 
confused with herpetic gingivostomatitis and syphilis.

Acute neutrophilic febrile dermatosis (Sweet’s syndrome) 
is a distinct entity characterized by one or more edematous 
red, tender, spontaneously painful plaques predominantly on 
the upper body, accompanied by fever, peripheral leukocyto-
sis, and a variety of constitutional symptoms (Fig. 23.3). It is 
thought to be a hypersensitivity reaction of unknown cause 
characterized by infiltration of neutrophils in the skin. It has 
been associated with various carcinomas and hematopoietic 
malignancies especially acute myelogenous leukemia (AML) 
[9]. It responds dramatically to systemic corticosteroids and 
may resolve with treatment of the underlying disease [9, 10]. 
Ulcers and bullae are more common in malignancy- associated 
disease than in other forms. These lesions may be extensive 
and are generally hard to treat [11]. Sweet’s syndrome must 
be differentiated from erysipelas, cellulitis, arthropod bites, 
herpetic infections, and drug eruptions.

Bowel bypass syndrome is a constellation of medical 
complications secondary to intestinal bypass surgery for the 
treatment of morbid obesity, consisting of fever, asymmetri-
cal polyarthritis, tenosynovitis, sterile skin pustules, mucous 
membrane ulcerations, retinal vasculitis, and thrombophlebitis 
[12]. The syndrome is presumed to result from the deposition 
of circulating immune complexes containing bacterial antigens 
derived from overgrowth in the bypassed loop of the bowel 
[13]. Surgical excision of the blind loop or revision of the 

bowel bypass cures bowel bypass syndrome. The disease may 
resemble gonococcal sepsis, infectious panniculitis, pyoderma 
gangrenosum, Behcet’s syndrome, and Sweet’s syndrome.

 Acute Generalized Exanthematous Pustulosis 
(AGEP)

 Differential Diagnosis: Bacterial, Viral, or Fungal 
Infections
AGEP is a neutrophilic dermatosis characterized by acute- 
onset monoform, sterile, nonfollicular 1–2-mm pustules on 
a background of erythema secondary to drug administra-
tion, most commonly antibiotics. The lesions have a predi-
lection for the face and intertriginous areas (Fig. 23.4). The 
eruption is accompanied by fever which can occur several 
days prior or the same day as the eruption. Widespread des-
quamation occurs after a few days. Neutrophilia and eosin-
ophilia are commonly seen [14]. The precise mechanism of 
the disease is unknown. It is suggested that neutrophil-acti-
vating cytokines released by drug-specific T lymphocytes 
(IL-3, IL-8, and G-CSF) are potent triggers for blood neu-
trophilia and accumulation of neutrophils within the lesions 
[14]. It is characterized by fever which can occur several 
days prior to the eruption followed by the onset of classic 
lesions on the face or intertriginous areas. The withdrawal 
of the responsible drug is the mainstay of treatment in con-
junction with topical corticosteroids [15].

 Acneiform Hypersensitivity Drug Eruptions

 Differential Diagnosis: Bacterial and Fungal 
Folliculitis
Acneiform eruptions are characterized by pruritic inflamma-
tory papules or pustules localized primarily on areas with a 

Fig. 23.2 Behcet’s disease. Oral ulcerations

Fig. 23.3 Sweet’s syndrome. Erythematous, edematous plaques on the 
dorsal hand and fingers in a patient with acute myelogenous leukemia
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large number of pilosebaceous units: face, neck, chest, and 
upper back, sparing the palmar or plantar surfaces (Fig. 23.5). 
In contrast to acne vulgaris, comedones are absent in acne-
iform eruptions. The eruption is common in cancer patients 

treated with systemic corticosteroids. Isoniazid, as well as 
chemotherapeutic agents including cyclosporine, azathio-
prine, and sirolimus, may induce acneiform drug eruptions 
[16, 17]. Cutaneous adverse events associated with epider-
mal growth factor inhibitors (EGFR) include pustular skin 
eruptions usually on the scalp, neck, chest, and back along 
with paronychia, xerosis, and alopecia (Fig. 23.6). Although 
the exact mechanism of the development of the rash is not 
completely understood, the inhibitor therapy disrupts the 
EGFR function by inducing terminal differentiation and 
apoptosis in the stratum corneum and hair follicles. Patients 
are often managed symptomatically or by adjusting the dose 
of the targeted therapy [18]. It is important to promptly iden-
tify and treat the adverse events during therapy with EGFR 
inhibitors to avoid drug suspension. The infectious diseases 
that enter the differential diagnosis of acneiform drug erup-
tions are folliculitis, measles, rubeola, rubella, and syphilis.

 Eosinophilic Folliculitis

 Differential Diagnosis: Bacterial and Fungal 
Folliculitis
Eosinophilic folliculitis is an uncommon recurrent eosin-
ophilic infiltration of hair follicles manifested by pruritic 
papules and pustules associated with soft tissue edema seen 
most commonly on the head, neck, and trunk mostly in immu-
nosuppressed patients [19, 20] (Fig.  23.7). Eosinophilic 
folliculitis has been classified as an AIDS-defining illness 
[19]. Although the exact etiology is unknown, an autoim-
mune reaction against sebocytes or sebum component and 
an abnormal T-cell immune response to a follicular antigen, 
such as caused by Demodex species, may be responsible 
for the eruption [19]. Topical corticosteroids are the main-
stay of treatment for eosinophilic folliculitis. Highly active 
antiretroviral therapy along with isotretinoin therapy is 

Fig. 23.4 Acute generalized exanthematous pustulosis. Affected indi-
viduals show large areas of erythroderma topped with small nonfollicu-
lar sterile pustules

Fig. 23.5 Acneiform drug eruption due to EGFR inhibitor erlotinib. 
Follicular pustules, located on the skin of the face and trunk in patient 
with metastatic lung cancer

Fig. 23.6 EGFR inhibitor-associated alopecia. Scalp inflammatory 
papules and scarring alopecia
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beneficial for eosinophilic folliculitis in the setting of HIV 
disease [21]. Clinically, it resembles bacterial folliculitis 
and candidiasis.

 Grover’s Disease

 Differential Diagnosis: Bacterial and Fungal 
Folliculitis and Allergic Drug Eruptions
Also known as transient acantholytic dermatosis, this condi-
tion is benign, self-limited, exacerbated by heat and sweating, 
characterized by a sparse eruption of inflammatory papules, 
and fragile vesicles that erode. It is limited to the chest and 
upper abdomen, and it can be confused with bacterial fol-
liculitis, herpes simplex and zoster infections, scabies, and 
syphilis (Fig. 23.8). Viral and bacterial pathogens have been 
proposed, but no causative role has been established. Potent 
topical corticosteroids are effective in diminishing inflam-
mation and in controlling pruritus associated with transient 
acantholytic dermatosis.

 Miliaria Rubra

 Differential Diagnosis: Bacterial and Fungal 
Folliculitis
Miliaria rubra is a common anhidrotic disorder in which an 
obstruction of the sweat duct occurs in the deeper level of the 
epidermis characterized by minute erythematous macules 
with a punctate vesicle usually centrally located. The lesions 
can be seen to be extrafollicular, in contrast to the pustules 
of folliculitis (Fig.  23.9). It is the only type of miliaria in 
which the symptom of pruritus is experienced [22]. It occurs 
primarily at sites of occlusion such as the back of febrile, 

ill patients. Resident bacteria, such as Staphylococcus epi-
dermidis and Staphylococcus aureus, may play a role in the 
pathogenesis of miliaria [23].

 Neutrophilic Eccrine Hidradenitis

 Differential Diagnosis: Cellulitis
Also known as toxic erythema of chemotherapy, neutrophilic 
eccrine hidradenitis is a skin condition observed in the set-
ting of AML treated with cytarabine and has been reported 
in persons with various neoplastic and non-neoplastic con-
ditions and otherwise healthy individuals [24]. It is charac-
terized by solitary or multiple, red and purpuric, macules, 

Fig. 23.7 Eosinophilic folliculitis. Crops of sterile papules and pus-
tules on the face Fig. 23.8 Transient acantholytic dermatosis or Grover’s disease. This 

is an acquired condition that presents with pruritic vesicles and erosions 
on the upper trunk, most often in men

Fig. 23.9 Miliaria rubra. Multiple erythematous pinpoint macules and 
papules, especially prominent on the occluded surface of the back
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papules, nodules, or plaques most frequently located on the 
trunk or extremities (Fig. 23.10). The plaques are often ten-
der. Neutrophilic eccrine hidradenitis can simulate orbital 
and facial cellulitis [24, 25]. Anthracyclines, antimetabolites, 
taxanes, vinca alkaloids, mitotic inhibitors, and granulocyte 
colony-stimulating factors may induce this disorder [26].

 Section 2: Papulosquamous Lesions

 Dermatitis

Dermatitis also known as eczema reflects an inflammatory 
skin reaction due to exposure to irritants, drugs, and other 
unknown triggers. It often presents as scaly erythematous 
plaques and patches, not uncommonly secondarily infected. 
90% will be culture positive for Staphylococcus aureus [27].

 Differential Diagnosis: Superficial Fungal 
Infection and Cellulitis
Stasis dermatitis presents as erythema and light-brown pig-
mentation on the lower extremities, especially above mal-
leolus, associated with eczematous dermatitis (Fig. 23.11). 
It is a cutaneous marker for venous insufficiency and often 
mistaken for cellulitis. When chronic venous insufficiency is 
present, patients may present with marked woody induration 
in a stocking distribution associated with dyspigmentation, 
termed “lipodermatosclerosis.”

Pityriasis alba is a form of dermatitis frequently atopic 
in origin, characterized by slightly scaly hypopigmented 
patches on the cheeks, upper arms, and trunk in children 
(Fig.  23.12). Potassium hydroxide examination of the fine 
white scale can rule out superficial cutaneous dermatophyte 
infection.

Drug eruptions mimic various dermatoses and the mor-
phology includes exanthem (morbilliform), papulosqua-
mous, urticaria, vasculitis, and erythema nodosum. It 
should be suspected in any patient taking medication who 
developed a symmetric cutaneous eruption (Fig.  23.13). 
Chemotherapeutic agents such as busulfan and gentifinib are 
common causes for intertriginous drug eruption which can 
be confused with dermatophyte or yeast infection [28, 29].

Acute radiation dermatitis commonly occurs following 
local radiation therapy for various malignancies, with more 
than 90% of the patients experiencing erythema and more 
than 30% experiencing moist desquamation [30] (Fig. 23.14). 
Intense inflammatory reaction may result in a breakdown of 
the skin’s barrier function and accompanying bacterial colo-
nization, with organisms like Staphylococcus aureus [31, 32].

 Psoriasis

 Differential Diagnosis: Superficial Fungal 
Infection
Psoriasis is a complex multisystem inflammatory disorder 
of unknown etiology showing wide variation in severity and 

Fig. 23.10 Neutrophilic eccrine hidradenitis. Facial erythematous, 
indurated plaques

Fig. 23.11 Stasis dermatitis. Post-inflammatory hyperpigmentation 
over the medial malleolus on the background of varicose veins
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distribution of skin lesions. The most common skin mani-
festations are erythematous macules, papules, and plaques 
with thick silvery scale that follow an irregular chronic 
course marked by remissions and exacerbations of unpre-
dictable onset and duration (Fig. 23.15). Although no region 
is exempt from involvement, psoriasis has a predilection for 
the scalp, elbows, and knees [33]. Psoriasis plaques can be 
mistaken for cutaneous tinea corporis or secondary syphilis.

 Pityriasis Rubra Pilaris

 Differential Diagnosis: Superficial Fungal 
Infection
Pityriasis rubra pilaris, a rare scaly, erythematous skin con-
dition of unknown etiology with a preference for the follic-

ular apparatus, is considered a disturbance of keratinization 
with predilection for the ears, trunk, neck, and extremities. 
Clinical features include discrete follicular-based reddish 
papules on the hands dorsum and diffuse palmar exfolia-
tion (Fig. 23.16). Confluent scaly, salmon-colored plaques 
may appear on the trunk within islands of normal skin. A 
skin biopsy is mandatory to distinguish this from psoria-
sis and fungal infection and a search for occult malignancy 
should be considered if the presentation is atypical or in 
older patients.

 Pityriasis Rosea

 Differential Diagnosis: Superficial Fungal 
Infection and Syphilis
This is an acute self-limited, clinically distinctive exan-
thematous eruption of unknown etiology more commonly 
seen in adolescents and young adults. A mild prodrome 
manifested by malaise, fatigue, headache, and sore throat 
precedes the skin eruption with a few days. The earliest 
change is the “herald patch,” a solitary, oval, or annular 
plaque on the trunk, arms, and thighs, followed by erup-
tive erythematous, flat plaques measuring 0.5–1.5  cm in 
diameter (Fig. 23.17). The clinical features and course of 
pityriasis rosea strongly suggest a viral etiology; however, 
no single virus has been proven to cause the disease. The 
widespread lesions of secondary syphilis and tinea versi-
color may resemble pityriasis rosea [34]. Tinea corporis 
can be confused with the herald patch seen earlier during 
the course of the disease.

Fig. 23.12 Pityriasis alba. Circumscribed scaly hypopigmented 
lesions on the face

Fig. 23.13 Drug eruption. Morbilliform macules and papules on the 
abdomen resulting from cefepime

Fig. 23.14 Acute radiation dermatitis. Extensive erythema and crust-
ing with geographic borders defined by the radiation field
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 Cutaneous T-Cell Lymphoma

 Differential Diagnosis: Superficial Fungal 
Infection
Cutaneous T-cell lymphoma, a class of non-Hodgkin lym-
phoma, is characterized by infiltration of the skin by clonal 

malignant T-cells and has many clinical variants, but the 
classic subtype is characterized by sharply demarcated 
plaques, uniform in color, ranging from an erythematous to 
a violaceous hue (Fig. 23.18). The clinical features, histo-
morphology, and cytomorphology of the lesions are diag-
nostic clues, and demonstration of a dominant T-cell clone 
in skin biopsy specimens constitutes an additional diagnos-
tic test to distinguish CTCL from inflammatory dermatoses.

The early stage is typically nonspecific and is often misdi-
agnosed as eczema, psoriasis and superficial fungal infection.

 Section 3: Purpuric and Petechial Lesions

Purpura is the multifocal extravasation of blood into the skin 
or mucous membranes manifested by distinctive red mac-
ules a few millimeters in size. Petechiae are superficial, pin-

Fig. 23.15 Psoriasis vulgaris. Typical plaques of psoriasis with thick, 
white scaly overlying erythema

Fig. 23.16 Pityriasis rubra pilaris. Symmetric, diffuse, scaly 
erythema

Fig. 23.17 Pityriasis rosea. Truncal involvement with larger plaques 
and predominantly round patches with peripheral scale

Fig. 23.18 Cutaneous T-cell lymphoma. Hyperpigmented scaly 
patches with minimal scaling
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head- sized hemorrhagic macules, bright red at first, seen in 
the dependent areas. Petechiae most often imply a disorder of 
platelets.

 Leukocytoclastic Vasculitis

 Differential Diagnosis: Bacterial and Fungal 
Infection
Leukocytoclastic vasculitis (LCV) represents a hypersensitiv-
ity reaction secondary to immune complex deposition, other 
autoantibodies, inflammatory mediators, and local factors that 
involve the endothelial cells. Palpable purpura is the clinical 
prototype of LCV in which the vascular insult is at the level of 
arterioles and postcapillary venules. Lesions appear in crops, 
ranging from 1 to 2 mm in size, and have a predilection for 
dependent parts. Palpable purpura is generally asymptomatic, 
but in severe cases (with erosions, bullae, and hemorrhagic 
vesicles) patients may experience pruritus, edema, and burn-
ing [35] (Fig. 23.19). It can be mistaken for systemic bacterial 
infections including candidiasis and meningococcemia. Skin 
biopsy reveals the presence of vascular and perivascular infil-
tration of polymorphonuclear leukocytes with formation of 
nuclear dust (leukocytoclasis), extravasation of erythrocytes, 
and fibrinoid necrosis of the vessel walls.

 Superficial Thrombophlebitis

 Differential Diagnosis: Cellulitis
An inflammatory reaction in which clotting appears on the wall 
of an inflamed vein in patients with idiopathic venous stasis, 
prolonged bed rest, local injury to endothelium by trauma, and 
superficial thrombophlebitis presents with erythema, edema, 

and tenderness in the affected limb (Fig. 23.20). This needs 
to be distinguished from cellulitis which is a nonnecrotizing 
inflammation of the skin and subcutaneous tissues.

 Calciphylaxis

 Differential Diagnosis: Cellulitis, Ecthyma 
Gangrenosum, and Bacterial and Deep Fungal 
Infections
This is a highly morbid syndrome characterized by pain-
ful ischemic tissue necrosis primarily on fingers, legs, and 
thighs surrounded by livedo reticularis in patients with 
chronic renal insufficiency and hyperparathyroidism [36]. 
Lesions of calciphylaxis typically develop suddenly and 
progress rapidly. The clinical manifestations of calciphy-
laxis are similar to those of a significant number of other 
disorders, including among others cellulitis, necrotizing 
fasciitis, ecthyma gangrenosum, vibrio vulnificus infection, 
cholesterol embolization, warfarin necrosis, cryoglobuline-
mia, and vasculitis [37, 38] (Fig. 23.21).

Fig. 23.19 Leukocytoclastic vasculitis. Multiple purpuric papules in a 
patient with drug-induced hypersensitivity vasculitis

Fig. 23.20 Superficial thrombophlebitis. Erythema and edema along 
the leg vein
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 Petechiae

 Differential Diagnosis: Rickettsial, Bacterial, 
and Fungal Infection
Petechiae are small purpuric lesions up to 2  mm in size 
often occurring in crops due to extravasation of red blood 
cells into the skin. The purpura is not palpable, in contrast to 
palpable and sometimes tender purpura observed in patients 
with vasculitis. It tends to form in areas of increased venous 
pressure, such as the legs (Fig. 23.22). The etiology is mul-
tifactorial and includes among others thrombocytopenia, 
defective platelet function, increased intravascular venous 
pressure, vitamin C deficiency, and localized trauma or pres-
sure. Purpura is often seen at intravenous injection sites in 

cancer patients. It must be distinguished from the eruption of 
Rocky Mountain spotted fever (RMSF), a tick-borne disease 
caused by the organism Rickettsia rickettsii. The hallmark of 
RMSF is a petechial eruption beginning on the palms of the 
hands and soles of the feet [39].

 Disseminated Intravascular Coagulation

 Differential Diagnosis: Bacterial and Fungal 
Sepsis
Disseminated intravascular coagulation may produce a clini-
cal picture varying from a severe and rapidly fatal disorder 
(purpura fulminans) to a relatively minor disorder. Varying 
combinations of bleeding, thromboembolism, and hemolytic 
anemia are superimposed on the clinical picture caused by 
primary disorders which include, among others, extensive 
tissue damage, severe infections, and malignant diseases. 
The normal inhibitory mechanisms of clotting are overcome 
so that there is intravenous coagulation, followed by con-
sumption and depletion of platelets and plasma clotting fac-
tors. In the most severe cases onset is sudden with fever and 
a very extensive, symmetrical purpura of the extremities but 
also on the ears, nose, and lips (Fig. 23.23). Lesser changes 
include petechiae, purpuric papules, hemorrhagic bullae, and 
acral cyanosis. Treatment includes that appropriate for the 
underlying condition, treatment of shock, and replacement 
therapy as indicated.

 Section 4: Lesions of the Adipose Tissue

 Differential Diagnosis: Bacterial, Deep Fungal, 
and Mycobacterial Infections and Cellulitis

Panniculitis is an inflammation occurring within the adipose 
tissue. It can occur in the septae, lobules, or both. It is often 
associated with a variety of systemic diseases and clinical 
syndromes and it often presents as red-to-violaceous nodules 
and plaques that have a predilection for lower extremities.

 Nodular Vasculitis
Nodular vasculitis also called erythema induratum is a vas-
culitis of the muscular arteries of the deep dermis and fat 
that result in secondary lobular panniculitis. It occurs in 
middle- aged women who develop painful, reddish-blue, 
variably tender nodules and plaques over the lower extremi-
ties, especially the calves (Fig. 23.24). A severe small-vessel 
vasculitis is seen on histologic examination. Nodular pannic-
ulitis may be idiopathic but is most commonly due to infec-
tions such as tuberculosis and occasionally histoplasmosis, 

Fig. 23.21 Calciphylaxis. Deep skin necrosis and non-healing ulcer

Fig. 23.22 Petechiae. Pinpoint, monoform red macules on the lower 
legs
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HIV, and hepatitis C [40–42]. Painful, indurated red plaques 
located on the extremities resembling erythema induratum 
have been reported in patients with chronic myelogenic leu-
kemia undergoing treatment with imatinib [43] and dasatinib 
[44]. The differential diagnosis of nodular vasculitis includes 
erythema nodosum, granulomatous vasculitis, and miscella-
neous forms of panniculitis.

 Cold Panniculitis
Cold panniculitis is an acute, nodular eruption usually lim-
ited to areas exposed to the cold. Cold panniculitis results 
from a cold injury to the adipose tissue. It is more common 
in women. The eruptive phase usually begins 48 h (range, 
6–72 h) after a cold injury to exposed or poorly protected 
areas. The lesions should be distinguished from cellulitis and 
deep fungal or mycobacterial infections.

 Pancreatic Panniculitis
Pancreatic panniculitis, acute pancreatitis, and pancreatic 
tumors may cause fat necrosis of the pancreas and of the 
subcutaneous tissue. The clinical picture consists of raised, 
erythematous nodules, 1–3 cm in size, located on the upper 
and lower extremities (Fig. 23.25). The pathogenic mecha-
nisms underlying the various features of pancreatic pannicu-
litis are unclear.

The histopathology of pancreatic panniculitis is pathog-
nomonic, characterized by ghost adipocytes that are necrotic, 

Fig. 23.24 Nodular vasculitis. Tender blue-reddish nodules on the 
lower legs

Fig. 23.25 Pancreatic panniculitis. Faint erythematous tender plaques 
on the lower extremities

Fig. 23.23 Disseminated intravascular coagulation. Extensive skin 
necrosis with hemorrhagic bullae
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anucleate and contain basophilic material within the cyto-
plasm indicating dystrophic calcification from the saponifi-
cation of fat [45]. The exact mechanism is unknown, but it 
is believed that lipase plays a strong pathogenic role for sub-
cutaneous fat necrosis. The Schmid’s triad of panniculitis, 
polyarthritis, and eosinophilia portends very poor prognosis 
in a patient with pancreatic carcinoma.

 Septal Panniculitis (Erythema Nodosum)
Septal panniculitis (erythema nodosum) is the most com-
mon form of inflammatory panniculitis manifested by ery-
thematous, tender nodules on anterior shins, thighs, and 
lateral aspects of the lower legs and occasionally on the 
face, accompanied by fever, chills, arthralgias, and leukocy-
tosis (Fig. 23.26). It results from an immunologic reaction 
triggered by drugs; benign and malignant systemic illness; 
bacterial, fungal, and viral infections; pregnancy; and medi-
cations including oral contraceptives. Circulating immune 
complexes have not been found in idiopathic and uncom-
plicated cases but demonstrated in patients with inflam-
matory bowel disease [46]. It resolves without scarring in 
4–6 weeks.

 Sclerosing Panniculitis (Lipodermatosclerosis)
Sclerosing panniculitis (lipodermatosclerosis) is a disease 
process that clinically appears as painful indurated ery-
thematous hyperpigmented plaques and nodules on the 
lower extremities in middle-aged women. The underly-
ing fibrosis and lobular atrophy give the impression of an 
inverted champagne bottle with a hard, wood-like appear-
ance which becomes circumferential in well-developed 
lesions (Fig. 23.27). Occasionally there is overlying ulcer-
ation or crusting. Lipodermatosclerosis (LDS) is believed to 

be associated with chronic venous insufficiency. Abnormal 
fibrinolysis, an excessive proteolytic activity by matrix 
metalloproteinase, and the upregulation of an inflammatory 
response by interleukin-8 are thought to be the causes for 
this condition [47, 48].

 Traumatic Panniculitis
Traumatic panniculitis represents a localized reaction of 
the subcutaneous tissue following minor trauma. It is most 
frequently seen in obese women. The lesions consist of 
indurated, inflamed nodules that undergo necrosis. When 
localized to the breast, they may clinically simulate a car-
cinoma or infectious mastitis. Traumatic panniculitis is usu-
ally a self-limiting disorder and requires only symptomatic 
treatment.

 Section 5: Vesiculobullous Lesions

A vesicle is a fluid-filled blister less than 0.5  cm in its 
greatest dimension, while bullae is greater than 0.5  cm. 
Vesiculobullous lesions may be solitary, grouped, or annular 
and either localized or widespread in distribution. The etiol-
ogy of these lesions varies, and valuable clues may be found 
in the patient’s history, clinical presentation, and skin biopsy. 
From an infectious disease specialist’s viewpoint, blistering 
lesions are often caused by herpetic eruptions or infectious 
pathogens which produce skin necrosis. However, a variety 
of non-infectious vesiculobullous lesions may occur in the 
transplant setting and are reviewed in this section.

Fig. 23.26 Erythema nodosum. Tender red oval nodules on the exten-
sor aspect of the legs

Fig. 23.27 Lipodermatosclerosis. Chronic inflammation and fibrosis 
of the skin surrounding the entire lower legs
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 Acute Dermatitis

 Differential Diagnosis: Viral Infections 
and Impetigo
The vesiculobullous eruption associated with acute dermatitis 
is caused by inter- and intracellular edema in the epidermis, 
also called spongiosis. The patient may be aware of a preced-
ing irritant or allergen applied to the skin, including surgical 
preparations, topical antibiotics, or tape. Allergic contact der-
matitis may be linear or geometric, corresponding to the appli-
cation of the precipitating agent (Fig. 23.28). As the blisters 
rupture, a superficial crust forms, which may be mistaken for 
impetigo. It is not unusual for the dermatitis to become sec-
ondarily infected, especially in the immunosuppressed trans-
plant patient. On occasion, non-infectious vesicular lesions 
may appear distant to the site of the original dermatitis, a phe-
nomenon known as autosensitization dermatitis. This should 
be distinguished from a disseminated herpetic process.

 Diabetic Blisters

 Differential Diagnosis: Viral Infection 
and Cellulitis
Also known as bullosis diabeticorum [49], this condition is 
characterized by the spontaneous appearance of intraepi-
dermal or subepidermal, clear, tense bullae on the non- 
erythematous skin of diabetic patients. These blisters are 
most often found on the lower extremities and are minimally 
symptomatic. The pathogenesis may be related to diabetic 
angiopathy or trauma, and this condition should be distin-
guished from infectious cellulitis.

 Mechanical Blisters

 Differential Diagnosis: Cellulitis and Ecthyma
These painful blisters occur in areas of high friction or pres-
sure, which causes epidermal necrosis. The surrounding 
erythematous rim may mimic cellulitis. Mechanical blisters 
are also precipitated by burns, extravasations of toxic sub-
stances, or vesicants. Hemorrhagic bullae may occur at sites 
of injections in patients with thrombocytopenia or capillary 
fragility (Fig. 23.29).

 Coma Blister

 Differential Diagnosis: Cellulitis and Ecthyma
Skin blisters at sites of pressure and associated with under-
lying sweat gland necrosis were reported in comatose 
patients with carbon monoxide intoxication as early as 
1812 [50]. Also called barbiturate or neurologic blisters, 
these lesions are at times associated with surrounding 
erythema that may look like cellulitis. While barbiturates 
are the most frequently reported causative agent [51, 52], 
similar findings have been reported with other medica-
tions including tricyclic antidepressants [53] and benzo-
diazepines [54]. Coma blisters have been associated with 
central nervous system disorders [55], hypoglycemia [56], 
and diabetic ketoacidosis [57]. The  etiology is multifacto-
rial, but in some cases, a direct toxic drug effect has been 
implicated, perhaps via drug excretion through the eccrine 
glands. The bullae may appear as early as 1 h after acute 
intoxication and usually resolve in 2–4 weeks. They may 
be clear or hemorrhagic and should be distinguished from 
ecthyma or cellulitis.

Fig. 23.28 Allergic contact dermatitis. Characterized by well-defined 
plaques of vesiculopapules overlying erythema and edema. Oozing and 
secondary infection are common

Fig. 23.29 Mechanical blister. Flat bullae on the toe dorsum second-
ary to trauma
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 Miliaria Crystallina

 Differential Diagnosis: Herpes Infection
Miliaria crystallina, also known as sudamina, occurs in 
the setting of profuse sweating and epidermal occlusion. 
It is characterized by 1–2-mm asymptomatic vesicles on 
a non- inflammatory base, which are easily “wiped away” 
with pressure. As opposed to grouped herpetic vesicles on 
a more erythematous base, miliaria crystallina appears on 
occluded skin, with no underlying erythema (Fig. 23.30).

 Edema and Lymphedema Blisters

 Differential Diagnosis: Cellulitis
Large dependent bullae may develop in the setting of periph-
eral edema, anasarca, and lymphedema, especially if the 
onset of swelling is acute. Although these bullae are usually 
found on normal-appearing skin, underlying stasis changes 
may make it difficult to distinguish from bullous cellulitis. 
Initially, the blisters are tense and clear but may become 
hemorrhagic or superinfected. Treatment is directed at mini-
mizing the underlying edema.

 Bullous Drug Eruptions

 Differential Diagnosis: Viral Infections, Ecthyma, 
and Cellulitis
Bullous drug reactions may be localized or widespread. 
When localized and recurrent at the same site after drug re- 
challenge, they are referred to as fixed drug eruptions. Fixed 
drug eruptions initially appear within 2 weeks of the incit-

ing drug exposure but within 30 min–24 h after re-challenge. 
The eruption is characterized by erythema, sometimes the 
formation of bullae, and often characteristic residual “slate- 
grey” pigmentation as the lesion resolves. Findings suggest 
that fixed drug eruptions are a form of classic delayed-type 
hypersensitivity mediated by CD8+ cells [58], although mast 
cells may play a role [59]. When located on the genitalia the 
blisters may look like acute herpes simplex infection and, on 
other sites, cellulitis. Widespread bullous drug reactions have 
varying etiologies and pathologic features. Certain medica-
tions may produce immune-mediated blistering, characterized 
by the deposition of IgA at the dermal- epidermal junction. 
This is of special interest to infectious disease specialists as 
it has been reported with antibiotics like trimethoprim-sulfa-
methoxazole, penicillin, metronidazole, and rifampicin [60].

 Bullous Graft Versus Host Disease

 Differential Diagnosis: Viral Infection 
and Cellulitis
Allogeneic hematopoietic stem cell transplantation is 
widely used for the treatment of hematologic malignan-
cies, bone marrow failure syndromes, and immunode-
ficiency. The skin is commonly affected in patients who 
develop graft-versus-host disease (GVHD). Grade 4 acute 
GVHD of the skin is characterized by a generalized exfo-
liative dermatitis, ulcerative dermatitis, and bullae [61] 
that may be mistaken for disseminated viral infection 
(Fig. 23.31). In these cases, the damage at the epidermal-
dermal junction is severe enough to allow the dermis to 
separate from the epidermis. Bullae may also appear in 
the setting of scleroderma-like GVHD changes [62, 63]. 

Fig. 23.30 Miliaria crystallina. Clear, thin-walled vesicles occurring 
in crops on otherwise normal-appearing skin

Fig. 23.31 Bullous graft-versus-host disease. Tense bulla and vesicles 
on the ear in patient with diffuse erythema of the head and neck
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Although the pathogenesis is unknown, these cases show 
significant fibrosis and dermal edema [64, 65].

 Porphyria Cutanea Tarda (PCT) 
and Pseudoporphyria Cutanea Tarda

 Differential Diagnosis: Viral and Bacterial 
Infections
Porphyria cutanea tarda (PCT) is a group of familial and 
acquired disorders characterized by deficiency in the activity 
of uroporphyrinogen decarboxylase, an enzyme key in heme 
synthesis. In the transplant setting, this may be precipitated 
by exposure to environmental agent such as excess iron [66], 
coexisting conditions that affect the liver, and infection agents 
including hepatitis C [67] and HIV [68]. Patients exhibit 
skin fragility and blistering, especially in sun-exposed areas, 
as well as hypertrichosis, scleroderma-like changes, milia 
(small white cysts), and dystrophic calcification (Fig. 23.32). 
Pseudoporphyria mimics the findings of PCT without demon-
strable porphyrin abnormalities. It has been reported in the 
setting of chronic renal failure and dialysis [69], as well 
with medications like beta-lactam antibiotics [70], ciproflox-
acin [71], voriconazole [72], and tetracycline [73].

 Autoimmune Bullous Diseases

 Differential Diagnosis: Viral Infection, Cellulitis, 
and Scabies
This broad category of diseases is characterized as 
immune- mediated blistering of the skin. Bullous pemphi-
goid presents with tense skin blisters, urticarial (hive-like) 

lesions, and variable mucosal involvement. It is charac-
terized by autoantibodies located in the hemidesmosomal 
complex of the basement membrane zone. It may occur 
de novo, with other autoimmune diseases, or occasion-
ally with malignancies. Some antibiotics implicated in 
pathogenesis include amoxicillin [74], cephalexin [75], 
and ciprofloxacin [76]. The clinical presentation of tense 
blisters associated with urticaria may be mistaken for 
cellulitis.

Pemphigus presents on the skin and mucous mem-
branes with intraepidermal flaccid bullae. It is divided 
into three forms: vulgaris; foliaceus; and paraneoplastic. 
Patients with pemphigus vulgaris develop painful muco-
sal erosions and skin lesions, which may resemble a her-
petic process. Patients with pemphigus foliaceus develop 
extensive crusted erosions, easily confused with cutane-
ous infection (Fig.  23.33). Paraneoplastic pemphigus is 
associated with underlying neoplasms, and characterized 
by severe stomatitis, often mistaken for herpetic stoma-
titis. The lesions on the skin are polymorphous and may 
resemble lichen planus or erythema multiforme. (These 
patients may also develop lung involvement characterized 
by bronchiolitis obliterans [77]). Antibiotics are impli-
cated in the pathogenesis of pemphigus vulgaris, includ-
ing ampicillin, penicillin, cefadroxil, and rifampicin [60, 
78]. In these cases, the eruption usually starts a few weeks 
after starting the medication. The diagnosis of pemphigus 
is made by performing a skin biopsy, which demonstrates 
an intraepidermal vesicle with acantholysis  (separation 
between epidermal cells). Direct immunofluorescence of 
peri-lesional skin demonstrates IgG and/or C3 binding to 
the intercellular cement or keratinocyte cell surface [79]. 
Dermatitis herpetiformis, a cutaneous manifestation of 

Fig. 23.32 Porphyria cutanea tarda. Vesicles and bullae on light- 
exposed cutaneous surfaces, especially the dorsal aspects of the 
hands

Fig. 23.33 Pemphigus vulgaris. Painful scalp erosions with underly-
ing erythema
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gluten- sensitive enteropathy, is characterized by pruritic, 
tiny vesicles easily reminiscent of scabies or herpes infec-
tions. These are most commonly found on the elbows, 
back buttocks, and knees (Fig. 23.34). The biopsy shows 
neutrophils in the dermal papillae and granular deposits 
of IgA.  The eruption may be worsened by ingestion or 
application of iodide [80].

 Bullous Insect Bite Reaction

 Differential Diagnosis: Ecthyma, Viral Infection, 
and Cellulitis
Insect bite reactions may produce varying degrees of ery-
thema and are less commonly vesicles, bullae, and necrosis. 
Exaggerated bite reactions have been reported in the setting 
of chronic lymphocytic leukemia as well as other hemato-
proliferative disorders and human immunodeficiency virus 
infections [81, 82]. Many patients have no recollection of 
the bite.

 Section 6: Erythematous Lesions

Injury, infection, vascular reactivity, and inflammation may 
cause erythema of the skin. Most of the conditions discussed 
in this section produce blanchable erythema, that is, resolu-
tion of the erythema with pressure. So-called reactive ery-
thema is a cutaneous response to an underlying systemic 
process, which may be infectious, malignant, or drug related. 
The primary lesions are red plaques that may be annular, 
transient, or fixed.

 Urticaria

 Differential Diagnosis: Cellulitis and Superficial 
Fungal Infections
Urticaria, commonly referred to as hives or wheals, are well- 
demarcated, smooth, dermal plaques that may become con-
fluent and demonstrate a variable degree of pruritus. When 
associated with significant edema and warmth, they are mis-
taken for cellulitis (Fig. 23.35) and when annular in configu-
ration, for tinea corporis (Fig.  23.36). Because they result 
from transient dermal edema, they tend to change in size and 
shape and are rarely present in the same spot for more than 
48 h. When persistent, a biopsy may demonstrate urticarial 
vasculitis, characterized by small vessel destruction.

Angioedema presents with deep and painful swelling, 
without urticaria. Transplant patients may be at increased risk 

Fig. 23.34 Dermatitis herpetiformis. Grouped, symmetric, and pru-
ritic papules on the elbow

Fig. 23.35 Urticaria. Transient, well-circumscribed erythematous der-
mal plaques on the trunk

Fig. 23.36 Tinea corporis. An expanding, erythematous annular 
plaque
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of angiotensin-converting enzyme (ACE)-associated angio-
edema because of the effects of immunosuppressants on the 
activity of circulating dipeptidyl peptidase IV (DPPIV) [83].

 Erythema Multiforme (EM)/Stevens-Johnson 
Syndrome (SJS), and Toxic Epidermal 
Necrolysis (TEN)

 Differential Diagnosis: Disseminated Viral, 
Bacterial, or Fungal Infections
At the onset, erythema multiforme presents as erythematous 
macules and plaques on the extensor surfaces of the limbs and 
on the palms and soles. Other infectious etiologies for palm 
and sole lesions including rickettsia, spirochetes, or viruses 
should be considered. The classic target or iris lesion is char-
acterized by a dusky center, red border, and surrounding pallor 
(Fig. 23.37). If enough epidermal apoptosis is present, the cen-
ter may appear bullous, hemorrhagic, or necrotic, suggestive 
of ecthyma or embolic infection. SJS may be complicated by 
significant mucous membrane involvement of the lips, buc-
cal mucosa palate, conjunctivae, urethra, and vagina. TEN is a 
life-threatening condition characterized by detachment of the 
epidermis from the dermis (Fig. 23.38). The differential diag-
nosis includes staphylococcal scalded skin syndrome (SSSS). 
However, SSSS causes a more superficial subcorneal skin split 
that can readily be distinguished by skin biopsy.

EM, SJS, and TEN are associated with many different 
etiologies. Infectious agents are important precipitating fac-
tors in children and young adults [84], whereas drug reac-
tions and malignancy are more important in adults [85, 86]. 
Herpes simplex, mycoplasma pneumonia, Coxasackie B-5, 
influenza type A, and echo viruses have all been implicated 
in pathogenesis [87].

 Gyrate Erythema

 Differential Diagnosis: Superficial Fungal, 
Bacterial, or Rickettsial Infections
A gyrate erythema is characterized by polycyclic erythema-
tous plaques. In the case of erythema annulare centrifugum, 
the lesions slowly expand, disappear over weeks, and are 
replaced by new annular lesions (Fig.  23.39). Some cases 
are associated with dermatophyte infections, but the lesions 
themselves do not contain fungus. This condition is rarely 
associated with internal malignancy, and the clinical pre-
sentation may mimic secondary syphilis, dermatophytosis, 
Hansen’s disease or erythema migrans, and the gyrate ery-
thema associated with Lyme disease.

Necrolytic migratory erythema, associated with glucagon- 
secreting tumors of the pancreas, is a gyrate erythema that 

Fig. 23.37 Erythema multiforme. Round lesions in which concentric 
rings with color variation are present

Fig. 23.38 Toxic epidermal necrolysis. Extensive erosions and slough-
ing of skin resembling wrinkled, wet tissue paper

Fig. 23.39 Gyrate erythema. Slowly expanding annular lesions and 
palpable scaly erythematous borders
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occurs in periorificial, flexural, and acral areas. The eruption 
may resemble chronic mucocutaneous candidiasis, severe sebor-
rheic dermatitis, or acrodermatitis enteropathica associated with 
zinc deficiency. It has also been associated with hepatitis C [88].

 Granuloma Annulare

 Differential Diagnosis: Superficial Fungal 
Infection
This granulomatous process presents with annular and ser-
piginous plaques with no significant scale (Fig.  23.40). In 
some studies, GA has been associated with diabetes mellitus 
[89], but many cases are idiopathic. The lesions may be con-
fused with a superficial fungal infection.

 Section 7: Ulcerative Lesions and Skin 
Tumors

 Differential Diagnosis: Bacterial, Fungal, 
Mycobacterial, or Parasitic Infections

Organ transplantation markedly increases the risk of develop-
ing non-melanoma skin cancers, the most common of which 
are squamous cell carcinoma followed by basal cell carci-
noma [90] (Fig. 23.41). Compared to the biologic behavior 
in non-immunosuppressed individuals, the squamous cell 
carcinomas tend to be more aggressive, with a higher risk of 
invasion of surrounding structures as well as metastasis [91, 
92]. Kaposi’s sarcoma and Merkel cell carcinomas occur with 
increased frequency [90]. In organ transplant patients with 
chronic ulcerations, it may be prudent to biopsy for bacterial, 
fungal, and acid-fast culture as well as for histopathology.

 Section 8: Hair and Scalp Lesions

Transplant patients may present with inflammatory lesions 
of the scalp and alopecia as a result of bacterial and fun-
gal infections. This section will review some of the non- 
infectious etiologies of hair and scalp lesions.

 Tumors

 Differential Diagnosis: Bacterial and Deep Fungal 
Infections
The incidence of squamous cell and basal cell carcinomas 
of the skin increase with the duration of immunosuppres-
sive therapy in transplant recipients and affect at least 50% 
of Caucasian transplant patients [93]. Approximately 80% 
of tumors develop on the head [94] with associated ulcer-
ation, crusting, and erosions. Early on, these crusted lesions 
may be mistaken for bacterial or fungal infections, delaying 
the diagnosis. Some of these tumors resemble warts and, in 
fact, human papillomaviruses may be cocarcinogenic [95]. 
Patients post-organ transplantation may also be at a higher 
risk for melanoma [96], Kaposi’s sarcoma [97], and Merkel 
cell carcinoma [98].

 Plaques and Pustules

 Differential Diagnosis: Bacterial and Fungal 
Infections
While erythematous plaques and pustules on the scalp may 
be caused by dermatophyte and bacterial infections, this is 
also a common presentation of scalp psoriasis. The charac-
teristic well-demarcated, scaly plaques may be studded with 

Fig. 23.40 Granuloma annulare. Annular, dusky-red, nonscaly plaques 
on the trunk

Fig. 23.41 Squamous cell carcinoma. Large, sun-induced, keratotic, 
non-ulcerated nodule on the arm
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sterile pustules; the latter may be precipitated by systemic 
corticosteroid withdrawal or taper. Dissecting cellulitis of 
the scalp, also called perifolliculitis capitis abscedens et suf-
fodiens, produces boggy and fluctuant scalp nodules with 
interconnecting sinus tracts and sterile, purulent discharge 
(Fig. 23.42). This disorder often responds better to retinoids 
than antibiotics [99]. Other common causes of sterile pus-
tules and inflammation on the scalp include acne keloidalis 
or inflamed cysts.
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 Introduction

Gram-positive bacterial (GPB) infections are an important 
cause of serious illness in patients undergoing transplanta-
tion [1]. In recipients of hematopoietic stem cell transplanta-
tion (HSCT), GPB are by far the most common bacterial 
pathogens isolated. A relative  decline in infections due to 
Gram-negative bacteria (GNB) has been attributed to a vari-
ety of factors: (1) frequently used antimicrobial prophylaxis 
with an emphasis on prevention of systemic infections result-
ing from these microorgansisms; (2) a rise in drug- 
resistance  among disease-casuing  GPB due to extensive 
exposure to healthcare environment and frequent use of 
broad-spectrum antibiotics that are often given as preventive 
or empiric therapy; (3) the necessity for maintenance of vas-
cular access results in retention of intravascular devices for 
extended duration; (4) orointestinal mucositis associated 
with conventional preparatory regimens in patients undergo-
ing allogeneic stem cell transplantation; (5) the presence of 
severe pre-engraftment neutropenia that may result in pro-
tracted courses of recovery in certain high-risk trans-
plant  groups, such as adults following  conventional cord 
blood stem cell transplantation; (6) the emergence and wide-
spread distribution of community-acquired methicillin- 
resistant Staphylococcus aureus (CA-MRSA) colonization 
and subsequent  risk for  invasive disease; (7) acute and 
chronic graft-versus-host disease (GVHD) involving the skin 
and orointestinal tract; and (8) hyposplenism noted in 

patients with chronic GVHD, which promotes the likelihood 
for serious, invasive pneumococcal disease and infections 
due to other encapsulated microorganisms [2–4].

Infection prevalance varies among patients undergo-
ing solid organ transplantation (SOT), in most part the risk is 
a reflection upon the transplanted organ allograft and surgi-
cal procedure(s) involved. Deceased donor allograft-derived 
and organ perfusion fluid (PF)-associated GPB infections are 
a potential source for such infections. The risk of invasive 
bacterial infections reflects  a proclivity for GPB in this 
group, and mostly  related to surgical procedures that are 
often  long and difficult.  Prolonged tissue hypoperfusion, 
posttransplant allograft ischemia, and retransplantation pro-
cedures further increases the risk for bacterial infections. 
Furthermore, surgical drain(s) that are left in place for a long 
duration; external biliary tract drains like percutaneous tran-
shepatic biliary catheter; percutaneous nephrostomy cathe-
ter, chest tube, and thoracic drains to name a few, promote 
risk for hospital-acquired bacterial infections; among such 
infections,  GPB are common pathogens encountered. 
Postsurgical wound infections including wound dehiscence 
or other early complications following transplant surgery 
such as the development of primary or secondary hematoma 
or persistent seroma in the deep surgical bed may provide a 
nidus for bacterial infection; GPB are also prominent in such 
post -surgical complications. It is important to note that colo-
nization with MRSA and vancomycin-resistant enterococci 
(VRE) poses a substantial burden due to a more notice-
able  risk for subsequent invasive bacterial disease and the 
risk for potential allograft compromise [5, 6].

Presence of extended-use intravascular access devices 
that are crucial  in patients undergoing transplantation  for 
supportive care that includes and not limited to fluid, electro-
lyte and mineral supplimentation,  hyperalimentation, renal 
replacement therapy, plasma exchanges, blood and blood 
product transfusions, and administration of antibiotics 
among other medications needed to be given parenterally. 
These intravascular acess devices serve as a direct conduit 
between skin and blood vessels thereby promoting the risk 
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for bloodstream infections (BSIs). Skin commensals such as 
coagulase-negative staphylococci (CoNS) and 
Corynebacterium jeikeium are a well-recognized cause of 
catheter-related bloodstream infection (CR-BSI). Similar to 
HSCT recipients, patients undergoing SOT are also suscep-
tible to serious invasive disease due to CA-MRSA. Allograft 
rejection and need for intensified drug-induced immune sup-
pression further promote the risk for invasive disease due to 
conventional and opportunistic bacterial pathogens. In this 
regard, Staphylococcus aureus, viridans streptococci, and 
Enterococcus spp. are important pathogens [7–10].

Genetic susceptibility for GPB infections may be further 
accentuated in patients undergoing allograft transplantation. 
Minor genetic alternations such as single-nucleotide poly-
morphisms (SNPs) in the essential components of innate 
immune signaling pathways may become unmasked follow-
ing trnspantation procedure and are thought to increase 
hosts’  susceptibility for infections. Toll-like receptor 2 
(TLR2) is an immune sensor for the components of GPB cell 
wall. Genetic alterations in the TLR2 gene may render this 
important pattern recognition receptor with impaired func-
tion, thereby enhanced susceptibility for GPB infections in 
such individuals. In a cohort of 694 liver transplant recipi-
ents, it was interesting to note that patients with TLR2 
R753Q SNP (an amino acid substitution of arginine for glu-
tamine at position 753) had similar frequency of GPB infec-
tions compared with those individuals without this TLR2 
SNP. However, the presence of TLR2 R753Q SNP was iden-
tified in patients with higher rates of infection recurrence 
(28% vs. 12%, P = 0.07) and initial infection presentation 
with septic shock was significatly higher in subjects with this 
TLR2 mutation (11% vs. 1%, P = 0.04) versus those without. 
Important to note that presence of TLR2 R753Q SNP did not 
result in higher infection-related deaths among liver trans-
plant recipients in this report [11].

Further studies are underway to assess clinical relevance 
for this and other genetic minor aberrations that may unmask 
minor immune dysfunction against commonly encountered 
pathogens, especially in individuals  following  allograft 
transplantation. 

 Staphylococcus Species

Staphylococci are the predominant GPB with the ability to 
cause serious illness in patients undergoing transplantation 
[12, 13]. Staphylococci can be divided into two main classes 
based on their ability to coagulate rabbit plasma. Staphylococcus 
aureus being coagulase positive and all other Staphylococcus 
species are referred to as coagulase-negative staphylococci 
(CoNS). Infections due to S. aureus may present as simple cel-
lulitis or bacteremia versus a  disseminated disease that fea-
tures involvement of various organ systems. Patients with 

disseminated S. aureus infection usually present as life- 
threatening illness with sepsis or severe sepsis and even in 
non-transplant immunocompetent patients such infections 
may progress, in short order, to cause multiorgan dysfunction, 
disseminated intravascular coagulation, hemodynamic col-
lapse and death. Probablity of severe illness is emphasized in 
transplant recipients with compromised immune defenses and 
compounded by dysregulation of hosts’ immune-inflamma-
tory response. The potential to cause pneumonia, endovascular 
and prosthetic device infections is an important ability of 
S. aureus and to a lesser extent by species belonging to the 
CoNS group. In general, infections due to CoNS are less 
severe, which is a reflection of low inherent virulence of these 
bacteria to cause disease in humans [14, 15].

 Staphylococcus aureus

 Epidemiology and Pathogenesis
S. aureus is a common commensal that can be isolated from 
10% to 40% of individuals residing in various communi-
ties  [16]. S. aureus has been well-established as a leading 
cause of both community-onset and nosocomial infections. 
Prior to the year 2000, a vast majority of MRSA infections 
were related directly, or indirectly, to the exposure to health-
care environment. S. aureus infections acquired in the com-
munity, almost exclusively were  methicillin-susceptible 
strains of S. aureus (MSSA) [17]. The emergence and global 
spread of CA-MRSA have resulted in an increased preva-
lence of these pathogens among the general population and 
those undergoing transplantation procedures. MRSA coloni-
zation has been regarded as an important risk factor among 
HSCT recipients, and a precursor for subsequent inva-
sive staphylococcal disease [18]. The risk for such infections 
now extends beyond healthcare exposure and must be enter-
tained when assessing the possibility of illness due to staph-
ylococci  in the transplant population [19].

Most invasive S. aureus diseases in transplant recipi-
ents  occur when mechanical defenses are breached, for 
example, due to break in the skin barrier resulting from cath-
eter placement or bypassing upper airway defenses follow-
ing  insertion of an endotracheal tube [20]. The main  risk 
factors include severe neutropenia, GVHD, allograft rejec-
tion, solid allograft  retransplantation, treatment with sys-
temic corticosteroids, and complicated allograft transplant 
surgery. Staphylococcus aureus infections are also encoun-
tered in a high frequency among patients requiring prolonged 
intensive care unit stay, mechanical assisted ventilatory sup-
port, renal replacement therapy, and those with severe pre-
engraftment neutropenia. Diabetic patients with 
persistent  hyperglycemia-induced neutrophil and macro-
phage dysfunction are also at risk for potentially severe 
staphylococcal disease [21, 22].
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 HSCT Recipients
A recent study from Europe in 15,181 neutropenic HSCT 
patients assessed 2,388 episodes of BSI.  The annual inci-
dence of BSI in this population was 16%; 62% had under-
gone allogeneic and 38% autologous stem cell graft 
transplants [23]. The authors noted an increase in enterococ-
cal BSI from 2% in 2002 to 3% in 2014 (P < 0.001). Whereas 
the incidence of bacteremia due to CoNS declined from 8% 
to 5% (P < 0.001), in autologous stem cell recipients, this 
decline was even more pronounced, from 8% to 2% between 
2002 and 2011, respectively (P  =  0.02). No significant 
change in the trend for MRSA or vancomycin- resistant 
Enterococcus (VRE) bacteremia  was evident during the 
study years. The case fatality rate among 2,388 bactere-
mia  episodes was 3% and remained unchanged over the 
course of the study [23].

Myeloablative preparative conditioning regimen  pro-
motes the risk for bacterial infections. In a recent study of 
460 patients, the risk of  BSI was assessed during the first 
year after transplantation between 2008 and 2013. Thirty-
four percent of patients who received myeloablative condi-
tioning developed BSI, whereas, in patents,  in 
whom nonmyeloablative stem cell transplantations were per-
formed, BSIs were 17%. Sixty-eight percent of bacteremia 
episodes were due to GPB [24].

At a comprehensive cancer center in New York, the fre-
quency of late HSCT S. aureus bacteremia was reported as 6 
episodes per 100,000 patient-days. The median time of onset 
after transplantation was 137 days, and ranged between 55 
and 581  days. Majority of these infections  (84%), as 
expected, were acquired in the community [25]. Risk factors 
included ongoing acute GVHD, acute or chronic GVHD 
involving the skin (P = 0.002), use of systemic corticoste-
roids, liver dysfunction, and prolonged transplantation-
related  hospitalization (P  =  0.02). S. aureus bacteremia  in 
HSCT recipients at this large stem cell transplant center for 
the most part, occurred in patients with GVHD and/or those 
receiving systemic corticosteroids [25].

 Solid Organ Transplant Recipients
Solid organ transplantation is a high-risk setting for MRSA 
and VRE colonization, and the carrier state is associated with 
a heightened risk for subsequent invasive bacterial disease. In 
a recent meta-analysis of 23 studies, including 17 with refer-
ence to liver transplants, the prevalence estimates for MRSA 
and VRE colonization  prior to transplantation surgery  were 
8.5% and 12%, respectively. After transplantation, the preva-
lence estimates for MRSA were 9% and 16% for VRE. MRSA 
colonization significantly increased the risk for invasive bacte-
rial disease both before  and after transplantation  (risk ratio 
[RR] 5.5 and RR 10.5, respectively). Similarly, VRE coloniza-
tion was also associated with a significantly higher risk for 
subsequent invasive disease (RR 6.6 during pre-transplant and 

RR 7.9 after transplantation) [6]. In a small study of patients 
undergoing small bowel and multivisceral transplantation at 
the University of Nebraska, nearly one-third (36%) of S. aureus 
isolates associated with systemic infection were strains exhib-
iting resistance to several classes of antimicrobials  [26].

Bacterial  contamination of solid allograft perfusion 
fluid has been regarded  as a potential source for organ graft 
contamination, which may result in early postsurgical allograft 
infection that carries a  greater  risk for systemic dissemina-
tion and sepsis during this period of high immune vulnerabil-
ity. Microbiological data of 290 PF infections from a single 
center showed 35% PF had positive cultures for microorgan-
sims, and of these, half (50%) were Staphylococcus species. 
However, it was important to note that invasive bacterial dis-
ease seldom resulted following PF contamination graft trans-
plantation compared with patients in whom  allografts were 
transported in PF with no evidence of contamination [27].

Donor-derived infection is an important concern  in har-
vesting organs from donors with a recent history of, or ongo-
ing high-grade S. aureus bacteremia, with or without evidence 
of endovascular infection. Transmission of such infections 
are well-established by sophisticated epidemiologic analysis 
and provides a pause for concern in assessing risk of expo-
sure to potentially life-threatening S. aureus disease [28]. It 
is important to note that despite appropriate systemic antibi-
otics given after  such  allograft transplantation,  patients 
remain at risk for these infections during or after the antibi-
otic prophylaxis has ended [29].

In living donor liver transplantation, the prominent risk 
factors for early bacterial infections were a high serum cre-
atinine level (odds ratio [OR] 1.5), a long anhepatic arterial 
perfusion phase (OR 1), a reoperation (OR 6.4), young age 
(OR 1), and recipient who had no history of hepatocellular 
carcinoma (OR 2) [30].

In patients with cystic fibrosis (CF) undergoing lung trans-
plantation, higher risk of infection is seen in a disease caused 
by mutations involving endosomal cystic fibrosis transmem-
brane conductance regulator (Cftr), pulmonary S. aureus col-
onization that occurs early in the course of illness and often, 
prior to colonization with pathogens such as Pseudomonas 
aeruginosa. These patients continue to remain susceptible to 
S.  aureus infections as a result of intracellular survival of 
S. aureus in macrophages. In animal experiments, S. aureus 
after being internalized by Cftr-deficient macrophages are not 
killed due to a defect in the fusion of endosomal phagosomes 
with lysosomes [31]. This defect may persist in CF patients 
following pulmonary allograft transplant surgery.

A 5-year retrospective study from the University of 
Pittsburgh evaluated S. aureus infections within the first 
90 days after lung transplantation [32]. In 596 patients follow-
ing lung transplantation, 18% developed S. aureus infection, of 
these 38% were MRSA. The study observed an incremental 
increase in MRSA prevalence over the duration of the study. 
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Isolation of MRSA from the nares (P < 0.0001) or from respi-
ratory tract samples (P = 0.02) at the time of transplantation 
was noted to significantly increase the risk for invasive MRSA 
disease within 3 months after transplantation [32].

Clinical experience  at the University of Pittsburgh 
endorsed that S. aureus screening and decolonization for 
patients undergoing heart and heart-lung transplantation was 
fiscally beneficial, and averted 6.7 S. aureus infections (4.3 
MRSA and 2.4 MSSA) leading to a cost saving of $240,602. 
The authors found that  89 patients were needed to be 
screened to prevent one S. aureus infection in this at  risk 
organ transplant group [33].

The cross talk between bacterial communities and innate 
immune cells potentially determines the functional integrity 
of the transplanted lung allograft. In lung transplant recipi-
ents, long-term graft survival depends upon the balance 
between inflammation and tissue remodeling. Host-microbe 
interactions after lung transplant  determines the immuno-
logic tone of the airways and, consequently, may possibly, 
impact survival of the pulmonary allograft. In a French and 
Swiss study, the characteristics of the pulmonary microbiota 
aligned with distinct innate cell gene expression profiles pro-
vided evidence that bacterial dysbiosis could lead to proin-
flammatory or remodeling profiles in macrophages, whereas 
a congruous microbial community maintained homeostasis. 
Such an impact was associated with equitable distribution of 
bacterial communities with proinflammatory properties such 
as Staphylococcus spp. and Pseudomonas spp. versus bacte-
ria like Prevotella and Streptococcus spp. with low immune-
inflammation potential [34]. Further research is underway to 
assess the impact of host lung and respiratory tract microbi-
ota and its impact on allograft survival.

 Clinical Manifestations
S. aureus infections commonly involve the skin and skin 
structures, and clinical presentations include cellulitis and 
abscesses; systemic infections and end-organ disease are 
seen in both immunocompetent and immunocompromised 
patients [35, 36]. S. aureus is a leading cause of catheter-
related bacteremia, prosthetic joint infections, and infections 
following a surgical procedure [15]. Suppurative complica-
tions such as infective endocarditis, pneumonia with concur-
rent bacteremia, osteomyelitis, spinal diskitis, native and 
prosthetic joint infections, and septic pulmonary emboli 
from subcutaneous abscesses may occur due to secondary 
bacterial seeding in patients with high-grade, persistent  
S. aureus bacteremia [37].

Bacteremia is a serious complication in patients undergo-
ing HSCT.  A recent 6-year single-center experience in 
patients with bacteremia following stem cell allograft trans-
plantation, the 2-year overall survival was 46% compared 
with 60% survival noted among patients without BSI (HR 
1.5; P = 0.07). P. aeruginosa and E. coli bacteremia were 

associated  with highest mortality rates of 50% and 33%, 
respectively [38].

Late S. aureus BSIs occurred in HSCT recipients, and 
40% involved a focal site of infection. Persistent bacteremia 
for more than 3  days despite removal of endovascular 
access was noted in more than 50% of cases. The median 
survival rate after S. aureus bacteremia was 135  days and 
ranged between 1 and 1,765 days [25].

In a kidney transplant unit in London, England, between 
2012 and 2013, graft pyelonephritis was noted as a promi-
nent cause of bacteremia (69%). Methicillin-sensitive 
Staphylococcus aureus was the most common pathogen iso-
lated  (26%),  followed by, and expectedly, Escherichia coli 
(25%) [39].

Necrotizing pneumonia due to S. aureus in transplant 
patients usually occurs in critically ill patients with respira-
tory failure requiring prolonged assisted mechanical ventila-
tion; as in general population, superimposed bacterial 
pneumonia may complicate the course during or after a viral 
upper respiratory tract infections due to influenza and other 
respiratory tract viruses [40].

The rise of CA-MRSA has been especially concerning 
given that CA-MRSA isolates can cause devastating disease 
including  necrotizing fasciitis and necrotizing pneumonia 
even in otherwise healthy individuals; the potential for such 
complictions become more pronounced in the immunosup-
pressed patients undergoing transplantation [41, 42]. It is not 
uncommon to find S. aureus in patients with pyomyositis, 
septic arthritis, and septic bursitis, which may have occurred 
due to contiguous infection or from hematogenous bacte-
rial seeding [43, 44].

Nosocomial pneumonia after lung and heart-lung trans-
plantation was assessed between 2008 and 2010 at a surgi-
cal unit in France [45]. The authors reported their 
prospective evaluation of 79 lung or heart- lung transplant 
recipients, 35 (44%) of whom developed 64 episodes of 
nosocomial pneumonia. Pneumonia recurrence was seen in 
40% of the cases; severities of illness and lung injury were 
the two main contributors for infection recurrence. 
Staphylococcus aureus accounted for 20% of these epi-
sodes, whereas Enterobacteriaceae (30%) and Pseudomonas 
aeruginosa (25%) were also common. It was interesting to 
note that ICU mortality did not greatly differ  in patients 
with nosocomial pneumonia (14%), those with pneumonia 
recurrence (10%), and patients without pneumonia (11%; 
P = 0.9). It was however, unexpected  that  diagnosis of 
pneumonia had no impact on ICU mortality, especially in 
this high risk transplant group [45].

In 596 patients following lung transplantation at the 
University of Pittsburgh, S. aureus pneumonia (48%) was the 
most common presentation in 109 lung transplant recipients 
with S. aureus infection. Tracheobronchitis (26%), bactere-
mia (12%), intrathoracic infections (7%), and skin/soft tissue 
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infections (7%) were also noted. Risk factors included 
mechanical ventilation for >5 days and isolation of S. aureus 
from recipients’ sterility surveillance cultures. Patients with 
these infections had prolonged hospitalization and intensive 
care unit stays (P  <  0.0001). Further,  in patients with 
S.  aureus infections that occurred after undergoing lung 
transplantation; acute and chronic allograft rejection at 1 and 
3 years (P = 0.04 and P = 0.002, respectively) and mortality 
at 1 and 3 years (P = 0.05 and P = 0.009, respectively) were 
significantly higher than in other patients in this series with-
out S. aureus infection. Mortality rates of 7% on day 30 and 
12% by day 90 after S. aureus infection  was a sobering 
reminder regarding the severity of this infection in the vul-
nerable population [32].

In a large study from the Cleveland Clinic in Ohio 2,959 
patients with S. aureus bacteremia were evaluated; 70 had 
undergone solid organ transplantation including 26 lung, 19 
liver, 18 kidney, and 7 patients following heart allograft trans-
plantation. The overall rate of S. aureus BSI was 22.9 per 
1000 transplant patients. Early-onset bacteremia within 
90 days after the transplant procedure was common in liver 
allograft recipients (79%) vs. 17% in patients having under-
gone renal allograft transplants. As expected, the duration of 
bacteremia was longer in SOT patients vs. non-solid organ 
transplant population (mean 3.8 days vs. 1.6 days; P < 0.01), 
and SOT recipients had significantly higher frequency of 
MRSA infection (86% vs. 52% in non-SOT population; 
P < 0.0001). The all-cause 30-day and 1-year mortality rates 
were 6% and 28% in patients following SOT, respectively. 
Pneumonia as a source of bacteremia was associated with a 
higher 30-day mortality (18% vs. 2% nonpulmonary source; 
P = 0.04). It was interesting to note that SOT status was inde-
pendently associated with a lower risk of 30-day mortality 
(risk ratio [RR]: 0.37; P = 0.02) and may represent high vigi-
lance and prompt institution of empiric antimicrobial therapy 
in this group [46].

At the University of Nebraska, the first S. aureus infec-
tion in a liver allograft recipient developed at a median of 
29 days after undergoing transplantation. Just over half of 
these infections occurred during the first month after the 
liver transplant surgery [47]. As expected, 88% were hospi-
tal-acquired infections, 41% were polymicrobial, and nearly 
half (47%) were due to MRSA.  Liver transplant patients 
with S. aureus infection were intubated more frequently 
(odds ratio [OR] 26.9; P = 0.0006), had an indwelling intra-
vascular catheter (OR 11.6; P = 0.02), and underwent recent 
surgery (OR 26.9; P  =  0.0006). Multivariate analysis 
revealed a 26.9 times higher risk of developing S. aureus 
infection in patients in whom surgery was performed within 
2 weeks prior to infection diagnosis (P = 0.0006). Recent 
surgical procedure was the only significant independent risk 
factor for S. aureus infections after liver transplantation in 
this analysis [47].

Staphylococcus aureus infections in small bowel and 
multivisceral transplantation were assessed retrospectively 
in 22 cases at the University of Nebraska. The median age 
was 2 years; 43% of the first infection episodes were bacte-
remia, followed by pneumonia (30%), and surgical site 
infections (26%). As expected, the time to surgical site infec-
tions (41.0; range, 0–89 days) was significantly shorter than 
that to lung infections (266; range, 130–378 days; P = 0.01). 
When compared with other small bowel and visceral trans-
plant recipients without S. aureus infection, the 22 cases 
studied had higher likelihood of CMV seromismatch (OR 
3.0; P = 0.08); it was interesting to note that patients with 
CMV seromismatch had higher probability for developing 
S. aureus infection (OR, 2.9; P  =  0.085). Patients in this 
transplant population with S. aureus infection were 2.2 times 
more likely to die (P = 0.04) and had a significantly shorter 
survival (28.5  months) compared with patients without 
S. aureus infection (45.8 months; P = 0.04) [26].

 Diagnosis
These bacteria are hardy, grow well in enriched laboratory 
media, and are relatively easy to identify. The presence of 
S. aureus in specimens from sterile body sites in most instances 
represents microbiologic evidence of an infection. S. aureus 
contamination of blood cultures has been suggested [48]; in 
authors’ view, this phenomenon occurs rarely and must not be 
entertained, especially in transplant population. 

S. aureus has propensity to colonize various body sites, 
such as the oral and nasal cavities, upper respiratory tract, 
skin, and lower intestinal and genitourinary tracts. Therefore, 
isolation of S. aureus from endotracheal aspirate or urine 
sample obtained from an indwelling  urinary  catheter and 
even bronchial wash samples must be assessed in context 
of clinical presentation, pathogen-disease compatibility, and 
importantly, hosts’ susceptibility along with pretest proba-
bility for  such infections. However, these factors assist 
mainly in decision-making for individuals with intact 
immune function and may not necessarily enable determina-
tion regarding bacterial colonization versus locally invasive 
disease  in severely immunosuppressed patients undergoing 
allograft transplantation.

Serologic or antigen assays have not proven to be clini-
cally helpful in the diagnosis of S. aureus infection. The new 
diagnostic assessment including PCR for prompt determina-
tion of MRSA represents encouraging development [49]. A 
detailed review of the advancements in infection diagnosis is 
presented in the “Diagnoses and Prevention” section. 

 Treatment
Therapy for systemic S. aureus disease constitutes a compre-
hensive approach toward the patient, which involves (1) low-
ering the level of immune suppression; (2) identifying and 
addressing the source and/or primary focus of infection such 
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as (2a) removal of the infected or potentially infected foreign 
device, when feasible; (2b) surgical drainage of infected col-
lections and debridement of necrotic tissue; and (3) selection 
of appropriate empiric antibiotic while awaiting culture and 
drug susceptibility results [50]. The importance of drainage 
of deep tissue infected collections and surgical removal of 
devitalized tissue cannot be overemphasized, as in many 
patients with localized infection, removal of the nidus and 
primary focus of infection alone may be curative and often 
supplemented with an abbreviated course of systemic antibi-
otic therapy [51]. In concert, if an infected foreign material, 
such as an indwelling intravascular catheter or an infected 
prosthetic joint, remains in place, then therapeutic success of 
antibiotic therapy alone tends to be suboptimal [52, 53].

Antibiotic treatment of S. aureus infection is complicated by 
emergence and speard of bacterial starins with extensive anti-
microbial drug  resistance. When the organism is sensitive, 
β-lactam antibiotics are the drugs of choice for S. aureus infec-
tions including nafcillin and oxacillin [54, 55]. Vancomycin is 
considered by most as optimal treatment for invasive MRSA 
infections, although increasing frequency of vancomycin treat-
ment failures, especially in oncology and transplant population, 
have questioned this approach [56]. Treatment of MRSA bacte-
remia with vancomycin given as a single agent has been associ-
ated with a high  rate of treatment  failure evident as lack of 
clinical response and complete recovery, or early infection 
relapse, which may be observed in 15%–20% of the episodes; 
although overt vancomycin resistance by in  vitro drug test-
ing still remains an elusive phenomenon [57]. Failure to vanco-
mycin therapy has motivated a search for alternative treatment 
options including newer drugs such as linezolid, tedizolid, tige-
cycline, ceftaroline, and daptomycin, to name a few.

Each of these agents, similar to vancomycin, has signifi-
cant limitations. Proven treatment efficacy and superiority to 
vancomycin as a first-line agent for the treatment of systemic 
MRSA infections such as bacteremia, pneumonia, compli-
cated intra-abdominal infections, and bone and joint infec-
tions need further clinical validation. It is imperative to take 
into account the potential for adverse events and systemic 
toxicity associated with vancomycin and these newer antibi-
otics including the following consideration:  a)  hosts’ vari-
ables which may at times, influence  drug clearance  in 
patients undergoing transplantation;  b)  drug-drug interac-
tions, with particular  emphasis on pharmacokinetics and 
pharmacodynamics  of drugs commonly  use to treat 
allograft rejection GVHD; c) inherent or postexposure devel-
opment of drug resistance, or selection of less drug suscep-
tible  bacterial strains,  especially in at risk  transplant 
population, in whom extensive prior exposure to the health-
care environment and the need for periodically given sys-
temic broadspectrum  antibiotics  for recurrent or suspected 
infections are routinely priscribed both prior to, and follow-
ing the transplantation procedure [58–69].

Selection of effective empiric antibiotic therapy for the 
treatment of glycopeptide-nonsusceptible staphylococci is 
difficult, as true resistance is rare and isolates exhibiting het-
erogeneous resistance or vancomycin tolerance may not 
become evident even after the drug susceptibility profiles are 
known. In patients undergoing SOT, use of vancomycin has 
been associated with low therapeutic efficacy and high rates 
of drug-induced renal impairment, which in part is a reflec-
tion of the cumulative nephrotoxicity resulting from standard 
practice  antirejection drug regimens  including calcineurin 
inhibitors given for prolong duration after the allograft trans-
plant surgery.

A study from Spain during 2008 and 2010 enrolled 43 
patients mostly after liver and kidney transplantation 
who received daptomycin for the treatment of GPB infec-
tions including CoNS catheter-related bacteremia (23.2%), 
S. aureus skin and skin structure infections (11.5%), and 
intra-abdominal abscess due to Enterococcus faecium 
(20.9%). The daily daptomycin dose was 6 mg/kg in 74% of 
the patients. On day 7 of daptomycin treatment, median 
estimated area under the curve was 1251  μg/mL/h. No 
changes were observed in tacrolimus serum  levels. 
Daptomycin was not discontinued in any of these patients 
due to adverse events. Eighty-six percent clinical success 
with daptomycin therapy was noted in this small group of 
transplant recipients [63].

The potential role of antibiotics in modulating virulence 
among S. aureus is an intriguing phenomenon and needs 
further exploration, especially for the treatment of difficult-
to-treat infections. The effects of antibacterial agents on 
pathogens’ expression of virulence and on hosts’ immune 
response are currently being explored. A recent review of 
the literature evaluated relevant articles that explored the 
effects of antibiotics on staphylococcal toxin production 
and the impact of these ancillary mechanisms on hosts’ 
immune function. Most in vitro data pointed to a reduced 
level of expression of bacterial virulence following treat-
ment with ribosomally active antibiotics such as linezolid 
and clindamycin, whereas cell wall-active antibiotics like 
beta-lactams were associated with amplified bacterial exo-
toxin production/release. In vivo studies confirmed the sup-
pressive effect mediated by clindamycin and linezolid on 
the expression of bacterial virulence, supporting their utili-
zation as a valuable management strategy to improve 
patient outcomes in cases of toxin-mediated staphylococcal 
disease [70].

The duration of therapy for S. aureus infection is highly 
individualized. A minimum of 2 weeks is recommended for 
patients with uncomplicated catheter-related bacteremia 
[71]. A longer course of antibiotic treatment is generally 
given ranging from 4 to 8 weeks in patients with complicated 
infections such as infective endocarditis, necrotizing pneu-
monia, empyema, septic arthritis, allograft pyelonephritis, 
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intra- abdominal deep tissue abscesses such as liver and 
splenic abscesses, and osteomyelitis. The antibiotics are usu-
ally given intravenous for more serious infections, whereas 
in select low-risk cases a transition to oral drugs that exhibit 
dependable enteral bioavailability may be considered as an 
option. Regardless of treatment duration, S. aureus systemic 
infection-related complications may arise during the course 
of therapy or long after the antibiotic therapy has ended. New 
suppurative foci may arise months after a successful resolu-
tion of acute S. aureus illness. Patients with serious S. aureus 
disease require a close and continued follow-up for the pos-
sibility of infection recurrence that may present as a suppura-
tive focus, and may occur remote from the original site of 
infection;  days to months after completing an appropri-
ate course of concordant antibiotic therapy.

 Coagulase-Negative Staphylococci

 Epidemiology
Coagulase-negative staphylococci (CoNS) are part of the 
normal hosts’ microflora; up to 90% of humans are colo-
nized with these low-virulence environmental organisms 
[57]. Skin, orointestinal, and genitourinary mucosa are 
prominent sites of bacterial colonization. Unlike general 
population, patients undergoing transplantation are vulner-
able to invasive disease due to CoNS. This is in most part 
attributed to breach in protective barriers resulting from (1) 
indwelling intravascular catheters; (2) surgical wounds; (3) 
various surgical drainage catheters including percutaneous 
nephrostomy tubes, external biliary tract  catheters, and 
thoracic cavity drains, among others; (4) implantable left 
ventricular assist device in patients with advanced  heart 
failure awaiting transplantation; (5) the presence of severe 
mucositis involving the orointestinal tract  resulting from 
allogeneic HSCT preparatory conditioning regimens or in 
patients with post-HSCT GVHD; and (6) recently recog-
nized periodontal disease as a risk factor for CoNS bacte-
remia in patients with pre-engraftment neutropenia 
following hematopoietic  stem cell graft transplantation 
[23, 72, 73].

When species studies are performed, S. epidermidis is 
generally the leading cause of invasive CoNS infections in 
the immunosuppressed population [74]. Staphylococcus lug-
dunensis is an emerging member of the CoNS group, which 
has increasingly been recognized as a cause of severe endo-
vascular infection.  Such infections are  clinically indistin-
guishable from that caused by Staphylococcus aureus. The 
potential for endocarditis due to this novel bacterial patho-
gen in transplant population needs further investigation. 
Staphylococcus lugdunensis has been associated with a vari-
ety of infections, especially osteoarticular infections, foreign 
body-associated infections, and bacteremia. Several putative 

virulence factors have been identified including adhesion 
factors, biofilm production, and proteolytic factors appears 
to proffer opportunistic potential of these newly recognized 
pathogens, which is in contrast to more insidious, less viru-
lent species of bacteria grouped among CoNS [75]. In a 
recent retrospective analysis between 2011 and 2014, in only 
45 of 2263 CoNS clinical isolates, S. lugdunensis was con-
firmed; skin and skin structure infections being the most 
common clinical presentation. It was interesting to note that 
patients with neutropenia did not appear to have a higher fre-
quency of S. lugdunensis infections compared with patients 
with normal peripheral blood neutrophil count [76].

 HSCT Recipients
Microbial contamination of hematopoietic stem cell graft 
derived from peripheral blood or bone marrow is uncom-
mon, albeit, when this does occur, it may potentially lead to 
devastating systemic graft-acquired infection, especially in 
patients during pre-engraftment neutropenia. A microbio-
logical  evaluation of 291 peripheral blood and 39 bone 
marrow stem cell samples was conducted at a center in 
Poland between January 2012 and June 2013; bacterial 
contamination was demonstrated in nearly 3% of stem cell 
products. CoNS and Micrococcus species were the most 
frequent organisms detected in their air microbial contami-
nation control environment. The risk for bacterial contami-
nation increased with each step of cell processing, 
suggesting that least possible manipulation of the stem cells 
would improve microbial sterility of the transplant mate-
rial. The authors also endorsed air contamination control 
environment as essential in the preparation of hematopoi-
etic stem cells in order to reduce the risk for potential bacte-
rial contamination [77].

 SOT Recipients
Bacterial contamination of solid organ allograft preservation 
solution is not uncommon; in some studies, up to 44% of 
graft preservation fluid may exhibit bacterial and fungal con-
tamination, or both; and as expected, CoNS is the most prev-
alent (64%) bacteria isolated in this setting [78]. It is 
important to recognize that only a small number of (~5%) 
infections after liver transplantation procedure were related 
to the organisms isolated in the preservation solution [78].

 Disease Pathogenesis
The major CoNS diseases in transplant patients include bac-
teremia associated with an indwelling intravascular device 
and surgical site infections. The pathogenesis of device-
related CoNS infection is thought to stem from bacterial capa-
bility to form biofilm on the foreign implanted material [79]. 
A recent study from Brazil showed that all CoNS strains iso-
lated from patients with bacteremia were biofilm forming 
phenotypes and exhibited a high prevalence of atlE, indicting 
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an enhanced potential for autolysin/adhesin [80]. The investi-
gators also showed that these blood-borne CoNS had an 
increased frequency of staphylococcal enterotoxin (SE) A 
gene and potential for exotoxin production. These heat-stable 
enterotoxins are a leading cause of gastroenteritis. In addi-
tion, SEs are powerful superantigens that stimulate nonspe-
cific T-cell proliferation and indiscriminate lymphocyte 
activation bypassing the normal, highly regulated antigen 
presentation process; the resultant unrestraint systemic 
inflammatory response and hosts’ organ damage is  often 
lethal [81]. However, most reports of severe septicemia in 
transplant patients associated with SE-producing staphylo-
coccus are attributed to S. aureus [82].

 Clinical Manifestations/Diagnosis
Fever without an apparent focus of infection is the most 
common clinical presentation in transplant patients with 
catheter-related CoNS infection including those with a posi-
tive blood culture [83]. In the transplant patients, clinical evi-
dence of catheter infection including insertion site 
inflammation, which is expected to present as pain, ery-
thema, induration, and purulent drainage or an abscess for-
mation along the catheter insertion site, subcutaneous 
reservoir pocket, or catheter tunnel is frequently absent. 
Diagnosis requires a high level of suspicion as patients may 
appear relatively asymptomatic withor without a nonspecific 
low-grade, persisent febrile illness [84]. Native valve infec-
tive endocarditis and hematogenous osteoarticular seeding 
has been noted in patients with CoNS catheter-related bacte-
remia, although  these complications are far less frequent 
than those observed with S. aureus or GNB indwelling intra-
vascular device infections with or without  concurrent 
bacteremia.

In patients with prosthetic valves, especially those with 
persistent, recurrent, or relapsing CoNS bacteremia, second-
ary seeding of the prosthetic heart valves should  be taken 
into consideration [85]. In patients with prosthetic valves, 
CoNS endocarditis similar to such infections caused by  
S. aureus may present with valve dysfunction and intracar-
diac abscesses, or both. In such cases, CoNS species evalua-
tion becomes important, with an emphasis for S. lugdunesis 
as a potential pathogen.

Clinical presentation for infections involving nonvascular 
or non-articular prosthetic devices may also be clinically 
subtle and often vary based on the type of device used, organ 
system involved, and the degree of hosts’ inflammatory 
immune response. Patients with CoNS cerebrospinal fluid 
shunt infection are sicker and have clinical features of bacte-
rial meningitis; subtle clinical presentation such as low-grade 
fever, alteration in mental status, and shunt malfunction 
should also alert the treating physician for possible shunt 
infection; and CoNS are not uncommon pathogens for such 
device-related infections [86, 87]. The presence of pleocyto-

sis in CSF has limited diagnostic value, as white cell counts 
in CSF may be either marginally increased or within the nor-
mal limits among patients with CoNS shunt infections. 
Patients with CoNS infection of prosthetic joints may not 
have significant clinical symptoms and rang from nominal 
joint discomfort rather than overt joint dysfunction, which is 
frequently seen in patients with S. aureus prosthetic joint 
septic arthritis. Such infections are less often accompanied 
with prominent, localized inflammatory response including 
joint effusion and adjacent tissue inflammation and 
swelling [88].

 Diagnosis
The diagnosis of CoNS infection relies on isolation of the 
organism from appropriately obtained clinical sample. As 
expected, false-positive cultures due to bacterial coloniza-
tion and contamination of the sterile- site samples such as 
blood cultures are not uncommon and leads to difficulty in 
interpretation and ascertaining true versus pseudobactere-
mia [89]. Reliability of blood cultures in reports of CoNS 
catheter-related bloodstream infections provides an outline 
for how to approach and determine clinical relevance of 
CoNS isolated in blood culture specimens [90]. In quantita-
tive cultures, catheter-drawn blood samples exhibit (four-
fold) higher number of bacterial colony-forming units 
compared with blood drawn from a peripheral site and 
hence regarded as an important diagnostic predictor for 
infected intrevascular catheter as the source of bacteremia 
[83]. Similarly, blood drawn through an infected  catheter 
tend to become positive early (~2 h), a reflection on high 
bacterial inoculum size compared with blood culture sam-
ples drawn from a peripheral blood vessel [83, 91]. Isolation 
of these bacteria from a single blood culture sample or low-
grade CoNS growth in quantitative blood  cultures often 
reflects a poor preparation of the blood culture site resulting 
in inadvertent sample  contamination.  The diagnosis of 
CoNS infection from sources other than the blood needs to 
be considered based on the clinical setting with an under-
standing that these bacteria are the most common cause of 
culture contamination, while inversely,  also a well-recog-
nized cause of prosthetic joints and other implantable device 
infections.

 Treatment
Removal of the infected device is regarded as the definite 
therapeutic intervention that is imperative for successful res-
olution of such infections  and importantly,  for  reduce risk 
of early and late infection recurrence. The presence of bacte-
ria-induced biofilm on the foreign surfaces and necrotic tis-
sues such as chronically infected bones provides a niche for 
the bacteria to evade hosts’ immune clearance, and com-
monly used antibiotic classes such as beta-lactams and gly-
copeptide have limited penetration and significantly 
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reduced antimicrobial activity against non-planktonic bacte-
rial isolates frequently found in the biofilms [92].

 Most  CoNS isolates from  healthcare-associated infec-
tions are resistant to β-lactam antibiotics [93]. Almost 
all  clinical CoNS  isolates  are susceptible to vancomycin, 
although in vitro drug  MICs have been increasing in the 
recent decades, and now a substantial number of clinical iso-
lates exhibit vancomycin MICs between 1 and 2 μg/ml [94]. 
As true Vancomycin resistance still remains highly unlikely; 
most vancomycin clinical failures may result due to hetero-
resistance, vancomycin tolerance, or  yet unknown other 
potential mechanism(s) at play [95].

Rifampin is active against the non-planktonic CoNS in 
the biofilms; for serious CoNS infections involving pros-
thetic heart valves and prosthetic joints that cannot be 
removed, salvage therapy with the addition of rifampin 
has been used, although prospective data for assessing 
efficacy for such intervention is not clear [96, 97]. CoNS 
are usually susceptible to new antimicrobials such as dap-
tomycin, linezolid, and tedizolid, including recent addi-
tion of long-acting lipoglycopeptides like oritavancin and 
dalbavancin. Daptomycin has the lowest MICs against 
clinically important bacterial species grouped under 
CoNS [98].

With the exceptions of prosthetic valve endocarditis, 
CNS shunt  and reservoir, ventricular assist device, and 
prosthetic joint infections, most CoNS infections respond 
readily to appropriate antimicrobial therapy. It is prudent 
and imperative that an infected device, when feasiable, 
must be removed; this recommendation is for mitigation of 
patient morbidity and cost of care incurred due to infection 
recurrence and relapse  [99, 100]. Guidelines suggest that 
7 days of appropriate concordant antibiotic therapy should 
be adequate for most uncomplicated CoNS catheter-related 
bacteremia in nonimmunocompromised patients. Longer 
treatment duration is suggested for patients with severe 
immune suppression and those with profound neutropenia; 
relapse rates of invasive  CoNS infections are generally 
lower than those noted with systemic  S. aureus 
disease [90].

 Streptococci

The streptococci are a heterogeneous group of Gram-positive 
disease-causing bacteria with a wide-ranging nomenclature 
that continues to change [101]. Here we use the clinical 
microbiology laboratory approach toward these pathogens 
and consider them as follows: viridans group streptococcus 
(VGS), β-hemolytic streptococcus, and Streptococcus pneu-
moniae. Streptococci not outlined  in these groups rarely 
cause invasive disease in the immunosuppressed patients 
undergoing transplantation procedure.

 Viridans Group Streptococci

 Epidemiology
Viridans group streptococci (VGS) are a diverse group of 
bacteria. They are often isolated from human orointestinal, 
upper respiratory, and female genital tracts [102]. Viridans, 
derived from viridis, refers to green color appearance in lab-
oratory blood-enriched culture media due to the breakdown 
of hemoglobin also known as α-hemolysis. Among 
α-hemolytic streptococci, the most important pathogen is 
Streptococcus pneumoniae; for most non-S. pneumoniae 
α-hemolytic streptococci, further species determination is 
performed on request at most microbiology laboratories. The 
major VGS responsible for invasive disease in patients 
undergoing transplantation and patients with severe neutro-
penia belong to the mitis group and include Streptococcus 
mitis, Streptococcus gordonii, Streptococcus oralis, 
Streptococcus sanguis, and Streptococcus parasanguis 
[103–105]. Infections due to Streptococcus anginosus group 
are also seen, albeit less frequently and include Streptococcus 
anginosus, Streptococcus constellatus, and Streptococcus 
intermedius.

VGS are considered to have low intrinsic virulence, and 
in patients with intact immune function, they are mainly 
associated with endocarditis [106]. Similar to CoNS, VGS 
are far more likely to cause disease in neutropenic patients 
with cancer undergoing HSCT. In a recent study among chil-
dren with cancer undergoing HSCT, diagnosis of leukemia 
and bacteremia due to S. mitis was common. It is important 
to note that 15% of these infection episodes were associated 
with Viridans Group Streptococcal Shock Syndrome, result-
ing in most patients (75%) requiring treatment in ICU, and 
half of the patients needing ICU care died with multiorgan 
failure [107].

VGS bacteremia occurs almost exclusively in patients 
receiving aggressive cytoreduction therapy for conditions 
such as acute leukemia and patients undergoing alloge-
neic HSCT preparatory conditioning regimen [108].

Treatment-induced mucosal dysruption of the orointesti-
nal tract has been regarded as a major risk factor for sys-
temic translocation of these low-virulence commensal 
bacteria, allowing them to gain access into the blood circu-
lation [109]. It is also important to recognize that VGS 
breakthrough bacteremia are  attributed to the widely 
priscribed  antimicrobials  for infection  prophylaxis with 
drugs that are known to have limited activity against these 
organisms such as trimethoprim-sulfamethoxazole and fluo-
rinated quinolones [110].

 Clinical Presentation/Diagnosis
Most patients with invasive VGS disease present with fever 
in the setting of mucositis and profound neutropenia [111]. 
Approximately 25% of patients may present with a fulminant 
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septic shock syndrome characterized by hypotension, 
skin rash, and adult respiratory distress syndrome; S. mitis is 
the VGS species most commonly isolated from such patients 
[103, 111, 112]. This dramatic clinical presentation may rep-
resent a combination of hosts’ susceptibility due to the under-
lying severe neutropenia additionally, bacterial exotoxin, 
which act as superantigen resulting in unrestraint activation 
of immune-inflammatory pathways resulting is rapidly pro-
gressive illness with a substantial risk for multiorgan failure 
and death [113].

Unlike general population, VGS bacteremia seldom 
leads to endocarditis in patients with neutropenia and 
those undergoing a stem cell transplantation procedure. 
The risk of endocarditis in patients following solid organ 
allograft transplantation who develop  high-grade 
VGS bacteremia is not dissimilar to that observed in gen-
eral population [114].

Group milleri streptococci (GMS) may cause chronic 
intra-abdominal and intrathoracic abscesses. Infections due 
to GMS were reported in 45 SOT recipients between 2001 
and 2004. Patients following  liver transplantation  were 
prominently respresented (n = 34) in this cohort,  followed 
by four kidney and pancreas; two small bowel; three com-
bined liver and kidney; and combined kidney plus small 
bowel and a kidney allograft transplants, in one patient each. 
Most GMS infection episodes (42 cases) were intra-abdom-
inal infections, pleural empyema in two, and one patient 
with soft tissue infection. It was interesting that unlike neu-
tropenic cancer patients and those undergoing HSCT, only 
one patient had evidence of bacteremia. It was also of note 
that 61% of these infections were polymicrobial; recurrent 
cholangitis (38%) associated with anastomotic and nonanas-
tomotic biliary strictures was the most common intra-
abdominal infection, which required a need for repeated 
stenting or surgical intervention and prolonged antibiotic 
therapy. In one patient pancreatic allograft failed because of 
hemorrhagic erosion from bacterial abscess. There were no 
deaths attributed to MGS infections in the SOT recipients in 
this report [115].

Intrathoracic GMS  infections after thoracic surgery, are 
an uncommon complication (4%). Most intrathoracic 
GMS infections present as empyema, infected pleural effu-
sion, whereas bacterial mediastinitis is a rare complication. 
As seen in patients undergoing intra-abdominal allograft 
transplantation, GMS  intrathoracic infections are fre-
quently  polymicrobial (64%), and infection recurrence 
(27%) may occur in nearly one-thrid of the cases [116].

 Diagnosis
The diagnosis of VGS disease relies on isolating the organ-
ism from a sterile body site. The presence of VGS in blood 
cultures obtained adhering to the standard aseptic blood 

 culture techniques may be regarded as a true pathogen. 
Isolation of VGS from the skin or mucosal sites, as expected, 
has limited clinical significance, as these organisms are part 
of the normal cutaneous and mucosal microbiota in humans. 
It is also important to take note of the possibility of blood 
cultures contaminated with VGS; however, their presence in 
blood samples must be considered clinically relevant, espe-
cially in high-risk patients such as those with antineoplastic 
chemotherapy- induced neutropenia and chemotherapy- or 
radiation-associated mucositis and patients with severe neu-
tropenia and mucositis following condition preparatory regi-
mens for allogenic stem cell transplantation [117]. Serologic 
or antigen tests have no diagnostic value for invasive VGS 
disease, even in the high-risk patients undergoing allograft 
transplantation.

 Treatment
Therapy of VGS disease is limited by the high level of 
β-lactam antimicrobial resistance [118, 119]. The clinical 
samples isolated from patients with neutropenia, less than 
half (~40%) of the VGS isolates, exhibit in vitro susceptibil-
ity to penicillin [120]. However, for β-lactam-susceptible 
organisms, these drugs are considered first line of therapy. 
Vancomycin susceptibility among clinical VGS isolates is 
close to 100%. In cancer patients with mostly acute leukemia 
and those undergoing HSCT, nearly 30% of isolates were 
reported as penicillin resistant, whereas all isolates exhibited 
in vitro susceptibility to vancomycin [107].

An increasing level of resistance is observed for fluoro-
quinolone, especially in patients routinely given this class of 
antibiotics for prophylaxis; empiric therapy with fluoroqui-
nolone to treat systemic or invasive VGS infections is there-
fore,  not recommended [121, 122]. VGS bacteremia is 
generally treated for 10–14 days; patients with endovascular 
site of infection including endocarditis should receive treat-
ment for 4 weeks. Patients with septic arthritis and osteomy-
elitis may be given intravenous antibiotics for 3–4  weeks 
followed by an oral agent for suppressive therapy for another 
4–8 weeks or even  longer duration, which depends on the 
hosts’ risk factors, including cumulative  immune suppres-
sion, severity of infection; and in cases where deferment of 
excision of necrotic or ischemic debridable tissue leaves the 
focus of infection unattended. The role of intravenous immu-
noglobulin and plasmapheresis has been explored for patients 
with exotoxin-mediated toxic shock syndrome and currently 
not considered as standard of care for severe VGS infections 
[113].

GMS were susceptible to penicillin G, carbapenems, and 
clindamycin, whereas cephalosporins and quinolones 
showed intermediate activity or resistance in some cases, and 
it is important to note that GMS bacteria in general tend to be 
resistant to aminoglycosides [115].
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 β-Hemolytic Streptococci

The β-hemolytic streptococci reflect upon their ability to 
cause full red blood cell lysis in the blood-enriched culture 
media. Group A β-hemolytic streptococci (GAS) or 
Streptococcus pyogenes is a common pathogen followed by 
group B β-hemolytic streptococci (GBS) or Streptococcus 
agalactiae and groups C and G β-hemolytic streptococci 
(GCS and GGS, respectively) also known as Streptococcus 
dysgalactiae subspecies equisimilis [123–125].

 Epidemiology
β-Hemolytic streptococci are ubiquitous in the human and 
animal population; colonization of the skin and mucous 
membrane is a common event. They are also an important 
cause for locally invasive disease such as pharyngitis, lower 
urinary tract infection, and superficial skin and skin structure 
infections. Severe systemic disease may occur in the general 
population and those with immune dysregulation after under-
going allograft  transplantation [126]. The oropharynx and 
skin are the main sites of GAS, GCS, and GGS colonization 
[127, 128], whereas GBS commonly colonize the perineal 
area [128–130]. In the general population, majority of 
β-hemolytic streptococcal infections are acquired and pre-
sented from the community [83]. Immunosuppressed 
patients, especially those undergoing antineoplastic chemo-
therapy and recipients of HSCT, have a much higher risk for 
invasive β-hemolytic streptococcal disease compared to the 
general population [131, 132]. Cancer patients with lymph-
edema due to cancer infiltration or surgical lymph node dis-
section or those with radiation-induced tissue scarring 
impeding lymphatic circulation are especially at risk for 
such infections [133]. GBS are the most common of the inva-
sive β-hemolytic streptococci isolated from patients  with 
cancer and those undergoing stem cell transplantation [134, 
135]. The development of invasive GAS, although less com-
mon than GBS, may result in a devastating disease that car-
ries high fatality rates in excess of 50% [125].

 Clinical Manifestations
Most β-hemolytic streptococcal infections in immunosup-
pressed cancer and stem cell transplant patients present with 
cellulitis and subcutaneous abscesses. In patients undergoing 
solid organ transplantation procedure, surgical wound infection, 
deep surgical bed infection, secondary infections of postopera-
tive seromas, and deep tissue hematomas may also be promi-
nent clinical manifestations of β-hemolytic streptococci. It is 
important to note that number of these infections may accom-
pany other pathogens; appreciation for polymicrobial aspect of 
such infections is the central tenet in planning and executing a 
comprehensive treatment approach  for deep tissue,  and body 
cavity infections following transplant surgery [136].

Disease may range from relatively uncomplicated celluli-
tis and superficial wound infection to necrotizing fasciitis 
with or without exotoxin-induced toxic shock syndrome. 
The latter two complications are almost exclusively associ-
ated with GAS infection. Cellulitis due to β-hemolytic strep-
tococci tends to develop rapidly, spread quickly, and may be 
accompanied by systemic manifestations such as fatigue, 
severe prostration, chills, rigors, with high-grade fever [137]. 
Erysipelas is a form of superficial cellulitis, in which the dis-
ease is restricted to the dermis. These lesions are elevated 
and well-demarcated from the healthy surrounding tissues 
[138]. Recurrence of erysipelas is a concern and often seen 
in patients with impaired  lymphatic circulation. Infections 
due to GAS, GCS, and GGS are the leading bacterial causes 
of pharyngitis in children; most infections are readily treat-
able, although peritonsillar abscess and cervical lymphade-
nitis may rarely occur [128].

Invasive, systemic β-hemolytic streptococcal disease 
causes serious morbidity in patients with a suppressed 
immune response. Adults with β-hemolytic streptococcal 
bacteremia, especially patients with advancing age, the risk 
of death from such infections  is high [125]. β-hemolytic 
streptococcal skin lesions that are greater than 5 cm in diam-
eter, presence of pain that is out of proportion to findings on 
physical examination, disproporte severity in pain to gentle 
touch, and signs of systemic toxicity, skin discoloration, and/
or presence of bullae on the overlying skin should raise con-
cern for deep tissue involvement; possibility of necrotizing 
fasciitis, pyomyositis, and compartment syndrome should be 
entertained in such patients  [139]. β-hemolytic strepto-
cocci disease via exotoxin production, especially by GAS, 
leads to extensive  destruction of hosts’ tissue  and usu-
ally spreads at an exceedingly fast pace. Streptococcal toxic 
shock syndrome has also been described in cancer patients 
with mortality rates exceeding 50% [135]. Patients with dia-
betes are susceptible to hematogenous bacterial seeding to 
the bones resulting in remote site acute osteomyelitis [140].

A higher incidence of GAS necrotizing fasciitis was 
recently observed in Montréal, Canada. The authors reported 
that varicella and the presence of speC gene in GAS strains 
were associated with necrotizing fasciitis. In patients under-
going transplantation, bacterial genetic factors and potential 
synergistic or additive effect of concurrent viral infec-
tions like varicella on risk of GAS-related necrotizing fasci-
itis is not known [141]. 

 Diagnosis
β-Hemolytic streptococci are readily isolated from cultures 
that are appropriately obtained. Rapid antigen tests are reli-
able for the diagnoses of GAS pharyngitis in patients when 
such infections are suspected [142]. Recovery of β-hemolytic 
streptococci from sterile-site samples such as blood, joints, 
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deep tissue, and body cavity abscesses indicates a true infec-
tion. In contrast, isolation of β-hemolytic streptococcus spe-
cies from mucous membranes and skin frequently reflects 
bacterial colonization.

An exception to the preceding stipulation is the isolation 
of GAS in mucosal site culture samples to assist in the diag-
nosis of toxic shock syndrome [143]. Serologic tests are not 
useful in patients with acute β-hemolytic streptococcal infec-
tions. Acute and convalescent serum for antibodies to strep-
tolysin O or DNase can determine a recent infection due to 
GAS, although such serological tests are now seldom used in 
clinical practice [144].

 Treatment
Penicillin and other β-lactam antibiotics are considered 
drugs of choice for the treatment of infections due to 
β-hemolytic streptococci [145]. For patients who cannot 
receive β-lactams, treatment with vancomycin is recom-
mended. Carbapenems may also be an option in patients 
with non-life-threatening penicillin allergy [146]. Macrolide 
and lincosamide should not be used for serious infections as 
drug resistance is unpredictable and highly variable; these 
agents should only be used when susceptibility results are 
available, especially for outpatient transition of ther-
apy  [147]. Similarly, resistance to tetracyclines and trime-
thoprim-sulfamethoxazole warrants the use of these agents 
empirically to treat β-hemolytic streptococcal disease [148, 
149]. Clinical experience with newer gram-positive  drugs 
like daptomycin; the oxazolidinones, such as linezolid and 
tedizolid; tigecycline; and long-acting lipoglycopeptides 
such as dalbavancin and oritavancin is encouraging with 
good in vitro susceptibility data for β-hemolytic streptococ-
cal clinical isolates [150, 151]. In cases of serious soft tissue 
infection, especially toxic shock syndrome, addition of 
clindamycin is strongly recommended to attenuate bacterial 
exotoxin production by slowly dying bacteria after exposure 
to beta-lactam antibiotics [152]. Uncomplicated bacteremia 
can be treated with a 10-day course of antibiotics, whereas 
fiat for complicated β-hemolytic streptococcal  disease has 
traditionally been longer duration of antibiotic therapy. 
Surgical debridement of devitalized tissue and drainage of 
large purulent deep tissue collections is, as with any other 
bacterial or fungal infection, remains important for contain-
ment and resolution of infection [139].

 Streptococcus pneumoniae

 Epidemiology
S. pneumoniae is genetically similar to other bacteria in this 
category, although it is a prominent pathogen associated with 
a wide spectrum of invasive disease in immunocompromised 
patients and those in the general population.

Nasopharynx colonization due to pneumococci occurs 
more frequently in children (20–40%) compared with 
healthy adults (10–20%) [153]. S. pneumoniae is the leading 
cause of bacterial pneumonia that commences while patients 
are in the community [154]. Bacterial meningitis is also an 
important complication of S. pneumoniae in patients with 
community-onset meningitis [155]. Patients with chronic 
obstructive pulmonary disease, chronic kidney disease, and 
deficiencies in humoral immunity such as those following 
anti-CD20 and other B-cell targeted therapies and patients 
with chronic lymphocytic leukemia, B cell lymphoma, and 
plasma cell neoplasms like multiple myeloma; and those 
with hereditory hypogammaglobulinemia are especially sus-
ceptible to pneumococcal invasive disease. Similarly, 
patients with hyposplenism including those with sickle cell 
diseases and patients after splenectomy are at risk for, often 
severe disseminated infection due to S. pneumoniae [156]. 
Patients with chronic graft-versus-host disease following 
allogenic stem cell transplantation are vulnerable to infec-
tions due to encapsulated bacteria; S. pneumoniae is promi-
nent in this regard [157].

It has also been suggested that prolonged exposure to sys-
temic corticosteroids increases the risk for pneumococcal 
infection as is the extremes of age [158–160]. A high preva-
lence of S. pneumoniae in children less than 5 years of age is 
well recognized; young children with B-cell cancer or those 
undergoing anti-B-cell-targeted therapy for allogenic hema-
topoietic or solid organ transplantation are particularly sus-
ceptible to serious infection [156].

 Clinical Presentation
S. pneumoniae is a major respiratory tract pathogen. 
Infections in adults involve lower respiratory tracts, and bac-
terial pneumonia is a common disease presentation; bronchi-
tis and paranasal sinus infections may also occur [161], 
whereas in children, otitis media is not an uncommon 
presentation.

Community-onset pneumonia in the immunocompro-
mised transplant recipients is a serious infection. Patients 
commonly present with chills, fever, and fatigue; cough is 
generally accompanied by purulent sputum and shortness of 
breath [162]. Patients with inflammation of the parietal plu-
ral with or without bacterial empyema may present with 
pleuritic chest pain. Bacterial lung abscess due to S. pneu-
moniae is not an uncommon complication of invasive pul-
monary pneumococcal disease and often associated with 
cavitary lung lesions [163].

In recent animal experiments, pneumococcal infection 
was shown to cause nonspecific ischemic cardiac alterations, 
myocardial necroptosis, and apoptosis in both acutely ill and 
convalescent nonhuman primates [164]. S. pneumoniae was 
detected in the myocardium of all animals with acute severe 
pneumonia. Furthermore, evidence of cardiac scar formation 
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was observed only in convalescent animals [164]. This study 
suggested a potential role of invasive pulmonary pneumo-
coccal disease in the humans, with the possibility of subclini-
cal bacterial invasion of the myocardium, resulting in cardiac 
injury from necroptosis and apoptosis, followed by cardiac 
scarring and remodeling after antibiotic therapy [164]. 
Clinical importance and cardiac impact in humans with inva-
sive pneumococcal disease need further evaluation.

Patients with bacterial meningitis may often have concur-
rent bacteremia, whereas  pneumonia may not be present. 
Fever and neck stiffness along with persistent and often 
severe headache are common clinical features of bacterial 
meningitis. In patients with advanced pneumococcal menin-
geal disease, altered sensorium, obtundation, and coma may 
be the initial presentation.

Other disease manifestations include septic arthritis, usu-
ally involving the native large joints. Pneumococcal septic 
arthritis involving the symphysis pubis is often misdiagnosed 
as osteitis pubis, a sterile inflammatory condition seen in 
women following urinary incontinence surgery and sports 
such as soccer and also in patients with pelvic malignancies. 
Staphylococcus aureus was the major cause among athletes 
and Pseudomonas aeruginosa among intravenous drug 
users. Septic arthritis in patients with pelvic malignancies 
are usually polymicrobial infections involving the fecal flora. 
Antibiotics are recommended for 6  weeks, and surgical 
debridement is required in nearly half of the patients [165].

Osteomyelitis of spinal and paraspinal tissues caused by 
Streptococcus pneumoniae is an uncommon complication as 
reported by the group in Houston, Texas. These infections 
mostly occurred in the absence of recent surgical procedure 
or presence of a foreign device. The lumbar spine was the 
frequent site of infection. Such infections complicated by 
spinal epidural abscess or the presence of a phlegmon were 
accompanied by neurologic deficits and carried a higher risk 
for death. Antimicrobial therapy for 6 weeks was effective 
[166, 167].

In a report from Japan, 6% of patients with invasive pneu-
mococcal disease had evidence of pneumococcal vertebral 
osteomyelitis. Most infections were acquired in the commu-
nity and had no recent history of a surgical procedure or 
trauma. In their experience, the lumbar spine was involved in 
nearly two-thirds of patients, and the remaining patients had 
cervical spine involvement. Bacteremia in this group was 
nearly universal; none of the patients had a primary site of 
pneumococcal disease. Good response to intravenous beta-
lactam therapy in this group was encouraging [168].

 HSCT
In HSCT recipients, pneumococcal infections present as 
late-onset bacteremia. These late-onset BSIs were associated 
with worse outcomes including septic shock, ICU stays, and 
high risk for deaths [157, 169]. Early-onset bloodstream 

infections in patients undergoing HSCT are frequently asso-
ciated with severe  neutropenia, mucositis, and indwelling 
intravascular catheter infections. Whereas,  late-onset BSIs 
are  commonly seen in severely immunosuppressed alloge-
neic HSCT recipients with GVHD and those undergoing sys-
temic corticosteroid therapy. Since majority of S. pneumoniae 
bacteremia occur during late transplantation period, effective 
preventive strategies such as immunization with newer, 
immunogenic conjugated pneumococcal vaccines and drug 
prophylaxis with agents that have activity against majority of 
S. pneumoniae isolates in the community  are considered 
standard of care. Infection prevention is highly desirable as 
pneumococcal bacteremia in this population carries unac-
ceptably high case fatality rates.

In patients after undergoing allogeneic HSCT, diagnosis 
of pneumonia and chronic GVHD was associated with high 
mortality and a significantly lower probability of survival; 
this was evident in patients even  after a single episode of 
pneumonia [170]. Pneumococcus is an important bacterial 
pathogen in allogeneic stem cell transplant recipients and 
mostly noted as late bacterial pneumonia with or without 
bloodstream infection. Pneumonia during the first 100 days 
after allograft stem cell transplantation are significantly more  
invasive fungal  lung disease  among individuals  with 
acute GVHD; in such patients acute respiratory failure, and 
presence of septic shock predicted high risk of death [170].

Memory B-cell defects in allogeneic HSCT recipients 
increases susceptibility for encapsulated bacterial infections, 
as effective containment and remedy for these organisms 
require intact  opsonization to promote  phagocytosis. In a 
recent study, circulating IgM memory B cells (CD19+, 
CD27+, IgM+); and switched memory B cells (CD19+, 
CD27+, IgM(−), which are indicators of normal B cell acti-
vation and development were evaluated in 37 allogeneic 
HSCT recipients and compared with 35 healthy controls 
[171]. Among other parameters assessed were T-lymphocyte 
subpopulations, serum immunoglobulin levels including IgG 
subclasses, and antibodies to pneumococcal polysaccha-
rides. A significant deficiency in both switched memory and 
IgM memory B cells was evident in the stem cell transplant 
cohort compared with the individuals in the healthy control 
group [171]. This observation was noted throughout the 
period following transplantation procedure and possibly 
reflect a switch to impaired B-cell isotype(s) in germinal 
centers within lymph nodes and other secondary lymphoid 
tissue. As expected, presence of GVHD was associated with 
lower IgM memory B-cell counts and lower serum levels of 
IgG2, IgG4, IgA, and antipneumococcal antibodies. 
Allogeneic HSCT recipients are susceptible to pneumococ-
cal disease, which in most part is a reflection on the under-
derlying defects in memory B-cell function aggravated in the 
presence of chronic GVHD [171]. Furthermore, hyposplen-
ism is  a frequent feature in HSCT recipients with chronic 
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GVHD, which further enhances the risk for systemic infec-
tions due to encapsulated bacteria.

In a transplant unit in Canada, the probability for pneu-
mococcal disease among HSCT recipients was 30-fold 
higher than the general population (regression ratio = 30.2; 
P  <  0.00001). Serotypes 23F and 6B were most preva-
lent [172]. All infection-associated serotypes were included 
in pneumococcal polysaccharide vaccine, whereas only 69% 
were represented in the conjugate vaccines. It was also 
important to note that the level of resistance to trimethoprim-
sulfamethoxazole was high among the S. pneumoniae iso-
lated from the transplant population during this study [172].

At M.D.  Anderson Cancer Center between 1989 and 
2005, 47 of 7,888 HSCT recipients developed 54 episodes of 
S. pneumoniae infections, accounting for 7 infection epi-
sodes per 1000 stem cell transplants  [157]. The incidence 
was significantly higher in the allogeneic vs. autologous 
stem cell graft recipients, nine vs. five infection episodes per 
1000 HSCTs, respectively. Thirty-six percent had graft-ver-
sus-host disease, and as expected, 16 of 17 patients had 
chronic GVHD. The total of 54 episodes of S. pneumoniae 
infection occurred median  433 days after transplntation; 
11% of these patients had infection recurrence [157]. All 50 
late posttransplant episodes were community-acquired infec-
tions and seen 473  ±  671  days after transplantation. 
Bacteremic pneumonia was the most common presentation 
(61%), followed by pneumonia without bacteremia (19%) 
and uncomplicated bacteremia alone (15%) [157]. Regression 
analysis showed that treatment with corticosteroids signifi-
cantly increased the risk for bacteremic pneumonia (OR, 
11.7; P ≤ 0.025). In bacterial isolates from 29 episodes, 93% 
of patients received concordant antimicrobial therapy. It was 
unexpected that only one of the six patients (13%) who died 
of S. pneumoniae infection had chronic GVHD. The proba-
bility of death was higher in patients receiving care in the 
ICU at the time of infection diagnosis (OR, 15.5; P ≤ 0.007) 
and those with each unit increase in APACHE II score (OR, 
1.9; P ≤ 0.008). Vaccine-breakthrough S. pneumoniae infec-
tion occurred in 5 patients after a median of 546 days follow-
ing immunization; most such patients (80%) had pneumonia 
and concurrent bacteremia [157]. It is noteworthy that there 
were no cases of extrapulmonary focus of pneumococcal dis-
ease in HSCT recipients presented in this report.

Nontropical pyomyositis is an uncommon  infection, 
such severe bacterial infections occur mostly in patients with 
suppressed immune response. S. aureus is the prominent 
pathogen associated with this disease. Pyomyositis due to 
S. pneumoniae is rare [173]. A recent report of hematoge-
nous pneumococcal pyomyositis in an allogeneic stem cell 
graft recipient involved erector spinae muscles that presented 
34 months after the transplantation procedure. Patient had a 
favorable response to 4 weeks of intravenous benzyl penicil-
lin therapy [173].

 SOT
As in HSCT, patients undergoing solid organ transplantation 
are at a greater risk for IPD compared with general popula-
tion. Invasive pneumococcal disease is mostly seen in the 
late posttransplant period, and infections commonly start in 
the community. A prospective, population-based surveil-
lance from Toronto, Canada, assessed systemic pneumococ-
cal infections in SOT recipients between 1995 and 2004 
[174]. The incidence was 146 infections from sterile body 
sites per 100,000 persons per year compared with 11.5 per 
100,000 persons per year in the general population (RR, 
12.8; P  <  0.00001). When they also  included the isolates 
from the respiratory tract, the incidence rate in transplant 
patients rose to 419 per 100,000 persons per year. Serotypes 
23F and 22F were most common; 85% of these infection-
associated serotypes were included in the 23-valent pneumo-
coccal vaccine [174]. The antimicrobial resistance in SOT 
population was similar to that observed in the pneumococcal 
isolates for the general population and was especially high 
for penicillin and TMP/SMX.

A large database of 4,458 pediatric heart transplant recipi-
ents between 1993 and 2014 showed that the risk of bacterial 
infection was highest in the first month after transplantation; 
25% of patients developed bacteremia. It was not unexpected 
to notice that community-acquired S. pneumoniae (6%) and 
Haemophilus influenzae (3%) were prominent during the 
late transplant period, whereas within a month following 
transplant procedure, CoNS (16.97%), Enterobacter spp. 
(12%), and Pseudomonas spp. (12%) were the prominent 
bacterial pathogens [175]. A large proportion of the infec-
tions were caused by multidrug-resistant organisms. Patients 
at risk for bacterial infection following heart transplantation 
included young age and ventilator or extracorporeal mem-
brane oxygenation during transplantation. Thirty-four per-
cent died due to bacterial infections, and prior cardiac 
surgery and multiple sites of infection were independent pre-
dictors of death [175].

In the Netherlands, a prospective nationwide study 
between 2006 and the end of 2014 assessed the risk and fre-
quency of community-acquired bacterial meningitis among 
16-year-old or older solid organ transplant recipients [176]. 
Six SOT recipients had bacterial meningitis; interestingly all 
six had undergone renal allograft transplantation. The annual 
incidence of bacterial meningitis was sevenfold higher for 
renal transplant recipients as compared with the general pop-
ulation: 9.5 vs. 1.3 per 100,000 patients per year [176]. It is 
important to note that in majority of the patients (83%), clas-
sic presentation of bacterial meningitis such as fever, neck 
stiffness, and changes in mental status were not present. 
Further complicating early diagnosis and prompt institution 
of appropriate antibiotic therapy for this life-threatening dis-
ease in this susceptible population. Seizures were present in 
33% of patients. Streptococcus pneumoniae and Listeria 
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monocytogenes were identified in two patients each, whereas, 
Escherichia coli and Pseudomonas aeruginosa were seen in 
one patient each. Another valuable observation in this report 
was the high incidence (67%) of unfavorable functional out-
comes that probably were a reflection on the hosts’ immuno-
compromised status and, importantly, atypical clinical 
presentation of bacterial meningitis in patients undergoing 
solid allograft transplantation [176].

A retrospective review from London, England, assessed 
long-term outcome in patients who underwent orthotopic 
cadaveric donor heart and lung transplantation between July 
1986 and July 2006 [177]. The mean posttransplant follow-
up was 5.4 ± 5.5 years. Bacterial meningitis was diagnosed 
in 39 adults after receiving 15 heart transplants, 12 lung 
including 4 bilateral lung transplants, and 12 heart-lung 
transplants. Neisseria meningitidis (54%) and Streptococcus 
pneumoniae (41%) were prominent pathogens followed by 
Haemophilus influenzae (5%). Hospital mortality rate was 
10%, and none of these patients developed long-term com-
plications after bacterial meningitis [177].

In a study from South Korea, 14 of 42 episodes of respira-
tory infections were noted after 1  month following lung 
transplantation [178]. Six were bacterial, four were viral, and 
two episodes were fungal infections. Among bacterial infec-
tions, two were due to MDR Acinetobacter baumannii and 
one each due to MDR P. aeruginosa, ESBL (+) K. pneu-
moniae, MRSA, and Streptococcus pneumoniae. Infection-
related death occurred in 6 of the 14 episodes (43%) [178].

In a report from Barcelona, Spain, 138 episodes of spon-
taneous bacterial peritonitis (SBP) in 19 liver transplant 
recipients and 119  in nontransplant patients showed 
Escherichia coli (35.7%) and Streptococcus pneumoniae 
(21.4%) as the prominent pathogens [179]. It was interesting 
to note that pathogens associated with SBP were signifi-
cantly more frequently identified in patients following trans-
plantation (74%), whereas only 39% of nontransplant 
population with SBP had a positive culture (P = 0.004). As 
expected, renal failure (58% vs. 25%; P = 0.004) and hepatic 
encephalopathy (42% vs. 22%; P = 0.08) were more often 
seen in liver transplant recipients vs. the nontransplant group, 
respectively [179]. Similarly, deaths during the SBP epi-
sodes (53% vs. 13%; P < 0.001) and 6 months after the infec-
tion diagnosis (71% vs. 35%; P = 0.005) were significantly 
higher in the transplant population. The risk of death associ-
ated with the SBP was sixfold higher in patients with a high 
(>18) Model for End-Stage Liver Disease (MELD) score and 
fourfold higher in patients who had undergone liver trans-
plantation. Mortality 6 months after SBP was fourfold higher 
in patients with hepatocellular carcinoma [179].

Orthotopic liver transplantation from a potential donors 
with active bacterial meningitis has been regarded as a con-
traindication for allograft procurement from such a donor. 
Due to a global shortage of liver allografts, in Birmingham, 

England, orthotopic liver transplants were performed from 
33 donors with acute bacterial meningitis, 14 Neisseria 
meningitidis, 4 Streptococcus pneumoniae, 2 Streptococcus 
spp., and a single patient with Haemophilus influenzae. In 
12 donors, a pathogen was not identified [180]. Of 34 recip-
ients, 27 underwent elective and 7 had emergency trans-
plantat surgery including 21 whole liver, 10 reduced-liver, 
and 3 split-liver allograft  transplants. Adequate antimicro-
bial therapy before organ procurement and after transplant 
was administrated. The mean duration of follow-up after 
transplantation was 37  months (ranged from 1  day to 
106 months). Overall patient (79% and 77%) and graft sur-
vival was; 72% and 65% at 1 and 60 months, respectively 
[180]. Patients who underwent elective liver transplant had 
significantly better survival compared with those who 
underwent  emergency transplantation    (P  <  0.05). There 
was no difference in recipient and graft survival between 
the 34 patients who had received allograft from a donor 
with acute bacterial meningitis compared with recipient- 
matched groups. The authors observed no infectious com-
plications in the recipient due to bacteria associated with 
meningitis  after transplantation.  Further data is needed 
before routine acceptance of liver allografts from donors 
with active bacterial meningitis  becomes an accept-
able practice, although study such as this, underscores that 
lifesaving procedure such as liver transplantation may be 
safly performed provided both donors and recipients are 
given adequate antimicrobial therapy. Furthermore, the 
optimum duration of antibiotic therapy in such recipients is 
not certain.

 Diagnosis
Isolation of S. pneumoniae in blood, joint fluid, bronchial 
wash or lavage samples, and cerebrospinal fluid is regarded 
as diagnostic. Isolation of S. pneumoniae in sputum samples 
is a challenge, as diagnostic yield is significantly reduced in 
patients exposed to antibiotic(s) [181]. It has been estimated 
that only one-fourth of the patients with pneumococcal pneu-
monia will have a positive blood culture [182]. As with 
staphylococcal and other streptococcal infections, serologic 
studies have limited clinical use in assisting with the diagno-
sis of an acute infection episode. Detection of 
C-polysaccharide (BINAX-NOW) in the urine of adults with 
pneumococcal pneumonia is isolated  in 75–85% of the 
patients; this test has high specificity and reliable negative 
predictive value [183]. Polymorphonuclear-predominant 
pleocytosis, low glucose, and high protein in the cerebrospi-
nal fluid are the hallmarks of bacterial meningitis that are as 
expected to be present in most patients with pneumococcal 
meningitis. Gram-stain, bacterial antigen assays and culture 
of cerebrospinal fluid obtained promptly prior to extensive 
antibiotic exposure are essential for establishing the cor-
rect diagnosis [182].
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 Treatment
S. pneumoniae penicillin susceptibility and laboratory break-
points have been reevaluated as to include the site of infec-
tion and the route by which the antibiotics may be 
administered  [184]. For all pneumococcal infections other 
than the central nervous system, organisms demonstrating 
in  vitro penicillin susceptibility of ≤2  μg/ml, reflecting 
approximately 95% of clinical pneumococcal  cases in the 
United States, have good probability for attaining a clinical 
response to high-dose penicillin given intravenously [184]. 
For treatment of pneumococcal meningitis, penicillin MIC 
of <0.06 μg/ml is considered susceptible, and others with 
MIC ≥ 0.12 μg /ml are regarded as resistant bacterial strains; 
nearly 75% of pneumococci isolated in patients with menin-
gitis in the United States fall in the susceptible category 
[184]. Pneumococcal isolates are universally susceptible to 
vancomycin. Respiratory fluorinated quinolones such as 
levofloxacin and moxifloxacin retain susceptibility for most 
pneumococcal isolates, although  due to limited clinical 
experience and unpredictable response, authors recommend 
not to use these agents alone to treat patients with S. pneu-
moniae CNS infections [185, 186]. In S. pneumoniae iso-
lated from respiratory specimens in the United States, 
resistance to macrolides, clindamycin, trimethoprim- 
sulfamethoxazole, and tetracyclines ranged from 20% to 
40% [187]. In the authors’ opinion, these drugs should not be 
used for the treatment of invasive pneumococcal disease in 
the transplant population.

Linezolid is an effective and safe treatment option for 
patients with S. pneumoniae infections [188]. Linezolid was 
shown to be effective and well tolerated in severely immu-
nocompromised children with an underlying malignancy 
including those at young age [189]. The increased suscepti-
bility to bacterial respiratory tract infection following a 
viral infection was associated with a substantial increase 
in local and systemic IFN-γ concentrations. Linezolid was 
shown to reduce IFN-γ and TNF-α production in stimulated 
peripheral blood mononuclear cells. In mice, linezolid 
recently showed protection from post influenza pneumo-
coccal infection, and this reversal of immune hyporespon-
siveness was attributed to the drug’s ability to mitigate 
exaggerated postviral IFN-γ and TNF-α immune responses 
[190]. This ancillary immune modulatory effect of line-
zolid, especially in patients that are susceptibile for postvi-
ral superimposed  bacterial pneumonia, is intriguing and 
needs further evaluation.

Daptomycin should not be used to treat lung infections, 
especially bronchogenic pneumonia because of limited drug 
diffusion in the alveolar space and inactivation of daptomy-
cin by pulmonary surfactant [191].

Mortality for invasive pneumococcal disease remains 
around 15% within the first week of hospitalization, and 
most infections respond to a relatively short course of antibi-

otic therapy; extended therapy for over 2 weeks is recom-
mended for patients with meningitis, empyema, bone and 
joint infections, and deep tissue abscesses that are not evacu-
ated and patients with complicated bacteremia with an endo-
vascular focus of infection [182].

S. pneumoniae is the only Gram-positive bacteria for 
which there are licensed vaccines available globally. The role 
of pneumococcal vaccine in transplant population is dis-
cussed in Chap. 63.

 Enterococcus

 Epidemiology
Enterococci, not dissimilar to CoNS and VGS, cause a dis-
proportionately higher number of infections in the immu-
nosuppressed cancer and transplant patients compared with 
the general population [192]. Most enterococcal infections 
are associated with prolonged exposure to healthcare envi-
ronment. Enterococci are prominent bacteria in human 
intestinal microbiome. E. faecalis and E. faecium are two 
most frequently isolated species from infections in humans 
[193]. Patients with cancer and those undergoing trans-
plantation have especially high rates of intestinal coloniza-
tion and subsequent risk for invasive disease due to 
vancomycin-resistant enterococci (VRE). The factors pro-
moting selection and persistence for VRE colonization in 
certain high-risk individuals with cancer and those under-
going transplantation procedure remain unclear, although 
prior exposure to m antibiotics has been proposed. It was 
interesting that a recent report indicated transplant unit 
reconstruction had  interrupted endemic transmission of 
VRE, which resumed with novel enterococcal strains upon 
reopening of the unit. It was hypothesized that endemic 
VRE transmission in this transplant unit  proba-
bly reflected VRE contamination of shared equipment and 
environmental surfaces [194]. This provides further insight 
into the possible reason that VRE has been an unabating 
challenge at certain transplant units, whereas less of a 
problem in patients undergoing a similar transplantation 
procedures at other institutions. This hypothesis was fur-
ther emphasized in a recent study from Buffalo, New York, 
that active surveillance and contact precautions for VRE 
colonization were not effective in preventing VRE bactere-
mia in patients undergoing stem cell transplantation at their 
institution [195], whereas, a group from Salt Lake City, 
Utah reported in 2016 that VRE transmission from room 
surfaces appeared to be an infrequent event, thereby con-
cluding that adherence to VRE surveillance, disinfection 
strategies, and contact isolation protocols are needed to be 
adhered to and may reduce VRE colonization rates  in 
patients with hematologic malignancies and those under-
going HSCT [196].
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 HSCT
A single-center experience among patients admitted for 
induction chemotherapy or those undergoing HSCT from 
2006 to 2014 showed that the incidence of VRE bacteremia 
was 6.5% of admissions or 2.7 VRE bacteremia per 1000 
bloodstream infection at-risk days [192]. Mortality and 
length of stay were significantly higher in patients in whom 
VRE bacteremia were to occur. Patients with prior VRE col-
onization had eightfold higher probability for VRE bactere-
mia; similarly, patients with renal insufficiency (twofold), 
aminoglycoside use (~fivefold), and antibiotics with anaero-
bic activity (~threefold) had significantly higher risk for 
VRE bacteremia. The authors also reported using a predic-
tive model, which identified severe neutropenia and prior 
beta-lactam antibiotic use were among prominent risk fac-
tors for VRE bloodstream invasion and infection [192].

A recent report from Salt Lake City, Utah, showed that 
VRE bacteremia after stem cell engraftment and resolution 
of neutropenia in HSCT recipients was associated with a 
much higher mortality compared with VRE bacteremia 
during the neutropenic pre-engraftment period [197]. Pre-
engraftment bacteremia from any organism resulted in an 
increase length of hospitalization and higher cost of care. 
Mortality was similar for pre-engraftment VRE bacteremia 
and bacteremia due to other organisms in this neutropenic 
phase following stem cell transplantation. The authors 
pointed out that a high VRE bacteremia mortality rate 
observed during the post-engraftment period was largely 
associated with severe graft-versus-host disease and 
relapsed leukemia [197]. It was also interesting to note that 
frequently  VRE strains switched phenotypes  when iso-
lated from patients before and after the transplantation 
procedure [197].

A contrasting review of patients undergoing HSCT at the 
Mayo Clinic in Rochester, Minnesota concluded that VRE 
colonization was a surrogate marker and not an independent 
predictor of mortality in HSCT recipients [198]. They 
observed high morbidity in their transplant patients with 
VRE bacteremia, although this had no significant impact on 
posttransplant survival. The data was generated between 
2004 and 2014 by conducting twice-weekly perirectal swab 
PCR screening for vanA and vanB.  In 73 of 203 patients, 
VRE colonization was noted prior to HSCT and in 11% VRE 
colonization occurred within the first 100 days after trans-
plantation [198]. There was no significant difference in over-
all survival based on pretransplant VRE colonization status. 
However, patients that developed VRE colonization within 
the first 100 days after HSCT had a significantly worse sur-
vival. During the first 30 days following transplant, 91% had 
screened positive for VRE colonization prior to developing 
bacteremia. On multivariable analysis, advanced age 
(≥60 years), high HSCT comorbidity score, and prior VRE 
colonization were independent risk factors for VRE bactere-

mia. It was notable that only one patient had died with VRE 
bacteremia during the first 100 days after HSCT [198].

The findings from a center in Cleveland, Ohio, were in 
concert with the report from the Mayo Clinic; they found that 
between 1997 and 2011, the incidence of VRE-B had 
increased in 800 adult allogeneic HSCT recipients. Seventy-
six patients developed VRE-vanB bacteremia after a median 
of 46 days following transplantation. Multivariable analysis 
showed that the risk for VRE-vanB bacteremia was higher in 
patients with high HSCT comorbidity score, with diagnosis 
of acute lymphoblastic leukemia, and recipients of unrelated 
donor and umbilical cord blood stem cell allograft transplan-
tation. A fourfold higher probability of death in patients with 
VRE-vanB bacteremia was a significant finding on multi-
variate analysis; however, only 6% of 67 deaths within 
5 weeks after transplantation were attributed to VRE infec-
tion [199], drawing attention to the clinical relevance of VRE 
bacteremia in high-risk transplant patients as a potential sur-
rogate marker for poor prognosis during the early posttrans-
plant period.

The preceding observation was also noted in a review of 
247 adult patients in whom 28% had VRE colonization after 
allogeneic HSCT between 2008 and 2009 [200]. This report 
from Memorial Sloan Kettering Cancer Center in New York 
reported VRE bacteremia (54%) as the leading cause of 
bloodstream infection within 30  days after HSCT at their 
institution. Only 57% of patients with VRE bacteremia had 
VRE colonization during pretransplant screening [200]. 
Attributable mortality to VRE infection was low (9%), 
reflecting VRE bacteremia as a surrogate marker for altered 
host intestinal tract microbiota and perhapse an indicator for 
a subgroup of high-risk individuals undergoing allogeneic 
stem cell graft transplantation.

In patients undergoing autologous stem cell transplanta-
tion, despite having a high rate of VRE colonization, the risk 
for invasive bacterial disease is low. High rates of VRE colo-
nization in this group may potentially serve as a reservoir for 
transmission to other higher-risk patients in a transplant unit 
or center [201].

In patients following allogeneic stem cell graft transplan-
tation, donor-derived T cells recognize host tissues as for-
eign and orchestrating an assault on the recipient tissues, 
clinically known as GVHD. The intestinal tract is the most 
common site of GVHD, and in recent years, an interest in the 
composition of gut microbiota and its relationship with the 
development of GVHD was explored. The loss of intestinal 
bacterial diversity is common in patients undergoing HSCT 
due to prophylactic, preemptive, and empiric use of broad-
spectrum antibiotics. This loss in intestinal biodiversity and 
overgrowth of opportunistic pathogens belonging to the phy-
lum Proteobacteria and genus Enterococcus in patients fol-
lowing HSCT have been linked to enhance the risk for 
treatment-related mortality including GVHD, systemic 

24 Staphylococcus, Streptococcus, and Enterococcus



436

infections, and organ failure [202]. In animal experiments, 
interventions to mitigate alternations in selective intestinal 
bacterial overgrowth with the use of prebiotic and probiotic 
strategies have shown favorable results on the risk and sever-
ity of GVHD [202]. Further clinical studies are needed to 
explore these and other interventions that may restore healthy 
intestinal microbiota, especially in patients undergoing allo-
geneic stem cell to promote.

In patients undergoing HSCT, 2% chlorhexidine bathing 
was effective in regards to VRE colonization and infection 
[203], whereas no similar benefits were noted in protection 
against MDR-GNB, especially for infections due to P. 
aeruginosa.

A review of 822 autologous and allogeneic HCST recipi-
ents at Northwestern Memorial Hospital between 2004 and 
2008 noted a 10% incidence in Clostridium difficile-associ-
ated diarrhea (CDAD) [204]. A significant association 
became apparent  between CDAD and VRE colonization 
among other prominent risk factors for CDAD such as febrile 
neutropenia; exposure to ciprofloxacin, vancomycin, and 
aztreonam; prolonged duration of antibiotic therapy, and 
allogeneic stem cell transplantation [204].

Experiments have shown the protective significance of 
the normal microbiota; VRE colonization serves as a surro-
gate, representing alteration in the intestinal microbiome, 
especially following the influential perturbation during and 
after prolonged, broad-spectrum antibiotic therapy. 
Exogenously administered VRE was shown to efficiently 
and nearly completely displace the normal microbiota of the 
small and large intestines in mice after antibiotic therapy 
[205]. Furthermore, investigators from a comprehensive can-
cer center in New York showed that VRE colonization pre-
ceded bacteremia and sepsis in patients undergoing 
allogeneic HSCT [205].

 SOT
Enterococcus species are recognized for nearly three decades 
as a potential pathogen in patients undergoing  liver and 
other abdominal visceral transplants. Early on at the Mayo 
Clinic in Rochester, Minnesota, 405 consecutive liver trans-
plantations were conducted between 1985 and 1993, a selec-
tive bowel decontamination prophylaxis regimen was 
routinely given [206]. In 52 patients (13%), 70 episodes of 
bacteremia were seen; most infections were due to 
Enterococcus faecalis (n  =  50), and 18 isolates of 
Enterococcus faecium; vancomycin resistance in clinical 
enterococcal isolates was not an issue during the study years. 
It was important to note that nearly half (49%) of these 
infections were polymicrobial and one-third (34%) of the 
patients had  complications involving the biliary  tract. Not 
dissimilar to the observation in allogeneic HSCT recipients, 
most  deaths (73%; 11 of 15) were not associated with 
enterococcal bacteremia. Significant risk factors in this 

group for enterococcal bacteremia included Roux-en-Y cho-
ledochojejunostomy (P  =  0.005), a cytomegalovirus-sero-
positive donor (P = 0.013), prolonged transplantation time 
(P = 0.02), and strictures in the biliary tract (P = 0.016). On 
univariate analysis, diagnosis of primary sclerosing cholan-
gitis (P = 0.009) and symptomatic cytomegalovirus infec-
tion (P  =  0.008) was significantly present in patients in 
whom bacteremia due to Enterococcus spp. was observed 
[206]. Further underpinning the significance of isolation of 
these low-virulence pathogens in blood culture samples 
among patients undergoing liver transplantation, as a poten-
tial surrogate for identifying a highly susceptible subgroup 
of patients who have undergone abdominal visceral allograft 
transplantation surgery.

Selective bowel decontamination prophylactic regimens 
were suggested for mitigation of intestinal colonization due 
to MDR microorganisms. The Mayo Clinic reported isola-
tion of VRE in early 1995 from surveillance cultures obtained 
from patients undergoing liver and kidney transplantation. 
By the end of 1997, 52 patients had VRE colonization, 
importantly with a single vanB clone [207]. VRE infection 
was observed in six patients (11%) [207].

In a longitudinal study from Pittsburgh, Pennsylvania, 
between 1990 and 1999, 165 patients underwent liver trans-
plantation. Fifty-one (31%) patients developed posttrans-
plant infection due to one or more MDR bacteria. A 
substantial number of bacteria (69%) were MDR pathogens. 
A high level of drug resistance was noted in S. aureus (91%) 
and enterococcal isolates (50%) [208]. During the decade-
long study, a significant trend emerged for infections due to 
MDR bacteria mainly due to GPB infections like  MRSA 
(P = 0.0001) and VRE (P = 0.04). In contrast, no significant 
increase was reported among MDR-GNB infections during 
the course of this study [208].

Patients undergoing solid organ transplantation are at an 
increased risk for colonization due to MRSA and VRE, an 
observation similar to patients undergoing allogeneic stem 
cell transplantation. As pointed out in a number of studies, 
bacterial colonization is an important precursor for invasive 
disease, especially those undergoing  abdominal visceral 
allograft transplantation. A meta-analysis involving 23 pub-
lished studies assessed the burden of MRSA and VRE colo-
nization in patients undergoing solid organ transplantation; 
17 of these studies were in liver transplant population [6]. 
The pooled prevalence estimates before transplantation were 
8.5% for MRSA and 11.9% for VRE. However, MRSA col-
onization estimate was lower (4.0%) in studies involving 
200 or more patients. The prevalence estimates for bacterial 
colonization after the transplantation procedure were 9.4% 
and 16.2% for MRSA and VRE, respectively. The risk for 
MRSA infection was significantly higher in patients with 
MRSA colonization before transplantation (RR 5.5) and 
also for patients in whom colonization occurred after the 
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transplantation procedure (RR 10.56). In concert with the 
risk for subsequent MRSA infection, VRE colonization 
before (RR 6.6) and after transplantation (RR 7.9) were 
associated with significantly higher risk of invasive  VRE 
disease [6].

Most early posttransplant VRE infections are a result of 
complications arising from transplant surgery, a need for 
extended stay in transplant or surgical critical unit and pro-
longed exposure to broad-spectrum antibiotics. Bacteremia, 
intra-abdominal infections, urinary tract infections, and sur-
gical site infections are common clinical presentation. VRE 
endovascular infections including endocarditis in the SOT 
population is rarely seen [114, 209]. Complications involv-
ing the biliary tract, such as strictures and biliary leaks, and 
importantly the interventions to ameliorate these compila-
tions are important risk factors for VRE infection in patients 
undergoing liver transplantation [209, 210].

In kidney transplant recipients, VRE infections are promi-
nent in patients with HCV infection, those undergoing mul-
tivisceral transplantation such as kidney and pancreas 
allograft surgery, patients requiring renal replacement ther-
apy after transplantation surgery; nephrostomy tube place-
ment, and patients taken back to the operation room for 
re-exploration surgery [211].

Left ventricular assist devices (LVAD) are used as a 
bridge to cardiac transplantation in patients with severe life-
threatening  heart failure awaiting transplant surgery. 
Pretransplant infection of LVAD increases the risk for post-
transplant infections including infections due to 
VRE. Patients with LVAD infections commonly present as 
primary bacteremia, pocket and tunnel infection, endovas-
cular infections including LVAD endocarditis, and infec-
tions involving the mediastinum. In a report from Rush 
University Medical Center in Chicago, IL 46 LVAD-related 
infections were diagnosed in half of patients who underwent 
LVAD implantation as a bridge to transplantation. Twenty-
nine episodes of LVAD-related bacteremia included five 
patients with LVAD endocarditis; presence of diabetes 
appeared to increase the risk for bacteremia. VRE infection 
was diagnosed in six patients with LVAD-related infection 
who had undergone transplantation surgery; four of these six 
patients died. It was interesting to note that VRE infections 
were not seen in patients without pretransplant LVAD-
related infection [212].

 Diagnosis
Culture is the mainstay of diagnosis, with serologic or antigen 
tests having no value. The isolation of enterococci from non-
sterile specimens such as urine, sputum, or external 
wound drainage usually represents colonization or subclini-
cal infection rather than infection that requires treatment. 
Prescribing antibiotics in this situation generally fails to erad-
icate the organism while promoting the risk for development 

of antimicrobial resistance and exposing the patient to adverse 
events and toxicicty plus potentil for drug-drug interac-
tions [213]. Even when isolated from sterile sites such as the 
abdominal cavity, enterococci are usually present along with 
one or more other organisms [136], and treatment of more 
virulent pathogens has been shown to cure such infections 
even in the absence of targeted anti-enterococcal therapy 
[214]. This concept is illustrated by the highly effective nature 
of cephalosporins in treating intra-abdominal infections 
despite having limited activity against enterococci [215].

 Treatment
Treatment of enterococcal infection is complicated; bacterial 
species and drug resistance profile  are the main influence 
in selection of drug(s) for a specific type of infection. Most 
clinical E. faecalis isolates show in  vitro susceptibility to 
common beta-lactam drugs such as penicillin, ampicillin, 
amoxicillin, and piperacillin and to carbapenems like imipe-
nem. Nafcillin is not effective against E. faecalis. It is impor-
tant to remember that E. faecalis isolates are intrinsically 
resistant to cephalosporins [216]. In contrast, E. faecium iso-
lates exhibit a high level of penicillin resistance, which in 
most cases exceeds 50% [216]. Macrolides, TMP-SMX, and 
fluoroquinolones are generally not effective against entero-
cocci [217]. Vancomycin is regarded as the drug of choice 
for treating enterococci infections in patients with serious 
hypersensitivity to beta-lactams and those with beta-lactam-
resistant isolates. However, with the emergence and spread 
of vancomycin nonsusceptible strains, the choice(s) of opti-
mum effective therapy remains uncertain [213]. Enterococci 
may exhibit tolerance to β-lactam antibiotics, meaning that 
bacterial growth is inhibited in vitro following exposure at 
low drug concentrations, however bacterial killing induced 
by autolytic cellular pathways is  not achievable following 
exposure to, even high antibiotic levels that could be given at 
physiologic doses [218]. Beta-lactam tolerance is an impor-
tant mechanism underlying treatment failure and/or infection 
recurrence in severely immunosuppressed patients with neu-
tropenia and those with endovascular infections [213]. A 
bactericidal effect may be achieved against some isolates by 
the addition of an aminoglycoside [218]. The bacterial kill-
ing after the addition of aminoglycosides only occurs in iso-
lates that show in vitro susceptibility to these drugs, and as 
expected, no synergistic benefit should be expected among 
bacterial strains that are tolerant to beta-lactam drugs and 
also resistant to aminoglycosides [218].

Linezolid, tedizolid, daptomycin, and seldom-used 
quinupristin/dalfopristin are the drugs active against 
VRE. Quinupristin/dalfopristin lacks efficacy against E. fae-
calis. Enterococcal bloodstream infection and with rare 
hematogenous seeding of the meninges resulting in bacterial 
meningitis that may occasionally occur in severely immuno-
compromised patients including those undergoing HSCT; 
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linezolid monotherapy was reported to be effective, although 
clinical experience is limited [219]. Furthermore, linezolid 
resistance has emerged as a daunting concern, especially in 
patients undergoing HSCT.  In a study in Essen, Germany, 
conducted between 2014 and 2015, 20 patients had linezolid-
resistant VRE, and 18 of these patients underwent HSCT 
[220]. Twenty-five percent of patients developed blood-
stream infection. Ten patients had bacterial colonization at 
the time of hospitalization. Eighty percent of patients with 
hospital-onset linezolid-resistant VRE had prior therapy with 
linezolid [220]. The authors report no clear evidence of 
patient-to-patient or environment-to-patient transmission 
within the transplant unit. It was interesting to note that  a 
single genotype in six patients was noted, and all such 
patients were referred for the same hospital.

A report from the University of Illinois in Chicago con-
ducted between 2000 and 2008 assessed 48 hospitalized 
patients being treated with linezolid and reported reduced 
susceptibility to VRE in these clinical isolates [221]. A sig-
nificantly high risk for such infections was seen in patients 
undergoing allogeneic stem cell or solid organ allograft 
transplantation (OR: 2.6), treatment with immunosuppres-
sive agents (OR: 2.4), both systemic corticosteroids (OR: 
2.4) and noncorticosteroid immunosuppressive drugs (OR: 
2.3), and exposed to linezolid with 1 year prior to infection 
diagnosis (OR: 34.5). Multivariable analysis showed that the 
risk of reduced susceptibility to linezolid among clini-
cal VRE isolates  was 32-fold greater in individuals who had 
received linezolid within 1 year of infection diagnosis. It is 
important to note that in this report most patients with VRE 
infections due to reduced linezolid susceptibility had not 
been treated with linezolid in the year prior and reduced line-
zolid susceptibility did not impact patient outcomes, which 
included clinical or microbiological cure, length of hospital-
ization, and all-cause mortality [221]. Further studies are 
needed to understand the clinical relevance and potential for 
treatment failure in patients with the emerging reduced line-
zolid susceptibility VRE infections and how best to manage 
such infections.

The in vitro susceptibility data for daptomycin and tige-
cycline are encouraging. Emergence of daptomycin resis-
tance among clinical VRE isolates, especially in patients 
undergoing HSCT  is of grave concern [222]. Reports of 
clinical failures with these agents in the setting of high 
in  vitro drug  MICs have underscored the potential 
threat [223]. However, in a recent report among adults with 
VRE bacteremia following HSCT and those with hemato-
logic malignancies, the duration of bacteremia and micro-
biological failure rates did not differ by daptomycin MICs 
[224]. Multivariable analysis indicated an interesting trend 
that all-cause 30-day mortality was low in patients with 
VRE bacteremia due to bacterial strains that had high dapto-
mycin MICs (3–4  micrograms/L) [224]. This trend, how-

ever, did not reach a level of statistical significance [224]. If 
this were to be a valid and significant finding, such an obser-
vation would put “disease-causing fitness” of such bacterial 
strains into question and, as mentioned earlier in vari-
ous  reports, and place emphsis on  the surrogate nature of 
enterococcal infections, especially in high-risk patients fol-
lowing allogenic stem cell or solid organ  allograft 
transplantation.

 Summary

Gram-positive bacteria (GPB) are an important cause of 
serious systemic disease in the immunocompromised 
patients, especially patients after undergoing allograft trans-
plantation. A rise in infections due to GPB in the last two 
decades has been attributed to a variety of reasons that 
prominently include antimicrobial prophylaxis with a focus 
on the prevention of Gram-negative bacterial infections and 
common use of indwelling intravascular access devices. In 
solid organ transplant recipients, postsurgical wound and 
deep tissue infections resulting from tissue ischemia, pro-
longed and complicated surgical procedures, allograft rejec-
tion, and severity of iatrogenic drug-induced immune 
suppression are important contributing factors. Severe oro-
intestinal mucositis, prolonged pre-engraftment neutrope-
nia, and graft-versus-host disease involving the skin and 
orointestinal tract are important consideration to promote 
risk among patients undergoing hematopoietic  stem graft 
transplants. Community-acquired methicillin-resistant 
Staphylococcus aureus is now frequently encountered. 
Similarly, drug resistance among various pathogenic 
Staphylococcus, Streptococcus, and Enterococcus species 
has a substantial impact on selection of empiric antibiotic 
therapy in this population with suspected bacterial infec-
tion. Early diagnosis, prompt institution of appropriate ther-
apy, assessment for outcome prognosticators, and 
recognizing the potential for early and late infection- and 
treatment-related complications forms the bases for provid-
ing optimum management of GPB infections  in the trans-
plant population.
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 Introduction

Enterobacteriaceae, Gram-negative, facultative anaerobes 
that ferment sugars, are common causes of infection and 
colonization in solid organ transplant (SOT) recipients and 
have become increasingly important pathogens in hemato-
poietic stem cell recipients (HSCT). The group comprises 
diverse organisms including Escherichia coli, Klebsiella 
spp., Enterobacter spp., Serratia spp., Citrobacter spp., 
Proteus spp., Salmonella spp., Shigella spp., and Yersinia 
spp., among others (Table  25.1). Of particular concern 
is the rise of multidrug-resistant organisms within the 
Enterobacteriaceae family, resulting in difficult-to-treat 
infections in an already immunosuppressed population 
of patients. Additionally, due to their immunosuppressed 
state, solid organ transplant recipients and hematopoietic 
stem cell recipients can have true infections with typically 
nonpathogenic bacteria in the Enterobacteriaceae family. 
This chapter will review the epidemiology and risk factors 
for these infections as well as specific syndromes com-
monly found in transplant recipients.

 Epidemiology and Risk Factors

Solid organ transplant recipients are at particular risk for 
infection with Enterobacteriaceae and other bacteria, given 
end-organ failure, surgical intervention, and immunosuppres-

sion. In fact, solid organ transplantation is an independent risk 
factor for acquiring infection with Klebsiella pneumoniae [1]. 
These infections are most commonly seen in the first 30 days 
following transplantation but can also occur later in the post-
transplant period. They can be donor derived, nosocomial, or 
community acquired. The development of antimicrobial resis-
tance in Enterobacteriaceae is a growing problem worldwide 
[2, 3]. This increase has been noted in the transplant popula-
tion as well. Moreover, it appears that SOT recipients may be 
at greater risk than the general population for the development 
of infections with resistant organisms.

Infections with Enterobacteriaceae can occur at mul-
tiple sites, including the urinary tract, bloodstream, respira-
tory tract, intra-abdominal region, and wounds. The most 
common sites of infection differ depending on the type of 
transplant. Kidney and kidney-pancreas transplant recipients 
are at highest risk for urinary tract infections (UTIs) [4–8]. 
The most common infection after lung or heart transplant 
is pneumonia [9–11]. Intra-abdominal and wound infections 
are the predominant bacterial infections seen in liver and 
small bowel transplant recipients [12, 13]. Liver and kid-
ney transplant recipients are also at high risk of developing 
bloodstream infections [7, 12–14].
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Table 25.1 Organisms in the Enterobacteriaceae family

Organism
Escherichia coli
Klebsiella spp.
Enterobacter spp.
Serratia marcescens
Citrobacter spp.
Morganella morganii
Proteus spp.
Providencia spp.
Edwardsiella spp.
Salmonella spp.
Shigella spp.
Yersinia spp.
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Hematopoietic stem cell transplant recipients 
(HSCT) are also at increased risk for infections with 
Enterobacteriaceae, with different patterns of infection 
related to the timing of the infection [15]. Early infections 
during the pre- engraftment phase are secondary to loss of 
host defenses, including neutropenia and mucosal surface 
breakdown, thus increasing the risk of Gram-negative rod 
(GNR) bacteremia. Prior to the 1980s and 1990s, GNRs 
were the most common organisms associated with BSI 
in patients undergoing HSCT; however, with antibacte-
rial prophylaxis and the increased use of  central venous 
catheters, Gram-negative infections including those due 
to Enterobacteriaceae have become less frequent. This 
decline has been counteracted by the increase in antimi-
crobial resistance. Early post-engraftment bacterial infec-
tions with GNR are most commonly related to enteric 
GVHD allowing for translocation, as well as the immuno-
suppression associated with the treatment of GVHD.

Enterobacteriaceae can cause a variety of infections 
in the HSCT population. Bloodstream infections are the 
most commonly documented bacterial infection in the 
adult HSCT population, and pneumonia is the second 
most frequent, followed by gastrointestinal infections 
[16, 17]. Enterobacteriaceae contribute between 25% and 
30% of BSIs in this population [17]. In a study of pedi-
atric HSCT patients, Enterobacteriaceae were the most 
common cause of bacterial infections in matched related 
and unrelated donors, most frequently in association with 
enteritis and UTI [18].

 Urinary Tract Infections

The urinary tract is the most common site of infection 
in kidney and kidney-pancreas transplant patients with a 
reported frequency of 4–86% but is also a source of infec-
tion in other SOT recipients [4–8, 19]. The highest risk is in 
the 30 days following the transplantation procedure, likely 
related to urinary tract instrumentation, with the exception 
of kidney transplant recipients whose major at-risk period 
extends at least to the first 6 months following transplant 
[7]. Patients with kidney and liver transplants are more 
likely to develop upper tract infections than other SOT 
recipients [7]. Additionally, kidney transplant recipients 
are also more likely to develop bacteremia related to UTI 
[6]. Risk factors for the development of UTI include female 
gender, age, diabetes, length of hospitalization, and pres-
ence of urinary catheters; additional factors specific to kid-
ney transplant patients include deceased donor organ and 
posttransplant dialysis [7, 8, 19]. Studies have not shown 
increased mortality due to bacterial UTI [7].

Similar to normal hosts, Enterobacteriaceae are the most 
common organisms causing UTIs in transplant recipients. 
Escherichia coli is the most commonly identified organism, 
followed by Klebsiella species; Enterobacter species are 
also commonly seen [7, 19]. Resistance to trimethoprim- 
sulfamethoxazole is seen in most of these organisms, 
probably related to the use of this agent for Pneumocystis 
jirovecii infection prophylaxis [20]. Fluoroquinolone resis-
tance is seen in over one-third of infections, and greater 
than one- quarter are extended-spectrum beta-lactamase 
(ESBL)-producing organisms [21–23]. Recent reports also 
noted the increasing presence of carbapenemase-producing 
Enterobacteriaceae UTIs [24, 25].

 Special Consideration: Kidney Transplant
Although bacterial UTI is not associated with increased 

mortality [14], it is potentially important in kidney trans-
plant patients as infections may lead to graft dysfunction 
and potentially rejection [26, 27]. Studies evaluating this 
association have noted contradictory results. A few studies 
found that episodes of pyelonephritis are associated with an 
increased risk of graft failure or death at 5 years [28, 29]. 
Additionally, investigators using data from the United States 
Renal Data System (USRDS) demonstrated that late infec-
tions (occurring after 6  months following transplantation) 
are associated with similarly poor outcomes [30]. However, 
other investigators found no association between graft pyelo-
nephritis and graft dysfunction [31, 32]. Because measures 
of renal function vary with methodology, some of the differ-
ences may be explained by the assessment measures [33]; 
preexisting medical comorbidities likely play a role as well. 
Risk factors for UTI following kidney transplant include fac-
tors unrelated to transplant such as female sex and diabetes 
mellitus and those related to immunosuppression, especially 
the use of antimetabolites and cell-depleting agents, and 
instrumentation including prolonged use of urinary stents 
and other foreign devices [19].

 Intra-abdominal Infections

Intra-abdominal infections are usually related to techni-
cal problems with surgery, resulting in lacerations, perfo-
rations, or anastomotic leaks. These are most commonly 
seen after liver, pancreas, and small bowel transplants. 
Enterobacteriaceae are a major component of gut flora and, 
therefore, are predominant pathogens in these infections.

 Special Consideration: Liver Transplant
Intra-abdominal infections due to Enterobacteriaceae are 
especially common following liver transplant, with inci-
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dence rates ranging from 53% to 79%, with most occur-
ring in the first 2 months after transplantation [12, 13, 34]. 
Infections with Enterobacteriaceae can involve the liver, 
biliary tract, or peritoneal cavity. Most of these infections 
are related to surgical complications or biliary tract compli-
cations [35]. Patients who develop graft ischemia second-
ary to hepatic artery thrombosis and those experiencing 
biliary tract complications are at increased risk of develop-
ing hepatic abscesses, which are most frequently caused by 
Enterobacteriaceae [36]. Risk factors for intra-abdominal 
infections after liver transplantation include prolonged sur-
gical time, high intraoperative transfusion requirement, 
reoperation or re-transplantation, prolonged hospitalization, 
acute rejection, CMV infection, and elevated preoperative 
creatinine and bilirubin levels [12, 34, 35].
The choice of biliary anastomosis can also predispose 
the liver transplant patient to intra-abdominal infections. 
Choledochocholedochostomy is the preferred method of 
anastomosis, as compared to the Roux-en-Y choledocho-
jejunostomy, which is used in patients who have anatomic 
abnormalities of the extrahepatic biliary system such as 
primary sclerosing cholangitis, patients undergoing re- 
transplantation, and those with a history of prior bile 
duct surgeries [37–40]. The choledochocholedochostomy 
preserves the sphincter of Oddi, whereas the Roux-en-Y 
anatomy facilitates reflux of enteric organisms into the 
biliary system, thereby increasing the risk of infections 
with these organisms. In live donor liver transplantation, 
lower graft-to-recipient weight ratio has also been noted 
to be a risk factor for surgical site infection in liver trans-
plantation [41].

 Respiratory Tract Infections

Lower respiratory tract infections (LRTI) are the leading 
cause of morbidity and mortality after transplant and the 
most common infection following lung and heart trans-
plants [42–45]. They also occur frequently following liver 
transplant, perhaps related to the presence of right-sided 
pleural effusions and atelectasis, and are frequently seen 
in stem cell recipients with graft versus host disease [34, 
46–48]. As many as 55–75% of the LRTIs identified in 
SOT recipients are hospital acquired or health-care asso-
ciated, usually related to aspiration [44, 47, 49]. Bacterial 
pneumonia occurs most commonly in the first 3  months 
after transplantation [47], with GNRs among the more com-
mon organisms identified. One study found that infections 
with Enterobacteriaceae such as E. coli, Klebsiella spp., 
Enterobacter spp., and Serratia spp. were equally com-
mon as those with non- fermentative organisms, such as 

Pseudomonas aeruginosa [47]. Transplant recipients are at 
higher risk of acquiring infections with resistant organisms 
[49]. Mortality from bacterial LRTI is high, especially when 
the infection occurs in the immediate posttransplant period 
and in patients with nosocomial infection and recurrent 
pneumonia, those requiring prolonged mechanical ventila-
tion, and those admitted with sepsis related to pneumonia 
[42, 46, 48, 50–52]. Enterobacteriaceae are common causes 
of nosocomial pneumonia and contribute significantly to this 
mortality risk.

 Special Consideration: Lung Transplant
Historically, the incidence of pneumonia following lung 
transplantation ranged from 22% to 39% [44, 52, 53]. A 
more recent prospective multicenter cohort demonstrated 
72 episodes per 100 lung transplant years; 82.7% were 
due to bacteria and the median onset of bacterial pneumo-
nia occurred at 31 days after transplantation [54]. Studies 
specifying the microbiologic causes of pneumonia in lung 
transplant recipients identify Enterobacteriaceae as com-
mon etiologic agents [54, 55]. Deusch et al. reported that 
Klebsiella pneumoniae was the most commonly identified 
pathogen, with Escherichia coli and Enterobacter cloacae 
also making up a significant proportion of very early post- 
lung transplant LRTIs [53]. In a lung transplant subset of 
the RESITRA cohort, a large Spanish registry focused on 
transplant- related infections, and Enterobacteriaceae were 
also commonly seen as causes of pneumonia, although 
they were less frequently noted than the non-fermentative 
GNRs [54].

 Wound/Surgical Site Infections

In SOT recipients, wound infections after transplant occur 
with the same frequency as with other surgeries, with inci-
dences of 5–51% [56–67]. Gram-negative wound infections, 
including members of the Enterobacteriaceae family, are 
more commonly seen in wound infections after transplants 
involving organs below the diaphragm, specifically small 
bowel [59, 60], kidney, pancreas or simultaneous kidney- 
pancreas [5, 61, 63, 64], and liver [13, 34, 35, 66] trans-
plants. Recently, surgical site infections are increasingly 
due to multidrug- resistant organisms, including ESBL- and 
K. pneumoniae carbapenemase (KPC)-producing organisms 
[35]. Of additional concern are reports of necrotizing skin 
infections due to Klebsiella spp. in liver transplant patients 
[67]. Risk factors for surgical site infections in transplant 
recipients mirror those seen in non-transplant patients and 
include increased BMI, reoperation, diabetes mellitus, and 
increased operative time [62, 65, 68–73]. Transplant-specific 
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factors include prior transplantation, surgical approach such 
as choledocho- or hepaticojejunostomy, choice of immuno-
suppression, especially the use of mTOR inhibitors, graft 
rejection, prolonged ischemic time, increased packed red 
blood cell transfusion requirement, dialysis, and delayed 
graft function [64, 65, 68–74].

 Bloodstream Infections

Bloodstream infections in SOT recipients are common. 
Mortality is higher with Gram-negative infections com-
pared with Gram-positive BSI [75–79]. Over 75% of 
these infections are nosocomial. Enterobacteriaceae are 
among the most common etiologic agents. Al-Hasan and 
colleagues conducted a retrospective study of GNR BSI 
in 3367 diverse SOT recipients (kidney, liver, kidney-
pancreas, pancreas, heart, and lung transplant recipients) 
followed for 12 years and found a declining incidence; nev-
ertheless, GNR BSI occurred at a 20-fold higher rate than 
that in the general population [78]. The highest incidence is 
in the early posttransplant period during the first 30 days, 
with a sharp decline thereafter. Importantly, however, the 
incidence of GNR BSI 12  months after transplant is still 
notably higher than the general population, especially in 
kidney transplant recipients. In contrast to earlier studies 
[76, 77, 79], Al-Hasan et al. found a lower 28-day mortal-
ity in their cohort of patients (4.9% vs. 25–59%), which 
may be related to advances in medical care [78]. However, 
SOT recipients who developed GNR BSI in the first year 
after the transplantation procedure continue to have higher 
1-year mortality than those who do not [78].

Similar to the general population, the most common 
GNR organism seen in BSI in SOT patients is Escherichia 
coli, followed by Klebsiella pneumoniae; other important 
Enterobacteriaceae seen commonly in BSI are Enterobacter 
cloacae and Citrobacter freundii. Escherichia coli, along with 
Pseudomonas aeruginosa, account for most of the infections 
in the early posttransplant period, while Escherichia coli and 
Klebsiella pneumoniae are seen more commonly 12 months 
or later after transplantation [78]. The rates of resistance to 
antimicrobials, including ampicillin for Escherichia coli, 
fluoroquinolones, and trimethoprim- sulfamethoxazole, and 
ESBL-producing strains are increasing in GNR BSI; this is 
an important consideration for empiric selection of antimi-
crobial therapy [78, 80].

The urinary tract is the most common source of GNR 
BSI, followed by the gastrointestinal (GI) tract, respiratory 
tract, intravenous catheters, and skin and soft tissue [78]. 
Females are more likely than males to have a urinary source 
of GNR BSI [78]. A urinary source is more common in kid-
ney transplant patients, whereas liver transplant patients are 

more likely to have a GI source and lung transplant recipi-
ents a respiratory tract source [76, 78].

Bacteremia is also common in HSCT recipients, with 
an incidence between 21% and 43% and an attributable 
mortality of 3.3–22.6%; overall mortality is substantially 
higher in HSCT recipients than in the general population 
[81–83]. Most BSIs are noted during the pre-engraftment 
period represented by severe neutropenia, compared to 
the post- engraftment period [81, 83]. However, the occur-
rence of grade 2 or greater GVHD in the post-engraft-
ment period has been associated with an increased risk 
of bacteremia, as well [81, 82]. Additional risk factors 
for bloodstream infection include reduced intensity allo-
geneic stem cell transplantation [83, 84]. Bloodstream 
infections have been reported frequently in both alloge-
neic and autologous stem cell recipients. The timing of 
infection may vary however, and in at least one study, 
later infections such as those occurring at least 180 days 
after transplant were more common in allogeneic stem 
cell graft recipients [85].

Depending on the study, Enterobacteriaceae make up a 
majority of the GNRs isolated in HSCT recipients, with a 
median incidence of 30%. Within the Enterobacteriaceae 
group, E. coli is the most common isolated organism, 
approximately 25%, although with great variability in stud-
ies [16, 81, 82]. As described with other sites and solid organ 
transplant recipients, antimicrobial resistance has been 
increasingly described and may reflect the near-universal use 
of fluoroquinolone prophylaxis during periods of neutrope-
nia [16, 82, 85].

 Multidrug-Resistant Enterobacteriaceae

Multidrug-resistant Enterobacteriaceae (MDRE) are a 
growing problem worldwide. Solid organ and hematopoi-
etic stem cell transplantation are independent risk factors 
for acquiring infection with MDRE [86–89]. Other risk fac-
tors include antibiotic exposure, surgery, hospitalization, 
mechanical ventilation, renal replacement therapy, and the 
presence of indwelling devices, all of which are common in 
SOT recipients [89, 90]. MDRE, specifically those that have 
plasmid- encoded genes that produce extended-spectrum beta-
lactamases, AmpC beta-lactamases, and carbapenemases, 
are a particularly important problem given their rapidly ris-
ing rates and limited treatment options. Extended-spectrum 
beta-lactamase- and AmpC beta- lactamase- producing organ-
isms confer resistance to penicillins and cephalosporins and 
are often only susceptible to carbapenems. Carbapenemase-
producing organisms produce an even larger problem, as 
they are more globally resistant with even fewer treatment 
options. Not unexpectedly, infection with drug-resistant 

K. Whitaker et al.



451

Enterobacteriaceae is associated with increased cost of care, 
treatment failure, and risk for death [90–93].

Solid organ transplantation is an independent risk factor spe-
cifically for infection with ESBL-producing Enterobacteriaceae 
and carbapenem-resistant Klebsiella pneumoniae [87, 90]. 
Infections with ESBL-producing strains of Enterobacteriaceae 
are extremely common in SOT recipients, with rates of up to 
53% identified in some studies [4, 66, 89]. Outbreaks within 
institutions, particularly on transplant wards and in inten-
sive care units, are often reported [94–99], the majority of 
which involve liver and kidney transplant recipients. Patel and 
Bergamasco found that 35–41% of the cases in carbapenem-
resistant Klebsiella pneumoniae outbreaks occurred in SOT 
patients and all transplant patients who were colonized with 
KPC later developed infection [90, 94]. Even more worrisome 
is a report of pelvic abscess in a renal transplant recipient which 
grew New Delhi metallo-b-lactamase-1-producing Klebsiella 
oxytoca [100]. Infection with carbapenemase-producing organ-
isms confers a high mortality rate in the transplant population as 
well as the general population, and 30-day and 1-year mortality 
rates in posttransplant cohorts have been reported between 30% 
and 79% [90, 94, 101–104].

Similar to that seen in SOT recipients, there has been a rise 
in resistant GNR infections in HSCT recipients [81, 82], from 
3% to 11% in one study [105]. Mechanisms of resistance vary; 
there have been report of ESBL producers and Amp C beta 
lactamases in addition to diverse mechanisms of carbapenem 
resistance and fluoroquinolone resistance. ESBL-producing 
Enterobacteriaceae are frequent, with prevalence ranging 
from 13% to 48% [16]. Some studies have shown that MDR 
Gram-negative bacterial bloodstream infections are more 
common in allogeneic HSCT compared to those who under-
went autologous stem cell transplantation. This is likely due to 
underlying malignancies that require allogeneic HSCT com-
pared to autologous HSCT. Patients undergoing allogeneic 
stem cell transplants frequently have more prolonged periods 
of neutropenia and have had more courses of treatment with 
broad- spectrum antibiotics [85]. In one study comparing allo-
geneic HSCT to autologous HSCT, GN bacterial infections 
caused by MDR pathogens represented 78% of infections in 
allogeneic graft recipients compared to 20% in autologous 
HSCT. Of those in the allogeneic HSCT group, 72.5% were 
ESBL-positive, and 5.5% were AmpC-positive [106]. Another 
potential risk factor for resistance may be the use of prophylac-
tic antimicrobials, and the use of fluoroquinolones, per guide-
lines, in high-risk neutropenic populations has been associated 
with increased resistance to fluoroquinolones [82, 107]. In one 
study, in an institution using fluoroquinolone prophylaxis for 
neutropenic patients, all isolated GNR bacteria were resis-
tant to fluoroquinolones, and 92.8% were multidrug- resistant 
organisms [82]. The rate of fluoroquinolone resistance in  
E. coli has increased, irrespective of the use of fluoroquino-

lones for prophylaxis [16]. As with SOT recipients, infection 
with resistant Enterobacteriaceae has been associated with 
increased mortality; in some cases, mortality in HSCT has 
exceeded that seen in SOT [108]. Of special concern has been 
pneumonia due to carbapenemase- producing Klebsiella pneu-
monia in HSCT recipients, which has a reported attributable 
mortality rate between 38% and 67% [16].

 Mechanisms of Resistance

Mechanisms of resistance are diverse and can be encoded 
on plasmids or chromosomes. Resistance may be intrinsic 
or inducible. All types of resistance have been encountered 
in transplant recipients [80, 93–100, 109]. Almost all spe-
cies of Enterobacteriaceae can produce ESBL.  They are 
plasmid- encoded genes and are therefore easily transmis-
sible among organisms. The types of ESBL include TEM, 
SHV, and CTX-M, which is currently the most commonly 
seen [110]. Plasmid-encoded AmpC beta-lactamases have 
been identified in Escherichia coli, Klebsiella pneumoniae, 
and Proteus mirabilis. Certain Enterobacteriaceae, includ-
ing Enterobacter, Citrobacter, and Serratia species, have 
chromosomally encoded AmpC beta-lactamases, which con-
fer resistance to third-generation cephalosporins and may 
be inducible, an important consideration when choosing 
antimicrobials. Several distinct carbapenemases have been 
described, including chromosomal- and plasmid-encoded 
types. The most common carbapenemases seen in the United 
States are various types of KPC. Worldwide, other types are 
geographically distributed, such as metallo-beta-lactamases 
including VIM in Southern Europe and Asia and NDM-1 in 
the United Kingdom, India, and Pakistan and oxacillinase- 
48- type carbapenemases in Mediterranean countries, Europe, 
and India [111]. However, these types are not geographically 
isolated and global spread is increasing. Fluoroquinolone 
resistance generally results from chromosomal mutations 
leading to target enzyme modifications or efflux pumps. 
However, there is also a plasmid-encoded qnr gene that is 
associated with fluoroquinolone resistance in Escherichia 
coli and Klebsiella pneumoniae. Table  25.2 outlines diag-
nostic and treatment considerations for MDRE.

 Donor-Derived Infections

Donor-derived Enterobacteriaceae infections have been 
reported most frequently involving abdominal organs and 
donors with abdominal trauma [112, 113]. With the ris-
ing rates of colonization and infection with multidrug-
resistant Enterobacteriaceae in hospitalized patients as 
well as increasing rates of community-acquired MDRE, 
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 donor- derived infections with MDRE are also being more 
frequently reported.

Donor-derived infection with MDRE is particularly con-
cerning because of the high mortality rate associated with 
these infections as well as the risks related to treatment. 
There have been several case reports detailing donor-derived 
infections with MDRE [114–117]. These include transmis-
sion of MDR E. coli to two kidney transplant recipients 
from one donor, with resultant graft loss due to infection 
in one recipient [114]. There have also been case reports of 
donor- derived carbapenem-resistant K. pneumoniae infec-
tions [115–117]. Transmission of resistant pathogens has 
been variable and may not be related to the presence of 
infection versus colonization in the donor [115]. In one 
report, the recipient of one of the lungs became infected 
and died, whereas the two kidney recipients, the liver recip-
ient and the other lung recipient, did not develop infection 
[118]. In a second case report, the recipient of simultane-
ous kidney- liver transplant developed infection with KPC, 
whereas the other kidney, heart, and vein graft recipients 
did not develop signs of infection [119]. Cases in which 
single recipients are involved primarily involve donors in 
whom the infection is localized to a single organ without 
evidence of bloodstream infection at the time of procure-
ment [119].

It is unclear whether organs from donors infected with 
MDRE should be used; currently, there is no standard 
approach to the use of these organs. In some cases, prompt 
initiation of effective antimicrobials may improve outcomes, 
although the impact of antimicrobial prophylaxis may be 
variable, even among recipients of the same donor [115]. 
Because of variable outcomes in recipients of these organs, 
recipients of organs from donors known to have Gram- 
negative bacterial infections, especially those with resistant 
Enterobacteriaceae, should be warned about the potential 
risk of transmission [120]. Additionally, it is important to tai-
lor antimicrobial prophylaxis to include the resistant patho-
gen to minimize the risk of poor recipient outcome.

Notably, delays in communication between the refer-
ence laboratories that receive bacterial cultures at the time of 
organ procurement and the clinicians caring for the recipient 
have resulted in delayed initiation of appropriate therapy and 
increased risk of transmission [121]. This delay in commu-
nication of culture information is highlighted in the report 
of transmission of MDR E. coli described above. The Organ 
Procurement and Transplantation Network mandates report-
ing of potential donor-transmissible infections when initially 
suspected, in part to mitigate risks of donor-derived infection 
to other recipients of organs from the same donor [122].

 Infection Diagnosis

Diagnosis of infection with Enterobacteriaceae first involves 
assessment of the source of the culture and the method of 
collection. Cultures from sterile sites indicate true infec-
tion, whereas cultures from wounds, the respiratory tract, or 
intravenous lines need to be interpreted in the context of the 
clinical scenario in order to distinguish infection from colo-
nization. In patients who are mechanically ventilated, distal 
sputum samples obtained through bronchoscopy and bron-
choalveolar lavage are more specific than standard tracheal 
aspirates and have been shown to have high diagnostic yield 
in solid organ and stem cell transplant patients [123–126]. In 
one randomized study, patients who underwent invasive pro-
cedures to gather sputum samples had improved outcomes 
over those whose samples were procured via tracheal aspi-
rate [127]. It is also important to distinguish asymptomatic 
bacteriuria from true urinary tract infection, even in the set-
ting of kidney transplantation (see below) [128].

Both broth dilution and disk diffusion methods are recom-
mended by the Clinical and Laboratory Standards Institute 
(CLSI) for susceptibility testing in Enterobacteriaceae 
[129]. CLSI updated MIC and diffusion cephalosporin and 
aztreonam breakpoints for Enterobacteriaceae in 2014 to 
reflect the increasing problem of resistance via multiple 

Table 25.2 Multidrug-resistant Enterobacteriaceae

Organism Diagnosis Treatment
Extended-spectrum 
beta-lactamase producers

Double-disk diffusion assay
Microbroth dilution
Refer to new CLSI breakpoints

Carbapenems

Carbapenemase producers Disk diffusion assay: screen using ertapenem or meropenem
Microbroth dilution: screen using imipenem, meropenem, or ertapenem
Automated susceptibility testing: screen using ertapenem

Ceftazidime avibactam
Colistin or polymyxin B (IV)a

Aminoglycosidea

Tigecyclineb

Fosfomycin (only available in oral 
formulation in the United States, for 
uncomplicated UTI)

aMay be given in combination with either carbapenem or tigecycline
bSecond-line therapy. Avoid for urinary tract infections and bloodstream infections
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mechanisms and treatment failure with traditional antibiot-
ics, despite “susceptible” MICs. The revised breakpoints 
eliminated the need to perform ESBL screening and confir-
matory tests. Screening for carbapenemase- producing organ-
isms can be done using ertapenem or meropenem for disk 
diffusion susceptibility testing; using imipenem, meropenem, 
or ertapenem for microbroth dilution; or using ertapenem in 
automated susceptibility testing. All require special interpre-
tive criteria. Production of KPC can be detected using the 
modified Hodge test. Laboratories should be familiar with 
these new guidelines and breakpoints in order to correctly 
identify multidrug- resistant Enterobacteriaceae. If the labo-
ratory is not experienced with the evaluation of unusual sus-
ceptibility patterns, referral to a reference laboratory may be 
warranted (Tables 25.3a and 25.3b).

 Treatment

Prompt recognition of infection with Enterobacteriaceae, par-
ticularly multidrug-resistant organisms, and initiation of appro-
priate antimicrobials are essential. Removal of known foci of 
infection such as indwelling catheters or drainage of abscesses 
is strongly recommended, when possible. Initial empiric 
therapy should be guided by the hospital or region’s known 
Enterobacteriaceae resistance patterns, and definitive antimi-
crobial therapy should be chosen based on susceptibility testing.

Carbapenems are the mainstay of treatment for infec-
tions with ESBL-producing Enterobacteriaceae [110, 130]. 
Cephalosporins and penicillins should be avoided in AmpC- 
producing organisms as they can induce hyper-production of 
beta-lactamase; in these cases, a non-beta-lactam antibiotic 
should be chosen [110, 130]. Agents that are active against 
carbapenemase-producing Enterobacteriaceae include ceftazi-
dime avibactam, polymyxins like colistin and polymyxin B, 
the aminoglycosides, fosfomycin for urinary tract infections, 
and tigecycline [108, 110, 130]. Use of tigecycline is no lon-
ger routinely recommended as there is a trend toward increased 
mortality when this antibiotic is used due to low drug concen-
trations in the blood and urinary tract [131]. There are no good 
data on optimum therapy or combination therapy for these 
infections. In vitro studies show synergy when using colistin 
with carbapenems [132–134], but, thus far, there have been no 
definitive studies showing significant difference in clinical out-
comes when “synergistic” combinations are used [135–137].

 Special Consideration: Asymptomatic 
Bacteriuria

Due to the severity of the potential outcomes of graft pyelo-
nephritis, as well as the higher level of immunosuppression 
in the first few months following transplant, some experts 
recommend treatment of asymptomatic bacteriuria during 
the early posttransplant period [138]. In the general popu-
lation, treatment of asymptomatic bacteriuria is not rec-
ommended, and at least one prospective trial has failed to 
confirm any benefit from treating asymptomatic bacteriuria 
in renal transplant recipients [128, 139]. Consequently, there 
is no consensus on whether to treat asymptomatic bacteri-
uria, at least in the early posttransplant period, and the ben-
efits from routine screening are unknown.

 Special Consideration: Febrile Neutropenia

Neutropenic patients represent a specific group at risk for 
infection, most commonly seen in the pre-engraftment 
period following HSCT.  Because Enterobacteriaceae are 
common pathogens in neutropenic patients, high-risk groups 
should be admitted and started on empiric IV antibiotics 
with cefepime, a carbapenem, or piperacillin-tazobactam, 
depending on local resistance patterns [140]. Low-risk 
populations, as defined by the Multinational Association for 
Supportive Care in Cancer (MASCC) score, may be man-
aged with empiric enteral antibiotics. Modification of the 
empiric regimen should be made if organisms are isolated 
and susceptibilities are available; otherwise empiric treat-
ment is recommended until engraftment and recovery of 
peripheral blood granulocyte count [140].

Table 25.3a Laboratory breakpoints for Enterobacteriaceaea. MIC 
breakpoints (μg/ml)

Agent Susceptible Intermediate Resistant
Cefazolin ≤2 4 ≥8
Cefuroxime (IV) ≤8 16 ≥32
Cefotetan ≤16 32 ≥64
Cefoxitin ≤8 16 ≥32
Cefotaxime ≤1 2 ≥4
Ceftizoxime ≤1 2 ≥4
Ceftriaxone ≤1 2 ≥4
Ceftazidime ≤4 8 ≥16
Cefepime ≤2 4–8 ≥16
Aztreonam ≤4 8 ≥16

aClinical and Laboratory Standards Institute criteria

Table 25.3b Laboratory breakpoints for Enterobacteriaceaea zones of 
inhibition (mm)

Agent Susceptible Intermediate Resistant
Cefazolin (non-UTI) ≥23 20–22 ≤19
Cefotaxime ≥26 23–25 ≤22
Ceftizoxime ≥25 22–24 ≤21
Ceftriaxone ≥23 20–22 ≤19
Ceftazidime ≥21 18–20 ≤17
Aztreonam ≥21 18–20 ≤17

Disk diffusion breakpoints (mm)
aClinical and Laboratory Standards Institute criteria
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 Prevention

 Prophylaxis

Given the diversity of timing and sources of infections with 
Enterobacteriaceae in SOT recipients, there is limited data 
regarding prevention of infections with these organisms 
 during the extended posttransplant period. Most reports 
have focused on early infections. Historically, several stud-
ies have shown that prophylaxis with co-trimoxazole given 
mainly for prophylaxis against Pneumocystis jirovecii 
infection has reduced the incidence of UTI and bacteremia 
after solid organ transplantation [141, 142]; however, in a 
study by Vidal et  al. [7], co-trimoxazole prophylaxis did 
not demonstrate a protective effect. Interestingly, the use of 
co- trimoxazole has not contributed to increased coloniza-
tion with MDRE organisms, although the rates of co-tri-
moxazole resistance are expectedly high [7, 20, 141, 142]. 
Selective bowel decontamination prior to liver transplant 
has been evaluated in several randomized controlled trials, 
which have produced conflicting results, although the regi-
mens and time courses varied from study to study [143–
146]. A systematic analysis by Safdar et al. [146] showed 
that selective bowel decontamination reduces infections 
with Gram-negative organisms. None of the studies were 
adequately powered to detect a difference in mortality, 
however, and Gram-positive infections have been noted 
with this approach [143]. The emergence of antimicrobial 
resistance was not explored. Based on the limited impact 
on survival and the risk for resistance, this strategy is not 
routinely recommended [146].

In HSCT recipients, antibiotic prophylaxis with fluoro-
quinolones has demonstrated reduction in the incidence of 
Gram-negative sepsis during neutropenia, albeit no mor-
tality benefit has been consistently demonstrated [147]. 
Moreover, fluoroquinolone resistance has been noted in 
patients receiving this prophylaxis [82, 107]. Current rec-
ommendations still include antibacterial prophylaxis for 
high-risk neutropenic patients with anticipated prolonged 
neutropenia (ANC  <100 cells/mm3) for a minimum of 
7  days [140, 147]. Antimicrobial prophylaxis is not cur-
rently recommended for low-risk neutropenia patients 
with a short duration of anticipated neutropenia, espe-
cially those undergoing uncomplicated autologous stem 
cell transplantation.

In SOT and HSCT recipients, colonization with CRE has 
been associated with subsequent infections with CRE [108, 
148, 149]. There are no data available to recommend either 
alteration of antimicrobial prophylaxis or exclusion from 
transplantation. As noted previously, the use of CRE-infected 
or CRE-colonized donors is not specifically contraindicated; 
adjustment in prophylactic regimens to cover resistant patho-
gens should be considered [108, 115]. Regardless, greater 

emphasis on infection control measures is recommended for 
patients known to have prior infection or colonization with 
CRE, especially to prevent spread of resistant organisms on 
transplant units [108, 130].

 Infection Control

Cross-transmission of ESBL-producing and carbapenem- 
resistant Enterobacteriaceae is common, as evidenced by 
the previously mentioned outbreaks. Therefore, it is crucial 
that institutions introduce strict infection control policies in 
order to prevent the nosocomial spread of highly resistant 
organisms. In HSCT recipients, current recommendations 
include screening for MDR bacteria, especially in institu-
tions with known high prevalence, and instituting contact 
precautions to prevent cross-patient transfer of such organ-
isms [150]. There are no specific recommendations with 
respect to screening SOT recipients, although many centers 
with increased prevalence of CRE are screening candidates 
and recipients in transplant units. The Centers for Disease 
Control and Prevention has developed a tool kit for facili-
ties and clinicians outlining procedures to prevent spread 
of resistant Enterobacteriaceae, and current guidelines 
designed for solid organ transplant recipients recommend 
adherence to this tool kit [130, 151]. Procedures include 
cohorting patients and staff with known MDRE colonization 
or infection, use of contact precautions including gown and 
gloves, strict enforcement of hand hygiene, minimization of 
invasive device use, promotion of antimicrobial stewardship 
in order to curb the development of resistance, and imple-
mentation of surveillance and screening protocols [151].

 Infectious Diarrhea with Enterobacteriaceae

 Epidemiology

Diarrhea is common among SOT recipients and most fre-
quently attributed to the direct effects of immunosuppression. 
However, these recipients are also at increased risk for infec-
tions with pathogens that cause gastroenteritis. Transplant 
patients tend to be symptomatic for longer and have less 
abdominal pain, which may make it difficult to assess for 
secondary complications [152]. Transplant recipients are at 
risk for acquisition of community-acquired infectious diar-
rhea with viral and bacterial organisms, including those in 
the Enterobacteriaceae family such as Escherichia coli, 
Salmonella spp., Shigella spp., and Yersinia spp. as well as 
extraintestinal manifestations of these infections [153, 154]. 
Arslan et al. reported that the rate of infectious diarrhea in SOT 
recipients caused by Enterobacteriaceae was similar to the 
general population [154]. Salmonella was the most common 

K. Whitaker et al.



455

bacterial etiologic agent, causing 42% of infectious diarrhea 
cases that were attributed to bacteria other than Clostridium 
difficile. Additional causes included Campylobacter (not in 
the Enterobacteriaceae family) (27%), Shigella (15%), patho-
genic E. coli (35), and Yersinia (<1%). Although the incidence 
of Salmonella as a cause of infectious diarrhea did not seem 
to differ from the general population, the incidence of extrain-
testinal infections with non-typhoidal Salmonella species was 
much greater in renal transplant recipients, approximately 20 
times higher than in the non-transplant population [155].

 Diagnosis

Determination of the etiology of diarrhea in a solid organ 
transplant patient is complicated due to the diversity of 
pathogens in this population as well as the immunosuppres-
sive medications that often have diarrhea as a side effect. A 
thorough history, including timing, volume, and presence 
of bloody diarrhea and/or fever, exposure history, and full 
physical exam should be completed. Stool samples should be 
sent for routine culture and, based on clinical presentations 
such as the presence of bloody diarrhea, fever, and expo-
sure history, may include special culture for Shiga toxin-
producing E. coli, Campylobacter spp., and Yersinia spp., 
as well as multiplex PCR for enteric pathogens and Shiga 
toxin (Table 25.4a) [153]. In addition, stool should be tested 
for non-Enterobacteriaceae bacterial pathogens including 
Clostridium difficile; parasitic infections such as Giardia, 

Cryptosporidium, Isospora, and Cyclospora; microsporidio-
sis; and both community-acquired and opportunistic viruses.

 Treatment

Given the multiple potential causes of diarrhea in SOT 
recipients, empiric treatment recommendations vary with 
individual circumstances. Empiric treatment is generally 
withheld until an etiologic agent is identified. However, if 
shigellosis or Campylobacter spp. infection is suspected in 
a patient with bloody diarrhea, fever, and appropriate expo-
sure history, it is advisable to provide empiric treatment. 
In the immunocompetent host, most gastrointestinal infec-
tions caused by Enterobacteriaceae are self-limited illnesses 
and do not require treatment with antibacterials; however, 
transplant recipients with more severe infection should 
receive treatment [153, 156]. Anti-motility agents should 
be avoided in patients with bloody diarrhea due to the risk 
of prolonging infection. Table 25.4b outlines diagnostic and 
treatment considerations in patients with diarrhea due to 
Enterobacteriaceae.

 Emerging Pathogens

Due to their immunosuppressed state, SOT recipients are 
at risk for infections with organisms that do not usually 
cause infection in immunocompetent individuals. There 

Table 25.4a Enterobacteriaceae causing infectious diarrhea: organisms and clinical presentation

Organism Common subtypes Symptoms/signs Seasonality Exposures Complications
Salmonella Non-typhoidal: S. 

enteritidis, S. 
typhimurium
Typhoidal: S. typhi, S. 
paratyphi

Nausea, vomiting, 
nonbloody diarrhea, 
abdominal cramping
Typhoid fever: Fever, 
rose spots, 
hepatosplenomegaly

None Raw eggs, poultry, pork, beef; 
reptiles

Extra-intestinal disease 
(bone and joint, 
bacteremia, meningitis, 
myocarditis
Reactive arthritis

Shigella S. sonnei (most 
common), S. dysenteriae, 
S. flexneri, S. boydii

Diarrhea with blood or 
mucous, crampy 
abdominal pain, fever

Summer/
fall

Sick contacts, contaminated food 
(salads, dairy products, raw 
vegetables, seafood, raw meat)

HUS
Reactive arthritis, seizures, 
perforation

E. coli Enterotoxigenic (ETEC)
Enteroadherent (EAEC), 
Enteropathogenic 
(EPEC), 
Enterohemorrhagic 
(EHEC), Enteroinvasive 
(EIEC)

Varies
Nonbloody diarrhea: 
ETC, EAEC
Bloody diarrhea: EIEC, 
EHEC, and EPEC
Fever: EIEC, EHEC

None ETEC, traveler’s diarrhea, 
waterborne, soft cheeses, raw 
vegetables; EAEC, children with 
chronic diarrhea in developing 
countries; EPEC, infants and 
nurseries; EIEC, person-to-person, 
fecal-oral; EHEC, undercooked 
meat, raw milk, unpasteurized 
juices, raw vegetables, waterborne

Hemorrhagic colitis 
(EHEC),
HUS (E. coli 0157:H7)

Yersinia Y. Enterocolitica Watery or bloody 
diarrhea, fever

Winter Pork (chitterlings), beef, poultry, 
lamb, seafood, waterborne

Pseudoappendicitis, 
perforation, 
intussusception, peritonitis, 
toxic megacolon, 
cholangitis, bacteremia, 
reactive arthritis
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are several members of the Enterobacteriaceae family that 
are commensal or environmental organisms that have been 
shown to cause infection in patients undergoing transplan-
tation. Notably, infections with Hafnia alvei, a commensal 
organism in soil, water, and the GI tract of mammals, rep-
tiles, birds, and fish, have been reported in kidney, liver, and 
lung transplant patients [157–161]. Pantoea agglomerans 
formerly Enterobacter agglomerans, an organism found in 
the environment, usually on plants, fruits, and vegetables, 
has been described as a cause of pneumonia in a heart-lung 
transplant patient [162]. Finally, Kluyvera, another member 
of the Enterobacteriaceae family that inhabits the human 
gastrointestinal and respiratory tracts, has been found to be 
one of the etiologic agents of a polymicrobial liver abscess 
in a transplanted liver as well as of pyelonephritis in a trans-
planted kidney [163].

 Summary

Enterobacteriaceae are important etiologic agents of bacte-
rial infections in transplant recipients. They are prominent 
pathogens in both the early and late posttransplant periods 
and can cause infection at any site. Antimicrobial resistance 
among Enterobacteriaceae is increasing, and this is reflected 
in the transplant population as well. Given that transplanta-
tion is an independent risk factor for infection with resistant 
Enterobacteriaceae, providers should have a high level of 
suspicion and choose empiric therapy accordingly in order 
to improve outcomes.
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 Introduction

Aerobic gram-negative bacilli currently account for 15–20% 
of monomicrobial bacterial infections in neutropenic patients, 
including patients with hematologic malignancies and those 
undergoing stem cell allograft transplantation [1, 2]. 
Furthermore, 80% of polymicrobial infections have a gram-
negative component [3]. Since polymicrobial infections now 
account for 25–30% of documented bacterial infections, a 
trend that has been increasing in recent years, gram-negative 
bacilli are isolated from nearly 50% of bacterial infections in 
this patient population. This occurs despite the use of antimi-
crobial prophylaxis directed primarily against gram-negative 
bacilli in high-risk patient groups. The majority of gram-neg-
ative pathogens are residents of the human gastrointestinal or 
skin microflora, although some are acquired from environ-
mental or other sources. In general, monomicrobial gram-
negative and polymicrobial infections are associated with 
greater morbidity and mortality than infections due to gram-
positive bacteria. Consequently, the prompt administration of 
empiric broad-spectrum, parenteral, antimicrobial therapy is 
considered the standard of care for febrile neutropenic 
patients, who are at increased risk for developing such infec-
tions [4]. Unfortunately, neutropenic episodes occur often, 
and the frequent use of antimicrobial agents for prophylaxis 
and therapy often leads to the emergence and/or selection of 
resistant microorganisms [5–7]. Some organisms acquire sev-

eral mechanisms of drug resistance that render them nonsus-
ceptible to a number of antimicrobials belonging to different 
classes of antibiotic. Multidrug resistant (MDR) bacteria are 
defined as exhibiting resistance to three or more classes of 
antimicrobial agents that are expected to be active against a 
particular pathogen. MDR gram-negative pathogens such as 
Pseudomonas aeruginosa, Stenotrophomonas maltophilia, 
and Acinetobacter species pose a significant problem, espe-
cially since the research and clinical development of novel 
antimicrobial agents remains relatively scarce as outlined by 
several recent monographs and publications from Infectious 
Diseases Society of America (IDSA) [8, 9].

 Current Spectrum of Gram-Negative 
Infections

Most cancer and transplant centers have documented a 
decline in the proportion of bacterial infections caused by 
aerobic gram-negative bacilli over the past three decades, 
with a corresponding increase in gram-positive and polymi-
crobial infections [1, 2, 10]. Of late, some centers are report-
ing a shift back toward a predominance of gram-negative 
infections with an alarming increase in the frequency of MDR 
organisms [11, 12]. Unfortunately, most epidemiologic stud-
ies have focused primarily on monomicrobial bacteremia and 
have failed to provide data on polymicrobial infections and 
on sites of infections other than the bloodstream such as the 
respiratory tract, urinary tract, skin/skin structure, hepatobili-
ary, and intestinal tract infections [1, 13]. Since bacteremia 
account for only 15–25% of infections in such patients, these 
data underscore an incomplete picture regarding the epidemi-
ology of gram-negative infections including those caused by 
NFGNB, and perhaps substantially underestimating their true 
frequency [2], whereas bacteremic infections including cath-
eter-related bacteremia are caused predominantly by skin-
dwelling gram-positive organisms in up to 75–80% in some 
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reports. Gram-negative bacteria predominate at most other 
sites of infection. Additionally, 80% of polymicrobial infec-
tions have a gram-negative component, and 30–35% are 
caused by multiple gram-negative bacterial species [3, 14].

Consequently, when all sites of infections and polymicro-
bial infections are taken into account, a substantially differ-
ent epidemiologic picture emerges, with a greater proportion 
of infections being caused by gram-negative organisms. The 
most common sites of bacterial infection in HSCT recipients 
are depicted in Fig. 26.1. These include urinary tract infec-
tions, bacteremia, and respiratory tract infections. Other less 
common but important sites include the hepatobiliary and 
intestinal tracts such as cholangitis; neutropenic enterocoli-
tis; perirectal infections; and infections involving pleura, 
peritoneum, synovium, and meninges.

A number of studies from various parts of the globe have 
consistently shown that Escherichia coli, P. aeruginosa, and 
Klebsiella species are the most common gram-negative patho-
gens isolated from patients undergoing stem cell graft trans-
plantation and solid organ allograft, especially kidney, 
intestinal, liver, and lung transplantation both in adults and in 
children [1, 13, 15, 16]. Local and institutional differences do 
occur. It is therefore important to conduct periodic epidemio-
logic surveillance studies in order to determine the most cur-
rent spectrum of infections and antimicrobial drug susceptibility 
profile of clinically prominent bacteria, particularly at institu-
tions that care for a large number of immunosuppressed trans-
plant population (Fig. 26.2). The rest of this chapter will focus 
on specific infections caused by NFGNB.

 Nonfermentative Gram-Negative Bacilli

Despite the overall decline in the frequency of gram-negative 
infections in cancer patients, there has been an increase in 
the proportion of such infections caused by NFGNB [17, 
18]. Collectively, NFGNB caused 36–38% of documented 

gram-negative infections in this setting, a proportion that has 
steadily increased over the past three decades—Table 26.1 
[19–22].

P. aeruginosa is the most frequently isolated and the most 
important pathogen in this group. Non-aeruginosa 
Pseudomonas species such as Pseudomonas putida and 
Pseudomonas fluorescens are much less common and con-
sidered less serious compared with infections due to P. aeru-
ginosa [17, 18, 23]. The frequency of infections caused by S. 
maltophilia has risen dramatically over the past two decades 
and may be related to the widespread use of the carbapenems 
and broad-spectrum beta-lactams as monotherapy in febrile 
neutropenic patients [24]. S. maltophilia is now the second 
most common NFGNB isolated from patients being treated 
in our intensive care unit (unpublished data from the MDACC 
antimicrobial stewardship program and infection control ser-
vice). These isolates are often multidrug resistant and appear 
to be causing infections in patients without classic predis-
posing factors [25]. Acinetobacter species are still relatively 
uncommon, particularly if only bacteremic infections are 
considered and poses a serious challenge, as most hospital- 
onset infections are resistant to a number of broad-spectrum 
antibacterial drugs. Other NFGNB including Achromobacter 
spp. and Alcaligenes spp. are distinctly uncommon but do 
cause serious infections. These pathogens will be discussed 
in greater detail below.

 Pseudomonas aeruginosa

P. aeruginosa has emerged as a common cause of bacterial 
infections in neutropenic patients in the 1900s, and before the 
availability of antipseudomonal agents such as carbenicillin, 
infections due to P. aeruginosa were associated with mortal-
ity rates in excess of 90%. Since then, the development of 
potent antipseudomonal agents such as aminoglycosides, 

Skin/skin structure 9%
Respiratory tract 18%

Urinary tract 36%

Bacteremias 21%
Other sites 15%

Fig. 26.1 The most common sites of gram-negative infections in 
patients with hematologic malignancies and in HSCT recipients. (Data 
are from the M.D. Anderson Cancer Center (2011–2012))

E. coli 28%
P. aeruginosa 22%

Klebsiella spp. 16%

S. maltophilia 7%

Enterobacter spp. 6%

P. mirabilis 6%

Seratis Species 3%

Acinetobacter spp. 3%
Pseudomonas spp. 2%

Citrobacter spp. 2%

Other NFGNB 5%

Fig. 26.2 Proportion of various gram-negative bacilli causing infec-
tion in patients with hematologic malignancies and in HSCT recipients. 
(Data are from the M.D.  Anderson Cancer Center (2011–2012) and 
include adult and pediatric patients)

K. V. I. Rolston and A. Safdar



463

penicillins, cephalosporins, and carbapenems along with 
advances in critical and supportive care have resulted in mark-
edly reduced mortality to less than 20%. Substantial regional 
and institutional variation in the frequency of pseudomonal 
infections has been documented [15]. Some institutions have 
reported a decline in the frequency of infections caused by P. 
aeruginosa possibly related to the use of fluoroquinolone pro-
phylaxis in the high-risk patient population. However, at most 
major cancer and stem cell transplant treatment centers, P. 
aeruginosa remains among the three most common gram-
negative pathogens and causes between 15% and 20% of all 
gram-negative invasive bacterial disease [1, 2, 10, 11]. 
Additionally it is the most common gram-negative organism 
isolated among immunosuppressed patients with polymicro-
bial bacterial infections [3, 14]. Drug susceptibility and resis-
tance patterns also differ from institution to institution. 
Consequently, knowledge of local epidemiology and suscep-
tibility and resistance patterns is critical, particularly since the 
administration of empiric therapy in high-risk patients with 
fever or suspected sepsis is the standard of care. A recent 
review of P. aeruginosa infection episodes in cancer patients 
identified several risk factors [26]. Most patients (54%) had 
an underlying hematologic malignancy; usually a variant of 
acute leukemia. P. aeruginosa bacteremia was 27 times more 
common in patients with acute leukemia than in patients with 
solid tumors. During the 2 weeks prior to documentation of P. 
aeruginosa bacteremia, 89% of patients received some form 
of antineoplastic therapy, prominently myelosuppressive che-
motherapy, and 43% underwent an invasive procedure or 
placement of a medical device such as urinary or intravascular 
catheter or an ommaya reservoir. Additionally, during the 
7 days preceding the onset of P. aeruginosa bacteremia, 36% 
of patients had received antibiotics for presumed or docu-
mented infections. The practice of administering intensive 
chemotherapy in the outpatient setting, and of outpatient-
early discharge following hospitalization for the transplanta-
tion procedure, has had an impact on P. aeruginosa infections. 
In the study cited above, 50% of patients with P. aeruginosa 

bacteremia were not hospitalized. However, 9% had been dis-
charged during the preceding 3 days, and 25% had been dis-
charged during the preceding week.

The spectrum of clinical disease caused by P. aerugi-
nosa is wide (Table  26.2). Pneumonia, primary and 
catheter- related bacteremia, and urinary tract infections 
are common. Other serious, often life-threatening infec-
tions include neutropenic enterocolitis, perirectal infec-
tions, and meningitis. When central venous catheters, or 
other foreign medical devices are infected, removal of the 
device, in addition to antipseudomonal therapy, is almost 
always necessary [27]. Colonization of the respiratory 
tract often precedes infection. Some experts recommend 
the use of aerosolized antimicrobial agents, especially the 
aminoglycosides in addition to systemic agents, in patients 
with pseudomonal pneumonia, although definitive evi-
dence of the usefulness of this approach is lacking [28]. 
True abscess formation is uncommon in patients with neu-
tropenia, and surgical incision and drainage are often ben-
eficial in patients with perirectal infections [29]. 
Complicated urinary tract infections are difficult to cure, 
especially if foreign bodies such as stents or anatomical 
diversions are present. Recurrent episodes of infection are 
common, and long-term suppressive therapy may occa-
sionally be necessary.

P. aeruginosa has the potential for developing resistance 
to antimicrobial agents by multiple cellular mechanisms of 
resistance [30, 31]. A recent study demonstrated that the risk 
factors associated with multidrug-resistant P. aeruginosa 
infections were the use of a carbapenem as monotherapy for 
>7  days, a history of P. aeruginosa during the preceding 
year, and a history of chronic obstructive pulmonary disease 
[32]. Data from M.D.  Anderson Cancer Center Infection 
Control and Antimicrobial Stewardship Programs demon-
strated that the frequency of multidrug-resistant pseudo-
monal infections at this institution was 0.16 per 1000 patient 

Table 26.1 Increasing frequency of infections caused by NFGNB in 
patients with cancer [19–22 + MDACCa]

References Year

Total no. of 
gram-negative 
isolates

NFGNB, no. 
(%)

Bodey et al. [19] 1985 941 245 (26)
Bodey et al. [19] 1986 851 220 (26)
Rolston et al. [20] 1993 679 159 (23)
Jacobson et al. [21] 1996 758 225 (30)
Rolston et al. [22] 2002 903 329 (36)
Unpublished dataa 2011 831 319 (38)

Approximately 90% of episodes occurred in patients with hematologic 
malignancies and/or HSCT recipients
aUnpublished data from epidemiologic/surveillance study conducted in 
2011 at the M.D. Anderson Cancer Center

Table 26.2 The spectrum of infections caused by Pseudomonas aeru-
ginosa and other NFGNB

Bacteremia—primary and catheter related
Pneumonia, empyema, lung abscessa

Urinary tract infection—primary and catheter related
Neutropenic enterocolitis (typhlitis)
Perirectal infection/abscessa

Skin and skin structure infection (ecthyma)
Cholangitis/biliary tract infection
Abdominal/pelvic/hepatic abscessa

Otitis externa/mastoiditis
Keratitis/endophthalmitis
Osteomyelitis/septic arthritis
Prostatitis

Data from Infectious Diseases consultation records at M.D. Anderson 
Cancer Center
aAbscess formation is uncommon in patients with severe and prolonged 
neutropenia
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days from 2009 to mid-2011. Consequently, the Antimicrobial 
Stewardship team started monitoring carbapenem usage 
since July 2011. Patients receiving carbapenems, except 
ertapenem, were identified and the primary team caring for 
the patient were asked to (a) justify further usage of the agent 
usually based on microbiologic criteria, (b) discontinue the 
agent, or (c) seek the advice of the consulting Infectious 
Diseases team for possible alternative treatment options. 
Compliance with these options was about 70% and resulted 
in a substantial reduction in carbapenem usage; furthermore, 
a decline in the frequency of MDR infections to 0.10 per 
1000 patient days was encouraging [33].

 Stenotrophomonas maltophilia

S. maltophilia colonization and infection rates in patients 
with cancer and HSCT have progressively increased over the 
past two to three decades. Surveillance studies conducted at 
the University of Texas M.D. Anderson Cancer Center have 
documented an increase in the proportion of S. maltophilia 
from 2% of all gram-negative bacilli isolated in 1986 to 7% 
in 2012. During this period, S. maltophilia increased from 
being the ninth most common gram-negative bacteria iso-
lated to the fifth most common. Patients with prolonged neu-
tropenia, those exposed to broad-spectrum antibiotics, 
especially the carbapenems, and those requiring mechanical 
ventilation have a higher risk for such infections [34–36]. 
The shift from TMP/SMX, which has potent activity against 
S. maltophilia to the fluoroquinolones and are far less active 
against S. maltophilia, as the standard agent for antibacterial 
prophylaxis in high-risk patients may also have contributed 
to the rise in infections caused by S. maltophilia (K. Rolston – 
unpublished data). S. maltophilia infections are also being 
documented more often in patients without traditional risk 
factors [25]. Some of these infections appear to be commu-
nity onset, as they are being encountered in patients not pre-
viously exposed to the healthcare environment. The most 
common clinical manifestations of S. maltophilia infections 
in HSCT recipients include bacteremia, which is often 
related to an indwelling intravascular device, pneumonia, 
tracheitis, or airway anastomosis site infection in lung trans-
plant recipients, skin and skin structure infections, and com-
plicated urinary tract infections that is often noted in patients 
with obstructive uropathy or presence of indwelling foreign 
medical devices such as percutaneous nephrostomy tubes, 
among others [34, 37, 38]. Rapidly progressive hemorrhagic 
pneumonia is not an uncommon clinical presentation, par-
ticularly in patients who have failed to engraft allogenic stem 
cell infusion and remain severely neutropenic [39, 40]. This 
condition is often fatal despite prompt therapy and appropri-
ate supportive care. Furthermore, at the author’s (K. Rolston) 
institution, S. maltophilia bacteremia has been associated 

with a significant increase in moderate- to high-grade bacte-
remia, defined as greater than 100  CFU/ml in quantitative 
blood culture measurements, and may reflect a heightened 
severity for these infections (Table 26.3).

Recovery of S. maltophilia on microbiological cultures 
does not always indicate the presence of infection. Skin 
and intestinal colonization are not uncommon, especially 
in patients with extensive exposure to healthcare environ-
ment. Intestinal colonization may occur after fluroquino-
lone prophylaxis. In a recent study, S. maltophilia intestinal 
colonization was demonstrated in 10% of hospitalized 
neutropenic patients [41]. S. maltophilia colonization of 
the respiratory tract occurs frequently in patients with (a) 
prolonged stay in an intensive care unit, (b) presence of a 
tracheostomy, (c) prolonged exposure to broad-spectrum 
antibiotics, and (d) those with cystic fibrosis being consid-
ered for lung transplantation. Colonization often precedes 
infection.

For decades, trimethoprim/sulfamethoxazole (TMP- 
SMX) has been the agent with the most potent and reliable 
activity against S. maltophilia, but resistance appears to be 
increasing [42]. Several beta-lactams including ceftazidime, 
cefepime, ticarcillin-clavulanate, and piperacillin- 
tazobactam, have been reported to have variable activity, 
ranging from 35% to 70% against clinical S. maltophilia iso-
lates [43]. The organisms are uniformly resistant to the car-
bapenems and the aminoglycosides also have poor activity 
against them. The fluoroquinolones have variable activity, 
with newer agents such as moxifloxacin being more active 
than ciprofloxacin and levofloxacin [17, 44]. Minocycline 
and the novel glycycline, like tigecycline, are also active 
against many S. maltophilia isolates [45]. TMP/SMX still 
represents the agent of choice for the treatment of infections 
caused by S. maltophilia. Some experts recommend high 
doses of TMP/SMX similar to doses used for pneumonia 
caused by Pnemonocysits jiroveci. Combination regimens 
based on the susceptibility of individual isolates are often 
employed.

Table 26.3 Frequency of moderate- to high-grade bacteremiaa caused 
by NFGNB in cancer patients at M.D. Anderson Cancer Center

Organisms

Moderate- to high-grade 
bacteremia
No. (%) of isolates
1998 2004 2011

NFGNB isolates 111 (39)b 75 (42)c 117 (52)d

Stenotrophomonas maltophilia 4 (4) 13 (17) 26 (22)
Pseudomonas aeruginosa 14 (13) 8 (10) 37 (31)
Acinetobacter spp. 7 (6) 8 (10) 11 (9)

aModerate grade: 101–500 CFU/ml. High grade: >500 CFU/ml, using 
quantitative cultures
bFrom a total of 284 gram-negative bacilli
cFrom a total of 186 gram-negative bacilli
dFrom a total of 224 gram-negative bacilli
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 Acinetobacter baumannii Complex

Acinetobacter baumannii is being increasingly recognized 
worldwide as a significant cause of morbidity and mortality in 
hospitalized patients, especially those with hematologic malig-
nancies and neutropenia [46–48]. Many centers are reporting 
high rates of Acinetobacter spp. isolation. In one Brazilian can-
cer center, A. baumannii represented 9.3% of bloodstream 
infections over a 2-year period [49]. This rate slightly surpassed 
that of P. aeruginosa isolated in clinical specimens. Similarly, 
at the National Taiwan University hospital, the A. baumannii 
isolation rate was 6%, being higher than those of P. aeruginosa 
and Enterobacter spp. [47]. At the National Cancer Institute in 
Cairo, Egypt, Acinetobacter spp. comprised 6.9% of over 770 
isolates from patients with hematologic malignancies and/or 
solid tumors [50]. Acinetobacter is also seen in the pediatric 
population. In one report, 92 bloodstream infections were 
caused by Acinetobacter spp. over a 5-year period, including 
nearly 50% of cases in children [51].

The clinical manifestations of Acinetobacter spp. infec-
tion are similar to those seen with other gram-negative bacil-
lary infections, with pneumonia, bacteremia, urinary tract 
infections, and wound infections being predominant [52–
54]. Although having an underlying malignancy is an impor-
tant risk factor for the development of Acinetobacter spp. 
infection, it is not clear whether patients with cancer have a 
higher attributable mortality due to these infections com-
pared with non-immunosuppressed oncology population 
despite the fact that a number of such infections may be due 
to multidrug-resistant isolates [46, 55].

The rising levels of antimicrobial resistance that have been 
documented among other gram-negative bacilli are also being 
seen in clinical Acinetobacter isolates [56]. In a large European 
study of antimicrobial susceptibility of bacterial isolates col-
lected between 2004 and 2007, approximately 16% of the A. 
baumannii isolates were noted to be MDR organisms [57]. Due 
to the development of MDR gram- negative isolates, older drugs 
such as colistin and other polymyxin compounds, which have 
been long disfavored mainly due to systemic drug toxicity, are 
making a comeback [58]. In an attempt to reduce toxicity and 
maintain, or even enhance efficacy, strategies such as aerosol-
ized/inhaled colistin administration are being evaluated and, to 
some extent, have been shown to be successful [59, 60]. 
Unfortunately, resistance to colistin among A. baumannii iso-
lates has also been reported. In a recent study looking at colistin 
resistance among A. baumannii isolates collected from across 
the globe, 23% were found to be colistin heteroresistant [61]. In 
another recent study, the in vitro activity of tigecycline, minocy-
cline, and a colistin/tigecycline combination against A. bauman-
nii including colistin-resistant strains was evaluated [62]. 
Tigecycline showed better activity than minocycline even 
against pandrug-resistant bacterial strains. As with other antimi-
crobial agents, resistance to tigecycline is emerging [63].

 Other NFGNB

Approximately 4–7% of all gram-negative infections in 
HSCT recipients are caused by other less common, albeit 
clinically important NFBNB such as Achromobacter species, 
Alcaligenes species, Burkholderia species, Chryseobacterium 
species, and nonaeruginosa Pseudomonas species like P. flu-
orescens and P. putida. Achromobacter sp. and Alcaligenes 
species are ubiquitous organisms and most infections can be 
traced to sources such as contaminated dialysis fluid, 
chlorhexidine solution, deionized water, mechanical ventila-
tors, and incubators [64]. Patients with cancer, those undergo-
ing HSCT or solid organ transplantation, and those with HIV/
AIDs or other immune compromised states are at increased 
risk. These infections are often life threatening. The most 
common clinical manifestation is primary uncomplicated 
bacteremia, although infected indwelling catheters and other 
foreign medical devices, pneumonia, and meningitis have 
also been reported. Although uncommon, the clinical impor-
tance of these organisms has increased in recent years, as they 
may occur in outbreak clusters and due to infecting organisms 
may not be susceptible to commonly used antibiotics.

These organisms are uniformly resistant to the fluoroquino-
lones, and the impact of near-universal use of fluorinated qui-
nolone prophylaxis in HSCT and high-risk solid organ allograft 
recipients, the frequency of such infections, needs to be for-
mally studied. Most isolates are susceptible to TMP- SMX, and 
the frequency of these infections appears to have increased, 
albeit slowly, since TMP-SMX was abandoned in favor of the 
quinolones for routine antibacterial prophylaxis [65]. Most iso-
lates are also susceptible to the carbapenems. Of concern is the 
detection of IMP-type metallo-B- lactamases from these organ-
isms in the past decade, conferring carbapenem resistance [66]. 
Some combination regimens have been shown to be synergistic 
in vitro and may be preferred for therapy in neutropenic patients 
with severe sepsis and multiorgan dysfunction [67].

Burkholderia cepacia complex (BCC) are opportunistic 
pathogens that occasionally cause outbreaks in patients with 
cancer including HSCT recipients [68, 69]. These outbreaks 
can generally be traced to contaminated intravenous solu-
tions, disinfectants such as chlorhexidine and povidone–
iodine solutions, ultrasound gel, mouthwashes, and aerosols 
[70]. Infection of central venous catheters is common. The 
organisms are often susceptible to TMP-SMX, the carbapen-
ems, fluroquinolones, and extended-spectrum cephalospo-
rins including cefepime, ceftazidime and semisynthetic 
penicillin such as piperacillin, piperacillin-tazobactam. 
These infections are especially of concern among patients 
with advanced cystic fibrosis and those undergoing lung 
transplantation with severe long-standing structural lung dis-
ease. Presence of  biofilm plays an important role in pro-
longed BCC  colonization of the respiratory tract in such 
induvuduls and poses a serious risk of potentially life- 
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threatening infection of the pulmonary allograft following 
transplantation. Aerosolized aminoglycoside have played an 
important role in ameliorating this complication and recur-
rent infections due to B. cepacia complex. Early recognition 
of outbreaks and strict implementation of infection control 
measures, once an outbreak has been identified, is an essen-
tial component of management.

Chrysobacterium species such as Chrysobacterium 
meningosepticum and Chrysobacterium indologenes are rare 
pathogens; however, life-threatening infections such as bac-
teremia, pneumonia, and meningitis, especially in immuno-
compromised individuals, may occasionally be seen [71–74]. 
Previously considered Flavobacterium species, some 
Chrysobacterium species, have now been regrouped as 
Elizabethkingia gen. nov., which was based on 16s r RNA 
gene sequencing analysis with the names as Elizabethkingia 
meningoseptica and Elizabethkingia minuscola [75]. They 
are waterborne, saprophytic microorganisms, ubiquitous in 
nature including plants, water, soil, and the hospital environ-
ment. Primary and catheter-related bacteremia, pneumonia, 
meningitis, and skin and skin structure infections have been 
reported [76]. E. meningoseptica displays a strong biofilm- 
forming phenotype, which may play a role in its pathogenic-
ity [77]. Carbapenem resistance has been described and 
appears to be mediated by metallo-B-lactamase Bla B [78]. 
The organisms are susceptible to TMP-SMX, fluoroquino-
lones, rifampin, minocycline, tigecycline, vancomycin, and 
piperacillin-tazobactam [79–81]. The overall mortality is 
approximately 25%, and combination drug therapy may be 
the prudent option in most cases [82].

P. fluorescens and P. putida are members of the fluorescent- 
pseudomonad group. Unlike P. aeruginosa, these organisms 
have low levels of inherent virulence. They do colonize the 
skin in some individuals and can cause pseudo-bacteremia 
and procedure-related infections [83]. The association 
between P. fluorescens and contaminated blood products has 
been well established [84–86]. They are also present in com-
mercial bottled water, which can be a source of infection in 
neutropenic HSCT recipients [87–89]. Catheter-related bac-
teremia and pneumonia are the most common clinical mani-
festations [23]. Carbapenems have the most reliable activity 
against these organisms. The activity of other beta-lactams 
and fluoroquinolones is variable [17]. The overall mortality 
associated with these organisms is low. Many patients 
respond to the removal of the offending catheter alone, and 
most respond to appropriate antimicrobial therapy.

 Anaerobic Gram-Negative Bacterial 
Infections

Stem cell and solid organ transplantation is a lifesaving med-
ical intervention in patients with aggressive hematologic 
malignancies and end-stage solid organ dysfunction  and 

organ failure [90–94]. Iatrogenic drug-induced immune sup-
pression is needed for the maintenance of a functioning solid 
organ allograft; to harness and sustain the delicate balance 
between potentially devastating graft-versus-host disease 
and  the much desired, allogenic stem cell-assisted graft- 
versus -leukemia/lymphoma or antitumor  effect; the resul-
tant immune suppression contributes significantly toward 
hosts’ susceptibility for opportunistic infections [94–99]. In 
patients undergoing solid organ transplantation, surgical site 
and deep tissue infections are mostly seen during the early 
(≤1 month) post-transplantation period [90]. Most bacterial 
infections in such patients, despite having severe immune 
defects, are due to conventional aerobic bacteria. Anaerobic 
gram-positive or gram-negative bacteria, on the other hand, 
are a seldom cause for systemic disease. In this section, a 
brief review of anaerobic infections is provided.

In prior reports, the four prominent anaerobic bacterial 
genera isolated from HSCT recipients included 
Propionibacterium spp. [100], Bacteroides spp. [101], 
Clostridium spp. [102], and Prevotella spp. [96]. Whereas, in 
patients undergoing solid organ transplantation, Bacteroides 
spp. [97], Clostridium spp. [92], and Prevotella spp. [92] are 
dominant anaerobic bacterial genera isolated. 

 Stem Cell Transplantation

In a retrospective 4-year review of BSIs following HSCT, 17% 
of infections were due to anaerobic bacteria [103]. In this 
report, Fusobacterium nucleatum (n  =  17) followed by 
Leptotrichia buccalis (n  =  4) were prominent, whereas 
Clostridium septicum (n = 1) and Clostridium tertium (n = 1) 
were rarely isolated [103]. Presence of severe mucositis was 
associated with a greater than fourfold higher probability of 
infection due to anaerobes [102–104]. Interventions that 
reduce severity and duration of early post-transplant mucositis 
are important factors for risk mitigation for  such infections 
[103]. This was supported by higher frequency of invasive 
bacterial infections due to commensal anaerobic bacteria 
noted during mid and late 1990s, a period during which high-
dose methotrexate was routinely used for pre- HSCT condi-
tioning and its well-established risk for debilitating mucositis. 
Furthermore, others have observed an association between the 
risk of post-transplant bacteremia and high-dose preparatory 
conditioning regimens given prior to transplantation [105].

A novel anaerobe, Leptotrichia hongkongensis, was iso-
lated in five of eight patients with multiple myeloma under-
going autologous stem cell infusion after high-dose 
chemotherapy. This commensal bacterium that primarily 
resides in the orointestinal and female genital tracts is diffi-
cult to isolate in routine laboratory anaerobic cultures. 
Molecular diagnostic assays are needed for identification 
and confirmation of this fastidious pathogen [105, 106]. 
Leptotrichia infections are rare in the general population; 
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risk for these uncommon pathogens increases in patients 
with suppressed immune response and along with other risk 
factors stated earlier for invasive anaerobic bacterial disease 
[107, 108]. It is important to emphasize that on Gram stain-
ing, Leptotrichia may be misidentified as a gram-positive rod 
and disregarded as probable Bacillus spp. contamination 
[109]. Along with other difficult-to-culture pathogens, 16S 
rRNA analysis has become the gold standard in the diagnosis 
of Leptotrichia spp. infection [110, 111].

Patients with impaired cell-mediated immune response are at 
an increased risk for Legionella spp. infection. In recipients of 
allogeneic stem cell or solid organ transplantation, legionella 
infection frequently presents as serious systemic illness involv-
ing lungs as well as life-threatening extra-pulmonary disease. In 
transplant patients with Legionella pneumophila infection, sec-
ondary infection(s) may involve an anaerobic bacteria such as 
Prevotella spp. [112]. As with other immunosuppressed patients, 
those undergoing transplantation, who develop lung abscess or 
empyema, a heightened awareness for polymicrobial infection 
with mixed aerobic and/or anaerobic bacteria will assist in 
appropriate empiric selection of antibiotics. The authors are of 
the opinion that early surgical therapeutic drainage of lung 
abscesses and empyema will also provide a desirable specimen 
for microbiological diagnosis. When anaerobes are suspected, 
use of advanced molecular diagnostic assays such as 16SrRNA 
analysis will improve the diagnostic yield compared with con-
ventional anaerobic laboratory culture methods.

Acute GVHD is a serious complication after allogeneic 
stem cell transplantation. The composition of the intestinal 
microflora of patients, especially prevalence of anaerobic 
microbiota, was investigated as a potential predictor for the 
risk of acute GVHD [113]. A favorable impact for GVHD risk 
in nonprimates and nonhuman primates was demonstrated by 
creating a germ-free or decontaminated intestinal microenvi-
ronment [114–116]. Results of these experiments encouraged 
clinical evaluation for such interventions in patients undergo-
ing allogeneic HSCT. In 194 patients undergoing identical sib-
ling bone marrow stem cell transplantation, influence of 
intestinal bacterial decontamination and strict isolation proto-
col on the risk of moderate to severe acute GVHD was assessed 
[113]. Acute GVHD was noted in 23% of patients after a 
median of 33 days following  transplantation; sustained sup-
pression of intestinal anaerobic bacteria microflora favorably 
influenced the cumulative incidence of acute GVHD in this 
study (P < 0.006) [113]. Further large scale clinical assesss-
ment is needed for validation of this hypothesis.

Intestinal anaerobic microflora from the domain Archaea 
are methanogens or methane producers that have evolved to 
adapt to extremes of environment conditions. The predomi-
nant methanogen in the human intestinal tract is a gram- 
negative anaerobe, Methanobrevibacter smithii [117]. These 
bacteria are nonsusceptible to most antibiotics, although they 
retain susceptibility to metronidazole [118]. Metronidazole 
prophylaxis has been associated with reduced frequency of 

moderate to severe acute GVHD [119, 120]. The underlying 
hypothesis is based on reduced immunostimulation caused 
by bacterial products, especially by methanogens. Eleven of 
13 patients undergoing HSCT treated with metronidazole 
showed reduced methane gas in feces [121]. In all 11 patients 
with post-metronidazole treatment-negative fecal methane 
detection observed at 2 and 5  weeks after transplantation, 
risk for acute GVHD was significantly modified [121]. The 
authors caution regarding drug-induced suppression of 
anaerobic microbiota in the lower intestinal tract, especially 
in the immunosuppressed patients undergoing allogeneic 
stem cell transplantation. The extended alteration in homeo-
stasis of patients’ intestinal microflora may compromise the 
physiologic protection proffered by the gram-negative anaer-
obes in the large intestine, thereby creating a niche for colo-
nization and subsequent disease due to microoragnisms such 
as  MDR GNB, vancomycin-resistant enterococci and 
exotoxin- producing Clostridium difficile, to name a few.

 Solid Organ Transplantation

In the past three decades, overall survival and quality of life 
after solid organ allograft transplantation have greatly 
improved. Advances in surgical techniques, sophistication in 
prevention and treatment of allograft rejection, progress in 
infection prophylaxis and management, and additionally 
improved comprehensive supportive care have all contributed 
favorably toward this trend. Infections are either due to micro-
organisms that are endogenous to the host microbiota or 
acquired from the environment of patients [122]. The overall 
frequency of infection varies among various solid allograft 
recipients: 33–68% after liver transplantation; 21–30% after 
heart; 35% following pancreas; 47% in kidney; and 54% in 
patients undergoing lung transplantation [90]. Enteric patho-
gens such as Enterococcus spp. and gram- negative aerobic 
and anaerobic bacteria are prominent bacterial pathogens in 
patients after liver transplantation. In many transplant centers, 
selective bowel decontamination sparing the gut anaerobic 
flora has been used to reduce the risk for early post-transplant 
infections due to aerobic gram-negative bacteria; this is an 
important consideration in patients who are considered at 
increased risk for such infections [123, 124]. However, the 
data supporting selective bowel decontamination as a routine 
practice remain controversial. Furthermore, concern for selec-
tion and colonization with drug-resistant pathogens like MDR 
Pseudomonas, extended- spectrum beta-lactamase-producing 
Enterobacteriaceae, vancomycin-resistant enterococci, yeast 
overgrowth, and expansion of microaerophilic gram-positive 
bacteria like Lactobacillus spp. are a hypothetical, albeit, seri-
ous concern [125, 126]. It is appealing that selective bowel 
decontamination has shown reduced risk for GNB infections 
during the early post-transplant period in patients undergoing 
solid organ allograft transplant surgery [100, 101, 127–130].
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In 103 patients following orthotopic liver transplantation, 
half of 115 bacterial infections observed in 68% of patients 
were noted within 2  weeks following transplant surgery 
[131]. Among 190 organisms recovered from 115 infection 
sites, gram-negative bacteria as expected were common 
(65%), with E. coli being the most prominent aerobic gram- 
negative pathogen. Enterococcus spp. were prevalent in 38% 
of gram-positive organisms. Eight percent anaerobes other 
than C. difficile included 4% Bacteroides fragilis. It is impor-
tant to recognize that polymicrobial infections were observed 
in 37% of the episodes [131]. Intra-abdominal infections 
were common (69%), followed by surgical wounds (42%) 
and lung infections (36%) [131].

Pulmonary infections are considerably prominent in 
patients undergoing heart and heart–lung transplantation 
[132, 133]. In 12 heart–lung allograft recipients, 29 infection 
episodes accounted for 2.4% of infections per patient [133]. 
Among 18 of 29 bacterial infections, only one episode was 
due to Bacteroides melaninogenicus and presented as poly-
microbial infection with aerobic bacteria. In the recipients of 
heart–lung allografts, anaerobic bacterial infections are often 
related to transtracheal and transthoracic aspiration; how-
ever, these infections are rarely observed [133].

The incidence of urinary tract infections after allograft renal 
transplantation ranges from 28% to as high as 90% in high-risk 
subgroups. Bacterial contamination of cadaveric renal grafts 
may be as high as 25%, although its association with post-
transplant graft pyelonephritis is not convincing. In an earlier 
study, UTIs in renal transplant population due to anaerobic bac-
teria were 8%, which included B. fragilis and B. melaninogeni-
cus; aerobic bacteria accounted for 24% of infections [134]. It 
appeared that most of these anaerobic infections were seen in 
patients following cadaveric renal grafts and associated with 
infections in the early post- transplant period; in contrast, post-
transplant UTIs due to anaerobic bacteria were not noted fol-
lowing living donor renal graft transplantation. Since the 
introduction of routine prophylaxis with trimethoprim–sulfa-
methoxazole (TMP- SMX) in patients receiving comprehensive 
antirejection regimens after kidney transplantation, the overall 
frequency of bacterial UTIs with or without concurrent bacte-
remia have declined significantly [135–137].

 Newer Agents

The emergence of resistant gram-negative bacilli including 
NFGNB as well as the Enterobacteriaceae created substantial 
therapeutic problems as outlined in several monographs and 
publications [8, 9]. These problems were made worse by the 
fact that new drug developments had come to a virtual standstill. 
In response to this, a global initiative termed “the 10 by 20 ini-
tiative” was launched with the goal of developing 10 agents 
with activity against resistant microorganisms by the year 2020 

[138]. This initiative has encouraged the development of several 
novel agents, some of which have been approved by the FDA 
while others are in advanced stages of development (Table 26.4). 
Many of these agents have provided newer options for the treat-
ment of resistant gram- negative infections and, to some extent, 
have replaced or supplanted older and more toxic agents such as 
the  polymyxins [139]. Unfortunately, there already are reports 
of resistance to some of these newer agents, which have raised 
caution and as with all other antimicrobial agents, in vitro sus-
ceptibility should be performed when an infection- causing 
GNB is isolated in cultures [140–142]. It is important to recog-
nize the advantage the new combination drugs offer against bac-
teria; they have acquired capability to produce serine 
carbapenemase including KCP, extended- spectrum beta-lacta-
mase, and MDR Pseudomonas; these drugs, however, lack 
activity against metallo-beta-lactamase- producing organisms, 
including bacteria that are mostly seen as sporadic, nonoutbreak 
infections in the US hospitals [142]. Additional agents that are 
in early stages of development are in the pipeline and continue 
to provide hope for the future.

 Summary

An increasing proportion of bacterial infections in patients fol-
lowing stem cell and high-risk organ allograft recipients are 
due to NFGNB, which is despite the overall decline in the 
frequency of microbiologically proven invasive gram- negative 
bacterial disease in the immunosuppressed population. The 
spectrum and clinical manifestations of these infections are 
similar to those caused by Enterobacteriaceae. A common 
theme among many NFGNB is the development of resistance 
to multiple antimicrobial agents. Strategies to combat these 
infections include (a) judicious use of currently available anti-
microbial agents with assistance and adherence to the antimi-
crobial stewardship protocols; (b) encourage and promote 
development of novel antimicrobial drug classes with nonre-

Table 26.4 Newer agents for the treatment of gram-negative bacterial 
infectionsa

Beta-lactam/beta-lactamase inhibitor combinations
Ceftazidime/avibactamb

Ceftolozane/tazobactamc

Meropenem/vaborbactamc

Imipenem-cilastatin/relebactam
Aztreonam/avibactam
Other agents
Cefiderocol (a novel siderophore cephalosporin)
Plazomicin (aminoglycoside derivative)
Eravacycline (a synthetic tetracycline derivative)

aSeveral other agents are in earlier phases of development (Phases 1 and 2)
bCeftazidime/avibactam has been approved by the US Food and Drug 
Administration (FDA) and the European Medicines Agency
cCeftolozane/tazobactam and meropenem/vaborbactam have been 
approved by the US FDA
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dundant target of antibacterial activity, (c) revival of older anti-
microbial agents with combination of novel classes of 
antibacterial hydrolyzing enzyme inhibitors, (d) development 
of novel antimicrobial agents, and (e) strict adherence to infec-
tion prevention guidelines and infection control policies 
designed to limit the spread of such infections, when they do 
occur. Nevertheless, infections caused by NFGNB, especially 
in the highly diverse and complicated transplant population, 
will continue to challenge clinicians in the foreseeable future.
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Nocardiosis and Actinomycosis

Heather E. Clauss and Bennett Lorber

 Nocardiosis

 Microbiology

Nocardia are informally known as “aerobic nocar-
dioform actinomycetes,” along with Corynebacterium, 
Gordonia, Rhodococcus, Tsukamurella, Actinomadura, and 
Mycobacterium [1]. There are more than 50 known species 
of Nocardia, less than half of which are human pathogens. 
Newer molecular methods of identification have expanded 
the spectrum of Nocardia species known. The most important 
causes of Nocardia infection in transplantation are Nocardia 
asteroides sensu stricto, N. nova, N. farcinica, and N. brasil-
iensis [2]. Nocardia asteroides sensu stricto are distinct from 
“N. asteroides complex,” which is an older designation.

Typical findings on Gram stain include gram-positive, 
beaded, branching rods with acute pyogenic inflammatory 
reaction. Sulfur granules may be found in nocardial lesions, 
similar to those seen in actinomycosis.

There are several known virulence factors that play a role 
in the pathogenesis of nocardiosis. One of the most important 
factors is Nocardia’s cell wall and its components, includ-
ing peptidoglycan and mycolic acid polymers. Another fac-
tor in virulent Nocardia strains is the innate resistance to 
neutrophil-mediated killing. Nocardia have resistance to 
the oxidative burst within the phagosomes of neutrophils 
and macrophages. There is a well-documented association 
between nocardiosis and chronic granulomatous disease 
(CGD) for this reason [3]. Also, pathogenic Nocardia spe-
cies secrete superoxide dismutase (SOD) into growth media, 

while nonpathogenic species do not [4]. This contributes  
to the protection of Nocardia species within the host. Finally, 
the ability of some Nocardia species to exhibit tropism for 
the cerebral tissue is evident and may vary between strains.

The response of the host to Nocardia species is determined 
by the portal of entry of the organism, the tissue tropism, 
growth rates in vivo, and the ability to survive the phagocytic 
attack. The key host defenses against developing nocardiosis 
are T cell mediated. There is little effective humoral response.

 Epidemiology

Nocardia are ubiquitous in the environment, living in soil, 
water, and vegetable matter. Infection occurs most commonly 
via inhalation, with hematogenous dissemination to other tis-
sues including the brain. Also, direct inoculation of the skin 
can occur via penetrating injuries. Nocardia infections have 
increased in the last 20 years, due to both increased detection 
and identification by molecular methods and the expanding 
use of immunosuppressive agents [1]. The use of immunosup-
pressive medications is the hallmark of organ transplantation, 
and these procedures have increased in recent years. Nocardia 
are considered opportunistic pathogens, causing infection in 
patients with impaired cell- mediated immune response, includ-
ing patients with organ transplantation, lymphoreticular neo-
plasia, HIV/AIDS (CD4 counts <100 cells/mm3), diabetes 
mellitus, alcoholism, and patients treated with chronic corti-
costeroid therapy. More than 60% of Nocardia cases occur 
in these settings [5]. Nocardia cases in transplant recipients 
typically occur within the first year following transplantation, 
although cases in the first month, prior to the period of heaviest 
immunosuppression, following transplant are rare. However, if 
aggressive immunosuppression is used, this diagnosis should be 
considered even in the first month posttransplant. However, in a 
published 30-year experience of 19 cases of Nocardia in 4600 
adult solid organ transplants, 2 occurred after 1 month, 4 after 
more than 3 months, and 13 after over 1 year [6].
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The incidence of Nocardia infection varies somewhat 
by the organ transplanted. In a review of over 5000 trans-
plant recipients, lung transplant recipients had the greatest 
incidence of Nocardia (3.5%), followed by heart (2.5%), 
intestine (1.3%), kidney (0.2%), and liver (0.1%) recipients 
[7]. The overall rate of Nocardia in this group, from 1995 to 
2005, was 0.6%. These numbers were similar to a 30-year 
experience in Spain of 4600 adult solid organ transplants 
where lung transplant recipients had a slightly higher inci-
dence (1.78%) than heart recipients, renal recipients, and 
liver recipients (0.65%, 0.26%, and 0.18%, respectively) 
[6]. Lung transplant recipients may have a higher rate of this 
infection due to the fact that the respiratory tract is the natural 
access route and also the higher immunosuppression given to 
lung transplant recipients. In the first paper mentioned, the 
species of Nocardia causing infections in transplant recipi-
ents were as follows: N. nova in 49%, N. farcinica in 28%, N. 
asteroides in 23%, and N. brasiliensis in 3% [7].

 Risk Factors

Several risk factors for Nocardia infection in organ transplant 
recipients were determined via a matched case control study. 
These include receipt of high-dose steroids, a high median 
calcineurin inhibitor level in the preceding 30 days (15 mcg/
mL for tacrolimus and >300 ng/mL for cyclosporine), and 
cytomegalovirus (CMV) disease in the preceding 6 months 
[7]. In another paper, CMV coinfection was present in 53% 
of Nocardia cases, 47% of cases were dialysis patients, and 
26% of cases had diabetes mellitus [6]. Newer immunosup-
pressive therapies may also be risk factors for Nocardia infec-
tions. First, alemtuzumab, a humanized monoclonal antibody 
against CD52 found on B and T lymphocytes, monocytes, 
and natural killer cells, is being used commonly as induc-
tion immunosuppression prior to solid organ transplantation 
as well as treatment for rejection. It causes lymphopenia 
and is most commonly associated with CMV infection but 
also is associated with Nocardia infections [8]. Rituximab 
is a monoclonal antibody directed against the CD20 antigen 
found on B cells and has been used to treat or prevent anti-
body-mediated rejection. This agent has been described as a 
risk factor for cerebral nocardiosis in a non-transplant recipi-
ent [9]. Additionally, hypogammaglobulinemia in the setting 
of transplant immunosuppression has been implicated as a 
risk factor for the development of Nocardia infections [10]. 
These are intriguing findings, given that there is thought to 
be little humoral response to Nocardia infection. Perhaps, 
antibody-dependent cellular cytotoxicity plays more of a 
role in the defense against nocardiosis. Finally, there have 
been reports of Nocardia infections in patients with rheu-
matologic diseases treated with tumor necrosis factor (TNF) 
blockers [11].

 Clinical Syndromes

Clinical syndromes caused by Nocardia species include 
pulmonary masses, nodules, infiltrates and cavities, brain 
abscesses, systemic disease, and nodular lymphangitis. 
Primary infection occurs via inhalation or direct inoculation 
of skin and soft tissues. Then, bloodstream dissemination 
can cause metastatic infection throughout the body, most 
commonly to the central nervous system (CNS). Sites of 
metastasis can include virtually any other anatomic site.

The most important site of primary infection is the lung. 
Pulmonary nocardiosis is the predominant clinical manifes-
tation, seen in over 40% of nocardiosis cases in organ trans-
plant recipients [7]. The N. asteroides complex are the main 
species causing pulmonary nocardiosis. Common clinical 
symptoms include a subacute course (from days to weeks) of 
fever, cough, purulent sputum production, malaise, anorexia, 
dyspnea on exertion, and sometimes pleuritic chest pain. 
Oxygenation is usually preserved at rest until disease has 
advanced. This is commonly a suppurative infection but may 
be granulomatous. Chest radiograph findings can include 
focal or multifocal disease, nodules, or consolidations that 
can progress to cavities [12]. Additionally, there can be nec-
rotizing lung abscess and cavitary disease with contiguous 
extension to the surface and deep structures, including effu-
sion and empyema. The “halo sign,” typically associated 
with pulmonary aspergillosis, has been described [1]. On 
bronchoscopy, endobronchial masses can be visualized in 
some cases. In one Spanish study, predisposing conditions 
for 31 pulmonary nocardiosis patients were transplantation 
(29%), HIV infection (19%), and treatment with steroids 
(64.5%) [13]. In this study, the median time to diagnosis was 
42  days, and the mortality rate for pulmonary nocardiosis 
was 41% and 64% for disseminated nocardiosis. Progressive 
fibrosis may develop if pulmonary nocardiosis is incorrectly 
or inadequately treated. This infection should be considered 
in the differential diagnosis of indolent pulmonary disease in 
organ transplant recipients. Evidence pointing to a diagnosis 
of pulmonary nocardiosis may be spread of infection to con-
tiguous structures within the chest.

Disseminated infection involving two or more body sites 
can occur in nocardiosis. There is local and hematogenous 
spread, but Nocardia species are isolated from blood cul-
tures only rarely. When Nocardia species are isolated from 
patients, it is typically in association with central venous 
catheters, not disseminated disease. Nocardia species can 
erode into blood vessels and disseminate to the retina, skin, 
subcutaneous tissues, kidneys, joints, bones, and heart. Most 
commonly, Nocardia species spread to the CNS.

Nocardia species have a particular tropism for the brain 
and spinal cord. In all cases of pulmonary and disseminated 
nocardiosis, an MRI of the brain should be performed to 
evaluate for CNS infection. The differential diagnosis of 
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pulmonary-CNS syndromes in organ transplant recipients 
includes Nocardia, Cryptococcus, Aspergillus, Rhodococcus, 
and posttransplant lymphoproliferative disease (PTLD).

CNS involvement is seen in 44% of cases of dissemi-
nated nocardiosis. A third of Nocardia cases in the literature 
involved the CNS without evidence of other infections [5]. 
CNS lesions can be seen throughout the brain, and there may 
be meningitis with or without involvement of other portions 
of the brain and spinal cord. Clinical presentation is usually 
subacute to chronic (months to years), as with the pulmonary 
infection. Location of the abscess or granulomas determines 
the clinical manifestations seen in patients with CNS nocar-
diosis. Chronic behavioral and psychiatric disturbances can 
be seen. Tissue diagnosis of a brain mass may not be neces-
sary in the setting of pulmonary nocardiosis [12]. However, 
one should consider brain biopsy for definitive diagnosis in 
an organ transplant recipient with an isolated CNS lesion, as 
the differential diagnosis is broad and includes many bac-
terial, mycobacterial, fungal pathogens, PTLD, and other 
malignancies and rarely Acanthamoeba or toxoplasmosis.

Nocardia species can also cause cutaneous, subcutane-
ous, and lymphocutaneous (sporotrichoid) disease following 
direct, traumatic inoculation of the organism into the skin. 
N. brasiliensis is the most common case of these condi-
tions. These can occur after animal or insect bites, puncture 
wounds, and contaminated abrasions [1]. These may appear 
to be staphylococcal abscesses, which are much more com-
mon. The diagnosis of Nocardia may be confused or missed. 
In transplant patients, self-limited infections may be treated 
initially as staphylococcal abscesses, but if these do not 
improve, less common infections such as cutaneous nocar-
diosis should be considered. Mycetomas can form, which 
can be suppurative or necrotic and may form sinus tracts. 
Nocardia can spread through the lymphatics causing sporotri-
choid nocardiosis in immunocompromised hosts. Inoculation 
injuries can also occasionally affect the cornea [1].

 Nocardiosis in Cancer Patients 
and Hematopoietic Stem Cell Recipients

In a study at MD Anderson Cancer Center conducted 
between 1988 and 2001, 42 cancer patients were diag-
nosed with nocardiosis, in the first large series of patients 
of this type [14]. Twenty-seven (64%) patients had hema-
tologic malignancies, and in 13 patients, nocardiosis com-
plicated bone marrow transplantation (BMT). Patients had 
received steroids in 25 (58%) episodes of nocardiosis and 
had received chemotherapy within 30 days before the onset 
of nocardiosis in 10 (23%) episodes. Pulmonary nocardiosis 
was diagnosed in 30 of 43 cases (70%), while only 1 (2%) 
patient developed CNS nocardial infection. The mortality 
rate in this study was 60%.

In bone marrow transplant patients at one institution, the 
rate of nocardiosis was 1/554 (0.2%) among autologous BMT 
recipients and 5/302 (1.7%) in allogeneic BMT recipients 
from 1980 to 1994 [15]. All but one of the six cases had graft-
versus-host disease. Four of the cases had extensive exposure 
to soil or dust prior to their nocardial infection. Also, nocar-
dial infection in this BMT population was associated with a 
high rate of invasive fungal infection. In a retrospective study 
of 27 patients with nocardiosis at 3 centers, the median time 
to the diagnosis of nocardiosis after bone marrow transplanta-
tion was 210 days, and all of the infections occurred in alloge-
neic marrow recipients [16]. In this paper, 96% of the isolates 
were N. asteroides complex. The survival rate from Nocardia 
infection was 84%. Forty percent of these patients had taken 
trimethoprim- sulfamethoxazole (TMP-SMX) regularly prior 
to developing nocardiosis. Interestingly, 3/6 patients in the 
first paper mentioned developed nocardiosis despite taking 
TMP-SMX for Pneumocystis jiroveci prophylaxis. TMP-
SMX may not be protective against nocardial infections in 
immunosuppressed patients the same way it is protective 
against Listeria monocytogenes and other gastrointestinal and 
genitourinary infections.

 Diagnosis

The mainstay of diagnosing nocardiosis is to inform the lab-
oratory this diagnosis is being considered. The diagnosis can 
be missed by routine laboratory methods. The organism must 
be isolated from a clinical specimen, noting that Nocardia 
species are not common lab contaminants or oral flora. 
However, some patients with chronic lung disease can have 
transient nocardial carriage which must be interpreted with 
caution. Often this diagnosis requires an invasive procedure 
such as a lung biopsy, skin biopsy, or brain biopsy. All biop-
sies should be evaluated by Gram stain, modified acid-fast 
staining, culture, and pathology. Gram staining can reveal 
fine gram-positive, beaded, branching rods surrounded by 
white blood cells. Acid-fast staining by modified Kinyoun 
stain can be weakly positive. Blood cultures for Nocardia 
species require prolonged incubation (up to 14  days), and 
selective media such as Thayer-Martin agar or Buffered 
Charcoal Yeast Extract (BCYE) agar should be used. The 
organism will grow in 3–5  days. Molecular methods may 
be needed to accurately identify species of Nocardia. It is 
important to accurately identify the species causing infection 
in order to predict antimicrobial susceptibility. Techniques 
that have been developed include ribotyping, polymerase 
chain reaction (PCR), restriction fragment length polymor-
phism (RFLP) analyses, and DNA sequencing [2]. There is 
genetic variation within the Nocardia heat shock protein 65 
(hsp65) gene and the 16S rRNA gene region that can be used 
in these analyses [1].
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 Treatment

The mainstay of treatment of nocardiosis is antibiotic ther-
apy. The Transplant Infectious Disease Guidelines published 
in 2009 recommend antimicrobial susceptibility testing 
for all nocardial isolates against amikacin, amoxicillin- 
clavulanate, ceftriaxone, ciprofloxacin, clarithromycin, imi-
penem, linezolid, minocycline, TMP-SMX, and tobramycin 
[17]. TMP-SMX is the preferred treatment for most forms of 
nocardiosis, given its high tissue concentrations in the lungs, 
brain, skin, and bone [18]. The recommended dosage is 
15 mg/kg of TMP divided into 3–4 doses/day. Higher doses 
are used for patients with high disease burden in the central 
nervous system. Side effects include nausea and vomiting 
(especially with oral therapy) and rash but can include more 
serious issues such as myelosuppression, hyperkalemia, and 
erythema multiforme. Of note, some species of Nocardia are 
sulfonamide resistant, such as N. farcinica and N. nova.

In immunosuppressed patients and patients with CNS 
involvement or disseminated disease, the combination of 
imipenem/cilastatin and amikacin is recommended empiri-
cally until sensitivities are known [17]. There may be syn-
ergism between these agents. The toxicities of imipenem 
include rash and seizures, while the toxicities of amikacin 
include renal failure and ototoxicity. Of note, there may 
be enhanced nephrotoxicity in patients taking aminoglyco-
sides in conjunction with calcineurin inhibitors. Meropenem 
may be a better choice for those patients with CNS disease, 
as there is good blood-brain barrier penetration and fewer 
seizures with this agent. Also, meropenem may have bet-
ter activity against N. brasiliensis, but it may be less active 
against N. asteroides complex organisms than imipenem 
[17]. Ertapenem has significantly less activity in vitro than 
imipenem and meropenem [19].

Another option for treating CNS nocardiosis includes 
third-generation cephalosporins such as ceftriaxone and 
cefotaxime [17]. There are case reports of their success, 
usually in combination with other agents [20]. There are 
minimal side effects to these medications. Minocycline has 
been used as an alternative to TMP-SMX for Nocardia treat-
ment, at doses of 200 mg twice daily orally or intravenously 
[21]. However, several strains of Nocardia are resistant, so 
susceptibility testing should be used to determine if this 
antibiotic would be successful. Toxicities include photosen-
sitivity, dizziness, nausea, and ulceration of the esophagus. 
A 2003 report describes six cases of nocardiosis, including 
CNS infection, successfully treated with linezolid [22]. The 
dosage is 600 mg twice daily, either intravenously or orally. 
Side effects include nausea and rash, as well as more severe 
adverse effects such as thrombocytopenia, aplastic anemia, 
peripheral neuropathy, and lactic acidosis.

Surgical drainage should be considered in patients with 
cerebral disease and maybe other large soft tissue abscesses. 

In patients with CNS abscess, drainage should be considered 
when the patient’s condition deteriorates, if the abscesses are 
accessible and relatively large, if the lesions progress despite 
2 weeks of therapy, or if there is no reduction in abscess size 
within a month of therapy [23]. Surgical therapy should be 
performed in conjunction with pharmacologic treatment.

Common recommendations for treatment of nocardio-
sis include 3–4 weeks of intravenous therapy, followed by 
several months of oral therapy, especially in particularly ill 
patients [1]. In patients with CNS infection, a minimum of 
9–12 months would be appropriate [17]. Pulmonary and soft 
tissue infection can be treated within 6–12 months depend-
ing on the response to therapy [17]. If graft rejection and 
increased immunosuppression are required, therapy may 
need to be extended to 12 months or longer. Patients with 
cerebral Nocardia infection should have repeat CT or MRI 
of the brain to follow the response to therapy.

 Prevention/Prophylaxis

Primary prophylaxis against Nocardia infections is not indi-
cated due to the low overall incidence of nocardiosis; how-
ever, some centers initiate secondary prophylaxis for this 
infection. One study suggests that when solid organ transplant 
recipients take TMP-SMX daily to prevent Pneumocystis 
jiroveci pneumonia, it reduces the rate of nocardiosis [24]. 
This observation has also been made in the HIV-infected 
population. However, as discussed above, in two studies of 
nocardiosis in bone marrow transplant recipients, 40–50% 
of patients who developed nocardiosis were taking TMP-
SMX prophylaxis [15, 16]. Also, in a study of Nocardia 
infection in solid organ transplant recipients, 69% (24/35) 
of the patients developed their infection while on TMP-SMX 
[7]. On univariate analysis in this paper, TMP- SMX was not 
shown to be protective against the development of nocardio-
sis. This may be because organ transplant recipients tend to 
take a regimen of TMP-SMX two to three times per week 
or because of the strength of posttransplant immunosuppres-
sion combined with the coexistence of opportunistic infec-
tions in this population. Many breakthrough infections in 
patients taking TMP-SMX cast doubt on its prevention of 
nocardiosis in the transplant population.

 Cure Rates/Prognosis

Clinical improvement of nocardiosis should be expected 
within 3–5 days from the initiation of appropriate therapy, 
at least within 10  days [25]. Reasons for failure of initial 
antimicrobial therapy include inadequate penetration of drug 
to the site of infection, primary drug resistance, or a focus 
of infection requiring surgical drainage. In organ transplant 
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recipients, reasons could also include a coexisting opportu-
nistic infection or overwhelming nocardial sepsis. Nearly 
100% of cutaneous nocardiosis is treated successfully while 
pulmonary nocardiosis slightly less so (90%). In one study, 
31/35 cases (89%) of both pulmonary and disseminated 
nocardiosis, including CNS infection, were cured [7]. Of 
note, most transplant patients are cured despite immunosup-
pression being continued.

 Infection Control

Inhalation of Nocardia species from environmental sources 
is the main route of transmission, followed by direct inocu-
lation via penetrating cutaneous injury. There have been 
reports of outbreaks of nocardiosis around construction 
sites; however, most infections are sporadic in nature [5]. 
Also, reports of nosocomial outbreaks of Nocardia infection 
have been published, but did not include strain testing with 
molecular methods to document the relationship between 
infections [3]. Person-to-person transmission and common 
source environmental transmission have been shown by 
pulsed-field gel electrophoresis in healthcare facilities [26]. 
However, there is no data to support respiratory isolation of 
patients with nocardiosis while they are in a hospital, and 
there is no effective measure to prevent inhalation. It is con-
troversial if TMP-SMX reduces the incidence of Nocardia 
infections in high-risk transplant recipients.

 Actinomycosis

 Microbiology

Actinomycetes are gram-positive branching rods which are 
anaerobic or microaerophilic. On Gram stain, these are indis-
tinguishable from Nocardia; however, Nocardia will weakly 
stain with an acid-fast Kinyoun stain, while actinomycetes 
will not. The most common species causing human disease is 
Actinomyces israelii. Less common species that cause actino-
mycosis include A. naeslundii, A. odontolyticus, A. viscosus, 
and A. meyeri. Most evidence supports that most actinomy-
cotic infections are polymicrobial in nature [27]. Commonly 
isolated in combination with actinomycetes are Eikenella 
corrodens, Fusobacterium, Bacteroides, Capnocytophaga, 
Staphylococci, Streptococci, and Enterobacteriaceae. These 
organisms may inhibit host defenses or reduce oxygen ten-
sion allowing actinomycetes to thrive.

The virulence factors for actinomycetes and their ability 
to grow contiguously, ignoring tissue planes, have not been 
well defined in vitro or in animal models. Also it is unclear 
which arm of host defenses is necessary to prevent and con-
trol these infections.

 Epidemiology/Risk Factors

Actinomycetes are part of the endogenous flora of the mucous 
membranes of humans [28]. These organisms can be cultured 
from the gastrointestinal tract as well as the female genital 
tract. Oral cavity colonization is nearly 100% by 2 years of 
age [29]. There has never been documented person- to-person 
transmission of actinomycetes, and this organism has never 
been cultured from the environment [30]. The incidence of 
actinomycosis was 1  in 100,000 persons in Europe in the 
1960s [28]. The highest incidence is from ages 10–60. Cases 
outside of that age range are less frequent. Males are more 
frequently infected than females at a 3:1 ratio [27]. Possible 
reasons for this imbalance have been hypothesized, including 
poorer dental hygiene among men as well as increased oral 
trauma in this population. These hypotheses remain unproven. 
Risk factors for actinomycosis in the general population may 
be lack of access to dental care and bisphosphonate use (cer-
vicofacial actinomycosis), as well as long-term use of intra-
uterine devices (IUDs) (abdominal actinomycosis) [27].

Disruption of the mucosal barrier is an important step 
in the pathogenesis of actinomycosis. Dental procedures, 
trauma, oral surgery, and radiation of the head and neck are 
associated with the development of oral and cervicofacial 
actinomycosis [31]. Pulmonary actinomycosis occurs due 
to aspiration. Abdominal actinomycosis is associated with 
foreign bodies in the gastrointestinal/genital tracts as well 
as gastrointestinal surgery for diverticulitis or appendicitis.

It is unclear whether immunosuppression is a risk factor 
for actinomycosis. There are cases reported to be associated 
with HIV [32] and infliximab [33] use for Crohn’s disease. 
Also there have been reported cases with steroid use [34] and 
cancer chemotherapy [35]. Case reports of actinomycosis in 
solid organ transplant recipients are slightly more frequent, 
but far from common. There have been documented cases in 
renal transplant recipients including a patient with an abdom-
inal mass 4 years posttransplantation who was found to have 
abdominal actinomycosis [36] and a patient with actinomyco-
sis of the posterior glottis involving both vocal processes [37]. 
Additionally, a patient was found to have pulmonary actino-
mycosis 6 months following a cadaveric liver  transplant [38]. 
Finally, one lung and one heart-lung recipient each developed 
thoracopulmonary actinomycosis following transplant [39]. 
However, it is uncertain the role of organ transplantation and 
its associated immunosuppression played in these cases.

 Clinical Syndromes

Actinomycetes cause several types of infections including 
oral-cervicofacial disease, thoracopulmonary disease, abdom-
inal disease, pelvic disease, CNS disease, musculoskeletal 
disease, and, rarely, disseminated disease. Oral- cervicofacial 
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actinomycosis is the most common variety, accounting for 
55% of cases [40]. The typical presentation is a soft-tissue 
swelling, mass, or abscess that is mistaken for malignancy. 
The angle of the jaw is the most common location for cervico-
facial actinomycosis, but these masses can present anywhere 
in the head and neck and are often painless. Often these masses 
will temporarily respond to short courses of antibiotics, then 
relapse. Associated lymphadenopathy is rare. Extension to 
any contiguous structure may occur, without regard for tissue 
planes. Dental infections can also occur and are typically peri-
apical. Spread to the skin from a dental focus with sinus tract 
formation is the hallmark of this infection. Infected osteora-
dionecrosis, a complication of radiation therapy, and bisphos-
phonate-associated osteonecrosis have both been associated 
with cervicofacial actinomycosis. These conditions may alter 
host defenses, which, if followed by dental procedures dis-
rupting the mucosa, can lead to infection with actinomycetes. 
Actinomycosis is also an uncommon cause of otitis media, 
which, if untreated, can spread to the CNS.

Thoracopulmonary actinomycosis is less common, in 
about 15% of cases, and can present with chest pain, fever, 
and weight loss. Cough and hemoptysis may be present as 
well. This infection can involve the chest wall, the pleural 
space, or the lung parenchyma itself. On radiography, there 
can be a consolidation or a mass lesion, and cavitary disease 
and/or hilar lymphadenopathy can develop as well. Lung dis-
ease that crosses lobes or fissures or invades the mediastinum 
or the bones and muscles of the chest well or a sinus tract 
should make one consider the diagnosis of pulmonary acti-
nomycosis. The usual source of this infection is aspiration 
of oral organisms. Again this infection can be mistaken for 
malignancy. Mediastinal actinomycosis is very uncommon.

Approximately 20% of cases of actinomycosis involve the 
abdomen [40]. The inciting conditions are not always obvi-
ous, but they involve a breach in the gastrointestinal mucosa. 
Months to years usually pass from the inciting event to the 
diagnosis of abdominal actinomycosis [41]. These events 
include, but are not limited to, appendicitis (most com-
monly), peptic ulcer disease, diverticulitis, bowel surgery, 
foreign body perforation, or ascension from IUD- associated 
pelvic disease. Any organ, region, or space can be involved 
due to the flow of peritoneal fluid and direct extension of 
primary disease [41]. These infections can be mistaken for 
malignancy and present often as a mass or abscess fixed to the 
underlying tissue. As in oral-cervicofacial disease and pul-
monary disease, sinus tracts to the body wall can form. Liver 
infection can present as single or multiple abscesses. Renal 
disease can present as perinephric abscess or pyelonephritis. 
The diagnosis of abdominal actinomycosis is rarely consid-
ered until pathologic specimens are obtained and evaluated.

Pelvic actinomycosis is most commonly associated with 
ascending infection from a uterus containing an IUD. It may also 
occur after perforated appendicitis. The likelihood of infection 

from an IUD increases with time. Pelvic actinomycosis rarely 
occurs when an IUD has been in place for less than a year. Often, 
this infection is seen in the setting of the “forgotten” IUD. This 
infection can also occur as a consequence of other pelvic for-
eign bodies such as pessaries and contraceptive devices. Pelvic 
actinomycosis can present in an indolent fashion, with fever, 
weight loss, abdominal pain, and vaginal bleeding or discharge. 
The first stage is an endometritis, which can be followed by a 
tuboovarian abscess. The diagnosis is often delayed, sometimes 
until there is a “frozen pelvis” which can mimic malignancy or 
endometriosis. Seven percent of women who use an IUD can 
have actinomycetes on their Papanicolaou-stained cervical spec-
imens [42]. This finding alone, in the absence of symptoms, has 
a low predictive value for pelvic disease and does not warrant the 
removal of the IUD. However, if pain, abnormal bleeding, or dis-
charge are present and cannot be attributed to another condition, 
the removal of the IUD may be necessary, along with a 14-day 
course of a penicillin or a tetracycline for treatment of possible 
early pelvic actinomycosis [28].

CNS actinomycosis is rare and may be from a hematog-
enous source or from the direct extension of oral-cervicofa-
cial disease. Brain abscess is the most common presentation 
[28]. Clinical features include headache and focal neurologic 
findings. Fever can also be present. On radiography, there 
can be single or multiple lesions, which are most often ring 
enhancing and irregular. Diagnosis can be made by biopsy or 
examination of the cerebrospinal fluid, having low to normal 
glucose, elevated protein, pleocytosis (lymphocyte predomi-
nant), and a negative culture.

Musculoskeletal actinomycosis is also rare and may result 
from the spread of soft tissue infection, trauma, or hematoge-
nous spread of infection. It also may be associated with osteo-
radionecrosis and bisphosphonate use. The most frequent 
bones involved in this infection are the mandible and maxilla 
[43]. However, contiguous spread from oral- cervicofacial, tho-
racopulmonary, or abdominal actinomycosis can cause osteo-
myelitis of many bones. Cutaneous sinus tracts may develop. 
As discussed above, the presentation is often indolent and can 
be confused with other infections as well as malignancy.

Actinomycetes are capable of hematogenous dissemina-
tion resulting in multisystem involvement of infection [28]. 
Disease in any of the areas described can result in wide-
spread infection. The liver and the lungs are the most com-
mon organs involved, again mimicking malignancy.

 Diagnosis

The diagnosis of actinomycosis is not often considered until 
pathologic specimens have been obtained and evaluated. This 
is particularly true when actinomycosis causes mass lesions 
or nodules that mimic malignancy. Since medical therapy is 
typically sufficient for cure, the key is to maintain an index of 
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suspicion for this infection, prior to invasive debulking pro-
cedures. Fine needle aspiration or biopsy may give enough 
sample to make the diagnosis. The diagnosis is most com-
monly made by microscopic identification of sulfur granules, 
which are in vivo matrices of bacteria and host material [41]. 
These can be missed, however, when only small samples are 
available, making a surgical diagnosis necessary at times. 
Microbiological identification is less common, but when acti-
nomycetes are isolated in culture of a sterile site, the diag-
nosis is confirmed. These organisms are normal flora of the 
oral cavity and the female genital tract, so isolation of the 
bacteria alone, without sulfur granules or clinical symptoms, 
is of little significance.

In order to grow actinomycetes in culture, strict anaero-
bic processing must be used. The microbiology lab should 
be notified that this diagnosis is being considered. These 
organisms will grow in 5–7 days, but it may take longer to 
confirm the diagnosis. Specialized media are not required. 
Gram staining may be more sensitive than culture, espe-
cially if the patient received antibiotics prior to the speci-
men being obtained [28]. Amplification and sequencing of 
16S rRNA genes is beginning to be used in the diagnosis of 
actinomycosis.

 Treatment

The mainstay of treatment of actinomycosis is penicillin; it is 
necessary to use high doses of this antibiotic for a prolonged 
period of time. Commonly recommended therapy is 18–24 
million units of intravenous penicillin for 2–6 weeks followed 
by oral penicillin or amoxicillin for 6–12  months, depend-
ing on the severity of disease. Treatment should continue 
until radiologic resolution of disease to minimize relapse of 
infection. For penicillin-allergic patients, tetracycline is the 
antibiotic of choice. Possible alternative therapies include 
erythromycin, doxycycline, minocycline, or clindamycin 
[28]. Agents that should be avoided are metronidazole, ami-
noglycosides, oxacillin, dicloxacillin, and cephalexin.

Other bacteria isolated along with actinomycetes may 
require therapy as well. If these do not grow in culture, it 
is important for the clinician to consider the site of actino-
mycosis when selecting an empiric regimen. In many cases, 
medical therapy alone is sufficient for cure. Surgical therapy 
often can be avoided or a less extensive procedure can be 
performed. The same principles apply when treating organ 
transplant recipients with actinomycosis of any area.

 Prevention/Prophylaxis

Actinomycosis is rarely reported in organ transplant recipi-
ents. Therefore, no specific prophylaxis is recommended or 

required for these, or any, patients. However, this diagnosis 
must be considered when evaluating organ transplant recipi-
ents with cutaneous draining sinus tracts, nodules, or mass 
lesions of uncertain etiology.

 Cure Rates/Prognosis

Nearly all infections with actinomycetes can be cured with 
medical therapy. Refractory disease has been described 
in patients with HIV as well as normal hosts. If medical 
therapy does fail, surgical resection of the infection, espe-
cially in critical areas of the body, will often be curative 
in combination with antibiotic therapy. However, surgery 
can often be avoided, at least initially. Prognosis is good, 
but if extensive surgery is necessary, there can be sequelae, 
depending on the location of the infection and the extent of 
the procedure.

 Infection Control

There have been no reported cases of person-to-person trans-
mission of actinomycosis. Therefore, no particular infection 
control measures need to be taken in hospitalized patients or 
outpatients. There is minimal to no risk to organ transplant 
recipients who have a household contact with a person with 
actinomycosis.
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Listeriosis

Heather E. Clauss and Bennett Lorber

 Introduction

The bacterium Listeria monocytogenes infrequently 
causes illness in the general population. In some groups, 
however, including pregnant women, newborns, elderly 
persons, and those with impaired cell-mediated immunity, 
including many transplant recipients, it is an important 
cause of invasive disease, particularly bacteremia, menin-
goencephalitis, and brain abscess [1–3]. Additionally, lis-
teriae may cause other clinical syndromes, including in 
utero infection typically resulting in miscarriage or still-
birth, as well as focal infections of heart valves, joints, 
liver, and peritoneum. Growing interest in this organism 
has resulted from foodborne outbreaks, concerns about 
food safety, and the recognition that foodborne infection 
can result in self-limited febrile gastroenteritis in healthy 
persons [4].

Listeria monocytogenes is a short, non-branching, gram- 
positive rod that is facultatively anaerobic and nonsporu-
lating and grows readily on blood agar where it produces 
incomplete beta-hemolysis [5]. The bacterium exhibits 
characteristic tumbling motility at room temperature and, 
unlike most bacteria, grows well at refrigerator tempera-
tures (4  °C–10  °C). In clinical specimens, the organisms 
may be gram-variable and may look like diphtheroids, 
cocci, or diplococci leading to misdiagnosis. The isola-
tion of a “diphtheroid” from blood or CSF always should 
alert one to the possibility that the organism is really L. 
monocytogenes.

 Pathogenesis

Human-to-human transmission of L. monocytogenes has 
not been reported aside from vertical transmission between 
mother and child and sporadic cross contamination in neo-
natal nurseries [6]. Most commonly, listeriae are transmit-
ted via the ingestion of contaminated food with subsequent 
mucosal invasion and systemic infection. In mammals, ≥109 
organisms are required for infection [7]. Alkalinization of 
the stomach with antacids, H2 blockers, proton pump inhibi-
tors, or achlorhydria associated with advanced age may 
promote infection [8]. The incubation period for invasive 
disease (bacteremia, meningitis) is not well established, but 
evidence from cases related to specific ingestions points to a 
range from 11 to 70 days (mean 31 days) [9].

Once inside an enterocyte or macrophage, L. monocyto-
genes, a facultative intracellular parasite, uses its major viru-
lence factor, listeriolysin O, to escape from the phagosome 
[10]. Through other novel mechanisms, it then can move 
from cell to cell without entering the extracellular space, thus 
avoiding contact with complement, antibodies, and neutro-
phils [11]. There is no increased frequency of listeriosis in 
those with deficiencies in neutrophil numbers or function, 
splenectomy, complement deficiency, or immunoglobulin 
disorders, the latter not surprising given that L. monocyto-
genes can be passed from cell to cell without being exposed 
to antibody.

Listeriae have a particular predilection for the central 
nervous system (CNS). Experimental data indicate that L. 
monocytogenes can use several different mechanisms to 
invade the CNS: (1) transportation of bacteria to the CNS 
within circulating leukocytes in a phagocyte-facilitated 
(Trojan horse) mechanism, (2) via direct invasion of endo-
thelial cells of the blood-brain barrier by blood-borne bacte-
ria, or (3) via a neural route whereby bacteria are inoculated 
into oral tissues when abrasive food is chewed, followed by 
tissue macrophage phagocytosis of the bacteria making pos-
sible the invasion of cranial nerves [12]. In the latter case, 
bacteria move in a retrograde direction through the nerve 
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axons, eventually reaching the CNS where they continue to 
spread intercellularly to the parenchyma.

Another important virulence factor for L. monocytogenes 
is the ability to scavenge iron. In vitro, iron enhances organism 
growth [13]. In animal models of listeria infection, iron over-
load is associated with enhanced susceptibility to infection 
and iron supplementation with enhanced lethality, whereas 
prolonged survival results from iron depletion [14]. Iron over-
load states are risk factors for listerial infection, and clinical 
correlates include outbreaks of listerial infection in patients 
receiving hemodialysis who have transfusion- induced iron 
overload and patients with hemochromatosis [9].

 Epidemiology

Listeria monocytogenes is readily isolated from soil and veg-
etation and has been found to be present in the feces of many 
mammals [15]. The organism has been isolated from the stool 
of ~5% of healthy adults [16]. In three healthy, asymptomatic 
adults followed up for 1 year, L. monocytogenes was pres-
ent transiently in 3.5% of stool specimens [17]. Many foods 
are contaminated with L. monocytogenes; recovery rates of 
15–70% have been found from raw vegetables, unpasteur-
ized milk, fish, poultry, and meats [18]. Ingestion of listeriae 
must be a common occurrence. Nonperinatal listeriosis is 
almost always the result of foodborne infection. Listeriosis 
is a relatively rare foodborne illness (~1% of US cases) but is 
associated with a case fatality rate of 16–20% (second only 
to Vibrio vulnificus at 35–39%) and causes 19–28% of all 
foodborne disease-related deaths [19, 20]. Mortality risk fac-
tors in nonperinatal cases include nonhematological cancers, 
steroid medication, and renal disease.

Numerous foodborne outbreaks have occurred with vehi-
cles including unpasteurized soft cheeses, hot dogs, and deli- 
style ready-to-eat sliced poultry products. In October 2002, 
L. monocytogenes was found in sliced deli-style turkey meat, 
the ingestion of which produced illness in 54 patients in 9 
states, resulting in the largest recall of meat ever in the United 
States (more than 30 million pounds of food products) [21]. 
In 2011, cantaloupes contaminated by L. monocytogenes 
were responsible for the deadliest foodborne outbreak in US 
history with 28 states reporting cases [22]. The epidemic 
affected 146 persons, 30 of whom died (21% mortality).

The highest infection rates of invasive listeriosis are seen 
in adults >60 years of age and in infants <1 month old [23]. 
The rate of infection declines sharply between the ages of 1 
and 11 months. Pregnant women account for approximately 
30% of all cases of listerial bacteremia and 60% of cases in 
the 10- to 40-year age group. It is noteworthy that although 
pregnancy is a clear risk factor for bacteremia, for unknown 
reasons, listerial meningitis is exceedingly rare during preg-
nancy unless a second risk factor, such as corticosteroid 

therapy, is present. Seventy percent of nonperinatal infec-
tions occur in patients with impairments in cell-mediated 
immunity. Seemingly normal persons may develop invasive 
disease, particularly those older than age 60.

The major risk factor for listeriosis is impaired cell- 
mediated immunity whether due to a specific disease or 
due to immunosuppressive therapy. Specific risk factors 
for developing listeriosis include corticosteroid treatment, 
organ transplantation, malignancy, AIDS, pregnancy, liver 
failure, diabetes, and age  >60 [24]. In a review of almost 
2000 cases of listeriosis reported in France from 2001 to 
2008, when compared with healthy persons under the age of 
65, those with chronic lymphocytic leukemia had a >1000-
fold increased risk of acquiring listeriosis, and those with 
hepatic cancer; myeloproliferative disorder; myeloma; acute 
leukemia; giant cell arteritis; dialysis; esophageal, stomach, 
pancreas, lung, and brain cancer; cirrhosis; organ transplan-
tation; and pregnancy had a 100- to 1000-fold increased 
risk of listeriosis [25]. Reports continue to be published of 
L. monocytogenes meningitis presenting as an opportunistic 
infection in AIDS [26] and as a complication of solid organ 
transplantation [27]. One new risk factor for listerial infec-
tion is the use of antitumor necrosis factor alpha (TNF-α) 
agents. Case reports describe listerial meningitis complicat-
ing infliximab treatment for Crohn’s disease [28] as well as 
etanercept treatment for Still’s disease [29]. An interesting 
basic science correlate of these clinical events is the observa-
tion that, in a murine model, TNF was found to play a crucial 
role in the intracerebral control of L. monocytogenes infec-
tion [30].

 Major Clinical Syndromes

The species name derives from the fact that an extract of the 
L. monocytogenes cell membrane has potent monocytosis- 
producing activity in rabbits [31], but monocytosis is a very 
rare feature of human infection.

 Infection in Pregnancy and the Neonatal 
Period

Pregnant women are prone to develop listerial bacteremia 
with an estimated 17-fold increase in risk [32]; clinical ill-
ness most often occurs in the third trimester. Listeriae pro-
liferate in the placenta in areas that appear to be unreachable 
by usual defense mechanisms [33], and cell-to-cell spread 
facilitates maternal-fetal transmission [34]. For unexplained 
reasons, CNS infection, a commonly recognized form of lis-
teriosis in other groups, is extremely rare during pregnancy 
in the absence of other risk factors [9, 16, 35]. Bacteremia 
is manifested clinically as an acute febrile  illness, often 
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accompanied by myalgias, arthralgias, headache, and back-
ache. Twenty-two percent of human perinatal infections 
result in stillbirth or neonatal death; spontaneous abortion 
is common. Untreated bacteremia is generally self-limited, 
although if there is a complicating amnionitis, fever in the 
mother may persist until the fetus is spontaneously or ther-
apeutically aborted. Among women who have listeriosis 
during pregnancy, two thirds of surviving infants develop 
clinical neonatal listeriosis. Early diagnosis and antimicro-
bial treatment of the infected woman can result in the birth 
of a healthy infant [9, 32].

Similar to disease due to Group B streptococcus, neonatal 
infections manifest as early-onset sepsis with disseminated 
infection, typically in premature infants, or late-onset men-
ingitis, typically in term infants who were healthy at birth.

 Bacteremia

Bacteremia without an evident focus is the most common 
manifestation of listeriosis after the neonatal period [2, 24]. 
Clinical manifestations are similar to those seen in bacteremia 
with other causes and typically include fever and myalgias; a 
prodromal illness with diarrhea and nausea may occur [9].

 Central Nervous System Infection

The organisms that cause bacterial meningitis most fre-
quently (Streptococcus pneumoniae, Neisseria meningitidis, 
Haemophilus influenzae) rarely cause parenchymal brain 
infections such as cerebritis and brain abscess. In contrast, 
L. monocytogenes has tropism for the brain itself, particu-
larly the brain stem, as well as for the meninges [2, 3, 36]. 
Many patients with meningitis have altered consciousness, 
seizures, or movement disorders, or all of these, and truly 
have a meningoencephalitis.

 Meningitis
In an active meningitis surveillance study [37], L. monocy-
togenes accounted for 20% of cases in neonates and 20% in 
those older than 60 years. Worldwide, L. monocytogenes is 
one of the three major causes of neonatal meningitis, is sec-
ond only to pneumococcus as a cause of bacterial meningitis 
in adults older than 50 years, and is the most common cause 
of bacterial meningitis in patients with lymphomas [38], 
organ transplant recipients, or those receiving corticosteroid 
immunosuppression for any reason [9].

Clinically, meningitis caused by L. monocytogenes is usu-
ally similar to that due to more common causes [39, 40]; 
features particular to listerial meningitis are summarized in 
Table  28.1. Despite the name “monocytogenes,” the CSF 
pleocytosis is more often neutrophilic than monocytic.

The first prospective study of meningitis due to L. mono-
cytogenes recently was reported from the Netherlands [41]. 
In this nationwide cohort study of 30 adults, notable clinical 
features of listerial meningitis included headache in 88%, 
nausea in 83%, and fever in 90%; but only 75% of patients 
had a stiff neck at the time of presentation. A focal neurologic 
deficit was present in 37% (many patients with meningitis 
have simultaneous infection of the brain parenchyma and 
truly have a meningoencephalitis). Only 43% had the classic 
meningitis triad of fever, neck stiffness, and change in men-
tal status. At the time of presentation, 19 out of 30 patients 
had symptoms persisting for greater than 24  h, and 8 had 
symptoms for ≥4 days. Remarkable CSF findings included 
a median white blood cell count of 620 (range 24–16,003) 
and protein of 2.52 g/L. Spinal fluid Gram stain revealed a 
gram-positive rod in only 28% of patients, while blood cul-
tures were positive for L. monocytogenes in 46% of patients. 
These data illustrate how difficult it can be to make a defini-
tive diagnosis of listerial meningitis at initial presentation.

Mortality from listerial meningitis has variously been 
reported at 15% in a CDC active surveillance study [37], 
27% in the Massachusetts General Hospital review [39], and 
17% in the prospective study from the Netherlands [41]. In 
the last report, all deaths occurred within 3  days of being 
admitted to the hospital. Mortality is low (zero to 13%) for 
adults without serious underlying disease or immunosup-
pressive treatment [36].

 Brain Stem Encephalitis (Rhombencephalitis)
An unusual form of listerial encephalitis involves the brain 
stem [42]. In contrast to other listerial CNS infections, this 
illness usually occurs in healthy adults. The typical clini-
cal picture is one of a biphasic illness with a prodrome of 
fever, headache, nausea, and vomiting lasting about 4 days 
followed by the abrupt onset of asymmetric cranial nerve 

Table 28.1 Features particular to listerial meningitis as compared to 
more common bacterial etiologiesa

Feature
Frequency 
(%)

Presentation can be subacute >24b ~60
Absence of stiff neck is more common 25
Movement disorders (ataxia, tremors, myoclonus) are 
more common

15–20

Seizures are more common 10–25
Fluctuating mental status is more common ~75
Focal neurologic findings are more common 35–40
Positive blood culture is more common 50–75
Cerebrospinal fluid (CSF):
Positive Gram stain is less common 30–40
Normal CSF glucose is more common >60
Mononuclear cell predominance is more common ~30

aAdapted from [9, 39, 41]
bMay be several days or more and mimic tuberculous meningitis in 
~10–30%
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deficits, cerebellar signs, and hemiparesis or hemisensory 
deficits, or both. About 40% of patients develop respira-
tory failure. Nuchal rigidity is present in about one half, and 
CSF findings are only mildly abnormal with a positive CSF 
culture in about one-third. Almost two-thirds of patients are 
bacteremic. Magnetic resonance imaging is superior to com-
puted tomography for demonstrating brain stem encephalitis 
[43]. Mortality is high, and serious sequelae are common in 
survivors.

 Brain Abscess
Macroscopic brain abscesses account for about 10% of CNS 
listerial infections. Bacteremia is almost always present, and 
concomitant meningitis with isolation of L. monocytogenes 
from the CSF is found in 25–40%; both these features are 
rare in other forms of bacterial brain abscess [44]. Most 
cases occur in known risk groups for listerial infection [45]. 
Subcortical abscesses located in the thalamus, pons, and 
medulla are common; these sites are exceedingly rare when 
abscesses are caused by other bacteria. Mortality is high, and 
survivors usually have serious sequelae.

 Febrile Gastroenteritis
Many patients with invasive listeriosis have a history of ante-
cedent gastrointestinal illness, often accompanied by fever. 
Isolated cases of gastrointestinal illness due to L. monocyto-
genes are rare, but at least seven outbreaks of foodborne gas-
troenteritis due to L. monocytogenes have been documented 
[4]. Illness typically occurs 24 h (range 6 h to 10 days) after 
ingestion of a large inoculum of bacteria and usually lasts 
1–3 days (range 1–7 days); attack rates have been quite high 
(52–100%). Common symptoms include fever, watery diar-
rhea, nausea, headache, and pains in joints and muscles. 
Vehicles of infection have included chocolate milk, cold corn 
and tuna salad, cold smoked trout, and delicatessen meat. 
Listeria monocytogenes should be considered to be a pos-
sible etiology in outbreaks of febrile gastroenteritis when 
routine cultures fail to yield a pathogen.

 Listeriosis in Cancer Patients

Louria, in 1967 [46], was the first to point out the strong 
association between opportunistic listerial infection and 
malignancies, particularly Hodgkin’s disease being treated 
with corticosteroids. He described 18 cases of invasive lis-
terial infection, 16 of which had underlying hematologic 
malignancies. Twelve of the 18 cases were receiving cortico-
steroids at the time of diagnosis.

Listeria monocytogenes infection occurred in 94 patients 
during 1955–1997 at the Memorial Sloan Kettering Cancer 

Center; the incidence was 0.5 (1955–1966), 0.96 (1970–
1979), and 0.14 (1985–1997) cases per 1000 new admissions 
[38]. Eighty-five of 94 (90%) patients had listerial bactere-
mia, and 34/94 (36%) had evidence of intracranial infection. 
Listeriosis in these patients with cancer occurred most often 
in individuals receiving antineoplastic therapy for advanced 
or relapsed malignancy (77%) and systemic corticosteroids 
(68%). In another study, combined treatment with fludara-
bine and prednisone in patients with chronic lymphocytic 
leukemia decreased their CD4+ T lymphocyte counts and 
increased their incidence of listeriosis; fludarabine alone was 
not associated with listeriosis [47].

In a comprehensive review [39] of 33 years of experience 
at the Massachusetts General Hospital with CNS listeriosis 
outside of the neonatal period and pregnancy, including a 
case series of 41 patients and 776 episodes from the litera-
ture, the most common predisposing factor for developing 
listerial meningitis was malignancy (both solid tumor and 
hematologic), occurring in 24% of patients.

At another institution, from 1990 to 2001, 34 cancer 
patients with listeriosis were reviewed, and 20 (59%) 
had an underlying hematologic malignancy [48]. In 11 
patients, listeriosis complicated bone marrow transplan-
tation. Twenty- six patients received prior corticosteroids. 
Here again, bacteremia was the most common presenta-
tion of listeriosis (74%), followed by meningoencephalitis 
(21%). The rate of response to antimicrobial therapy was 
79%, and no relapses were identified. Listeriosis contrib-
uted to death in 9 (75%) of the 12 patients who died. In the 
Memorial Sloan-Kettering study [38], 37 (39%) of the 94 
patients died of listeriosis; more than one-third of deaths 
occurred within the first 48 h after L. monocytogenes cul-
tures were obtained.

In a recent study of all listeriosis cases in France over 
an 8-year period, having chronic lymphocytic leukemia, 
myeloproliferative disorders, liver cancer, myeloma, acute 
leukemia, or cancers of the esophagus, pancreas, and lung 
was associated with a 100- to 1000-fold risk of listeriosis, 
when compared with persons less than 65 years of age with 
no underlying conditions [25]. Mortality from listeriosis in 
those with hematological malignancies was increased by 
more than fivefold compared with those without underlying 
disease.

In the elderly, listerial meningitis may serve as a marker 
for cancer. In a recent Danish study [49], adult survivors of 
meningitis had an increase in cancer-related deaths during 
the 5-year period after the diagnosis of meningitis. Another 
interesting relationship exists between listeriosis and cancer. 
Listerial endocarditis, not bacteremia per se, in an otherwise 
healthy person, may be an indicator of underlying gastroin-
testinal tract pathology, including colon cancer [50].
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 Listeriosis in Transplant Recipients

A little more than 30 years ago, Nieman and Lorber, in a case 
series and review of listeriosis in the preceding decade [36], 
pointed out an emerging association between transplantation 
and the risk of listeriosis. The last three decades have strength-
ened this association with numerous reports and reviews of 
invasive L. monocytogenes infection in both solid organ and 
bone marrow transplants. A recent nationwide review of listeri-
osis in France during an 8-year period showed that, when com-
pared with healthy persons under age 65, the risk of acquiring 
infection in patients with solid organ transplants was increased 
164-fold; all were receiving immunosuppressive therapy [25].

Two other observations illustrate well the strong link 
between transplantation and listeriosis risk. Firstly, of the 
six species of Listeria, L. monocytogenes is almost exclu-
sively responsible for human disease. But, as shown in well- 
documented instances of bacteremia due to L. grayi in a 
heart transplant recipient [51] and a stem cell recipient [52], 
along with bacteremia due to L. ivanovii in a renal transplant 
recipient [53], transplanted individuals are at particular risk 
for listeriosis, even when due to species other than L. mono-
cytogenes. Secondly, recurrent listerial infection is exceed-
ingly rare, but again, reports of recurrent L. monocytogenes 
meningitis in heart transplant recipients [54] and of recurrent 
bacteremia in a liver transplant recipient [55] show the high 
risk of listeriosis in transplanted persons.

Both solid organ and bone marrow transplant recipients are 
considered to be at increased risk for listeriosis due to immu-
nosuppressive therapy-related defects in cellular immune 
function. In a matched case-control study of risk factors for 
listeriosis in solid organ transplant recipients [56], indepen-
dent risk factors for infection included diabetes, cytomega-
lovirus infection or disease in the preceding 6 months, and 
high-dose corticosteroid therapy in the preceding 6 months; 
trimethoprim-sulfamethoxazole prophylaxis was protective. 
In this study, CMV disease or infection carried the highest 
risk; the immunomodulatory effects of CMV infection and 
associated infection risk due to a variety of agents are increas-
ingly recognized. The median time to diagnosis for listeriosis 
after transplantation was 202  days (range, 16–5189  days); 
50% of cases occurred more than 6 months following trans-
plantation. The 30-day mortality rate was 27%.

The impact of antecedent or concurrent CMV infection 
on listeriosis risk has also been noted in the setting of allo-
geneic blood and marrow transplantation. Six systemic L. 
monocytogenes infections were seen on the bone marrow 
transplantation service at one cancer center during a 13-year 
period; four of the six were being treated for acute CMV 
viremia [57]. Bacteremia is more common than CNS infec-
tion, and most listerial infections are seen more than 60 days 

after bone marrow transplantation. Hemophagocytosis syn-
drome has been reported as an unusual complication of liste-
rial infection in a bone marrow transplant recipient [58].

An early series of listeriosis complicating renal transplan-
tation was reported by Stamm and colleagues in 1982 [59]. 
They described an outbreak involving six cases in a 10-week 
period and reviewed 102 cases. Meningitis was the present-
ing illness in 50% of patients, parenchymal brain infection in 
10%, combined meningeal and parenchymal CNS infection 
in 9%, and primary bacteremia in 30%. Mortality rate was 
26%. In a large review of 820 cases of CNS listeriosis at a 
single institution, hematologic cancers and renal transplanta-
tion were the two most common predisposing factors [32].

A 2007 review of L. monocytogenes infection following 
orthotopic liver transplantation described a case of meningi-
tis and reviewed 14 cases from the English language litera-
ture [27]. Time from transplantation to infection ranged from 
7 days to 32 months; ten patients presented with bacteremia 
and five with CNS infection. Diagnosis in the index patient 
in this report was delayed because the severe headache that 
developed on day 5 posttransplant was initially thought to 
represent tacrolimus encephalopathy.

Listerial infection following lung transplantation has been 
reported rarely. In one case [60], a 59-year-old man devel-
oped a pleural effusion 8 days after bilateral lung transplan-
tation. Pleural fluid contained 3900 white blood cells/mm3 
(85% neutrophils) and had a pH of 7.29; cultures of blood 
and pleural fluid grew L. monocytogenes. Pleuropulmonary 
listeriosis is rare. Most cases have been associated with 
hematological malignancies and presented with isolated 
pleural effusion or empyema.

Another unusual manifestation of listerial infection is 
myocarditis which has been reported in two heart transplant 
recipients who presented with heart failure that was initially 
attributed to graft rejection [61].

Although transplant recipients are at markedly increased 
risk for listeriosis when compared with the general popula-
tion, the overall risk remains small and has been reported to 
be 0.12% [56] in solid organ recipients and 0.47% in alloge-
neic marrow recipients [57].

All transplant recipients should be given information 
on foodborne illnesses including listeriosis and should be 
instructed in the importance of handwashing along with food 
safety and handling (see Prevention section).

 Diagnosis

The key to making a diagnosis of listerial infection and 
initiating early, appropriate treatment is to know when it 
should be considered. CNS listeriosis should be a major 
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consideration as part of the differential diagnosis in the fol-
lowing clinical settings:

 1. Meningitis or parenchymal brain infection in:
• Patients with organ or bone marrow transplantation, 

corticosteroid immunosuppression, hematologic 
malignancy, or AIDS or those receiving anti-TNF 
agents.

• Patients with a subacute presentation of meningitis.
• Neonates and adults >50 years of age.
• Those in whom CSF shows gram-positive rods or is 

reported to have “diphtheroids” on Gram stain or 
culture.

 2. Simultaneous infection of the meninges and brain 
parenchyma.

 3. Subcortical brain abscess.
 4. Spinal symptoms in the setting of acute bacterial menin-

gitis of uncertain etiology.
 5. Fever during pregnancy, particularly in the third 

trimester.
 6. Blood, CSF, or other normally sterile specimen reported 

to have “diphtheroids” on Gram stain or culture.
 7. Foodborne outbreak of febrile gastroenteritis when rou-

tine cultures fail to identify a pathogen.

Diagnosis requires isolation of L. monocytogenes from a 
normally sterile site such as blood or CSF and identification 
through standard microbiologic techniques. Antibodies to liste-
riolysin O have proved useful during investigation of outbreaks 
of febrile gastroenteritis [62] but have not proved useful in inva-
sive disease [63]. Listeria monocytogenes DNA in CSF and tis-
sue can be detected specifically by polymerase chain reaction 
(PCR) assays [64]. Real-time PCR of CSF for the hly gene, 
which encodes listeriolysin O, has been useful in diagnosing 
CNS listeriosis, including cases in which the routine bacterial 
cultures were negative [65], but this test is not yet commercially 
available. MRI is superior to CT for demonstrating parenchy-
mal brain involvement, especially in the brainstem [42, 43].

 Treatment

Many antimicrobials show in vitro activity against listerial iso-
lates, but only a few agents have been proved clinically effi-
cacious. Ampicillin has been the most widely used agent in 
the treatment of L. monocytogenes infections and generally is 
considered the preferred agent [2, 40]. Synergy has been dem-
onstrated both in vitro and in animal models when an aminogly-
coside is added to ampicillin or penicillin, and many authorities 
recommend the addition of an aminoglycoside to ampicillin for 
at least the first week in treatment of CNS infection [9].

In the absence of a positive CSF Gram stain, initial 
therapy for bacterial meningitis in adults older than age 50 
should include an anti-listerial agent (either ampicillin or 
trimethoprim-sulfamethoxazole) [2]. Due to the high affin-
ity of L. monocytogenes for the CNS, meningitis doses 
of the chosen antibiotic should be used for all bacteremic 
patients, even in the absence of CNS findings, until the CSF 
is examined. An exception is bacteremia in pregnancy with-
out another risk factor, since, in this group, CNS infection 
is almost never present. Relapses are reported in those with 
meningitis treated for less than 2  weeks; therefore, treat-
ment for 3 weeks is recommended for all cases of listerial 
meningitis. Bacteremic patients with normal CSF may be 
treated for 2 weeks. Patients with brain abscess, cerebritis, 
or rhombencephalitis should be treated for at least 6 weeks 
and followed up with repeated brain imaging studies. In 
cases of listerial brain abscess, surgical intervention may 
not be necessary; numerous case reports describe successful 
treatment with antimicrobial therapy alone.

In those with penicillin hypersensitivity, trimethoprim- 
sulfamethoxazole is the treatment of choice and appears to 
be bactericidal and as effective as the combination of ampi-
cillin and gentamicin. Cephalosporins have limited activity 
against listeriae. Many reports document treatment failures 
with cephalosporins, and patients have developed listerial 
meningitis while receiving cephalosporins for other reasons. 
Chloramphenicol has also been shown to have an unaccept-
able failure rate and should not be used. Erythromycin and 
tetracycline have been reported to be effective but are unreli-
able therapeutic options and should be avoided. Vancomycin 
has been used successfully in penicillin-allergic patients, but 
listerial meningitis has developed in patients being treated 
with vancomycin. Both imipenem and meropenem have also 
been used with success to treat cases of listeriosis, but cau-
tion is advised because both drugs lower the seizure thresh-
old, imipenem was less effective than ampicillin in a mouse 
model [66], and meropenem clinical failure has been docu-
mented [67].

In an animal model of listerial meningitis, the addi-
tion of rifampin to ampicillin was no better than ampicil-
lin alone. While some newer quinolones and linezolid show 
good in vitro activity, clinical experience is mixed [68–70] 
and, to date, too limited to support recommending these 
antimicrobials.

Although adjunctive corticosteroids have become 
the standard of care in the initial management of bacte-
rial meningitis, their value in listerial infection remains 
unknown. Listeriae use iron as a virulence factor; there-
fore, in patients with iron deficiency, it seems prudent to 
withhold iron replacement until treatment of infection is 
completed.
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 Prevention

Food industry regulations were instituted in the United States 
over 20 years ago to minimize the risk of foodborne listerio-
sis and cut foodborne infection rates by more than one-half; 
rates have been relatively stable for several years [71, 72]. 
In contrast, rates of listerial infection appear to be rising in 
Europe [73].

Transplant recipients, cancer patients with hematologi-
cal malignancies, and/or those on corticosteroids should 
be advised to avoid certain foods. Detailed recommenda-
tions from the CDC concerning food handling and avoid-
ance for those at risk for listeriosis can be found on the 
CDC website at (http://www.cdc.gov/listeria/prevention.
html#melonsafety). Major recommendations are summa-
rized in Table 28.2.

Except from infected mother to fetus, human-to-human 
transmission of listeriosis does not occur; therefore, patients 
do not need to be isolated.

Listerial infections are effectively prevented by 
trimethoprim- sulfamethoxazole given as Pneumocystis pro-
phylaxis to those on long-term corticosteroids [74].
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Table 28.2 Recommendations for preventing foodborne listeriosis

General recommendations:
Washing and handling food
  Rinse raw produce thoroughly under running tap water before 

eating, cutting, or cooking. Even if the produce will be peeled, it 
should still be washed first

  Scrub firm produce, such as melons and cucumbers, with a clean 
produce brush

  Dry the produce with a clean cloth or paper towel
Keep your kitchen and environment cleaner and safer
  Wash hands, knives, countertops, and cutting boards after handling 

and preparing uncooked foods
  Be aware that Listeria monocytogenes can grow in foods in the 

refrigerator. The refrigerator should be 40 °F or lower and the 
freezer 0 °F or lower.

  Clean up all spills in your refrigerator right away—especially 
juices from hot dogs and lunchmeat packages, raw meat, and raw 
poultry

Cook meat and poultry thoroughly
  Thoroughly cook raw food from animal sources, such as beef, 

pork, or poultry, to a safe internal temperature
  Use precooked or ready-to-eat food as soon as you can. Do not 

store the product in the refrigerator beyond the use-by date
  Use leftovers within 3–4 days
Choose safer foods
  Do not drink raw (unpasteurized) milk, and do not eat foods that 

have unpasteurized milk in them
Recommendations for persons at higher risk, such as pregnant 
women, persons with weakened immune systems, and older adults in 
addition to the recommendations listed above, include:

Meats
  Do not eat hot dogs, luncheon meats, cold cuts, other deli meats 

(e.g., bologna), or fermented or dry sausages unless they are 
heated to an internal temperature of 165 °F or until steaming hot 
just before serving

  Avoid getting fluid from hot dog and lunchmeat packages on other 
foods, utensils, and food preparation surfaces, and wash hands 
after handling hot dogs, luncheon meats, and deli meats

  Do not eat refrigerated pâté or meat spreads from a deli or meat 
counter or from the refrigerated section of a store. Foods that do 
not need refrigeration, like canned or shelf-stable pâté and meat 
spreads, are safe to eat. Refrigerate after opening

Cheeses
  Do not eat soft cheese such as feta, queso blanco, queso fresco, 

brie, Camembert, blue-veined, or panela (queso panela) unless it 
is labeled as made with pasteurized milk. Make sure the label 
says, “made with pasteurized milk.”

Seafood
  Do not eat refrigerated smoked seafood, unless it is contained in a 

cooked dish, such as a casserole, or unless it is a canned or 
shelf-stable product

  Canned and shelf-stable tuna, salmon, and other fish products are 
safe to eat

Melons
  Wash hands with warm water and soap for at least 20 s before and 

after handling any whole melon
  Scrub the surface of melons with a clean produce brush under 

running water, and dry them with a clean cloth or paper towel 
before cutting. Be sure that your scrub brush is sanitized after 
each use

  Promptly consume cut melon or refrigerate promptly. Keep your 
cut melon refrigerated for no more than 7 days

  Discard cut melons left at room temperature for more than 4 h

Table 28.2 (continued)
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Tuberculosis

Cynthia Portal-Celhay and Jennifer A. Philips

 Mycobacterium Tuberculosis Pathogenesis 
and Host Response

 Basic Biology of Mycobacterium Tuberculosis

Robert Koch identified Mycobacterium tuberculosis (Mtb) 
as the causative agent of tuberculosis (TB) nearly 130 years 
ago, and it is estimated to infect one third of the world’s 
population. It is a rod-shaped bacterium with a very high 
lipid and mycolic acid content in its cell wall. This makes 
it stain poorly with Gram stain, but it retains certain dyes 
such as Ziehl-Neelsen after acid treatment, resulting in char-
acteristic “acid-fast” staining. Other unique features are its 
exceptionally slow growth, dividing approximately every 
20 h, and its ability to establish latent infection. While few 
people infected with Mtb develop acute disease upon infec-
tion, most individuals, even those with a seemingly normal 
immune system, are unable to eradicate infection.

People are initially infected via an aerosol route. In 
contrast to infections with non-tuberculous mycobacte-
ria (NTM), there is no known environmental reservoir, so 
infection only occurs after contact with a person with active 
disease. It is thought that the infectious dose is quite low, 
perhaps on the order of several bacilli, and the initial infec-
tion generally is not clinically recognized. The initial site of 
infection in the lungs, referred to as a Ghon complex, is most 
often in the upper part of the lower lobe or the lower part of 
the upper lobe. Inhaled bacteria are deposited in the distal 
alveoli where they encounter and are taken up by alveolar 
macrophages. Additional phagocytic cells recruited to the 

infected lung, including neutrophils, monocyte-derived mac-
rophages, and dendritic cells (DCs), ingest bacteria and play 
an important role in the outcome of the infection [1].

The initial interaction between bacteria and cells of the 
innate immune system occurs through pattern recognition 
receptors such as Toll-like receptors, complement recep-
tors, mannose receptors, and C-type lectin receptors, such 
as Dectin-1 and the macrophage-inducible C-type lectin, 
Mincle [2–4]. Unlike pathogens that avoid uptake into host 
cells, Mtb appears to take advantage of multiple possible 
receptors to enter phagocytic cells. Bacteria are taken up into 
the macrophage phagosome, a compartment that ordinar-
ily becomes acidified and fuses with lysosomes forming a 
phagolysosome. However, the phagosome containing myco-
bacteria does not fully acidify or acquire features of mature 
phagolysosomes [5, 6]. Mycobacteria have long been thought 
to persist and grow within this specialized cellular compart-
ment that resembles an early endosome, which allows the 
bacteria to acquire nutrients, such as iron via recycling endo-
somes, while avoiding the acidic, degradative environment 
of the lysosome [7]. More recent work has shown that the 
bacteria also gain access to the host cell cytoplasm [8, 9], 
which activates host cytosolic sensors and alternative path-
ways for phagosome maturation [10–12].

In contrast to their usual role in protecting the host, mac-
rophages appear to be an important determinant of bacterial 
spread and dissemination. For example, studies performed 
using a zebrafish model and Mycobacterium marinum, a 
close genetic relative of Mtb, revealed that uninfected mac-
rophages are actively recruited to the area surrounding an 
infected cell [13]. Following replication of mycobacteria in 
the initial macrophage, bacteria released into the extracel-
lular space are rapidly ingested by the recruited, surrounding 
macrophages, allowing further expansion and dissemination 
of the pathogen population [14].

Based upon work in mice, DCs, myeloid cells that are 
specialized for antigen presentation, transport Mtb from the 
lungs to the local draining lymph nodes to present antigen 
to naive T cells. T helper (Th)1 cells that are activated in the 
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draining lymph node then travel back to the lung, where they 
can subsequently activate infected macrophages. T cell acti-
vation is delayed compared to other infections, which may 
be important in allowing the bacteria to establish their initial 
niche [15]. T-cells activate infected macrophages by secret-
ing cytokines such as interferon-gamma (IFN-γ) and tumor 
necrosis factor-alpha (TNF-α), which promote the ability of 
macrophages to restrict mycobacterial growth. IFN-γ pro-
motes production of reactive nitrogen intermediates [16], 
enhances phagosome maturation in a manner dependent 
upon the immunity related GTPases [17, 18], and promotes 
autophagy, a host cellular mechanism recently appreciated 
to clear certain intracellular pathogens including Mtb [10, 
12, 19, 20]. Nonetheless, the host is ultimately ineffective 
at eradicating infection. One reason for this may be is that 
although there is a robust immune response to Mtb antigens, 
there may be limited availability or recognition of antigen 
within the infected tissue [21–23]. In addition, although 
cytokines can improve the antimycobacterial capacity of 
macrophages, Mtb impairs the responsiveness of the infected 
macrophage [24, 25].

In addition to activating a Th1 response, Th17 cells, 
which are characterized by the secretion of IL-17, IL-21, 
and IL-22, are also induced in the draining lymph node and 
return to the lung where they exert effector function. The bal-
ance of Th1 and Th17 responses appears to be important in 
the outcome of Mtb infection [26]. One way in which Th17 
cells and IL-17 influence immunity and immunopathology 
in TB is the recruitment of neutrophils, a cell type whose 
role in TB infection is increasingly appreciated. Neutrophils 
are recruited early during initial infection, are a dominant 
infected cell population, and promote granuloma formation 
[27]. In addition, infected apoptotic bodies are transferred 
from neutrophils to DCs, which promotes T cell prim-
ing in the draining lymph node, although Mtb appears to 
impair this process by inhibiting apoptosis and promoting 
cellular necrosis [28–31]. Although neutrophils appear to 
have a role in host protection early during infection, mouse 
models and recent human data suggest they are also asso-
ciated with immunopathology and poor outcome in Mtb 
infection. Neutrophilia may indicate a failed Th1 immune 
response, as IFN-γ inhibits pathogenic neutrophil accumula-
tion and impairs neutrophil survival in a mouse model [32]. 
In humans, an analysis of gene transcriptional responses in 
Mtb-infected patients found that patients with active tuber-
culosis exhibit a signature reflecting a neutrophil-driven type 
I IFN-α,β and IFN-γ signaling that was reversed with drug 
treatment [33].

The histological response to Mtb infection is charac-
terized by granuloma formation. Granulomas contain an 
organized aggregate of macrophages [34], which exhibit a 
variety of phenotypes, including epithelioid macrophages, 
foamy macrophages, and multinucleated giant cells formed 

by the fusion of multiple macrophages, along with other cell 
types such as lymphocytes, neutrophils, and dendritic cells. 
Classically, granulomas have been thought to “wall off” 
infection, implying they are primarily of benefit to the host. 
However, more recent data suggest that granulomas may also 
benefit the pathogen, and several mycobacterial components 
promote granuloma formation. Granulomas may benefit the 
bacilli by serving as a site for macrophage recruitment and 
concomitant bacterial expansion [14]. In addition, during the 
early stages of granuloma formation, a fraction of infected 
macrophages may depart from the nascent granuloma and 
initiate infection at distant sites. Granulomas are also prob-
ably important for immune control of TB, since they are a 
site for interactions between antigen-presenting cells and 
effector T cells. Therefore, granulomas may more accurately 
be thought of as a site of the stalemate between bacteria and 
host, providing benefit to both.

Latent TB infection (LTBI) is characterized by absent or 
very limited bacterial replication and no clinical symptoms. 
The only evidence of infection is an immune response to Mtb 
antigens. A striking feature of tuberculosis is that this situa-
tion can persist for decades. However, while the host immune 
response is inadequate to eradicate bacteria, it is important in 
preventing active disease. Approximately 5% of people will 
become sick in the first 2 years after initial infection, and an 
additional 5% will reactivate infection sometime during their 
lifetime. In apparently normal hosts, reactivation most com-
monly occurs in the lungs, resulting in characteristic cavitary 
disease. However, since the bacteria are able to disseminate 
during infection, they can also reactivate in distant tissues. 
Unlike the détente of latent infection where the bacterial 
burden is low and tissue injury is minimal, during active dis-
ease, the granuloma becomes necrotic, resulting in the tis-
sue damage that is necessary to promote transmission. Thus, 
while Mtb appears to be minimally inflammatory during 
latent infection, it must generate a robust immune response 
to successfully transmit. Thus, it must be exquisitely adept 
at manipulating the host immune response in two seemingly 
distinct manners [35].

 Host Determinants of Disease

The host immune response is critical in susceptibility to 
tuberculosis infection. Animal models have shown that 
both CD4+ and CD8+ T-cells are required for protection 
against disease [36, 37], an observation borne out clinically 
in patients who lack adequate T cell function. Individuals 
with reduced CD4+ T cells, such as those infected with HIV, 
have markedly increased susceptibility to tuberculosis [38, 
39]. Similarly, chemotherapy that impairs T cell function, 
such as fludarabine, results in enhanced susceptibility to Mtb 
[40]. T cells are essential for the maintenance of organized 
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 granulomas and the control of infection. Thus, the highest 
frequency of disseminated disease is found in those HIV-
infected patients with the lowest CD4+ T cell counts. At least 
part of the importance of T cells is to activate infected mac-
rophages, making them more potently bactericidal. Hence, 
cytokines that mediate the interaction between T cells and 
macrophages have also been shown to be critically impor-
tant in host immunity. For example, mice lacking IFN-γ 
die rapidly of Mtb infection [41]. Likewise, children with 
mutations in genes involved in IFN-γ-mediated immunity, 
including interferon gamma receptor 1 (IFNGR1), interferon 
gamma receptor 2 (IFNGR2), signal transducer and activa-
tor of transcription 1 (STAT1), interleukin 12B (IL12B), 
interleukin 12 receptor, beta 1 (IL12RB1), NF-κB essen-
tial modulator (NEMO), cytochrome b-245, beta polypep-
tide (CYBB), interferon regulatory factor 8 (IRF8), and 
ubiquitin-like protein ISG15, suffer from susceptibility to 
weakly virulent mycobacteria such as Mycobacterium bovis-
bacillus Calmette-Guerin (BCG), a vaccine strain, as well 
as to Salmonella and Mtb [42–45]. In addition, neutralizing 
anti- IFN- γ-autoantibodies have been found in Asian patients 
with an adult onset immunodeficiency syndrome that makes 
them highly susceptible to mycobacterial infection [46]. 
Vitamin D is important in the ability of macrophages to 
respond to IFN-γ [47], and clinical studies have linked serum 
25-hydroxyvitamin D levels with susceptibility to tubercu-
losis [48–51]. Detailed studies of human macrophages have 
illuminated the mechanism by which vitamin D improves 
clearance of intracellular bacteria, a pathway that appears to 
operate both in response to Toll-like receptor signaling [52] 
and IFN-γ signaling, suggesting vitamin D is important in 
both the innate and acquired response to Mtb.

In addition to IFN-γ, tumor necrosis factor-alpha (TNF-
α) is essential for control of Mtb. Mice lacking TNF-α are 
highly susceptible to Mtb [53]. TNF-α activates macro-
phages and modulates apoptosis of infected cells [54, 55]. 
At the same time, excess TNF-α contributes to the immuno-
pathology of TB [56, 57], and Mtb has developed specific 
mechanisms to modulate macrophage production of TNF-α 
[58]. Patients who receive TNF-α inhibitors for rheumatoid 
arthritis or Crohn’s disease are at increased risk of reacti-
vation of latent tuberculosis, often presenting with dis-
seminated disease [59]. Use of infliximab, an anti-TNF-α 
antibody, has illustrated the importance of TNF-α in humans, 
as well as pointing to the importance of a particular set of 
CD8+ T-cells. Patients treated with infliximab have a sig-
nificantly higher risk of reactivating Mtb than those treated 
with etanercept, a soluble TNF receptor that functions as a 
decoy receptor to block TNF signaling [60, 61]. This may be 
explained by the fact that infliximab binds much better than 
etanercept does to transmembrane TNF, which is found on a 
specific population of CD8+ T-cells that exhibit antimicro-
bial activity against Mtb. Infliximab binding to these cells 

makes them susceptible to complement-mediated lysis [62], 
and they are depleted in patients treated with infliximab. This 
is consistent with additional literature pointing to the role 
of CD8+ T cells in host defense against Mtb. To conclude, 
animal models and human studies all support the fact that T 
cells, IFN-γ, and TNF-α play central roles in host defense 
against Mtb. When these are impaired—by disease states, 
genetic mutations, or therapeutic intervention—the risk of 
developing active tuberculosis rises substantially. There are 
certain to be other critical determinants, for example, the 
inflammasome and IL-1β, which are actively under investi-
gation, but their contribution in human infection has yet to be 
fully elucidated [63].

 Bacterial Determinants of Disease

Determinants of Mtb virulence include secreted proteins and 
biologically active lipids. These components interact with 
the host to modulate intracellular bacterial trafficking, host 
cellular signaling, host cell death pathways, and granuloma 
formation. Mycobacteria have an unusual lipid-rich cell 
envelope containing distinctive long-chain fatty acids such as 
mycolic acids. These lipids play an important role in bacte-
rial pathogenesis and have been an active focus for research 
on interactions with the host. For example, a complex lipid 
(phthiocerol dimycoserate) is required for bacterial growth 
in the lungs of mice [64, 65]. An abundant cell wall lipo-
glycan, mannose-capped lipoarabinomannan (ManLAM), 
is implicated in affecting intracellular bacterial trafficking. 
ManLAM has been extensively investigated as a potential 
virulence factor because LAM is mannosylated in patho-
genic mycobacteria, whereas in the cell wall of environmen-
tal mycobacteria, LAM is capped by arabinose or inositol 
phosphate [66]. Trehalose dimycolate (TDM), a glycolipid 
historically known as cord factor, has profound immuno-
modulatory roles. It induces inflammatory cell recruitment 
and granuloma formation, and its receptor, Mincle, was 
recently identified [3, 4, 67]. TDM and other mycobacte-
rial glycolipids can promote the formation of multinucleated 
giant cells found in granulomas, and ManLAM can mediate 
the aggregation of mononuclear cells [68]. Thus, the unique 
and complex cell envelope of Mtb is central to the biology 
of the organism.

In addition to being a source of bioactive molecules, the 
cell envelope also represents a hurdle for bacteria to secrete 
virulence factors, and recent work has shed light on a special-
ized protein secretion system that enables mycobacteria to 
transport virulence factors across their complex and imper-
meable cell envelope [69]. This secretion apparatus came to 
light based upon a direct genomic comparison between the 
avirulent vaccine strain, BCG, and Mtb [70, 71]. Although 
there is considerable sequence identity between these strains, 
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several genomic regions are deleted in BCG. Among these is 
a region that encodes a type VII secretion apparatus (TSSS), 
called ESAT-6 system 1 (Esx-1), and several associated 
secreted proteins, including EsxA and EsxB. EsxA and EsxB 
also known as early secreted antigen target-6 (ESAT-6) and 
10-kDa culture filtrate protein (CFP- 10), respectively, are 
highly secreted, prominent antigens recognized by CD4+ and 
CD8+ T cells [72]. The absence of this region in BCG largely 
accounts for why the vaccine strain is attenuated [73–75], so 
it has been the focus of intense study. Esx-1 plays a central 
although incompletely understood role in Mtb pathogenesis 
that includes effects on intracellular trafficking and innate 
and adaptive immune responses. The Mtb genome encodes 
five separate TSSSs, but less is known about the others. The 
Esx-5 locus is required for transport of many proteins from 
two gene families found uniquely in mycobacteria termed 
PE and PPE proteins named for their conserved proline and 
glutamic acid (PE) and proline-proline-glutamic acid (PPE) 
motifs [76]. Remarkably, approximately 10% of the coding 
capacity of Mtb is dedicated to these gene families, which 
remain poorly understood. Thus, the secreted effectors of the 
TSSSs are likely to be critical in the pathogenesis of Mtb 
infection, but currently there is limited insight into their 
mechanism of action.

In addition, a growing number of proteins have been 
implicated in modulating the cell biology of macrophages. 
For example, the secreted bacterial proteins phosphotyro-
sine protein phosphatase (PtpA), dihydrolipoamide dehy-
drogenase (LpdC), secreted acid phosphatase (SapM), 
zinc- dependent metalloprotease (Zmp1), and nucleoside 
diphosphate kinase (NdkA) are implicated in arresting 
phagosome maturation, creating the early endosome-like 
niche of Mtb [77–79]. Mtb appears to impair apoptosis of 
infected cells, and bacterial mutants defective in this activ-
ity are attenuated [29]. Molecules such as the abundantly 
secreted 19-kDa lipoprotein antigen blunts IFN-γ signal-
ing in macrophages [80], and a secreted bacterial adenylate 
cyclase modulates macrophage production of TNF-α [58]. It 
is not surprising that a bacterium that has evolved to make its 
home in human macrophages has a complex set of tools to 
remodel its residence. Currently, we are developing a better 
understanding of the tool set and how the individual compo-
nents work together to orchestrate the complex life cycle of 
the bacteria under active investigation.

 Tuberculosis in the Transplant Population

 Epidemiology

Transplant patients are highly susceptible to Mtb infection. 
Most posttransplant TB cases occur due to reactivation of 
latent infection, but acquisition from donor tissue and pri-

mary infection are also seen, although they are relatively rare. 
Donor transmission was the proposed source in 4% of cases 
based upon a review of the literature from 1967 to 1997 [81] 
and has been described even in countries with a low overall 
TB incidence because of global immigration [82]. The overall 
incidence of posttransplant tuberculosis varies by geographic 
region based upon the local prevalence of Mtb (http://www.
who.int/tb/publications/global_report/2010/en/index.html) 
and has been reported to be 20–74-fold higher in solid organ 
transplant (SOT) patients than the general population. Across 
different studies from developed countries, the frequency of 
TB in SOT patients ranged from 0.25% to 6.4% [81, 83–85], 
while in countries where tuberculosis is highly endemic, such 
as India and Pakistan, it has been reported to be as high as 
15% [86, 87]. In bone marrow transplant (BMT) patients, the 
prevalence of active tuberculosis has been reported to be in 
the range of 0.23–0.79%. As for SOTs, regions of high TB 
endemicity, such as Taiwan and Hong Kong, report much 
higher rates (1.4–5.5%) [88–92]. A review of the literature 
between 1967 and 1997 indicated that active tuberculosis 
infection was diagnosed in 0.35–1.2% of kidney, 1–1.4% of 
heart, 0.9–2.3% of liver, and 2–6.5% of lung transplant recip-
ients [81]. The type of graft influences risk, but which type is 
at highest risk may depend upon the local population; a large 
cohort of patients from 16 centers in Spain were followed pro-
spectively, and the highest frequency was found in lung trans-
plant recipients [84]. In contrast, the largest series of SOTs 
from a single US center comes from Columbia University 
College of Physicians and Surgeons in New York City, where 
renal transplant patients had the highest risk of tuberculosis 
[93]. In that study, Hispanic patients were overrepresented 
among kidney transplants as compared with those receiving 
other SOTs, suggesting the higher rate among renal transplant 
patients may, at least in part, reflect a higher rate of prior TB 
exposure in that population. In endemic areas such as Taiwan, 
it was recently reported that kidney transplant recipients were 
also found to have a higher risk of TB infection compared to 
other SOTs such as liver and heart [94].

 Risk Factors

Since most posttransplant tuberculosis is due to reactivation 
of latent infection, the risk depends upon the likelihood of 
pre-transplant infection. Risk factors for Mtb infection and 
for progression to active tuberculosis infection in the general 
population are provided below.

Individuals at higher risk for latent tuberculosis infection 
are as follow:

 (a) Close contacts of persons with known or suspected 
active tuberculosis, infections including residents and 
employees of congregate settings where residents are at 
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increased risk for active tuberculosis such as correc-
tional and long-term care facilities, homeless shelters, 
and healthcare workers who serve patients at higher risk 
for active tuberculosis infection.

 (b) Foreign-born persons from regions with high rates of 
active tuberculosis infection including Africa, Asia, 
Eastern Europe, Latin America, and Russia; individuals 
from low tuberculosis-endemic regions become at 
increased risk for tuberculosis infection if they visit high 
tuberculosis-endemic regions frequently and for an 
extended duration.

 (c) Local populations considered at risk for latent tuberculo-
sis infection possibly include medically underserved, 
low-income population or those with a history of chronic 
alcohol abuse and/or illicit recreation drug use.

Risk factors for progression of latent tuberculosis infec-
tion to active tuberculosis are outlined below:

 (a) Persons with primary tuberculosis exposure and latent 
infection of less than 24-month duration.

 (b) Patients with active tuberculosis that was not treated or 
received inadequate antituberculosis therapy, especially 
in individuals with evidence of pulmonary fibrosis.

 (c) Patients with underlying medical conditions such as sili-
cosis, chronic renal disease, diabetes mellitus, leukemia, 
lymphoma, head and neck or lung cancer. Patients who 
have undergone gastrectomy or jejunoileal bypass sur-
gery are also at an increased risk for developing active 
tuberculosis infection.

 (d) Individuals with history of cigarette smoking and alco-
hol and drug abuse and those with severe emaciation 
(<90% of ideal body weight) are considered at risk.

A subgroup of patients not only have higher risk for active 
tuberculosis infection, but such an infection, when it occurs, 
carries poor prognosis including tuberculous meningitis, dis-
seminated multiorgan involvement, and death. In this group, 
infants and children aged <5 years, persons with HIV/AIDS, 
those receiving TNF inhibitors, high-dose systemic cortico-
steroids, and solid organ transplant recipients on antirejec-
tion regimens are prominent.

In transplant patients, the risk has been shown to be 
related to similar factors, such as history of exposure to Mtb 
based upon positive TST results or radiographic evidence of 
previously untreated Mtb, as well as clinical conditions pres-
ent in this population, including chronic renal insufficiency 
or hemodialysis, diabetes mellitus, chronic liver disease, 
and other co-existing opportunistic infections. In a study in 
Spain, the recipient’s age was a risk factor, likely reflecting 
the decrease in TB in the general population in recent years, 
such that older people are more likely to be latently infected 
[84]. Although positive TST results are a significant risk fac-

tor, it is important to note that only 20–25% of cases of post-
transplant tuberculosis occur in patients with positive TSTs 
before transplant, reflecting the poor sensitivity of this test in 
patients with underlying end-organ failure [95].

A consistent finding has been that immunosuppressive 
regimens that contain (muromonab-CD3) OKT3 or anti- 
thymocyte globulin (ATG) enhance the risk of tuberculosis. 
OKT3 is an antibody that blocks T cell function by binding 
the surface molecule, CD3, on T cells. ATG is either pooled 
rabbit or horse antibodies against human T cells and results in 
T cell depletion. It is not surprising that these agents enhance 
the risk of tuberculosis given the importance of T cells in pre-
venting reactivation of latent infection. In addition, intensifi-
cation of immunosuppression to treat graft rejection is also 
a predisposing factor. In BMT patients, risk factors include 
graft-versus-host disease and total body irradiation [88].

 Timing of Diagnosis

More than two-thirds of posttransplant tuberculosis in SOT 
patients are diagnosed in the first year posttransplant, with 
a median time to diagnosis of ~ 6–9  months (range 0.5–
144 months) [81, 83, 84, 96]. The fact that the majority of 
patients develop tuberculosis in the first year posttransplant 
is consistent with the idea that most disease is due to reactiva-
tion of latent infection. Late cases presumably reflect a mix 
of both late reactivation and new infection and therefore may 
be more common in settings with a high local prevalence 
of tuberculosis where reinfection is more likely to occur 
[97]. Although rare, nosocomial transmission posttransplant 
has also been reported. In one instance, active tuberculosis 
occurred in ten renal transplant patients over an 11-month 
period. The median incubation period was only 7.5 weeks 
and 5 of the patients died a median of 8 weeks after diagnosis 
[98], pointing to the high susceptibility of transplant patients 
to primary infection.

Risk factors for diagnosis in the first year of transplant 
include non-renal transplant, history of early allograft rejec-
tion, immunosuppressive therapy with OKT3 or anti-T cell 
antibodies, and clinical and/or radiographic evidence of prior 
tuberculosis [81, 83]. Other immunosuppressive reagents 
also influence the time to diagnosis. In an Egyptian study, 
the introduction of cyclosporine A (CsA) in 1987 resulted 
in a shorter time to TB diagnosis than in previous patients 
who had received azathioprine and steroids (64  months 
versus 130  months) [99]. In a series of renal transplant 
patients in Turkey, the use of tacrolimus and/or mycopheno-
late mofetil was associated with earlier development of TB 
 posttransplant than regimens with azathioprine, CsA, and 
prednisolone [100].

In bone marrow transplant patients, tuberculosis occurs 
with a mean time to presentation of ~9 months [88–90]. Few 
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patients are diagnosed during the period of neutropenia, and 
most cases (75%) occur after day 100. This pattern may 
reflect that fact that bacteria reactivate during the early phase 
of the BMT due to immunosuppressive therapy and total 
body irradiation, but given the slow growth of Mtb and the 
lack of a robust immune response, disease rarely manifests 
until later during periods of immune reconstitution [88].

 Clinical Manifestations

Regardless of transplant type, the organ most frequently with 
tuberculosis is the lung, but approximately one third to one half 
of patients present with extrapulmonary or disseminated disease, 
compared with ~15% in immunocompetent individuals [101, 
102]. Extrapulmonary and disseminated disease can involve 
nearly any organ with atypical and varied clinical presentations. 
Thus, tuberculosis should be considered in all patients with 
fever of unknown origin. The frequency of disseminated disease 
does not differ significantly based upon the type of SOT, but is 
more likely to occur if patients receive OKT3.

Fever is nearly a universal finding in patients with dis-
seminated disease (>90%), and also occurs with local-
ized infection in ~60% of patients [81]. Night sweats and 
weight loss are often present. Hepatic involvement has been 
reported in ~50% of liver transplant patients, and it has been 
reported at a similar rate in renal, heart, and lung trans-
plant patients in whom liver tissue samples were studied by 
biopsy or at autopsy [81]. Gastrointestinal disease outside 
of the liver can have a wide variety of forms including gas-
trointestinal bleeding, peritonitis, and abscess formation. 
It often presents with abdominal pain and gastrointestinal 
bleeding that can be exsanguinating. It is often unsuspected 
until laparotomy or colonoscopy and most often involves 
the ileocecal area. Colonic disease can present as a perfo-
rated abscess or mimic a tumor. Isolated pancreatic tuber-
culosis has also been reported. Septic arthritis, cutaneous 
abscesses, and pyomyositis can occur, most commonly in 
the context of disseminated disease. Vertebral osteomyelitis 
is relatively rare, and more often occurs as localized infec-
tion and early symptoms may be atypical [103]. Central ner-
vous system disease can present as either meningitis, which 
is most often associated with disseminated disease, or as 
focal abscesses, which can be the only site of infection or as 
part of disseminated illness. The most common symptoms 
of TB meningitis include fever, headache, vomiting, and 
altered consciousness. Involvement of the basilar meninges 
and cistern can cause cranial nerve dysfunction [104]. Renal 
and genitourinary disease occurs both in renal transplant 
patients as well as other SOT recipients. Lymphadenitis 
most often occurs as part of disseminated infection but can 
be localized. In summary, tuberculosis can involve almost 
any tissue, and other less commonly reported sites of infec-

tion include the pericardium, spleen, larynx, tonsil, and ocu-
lar choroid. Co-infections occur in up to 20% of patients; 
cytomegalovirus infection, Nocardia infection, community-
acquired pneumonia, urinary tract infection, and invasive 
mold infections may modify the nonspecific symptomatol-
ogy and further delay tuberculosis diagnosis [95].

Although acquisition from donors is relatively rare, it 
does occur and can present with various manifestations [81]. 
In one example, an American-born woman underwent a 
double lung transplant. Routine BAL on postoperative day 
1 grew Mtb in culture, as did bronchial washing from post-
operative day 10. The donor had no known Mtb risk factors 
except recent immigration from Guatemala. Retrospectively, 
a faint opacity was seen in the donor’s chest radiograph prior 
to transplant, which corresponded with a left upper lobe 
micronodular infiltrate on the recipients CT scan. Genotypic 
analysis of the isolate suggested it was related to strains in 
Guatemala, not to those in California where the transplant 
was performed [105]. In another case, the donor had active 
pulmonary tuberculosis, and the sole site of Mtb in the 
recipient was an abscess in the hepatic allograft [106]. Graft- 
related infections need not involve the transplanted graft as 
in the cases above. For example, in one case, separate grafts 
from a single donor resulted in genitourinary infection in the 
renal transplant recipient, but osteomyelitis in a liver trans-
plant patient. Interestingly, a third patient who received a 
renal graft from the same donor was asymptomatic and was 
treated for LTBI [107].

 Radiographic Findings

Although posttransplant tuberculosis often involves the 
lungs, there is no characteristic radiographic pattern seen, 
which makes diagnosis difficult. In fact, as few as 4% of 
patients present with cavitary disease. Instead, focal infil-
trates, a miliary pattern, nodules, and pleural effusions are 
more common. Diffuse interstitial infiltrates can also be seen 
[81]. The findings can be subtle, such as bronchial narrowing 
caused by an endobronchial granulomatous mass [108].

 Diagnosis

It is important to diagnose LTBI in donor and recipient pre- 
transplant in order to consider pre- or posttransplant chemo-
prophylaxis. The decision to treat LTBI requires weighing 
the risk of reactivation with the possible drug toxicities and 
drug-drug interactions [109]. Careful screening of donors 
has become increasingly important as the donor pool has 
become more ethnically diverse, and a recent international 
working group formulated consensus recommendations for 
screening of donors [110–112].
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Unfortunately, there is no gold standard to detect 
LTBI. Clinical history is useful in assessing the risk of latent 
TB infection, and questions about country of origin, travel, 
exposure to patients with active tuberculosis, and social and 
medical risk factors should be evaluated. In addition, CXR 
may reveal old granulomatous disease or apical scaring as 
evidence of prior TB. Evidence of latent TB infection can be 
obtained by tuberculin skin testing (TST) or IFN-γ release 
assays (IGRAs) [113]. When conventional TST is used, 
≥5 mm of induration at 48–72 h should be considered posi-
tive in transplant patients [114]. Repeating the test 7–10 days 
after an initial negative TST may reveal that the first test was 
falsely negative, as the first administration of PPD can boost 
the response in individuals with remote TB exposure. There 
are two FDA-approved IGRAs available in the United States: 
QuantiFERON-TB Gold In-tube test (QFT-GIT, Cellestis 
Ltd) and T-SPOT.TB test (T-Spot, Oxford Immunotec Ltd). 
Guidelines on their use is available from the CDC [115], and 
the American Academy of Pediatrics has published guid-
ance for their use in children [116]. Like TST, IGRAs detect 
an immunological response to Mtb antigens. TSTs detect a 
delayed type hypersensitivity response to purified protein 
derivative (PPD) in vivo. PPD is a crude mix of Mtb anti-
gens that can also elicit responses due to prior vaccination 
with BCG or exposure to non-tuberculous mycobacteria. In 
contrast, IGRAs detect IFN-γ release in vitro from T cells in 
response to TB antigens, EsxA and EsxB, which are absent 
from BCG and most environmental mycobacteria. M. kan-
sasii, M. szulgai, and M. marinum are exceptions as they 
encode homologs of Mtb EsxA and EsxB, so sensitization to 
these organisms might cause false-positive results in IGRAs. 
Importantly, unlike TST, positive test results using IGRAs 
are not confounded by prior BCG vaccination. Thus, IGRAs 
offer higher specificity than TSTs, particularly in BCG vac-
cinated populations, although they do not provide a major 
increase in sensitivity.

Unfortunately, TST performs poorly in transplant pop-
ulations, both prior to transplant, due to anergy related to 
end organ disease or long-term corticosteroid treatment, 
and after transplant due to immunosuppressive agents. The 
data on IGRAs in immunocompromised patients is more 
limited than TSTs, but IGRAs appear to perform simi-
larly to or slightly better than TST in SOT patients prior 
to transplant [117–122]. Only two studies have looked at 
hematopoietic stem cell transplant patients prior to trans-
plant, and there was a poor correlation between the TST 
and GTF-GIT, regardless of BCG vaccination history [123, 
124]. Thus, although testing for LTBI should be performed 
prior to transplant, a negative TST or IGRA prior to or after 
transplant does not rule out prior infection with Mtb [125]. 
In fact, only 20–25% of cases of active tuberculosis after 
transplantation occur in patients with positive TST reactions 
before transplant [95].

Data on the ability of IGRAs to predict subsequent active 
tuberculosis are limited, particularly in immunocompro-
mised individuals. However, they appear to perform simi-
larly to TST in studied populations, and IGRA can detect 
some TST-negative subjects who go on to active disease 
[126]. Routine testing with both TST and IGRAs is not 
generally recommended, but it might be useful in high-risk 
transplant patients, when indeterminate results are obtained 
with one test or when active tuberculosis is suspected [115]. 
If both TST and IGRA are performed, a positive result in 
either should be taken as evidence of infection. Since TST 
and IGRAs detect an immune response to Mtb, they cannot 
distinguish latent from active infection. Thus, in the case of a 
positive result, active infection must be ruled out. If clinical 
or radiographic data suggest TB, sputum smears and cultures 
or, if necessary, bronchoalveolar aspirate or lavage should be 
performed. Additional imaging and biopsy may be necessary 
depending upon the clinical history. TST and IGRAs cannot 
rule out active infection, as only 75–90% of patients with 
active tuberculosis are TST positive and the sensitivity drops 
in patients with underlying immunosuppression [127]. In the 
case of disseminated disease, approximately 50% of patients 
have negative TSTs. Therefore, these tests can neither “rule 
in” nor “rule out” active infection.

Diagnosis of tuberculosis in the posttransplant setting 
requires a high index of suspicion as the cases are often 
extrapulmonary and may present with minimal or atypi-
cal symptomatology. In addition, diagnostic tests perform 
poorly, and tuberculosis is also frequently associated with 
other infections, which may complicate the picture. It should 
be considered in any patient with fevers of unknown origin, 
constitutional symptoms, or pulmonary infiltrates. Sputum 
and biopsy specimens should be sent for acid-fast bacilli 
staining and culture. Since most cases do not involve cavi-
tary lung disease, invasive procedures are often required to 
obtain a diagnostic specimen, such as bronchoscopy, medi-
astinoscopy, laparoscopy, and tissue biopsy. Cerebral spinal 
fluid (CSF) culture is the gold standard for diagnosing TB 
meningitis. Direct examination of specimens by means of an 
acid-fast stain provides supportive evidence of tuberculosis 
weeks before the culture and species identification may be 
available. Although microscopic examination is rapid, it is 
relatively insensitive. Culture is the gold standard, although 
results take weeks and approximately 20% of clinically 
suspected pulmonary Mtb infections remain culture nega-
tive. The false negative rate is likely to be even higher in 
extrapulmonary disease. Growth on solid media (such as 
Lowenstein- Jensen or Middlebrook agar) takes 3–6 weeks. 
Broth detection systems that detect early changes in the 
media due to growth of bacteria provide a more rapid turn-
around time, often becoming positive after 2 weeks.

Since acid-fast staining and growth on solid or liquid 
media cannot distinguish Mtb from NTM, once an isolate is 
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recovered, further testing is required for species identifica-
tion. Growth of a mycobacterial isolate after several days in 
culture excludes the diagnosis of Mtb, as it is invariably a 
rapid grower, most commonly M. fortuitum, M. abscesses, 
or M. chelonae. For slow-growing mycobacteria, molecular 
approaches can speed the process of species identification. 
These tests detect mycobacterial nucleic acids directly from 
clinical specimens. Thus, nucleic acid amplification tests are 
useful to quickly determine whether the acid-fast bacilli seen 
on smear or biopsy are a member of the Mtb complex weeks 
before cultures are available. In addition, nucleic acid ampli-
fication tests can detect Mtb in 50–80% of smear-negative, 
culture-positive specimens. Guidance on the use of such tests 
has been recently updated [128], which recommend that 
nucleic acid amplification tests be performed on at least one 
respiratory specimen from each patient in whom a diagnosis 
of TB is being considered but has not been established.

A new diagnostic test, Xpert MTF/RIF (Cepheid), uses 
PCR and molecular beacon technology to identify Mtb in 
sputum samples within several hours, while simultaneously 
detecting rifampin resistance [129]. Rifampin resistance is a 
marker of other drug resistance, so this allows a rapid way to 
identify suspected MDR cases, which would otherwise take 
months with conventional drug susceptibility testing. It is 
highly sensitive in smear-negative sputum samples, and the 
World Health Organization has endorsed its use as first line 
in HIV-infected patients in TB-endemic countries. It also 
appears promising for diagnosing extra-pulmonary disease 
[130]. One study showed a sensitivity of >85% from CSF, 
biopsy, urine, pus, and fine needle aspirates, although it may 
be lower (40–50%) in pleural and cavitary fluids. Further 
evaluation is necessary in extra-pulmonary disease and in 
the transplant setting, but it is likely to enter clinical prac-
tice given its high sensitivity, rapid turn-around time, and 
ability to quickly identify rifampin resistance. More novel 
diagnostic tests, such as TB ID/R [131], pyrosequencing 
assays [132], whole genome sequencing (WGS) [133], and 
next- generation sequencing [134, 135] are being configured 
in a low-cost platform to provide rapid diagnosis and drug 
susceptibility information.

 Outcomes

The mortality rate associated with tuberculosis in transplant 
patients is 25–40% [81]. The high incidence of extrapulmo-
nary disease and atypical presentations, coupled with the 
poor performance of diagnostic tests and the slow growth 
of the bacilli in culture result in diagnostic delays. At the 
same time, profound immunosuppression can lead to rapid 
disease progression. Predictors of mortality include dissemi-
nated disease, prior rejection, receipt of OKT3 or ATG, and 
presence of other opportunistic infections [83]. Treatment is 

complicated by drug interactions with immunosuppressive 
agents, particularly calcineurin inhibitors. Subtherapeutic 
immunosuppressive drug levels can result in organ rejec-
tion, and allograft loss has been reported in up to 33% of 
transplant patients on antituberculous therapy. In addition, 
side effects such as hepatotoxicity can be difficult to manage 
particularly in liver transplant patients [83]. Given the com-
plexity of treatment and drug interactions, they are covered 
in detail in the therapeutic section.

 Conclusion

Tuberculosis is an important cause of morbidity and mortal-
ity in the transplant patient. Our understanding of the basic 
biology of tuberculosis has made significant advances. It is 
clear that T cells, IFN-γ, and TNF-α play central roles in 
host defense against Mtb. On the bacterial side, work has 
pointed to the importance of the complex cell envelope and 
the type VII secretion system. Newer molecular techniques 
have made incremental improvements in diagnosis, although 
they have not been well studied in the transplant population. 
Despite these gains, the understanding of TB pathogenesis 
and host immunity has yet to translate into an efficacious 
vaccine, robust diagnostics for latent and active tuberculosis, 
or shorter and less toxic therapies. Therefore, tuberculosis is 
likely to remain a significant cause of disease in transplant 
patients for the foreseeable future.
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Nontuberculous Mycobacterial Disease 
in Transplant Recipients
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 Introduction

Nontuberculous mycobacteria (NTM) include over 170 
species and subspecies many of which have been reported 
to cause disease in transplant recipients. The frequency of 
NTM disease among transplant recipients varies from cen-
ter to center ranging from 1.4% to 22.4% [1–4] among lung 
transplant recipients; however, actual NTM disease occurs 
in less than 5% of patients [1, 2, 4]. Posttransplant infec-
tion can occur through several ways including reactivation 
of prior infection, donor-derived infection, contamination at 
the time of transplant, or posttransplant environmental con-
tamination. The most common site of infection is the lung 
although these nearly ubiquitous mycobacteria can produce 
disease at any site in immunocompromised individuals, so 
a high index of suspicious is necessary in order to make an 
early diagnosis and initiate appropriate therapy promptly [5]. 
Treatment of NTM is complicated because of the multiple 
drugs required for treatment, drug-related toxicity, poten-
tial for drug-drug interactions, and long duration of therapy. 
Untreated NTM can produce significant morbidity and mor-
tality with outcomes varying by mycobacterial species, drug 
resistance patterns, and type of transplant. This chapter will 
review the diagnosis and treatment of NTM disease among 
transplant candidates and recipients.

 Epidemiology

The prevalence of NTM disease in the general population is 
increasing in many areas [6–10]. However, lack of mandated 
reporting and difficulty in distinguishing clinically signifi-
cant disease from colonization or indolent infection make the 
prevalence of NTM disease hard to determine. The preva-
lence of NTM disease in transplant recipients is equally diffi-
cult to establish although case series and retrospective cohort 
studies have provided estimates of the prevalence of disease 
in this high-risk population.

The proportion of mycobacterial infections due to NTM 
varies depending on the prevalence of tuberculosis (TB). 
Among 7342 solid organ transplant (SOT) and 1266 hema-
topoietic stem cell transplant (HSCT) recipients at a cen-
ter in South Korea where TB is prevalent, there were 152 
patients identified with a mycobacterial infection of whom 
22 (15%) had NTM isolated [11]. The overall incidence of 
TB was 257.4 per 100,000 patient-years compared to 42.7 
per 100,000 patient-years for NTM. In areas with lower rates 
of TB, the proportion of mycobacterial infections due to 
NTM is typically 80–90% [3, 12, 13].

The type of transplant is an important factor determining 
the risk of NTM disease with higher rates of NTM disease 
reported among HSCT than SOT recipients in some studies 
[14]. For example, in a study from South Korea, the inci-
dence of NTM in HSCT recipients was 258.7 per 100,000 
patient-years, significantly higher than that seen in SOT 
recipients (27.1 per 100,000 patient-years) [11].

 Solid Organ Transplants

The overall incidence of NTM disease among SOT recipients 
varies by the type of transplant with the highest rate among 
lung (0.46–8.0%) [2–4, 13, 15] and heart (0.24–2.8%) [16, 
17] transplant recipients followed by kidney (0.16–0.38%) 
[18–24] and liver transplants (0.04–0.1%) [15, 25].
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 Lung Transplants
Lung transplant recipients have the highest rate of develop-
ing NTM infection after undergoing transplantation [26]. 
Much of the data concerning the epidemiology of NTM 
disease in lung transplants comes from large retrospective 
series, primarily from low TB prevalence areas. In general, 
between 3.8% and 22% of lung transplant recipients under-
going surveillance bronchoscopies have NTM isolated from 
bronchoalveolar lavage samples [2–4, 13]. However, most of 
these patients were not thought to have invasive NTM dis-
ease; only 10–14% of such patients were considered to have 
NTM disease [4, 27].

One of the first studies to describe the frequency of NTM 
in lung transplant recipients was published in 1999 and 
described a 12-year experience at a single center in Australia 
[13]. Of 261 transplants, there were 23 mycobacterial infec-
tions detected (8%) and all but two of whom had NTM iso-
lated. The most common site of NTM disease was the lung 
(83%) and the most common causative organism was M. 
avium complex (MAC). Median time from transplant to diag-
nosis of NTM infection was 450 days and ranged between 50 
and 3272  days [13]. A case series from the United States 
reported 34 patients with NTM disease over 7.5 years from 
all solid organ transplants. Nineteen occurred in lung trans-
plants, 6 single and 13 bilateral allograft transplants [15]. 
The median time of occurrence was 8  months following 
transplantation procedure. In another series from the United 
States, 15 (22.4%) of 237 lung transplant recipients over a 
15-year period developed NTM disease corresponding to an 
incidence of NTM isolation of 9 per 100 person-years and 
incidence rate of NTM disease of 1.1 per 100 person-years 
[4]. The most common NTM isolated was MAC (70%) fol-
lowed by Mycobacterium abscessus (9%).

M. abscessus has become an increasingly common and 
challenging NTM infection in transplant recipients. An inter-
national survey of 31 of 62 transplant centers that responded 
reported that 17 of 5200 (0.33%) transplant recipients were 
identified to have M. abscessus after transplantation with 
two patients known to have pretransplant “colonization” 
[28]. Disease developed in the allograph in 12 patients, in 
the skin/soft tissue in 3 patients, and in both in 2 patients. 
Median time to diagnosis was 18.5 months, ranged between 
1 and 111 months.

NTM can be isolated from 6% to 13% of patients with 
CF, and up to 20% of CF patients awaiting transplantation 
become infected [1, 29]. In several studies invasive NTM 
infections have been reported to occur in 0.5–3.4% of CF 
patients after undergoing lung transplantation [1, 28, 30]. In 
a review of both CF (n = 60) and non-CF (n = 60) lung trans-
plants, mycobacteria were isolated from 7.2% and 9.1% of 
recipients, respectively [31]. M. abscessus is a particularly 
challenging pathogen to treat in patients with CF. Among 13 
patients with pretransplant cultures positive for M. absces-

sus, all of whom met ATS criteria for disease, 3 developed 
posttransplant complications, and all 3 responded to treat-
ment [32]. Survival posttransplant was 77% 1  year after 
transplantation, 64% at 3 years, and 50% at 5 years with no 
deaths related to M. abscessus. Additionally, there was no 
significant difference in survival when compared with other 
transplanted patients.

 Other SOT
The frequency of NTM disease in other types of SOT is less 
common than with lung transplants. Among renal transplants, 
the incidence of NTM has been reported between 0.16% and 
0.38% [12, 14, 15, 18–24, 33]. Of 3921 renal transplants 
between 1984 and 2002, 18 were identified as having myco-
bacterial infections after undergoing allograft transplanta-
tion, only 3 of which were due to TB. Thirteen of the patients 
were alive and well at a mean follow-up of 9.2 years since 
the infection diagnosis [12]. In Spain, between 1980 and 
2000, there were 27 renal transplant patients (2.1%) with 
mycobacterial infections, 20 had TB, 5 had M. kansasii, and 
2 patients had M. fortuitum infection [34].

The incidence of NTM infection among heart transplant 
recipients ranges between 0.24% and 2.8% [16, 35]. Novick 
and colleagues reported a 17-year experience at Stanford and 
noted that only 14 of 502 heart transplant recipients devel-
oped NTM infections over a mean of 3.5 years of follow-up 
[16]. The rate was higher among those receiving azathio-
prine and prednisone than cyclosporine alone. Additional 
heart transplant patients with pulmonary and extrapulmo-
nary disease have been reported with various NTM species 
including M. abscessus, M. xenopi, and M. scrofulaceum. 
The estimates for NTM disease in liver transplants have been 
reported to be quite low at 0.1% [15, 25] although a recent 
study from Korea reported an incidence of 14.7 per 100,000 
patient-years [11].

 HSCT

The incidence of NTM infection among HSCT recipi-
ents has ranged from 0.4% to 4.9%; however, the reported 
incidence in allogenic stem cell graft recipients has been 
as high as 3–9.7% [36–41]. Among 6259 HSCT recipients 
at the University of Washington over a 20-year period, 40 
were identified as having NTM infection (0.64%) of which 
28 were considered to have invasive mycobacterial disease 
(0.44%) [37]. The median time to diagnosis was 251 days 
following transplantation. All three patients with definitive 
pulmonary disease were treated successfully.

A retrospective study from the University of Toronto 
reported that 4% of their 1097 allogenic HSCT patients had 
NTM isolated with 2.7% having NTM disease [42]. The 
median time to diagnosis was 343 days. All had pulmonary 
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NTM disease with 93% experiencing pulmonary-only involve-
ment. In general, the rate of NTM disease in HSCT recipients 
has been higher than that in SOT recipients but not in all stud-
ies. A recent study from Korea reported an incidence of NTM 
in HSCT recipients at 258.7 per 100,000 patient-years, higher 
than that seen in SOT recipients (27.1 per 100,000 patient-
years) [11].

 Risk Factors for NTM Disease

Risk factors for development of NTM disease vary from 
study to study but recipients of lung transplant are at highest 
risk for NTM disease compared with other SOT recipients 
[15]. In a case-control study of 34 post-lung transplant recip-
ients matched to 102 control patients, lung transplant was 
strongly associated with NTM disease (56% vs. 10%; OR 
11.49) [15]. Among HSCT recipients a number of risk fac-
tors for NTM disease have been reported including a higher 
risk with allografts versus autografts, myeloablative versus 
nonmyeloablative transplants, matched unrelated donor over 
sibling allografts, underlying GVHD, use of steroids to treat 
GVHD, leukemia relapse, and the existence of bronchiolitis 
obliterans [36]. A recent study from Toronto reported that 
severe chronic graft-versus-host disease and CMV viremia 
were factors associated with an increased risk of NTM [42].

 Immunologic Susceptibility to NTM Disease

Immunity to mycobacterial infection requires an effective 
interplay between the myeloid and lymphoid cells through 
the interleukin 12-interferon-gamma pathway [43]. A compli-
cated cascade of events is set into effect following exposure to 
mycobacterial antigens, and organism-specific antigen primed 
T cells at the infection site orchestrate events leading to cell 
death of these intracellular pathogens. The critical effector 
cell for controlling NTM is the macrophage, which ingests 
mycobacteria, and once engulfed by the macrophage, the bac-
teria’s fate is determined by the cell’s state of immune acti-
vation, which is determined by interactions between cells in 
the TH1 pathway and their associated cytokines, particularly 
the IL-12/IFN-gamma axis [44]. Mononuclear phagocytes 
produce interleukin-12 which stimulates T cells and natural 
killer cells through the interleukin- 12 receptor [43]. Signal 
transducer and activator of transcription (STAT)4 is activated 
leading to induction of interferon-gamma production which 
binds to its receptor causing activation and differentiation 
of macrophages [45, 46]. IFN gamma via cytokine receptor 
activates Janus kinase (JAK1 and JAK2) tyrosine-phosphor-
ylation and stimulation of STAT1, which mediates activation 
of interferon- stimulated genes. In vitro experiments have 
shown that addition of IFN-γ promotes killing of microbes by 

upregulating TH1 responses through neutrophils, monocytes, 
and macrophages [47]. IFN-γ activation of macrophages via 
TH1 lymphocyte activation induces macrophages to overcome 
inhibition of mycobacteria containing phagolysosome matu-
ration [48]. IFN-γ has also been noted to prime macrophages 
for enhanced microbial killing and activation of inflamma-
tory response via Toll-like receptor (TRL) pathway [49, 50]. 
Furthermore, as a response to TLR signaling, IFN-γ alters 
epigenetic governance of macrophages, inducing and priming 
enhancers to increase transcriptional output [51].

The activated macrophages are then able to kill relatively 
avirulent intracellular organisms like NTM.  Numerous 
other cytokines such as IL-18, IL-23, and IL-29, receptors 
like vitamin D receptor, and unidentified cofactors may 
also be important in garnering hosts’ effective containment 
and elimination of immune-inflammatory response against 
NTM. Novel influences on macrophage lysosomal activity 
due to IL-12, IL-27, and STAT-3 were demonstrated by Jung 
et al. [52]. These adjunct cytokine and transcription signals 
promote enhanced trafficking of mycobacteria to lysosomes 
in human macrophages. This may have important impli-
cations in future approaches for effective containment of 
mycobacterial infection.

HIV-associated acquired immunodeficiency has demon-
strated the critical role of CD4-positive T-helper lympho-
cytes (CD4+ cells) in maintaining host resistance to MAC 
and other NTM. CD4 cell decline is also associated with a 
cascade of dysfunction within the cell-mediated immune, or 
TH1 pathway, including alterations in cytokine levels and 
hosts’ immune responsiveness [53, 54].

Interleukin-12 (IL-12) [55], IFN-γ, and tumor necrosis 
factor alpha are important for sustained macrophage acti-
vation and regulation of effective intracellular microbicidal 
activity. Reactive nitrogen and oxygen species are a family of 
toxic antimicrobial molecules derived from nitric oxide and 
superoxide, respectively. They assist in intracellular myco-
bacterial killing; IFN-γ is the principal cytokine in promot-
ing nitrosative stress and bacterial cell death [56]. Recently, 
the important influence of restricted IFN-γ- mediated activa-
tion of pulmonary macrophages by the local suppressor of 
cytokine signaling (SOCS)1 was reported [57]. Additionally, 
this group showed that factors secreted by alveolar epithelial 
cells enhanced the microbicidal capacities of macrophages 
by mechanisms independent of reactive nitrogen species 
transcribed under the influence of IFN-γ; the clinical signifi-
cance for such processes in physiologic clearance of envi-
ronmental NTM that are routinely exposed to the human 
respiratory tract needs further investigation [57].

Transplant recipients are treated with immunosuppres-
sive drugs in order to prevent and treat solid organ allograft 
 rejection. In recipients of stem cell allograft, intragenic immune 
suppression is the mainstay of therapy for graft sustenance 
and treatment of acute or chronic graft-versus-host disease. 
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Immunosuppression is achieved through depleting lympho-
cytes, diverting lymphocyte traffic, or blocking their response 
pathways described above [58]. Besides the therapeutic effect 
of these drugs, there is also the undesirable effect of increasing 
the risk of infection from numerous pathogens including NTM.

 Microbiology

NTM consists of over 170 species and subspecies that are 
found throughout the environment including from soil and 
water, both natural and treated. NTM are traditionally divided 
into two groups based on their rate of growth on subculture; 
rapid growers show visible growth by 7 days and slow grow-
ers after 7 days (Table 30.1). Many of these organisms have 
been reported to cause disease in transplant recipients. Most 
infections are caused by more virulent organisms such as 
M. avium complex, M. kansasii, and M. abscessus. Isolation 
of low-virulence mycobacteria is not uncommon, and in 
immunologically intact, nonsusceptible individuals, they 
frequently represent either laboratory/environmental con-
taminant or nondisease-associated colonization. However, in 
the setting of allogeneic transplantation, all organisms must 
be considered as potential pathogens until proven otherwise.

The most clinically important slowly growing NTM 
include Mycobacterium avium complex (MAC) and 
Mycobacterium kansasii although numerous other slow 
growers have been reported to cause disease in transplant 
recipients (Table 30.1). MAC currently consists of at least 
ten species; the most common to cause infection in humans 
are M. avium, M. intracellulare, and M. chimaera [59]. 
MAC isolates are usually susceptible to the macrolides like 
azithromycin and clarithromycin and clofazimine with vari-
able susceptibility to rifamycins, ethambutol, amikacin, and 
streptomycin. Mycobacterium kansasii is a slowly growing 

organism that is considered one of the most virulent NTM. 
M. kansasii is usually susceptible in  vitro to the first-line 
anti-tuberculosis agents except pyrazinamide as well as to 
the macrolides and fluoroquinolones [60–62].

Rapidly growing mycobacteria are particularly com-
mon among HSCT recipients and include Mycobacterium 
fortuitum, Mycobacterium chelonae, and members of the 
Mycobacterium abscessus complex. Rapid growers are 
more resistant to current antimicrobials than most slow 
growers and some species contain an erythromycin ribo-
somal methylase gene (erm) that can lead to inducible 
macrolide resistance [63]. M. abscessus is further subdi-
vided into three subspecies (ssp) including ssp. abscessus, 
ssp. massiliense, and the least common ssp. bolletii [64, 
65]. Approximately 80% of isolates of M. abscessus ssp. 
abscessus carry a functional erm(41) gene that results in 
inducible macrolide resistance in the presence of a mac-
rolide; this resistance is not reflected by the initial 3-day 
in vitro MIC reported by some laboratories [63]. M. absces-
sus ssp. massiliense does not undergo inducible macro-
lide resistance as the erm(41) gene is nonfunctional and, 
hence, the disease is easier to treat [66–68]. Depending 
on the organism, the following antimicrobials show vari-
able in vitro susceptibility: macrolides, aminoglycosides, 
clofazimine, fluoroquinolones, tigecycline, cefoxitin, and 
imipenem/meropenem [69].

 Clinical Presentation

The clinical presentation of NTM disease in transplant 
patients varies depending on the type of transplant, degree 
of immunosuppression, patient comorbidities, and species of 
NTM involved [70]. Patients may present with pleuropulmo-
nary, skin and soft tissue, bone and joint, catheter-related, 
as well as disseminated disease [5]. Among HSCT recipi-
ents, catheter-related infections are one of the most com-
mon infections followed by skin and soft tissue infections 
[36–41, 71, 72]. In lung transplant recipients, pleuropulmo-
nary infections are most common ranging from 54% to 82% 
followed by skin and soft tissue infections [14, 73]. Cough 
and sputum production are common and more common in 
transplant recipients with NTM than TB. Skin, soft tissue, 
and disseminated infections are the most common types of 
NTM infections in heart and kidney transplants.

Time to presentation varies between types of transplants 
and tends to be longer for NTM than TB.  A recent study 
from South Korea reported a median time to diagnosis of 
24.2  months for NTM and 8.5  months for TB.  For HSCT 
recipients the median time to presentation is 5 months and 
over 10  months for SOT [70]. Among SOT patients, the 
median time to diagnosis has ranged from 15 to 30 months 
for heart, 20 to 24 months for kidney, 15 months for lung, 
and 10 months for liver transplants [5, 33, 70].

Table 30.1 Nontuberculous mycobacteria reported to have caused 
disease in transplant recipients

Slowly Growing mycobacteria Rapidly growing mycobacteria
Mycobacterium asciaticum Mycobacterium abscessus
M. avium M. bolletii
M. celatum M. chelonae
M. genevense M. fortuitum
M. haemophilum M. margeritense
M. intracellulare M. massiliense
M. gastri M. mucogenicum
M. gordonae M. neoaurum
M. kansasii M. smegmatis
M. malmoense
M. marinum
M. scrofulaceum
M. szulgai
M. terrae
M. thermoresistable
M. triplex
M. xenopi
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 Pulmonary Disease

Pleuropulmonary disease is the most common presentation in 
lung transplant recipients but occurs in other transplants as well 
[74]. In fact, pleuropulmonary infections account for about 
one-third of NTM infections in recipients of HSCT with MAC 
being the most common causative organism. Cough, with or 
without sputum production, is the most prominent symptom 
although weight loss, fatigue, hemoptysis, night sweats, dys-
pnea, and chills also occur [75]. Chronic lung disease is a well-
recognized predisposing factor in immunosuppressed patients, 
including transplant recipients. The radiographic features sug-
gestive of pulmonary NTM include small nodules, tree-in-bud 
opacities, and/or small cavitary lesions with bronchiectasis [2]. 
Infections due to M. kansasii frequently involve the upper-lung 
lobes, and thin- wall cavities are seen commonly. Other pleuro-
pulmonary manifestations include empyema as well as chest 
wall and surgical wound infections [76].

 Skin, Soft Tissue, and Musculoskeletal 
Infections

While most NTM disease affects the lung in lung transplant 
recipients, skin and soft tissue infections are also a major 
concern post surgically [4, 13, 25, 33, 77, 78]. In one series, 
4 of the 53 lung transplant patients had soft tissue infections 
(3 with M. abscessus and 1 with M. chelonae) and 1 died 
from progressive disseminated disease [4]. Typical findings 
include painful to minimally painful erythematous to viola-
ceous subcutaneous nodules usually on the extremities or 
near the site of surgical wounds [4, 77]. Lesions will often 
ulcerate and may follow lymphatic distribution resembling 
sporotrichosis. The most common species to cause skin and 
soft tissue involvement are the rapidly growing mycobacteria 
and Mycobacterium marinum [33, 79].

M. fortuitum produces skin and soft tissue infection in 
immunologically competent patients; most infections occur 
due to accidental inoculation. In transplant recipients, surgi-
cal sites and scars may become sites of infection. Most infec-
tions due to M. chelonae are seen in patients with underlying 
predisposing conditions such as chronic corticosteroid use, 
rheumatoid arthritis, lupus, and cancer [80, 81], while M. 
abscessus has notably caused surgical infections surrounding 
transplant sites [25, 77, 82]. Health-related infections occur 
sporadically and have been seen in patients after deep intra-
muscular injection, sternal wound infection following car-
diac surgery, and after a variety of reconstructive and plastic 
surgical procedures including augmentation mammoplasty 
and chest wall reconstruction after tumor resection [83].

Musculoskeletal infections may present as septic arthri-
tis, tenosynovitis, or osteomyelitis. These infections may 
involve noncontiguous sites due to disseminated disease. In 
one review of NTM in SOT recipients, 67% presented with 

soft tissue and musculoskeletal involvement with over 50% 
involving noncontiguous sites [25].

 Catheter-Related Infections

Catheter-related infections have become the most com-
mon healthcare-related infections due to RGM with most 
infections occurring in patients with long-term indwelling 
intravascular catheters. In immunosuppressed patients, M. 
chelonae and M. abscessus are among the most common 
NTM isolates [84]. RGM species are increasingly reported 
in immunosuppressed patients with catheter-related infec-
tion and include uncommon NTM like M. smegmatis [85], 
Mycobacterium neoaurum [86], Mycobacterium aurum 
[87], Mycobacterium lacticola [88], and Mycobacterium 
brumae [89]. Catheter-related infections are the most com-
monly encountered infectious complication in HSCT recipi-
ents accounting for approximately one-third of all NTM 
infections in this setting and most are due to rapidly grow-
ing NTM.  Median time to presentation is approximately 
2 months [37]. It is important to emphasize that RGM are 
frequently isolated in hospital and laboratory water supplies, 
and numerous pseudo-outbreaks involving contaminated 
blood culture materials and fiberoptic bronchoscope steril-
izing machine contamination have been described [90, 91].

 Disseminated Disease

Disseminated disease has been reported with all types of SOT 
but is most common in kidney and heart transplant recipients 
[14, 25, 77, 92]. In some series, approximately half of patients 
with pulmonary disease have evidence of dissemination [14, 
33]. Disseminated disease can involve almost any body site 
including skin, soft tissues, musculoskeletal sites, lymph nodes, 
blood, bone marrow, and lung. Patients may present with fever 
of unknown origin often with subcutaneous nodules. The rap-
idly growing mycobacteria are the most common species to 
disseminate followed by M. kansasii and M. haemophilum.

 Diagnosis

 Clinical Diagnosis

The diagnosis of pulmonary disease is based on the American 
Thoracic Society (ATS) and Infectious Diseases Society of 
America (IDSA) criteria (Table  30.2), which involve the 
assessment of clinical, radiographic, and microbiological 
factors [69]. Given the variable clinical presentation noted in 
transplant recipients with NTM disease, the clinician should 
have a high index of suspicion and send appropriate clini-
cal specimens for culture and histopathologic examination. 
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Typical chest computed tomography findings of NTM pul-
monary disease include the presence of bronchiectasis and 
centrilobular nodules with a tree-in-bud appearance [5, 70]. 
In the transplant setting, bronchiolitis obliterans and rejec-
tion may produce similar findings although the presence of 
nodules is more suggestive of NTM disease [93].

 Laboratory Diagnosis

Laboratory diagnosis of NTM disease is based on isola-
tion of these organisms from culture of clinical specimens. 
Both solid and broth media are recommended for growth of 
mycobacteria [69]. Slow-growing mycobacteria (SGM) take 
between 3 and 8 weeks to grow, whereas in the case of rap-
idly growing mycobacteria (RGM) growth often becomes 
evident within 7 days on subculture. Some organisms such as 
M. genavense can take up to 12 weeks of incubation to detect 
growth. For most NTM species, the optimal temperature for 
growth is 28 to 37 °C, although some species require either 
higher or lower temperatures for optimal growth. Specimens 
obtained from cutaneous sites should be incubated at 35 and 
28–32 °C.  In addition, some fastidious species such as M. 
haemophilum require addition of hemin or ferric ammonium 
citrate for growth.

The clinical usefulness of antimicrobial drug susceptibil-
ity testing remains unclear because of the lack of correla-
tion between the in vitro activity of some antimycobacterial 
drugs and clinical outcomes. A broth-based culture method 

with both microdilution and macrodilution methods is con-
sidered acceptable for testing against MAC69. Initial isolates 
and treatment failures should be tested against clarithromy-
cin because of the good correlation between identification of 
macrolide resistance and poor treatment outcomes. Recent 
studies also suggest correlation between amikacin and treat-
ment outcomes with an MIC >64 ug/ml associated with 
lack of microbiologic response [94]. Isolates of M. kansasii 
should be tested for susceptibility to rifampin and if resis-
tant, additional drugs should be tested such as macrolides 
and fluoroquinolones [69]. For rapidly growing mycobac-
teria, broth microdilution minimal inhibitory concentration 
determination is recommended [69].

Molecular methods such as gene sequencing and line 
probe assays are becoming increasingly available for rapid 
speciation and even identification of genetic mutations that 
confer drug resistance. A line probe assay is commercially 
available (Hain, Germany) that can detect several common 
NTM species and identify mutations which cause macrolide 
and aminoglycoside resistance [95]. While whole genome 
sequencing is the gold standard, the test remains expensive 
and not widely available.

 Treatment

Treatment of NTM disease requires a multidrug regimen in 
order to achieve cure and prevent the emergence of resis-
tance. In addition, surgical excision/debridement may be 
required in extrapulmonary disease and in some cases less-
ening of the immunosuppressive regimen is required [74]. 
The optimal combination of drugs (Table  30.3) and dura-
tion of therapy are not known for any NTM species. Given 
the high recurrence rate seen in non-immunosuppressed 
patients, the current ATS/IDSA recommendation to treat 
pulmonary NTM disease for 12 months of negative cultures 
should be considered the minimal duration [69]. Cutaneous 
and disseminated disease should be treated for a minimum of 
6 months although longer durations may be required depend-
ing on the infecting species, site of disease, resistance  pattern, 
and response to therapy [70]. Treatment of catheter-related 
infections includes prompt removal of infected devices 
and combination antimicrobial therapy for a minimum of 
6–12 weeks [70]. Prolonged therapy greater than 12 weeks 
may be necessary depending on the infecting organism and 
clinical response to treatment. Lessening of immunosuppres-
sion increases the risk of solid organ graft rejection, stem cell 
graft compromise or graft loss, and potential worsening of 
graft-versus-host disease. Unlike patients with HIV/AIDS, 
immune reconstitution syndrome has not been a concern in 
transplant population.

As in non-immunosuppressed patients, isolation of an 
NTM from a clinical specimen does not necessarily indicate 

Table 30.2 Clinical and microbiologic criteria for diagnosing nontu-
berculous mycobacterial lung disease [69]

Clinical (both required)
  1.  Pulmonary symptoms, nodular or cavitary opacities on chest 

radiograph, or a high-resolution computed tomography scan 
that shows multifocal bronchiectasis with multiple small 
nodules

and
  2.  Appropriate exclusion for other diagnoses.
Microbiologic
  1.  Positive culture results from at least two separate expectorated 

sputum samples. If results are nondiagnostic, consider repeat 
sputum AFB smears and cultures.

or
  2.  Positive culture result from at least one bronchial wash or 

lavage.
or
  3.  Transbronchial or other lung biopsy with mycobacterial 

histopathologic features (granulomatous inflammation or AFB) 
and positive culture for NTM or biopsy showing mycobacterial 
histopathologic features (granulomatous inflammation or AFB) 
and one or more sputum or bronchial washings that are culture 
positive for NTM.

Reprinted with permission of the American Thoracic Society. Copyright 
© 2018 American Thoracic Society. Reprinted from Griffith et al. [69]. 
The American Journal of Respiratory and Critical Care Medicine is an 
official journal of the American Thoracic Society
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that treatment is required. Studies in lung transplant recipi-
ents have reported that 75% or more of patients who have 
NTM isolated from the respiratory tract are “colonized” [2, 
4, 26]. Repeated isolation of a more virulent species is more 
suggestive of NTM-related disease although in extrapul-
monary disease it may not be possible to obtain additional 
samples for culture.

Despite the difficulties faced when treating NTM disease, 
most patients who have developed NTM disease after under-
going transplantation have survived and been cured with less 
than 5% of deaths related to the NTM disease. However, 
in many cases, treatment is prolonged and requires surgi-
cal debridement, and adverse reactions including hearing 
loss in those receiving aminoglycosides are common [33]. 
Consultation with an expert in the treatment of NTM disease 
is advised.

 Slowly Growing NTM

 Mycobacterium avium Complex
The ATS/IDSA recommend treatment with three to four 
drugs depending on the radiographic extent of disease 

(Table 30.4) [69]. For immunocompetent patients with nodu-
lar lung disease and bronchiectasis, three times weekly dos-
ing of clarithromycin (1000 mg) or azithromycin (500 mg), 
ethambutol (25 mg/kg), and rifampin (600 mg) are recom-
mended. However, for fibrocavitary or severe nodular/bron-
chiectatic disease, or in the transplant setting, medications 
should be administered daily instead of three times weekly 
with adjustment in doses where necessary (clarithromy-
cin 500–1000  mg/day or azithromycin 250–500  mg/day, 
ethambutol 15  mg/kg per day, and rifampin 10  mg/kg per 
day (maximum 600 mg) or rifabutin 150–300 mg/day). For 
patients with cavitary changes or other severe forms of infec-
tion, amikacin or streptomycin given intravenously or intra-
muscularly at a dose of approximately 15–25 mg/kg three 
times weekly is recommended for the first 2–3 months [69]. 
Because of drug interactions (described below), rifabutin and 
azithromycin are preferred over rifampin and clarithromy-
cin, respectively.

In the transplant setting, there are no specific recommen-
dations for the duration of therapy. For pulmonary disease, 
the patient should be treated for at least 12 months of negative 
cultures although longer durations may be needed in trans-
plant recipients. Patients are considered treatment failures if 

Table 30.3 Commonly used drugs for nontuberculous mycobacterial infections

Drug
Route of 
administration Dosage Adverse reactions

Amikacin Intravenous 10–15 mg/kg once daily or 15–25 mg/
kg three times weekly

Nephrotoxicity, auditory-vestibular toxicity

Azithromycin Oral 250–500 mg daily Nausea, vomiting, diarrhea, auditory- vestibular toxicity
Prolonged QT

Cefoxitin Intravenous 50 mg/kg/dose 2–3 times daily Fever, rash, cytopenias
Clarithromycin Oral 500 mg twice daily Hepatitis, taste disturbance, inhibits metabolism of rifabutin
Clofazimine Oral 100 mg once daily Discoloration of skin, enteropathy, nausea, vomiting, 

prolonged QT
Ethambutol Oral 15 mg/kg/dose once daily Optic neuritis, peripheral neuropathy
Imipenem Intravenous 500–1000 mg 2–3 times daily Nausea, vomiting, diarrhea, hepatitis, fever, rash
Isoniazid Oral 5 mg/kg/dose once daily Hepatitis, peripheral neuropathy
Linezolid Oral, 

intravenous
600 mg once or twice daily Cytopenias, peripheral neuropathy, optic neuritis

Minocycline Oral 100 mg twice daily Photosensitivity, nausea, vomiting, diarrhea, vertigo, tooth 
discoloration

Moxifloxacin Oral 400 mg daily Nausea, vomiting, diarrhea, insomnia, agitation, tendonitis, 
photosensitivity, prolonged QT

Rifabutin Oral 300 mg daily Cytopenias, orange discoloration of fluids, hepatitis, nausea, 
vomiting, diarrhea, hypersensitivity/flu-like syndrome, 
increased metabolism of many drugs, uveitis for rifabutin

Rifampin Oral 600 mg daily Cytopenias, orange discoloration of fluids, hepatitis, nausea, 
vomiting, diarrhea, hypersensitivity/flu-like syndrome, 
increased metabolism of many drugs

Tigecycline Intravenous 50 mg once or twice daily Nausea, vomiting, diarrhea, pancreatitis, hypoproteinemia, 
hepatitis

Trimethoprim- 
sulfamethoxazole

Oral 10–20 mg/kg/dose twice daily Nausea, vomiting, diarrhea, cytopenia, fever, rash
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they have not responded after 6 months of appropriate ther-
apy or achieved culture negativity of sputum after 12 months 
of therapy. Common factors in such patients include medi-
cation nonadherence, the use of inadequate regimens (e.g., 
clarithromycin with a fluoroquinolone only), and emergence 
of macrolide-resistant MAC isolates. Use of a macrolide 
alone or in combination with a fluoroquinolone is not recom-
mended due to poor response and the frequent emergence of 
resistance [96, 97].

 Mycobacterium kansasii
The ATS/IDSA guidelines recommend a daily three-
drug regimen of isoniazid, rifampin, and ethambutol 
(Table  30.4) [69]. Although the role of isoniazid in this 
regimen is not clear (the MICs are 100x higher than with 
MTB), excellent results have been obtained in clinical 
studies using this regimen [60, 61]. Clarithromycin is 

highly active against M. kansasii, and clarithromycin-
containing regimens have been associated with good treat-
ment outcomes [98–100]. Rifabutin and azithromycin are 
preferred over rifampin and clarithromycin, respectively, 
because of drug interactions with some immunosuppres-
sive medications.

The recommended duration of treatment is 12  months 
of negative cultures, although good results with 12 months 
of therapy have been reported [61]. As with MAC, a longer 
duration may be appropriate in the transplant setting but this 
has not been studied. Other drugs usually given in three-drug 
combinations are effective for the retreatment of disease that 
has become resistant to rifampin; they include macrolides, 
fluoroquinolones, trimethoprim/sulfamethoxazole, strepto-
mycin, and amikacin [69]. At least in non-transplant popu-
lations, relapse after treatment with rifampin-containing 
regimens is uncommon.

Table 30.4 Treatment regimens for nontuberculous mycobacterial infections in transplant recipients

Organism Example regimens Dose Alternative
M. avium complex 
(noncavitary)

Azithromycin
Rifabutin
Ethambutol

250–500 mg daily
300 mg daily
15 mg/kg daily

Moxifloxacin 400 mg daily
Clofazimine 100 mg daily

M. avium complex (cavitary) Azithromycin
Rifabutin
Ethambutol
Amikacin

250–500 mg daily
300 mg daily
15 mg/kg/day per day
10–15 mg/kg once daily or 15–25 mg/kg 
three times weekly

Moxifloxacin 400 mg daily
Clofazimine 100 mg daily

M. haemophilum Azithromycin
Rifabutin
Moxifloxacin

250–500 mg daily
300 mg daily
400 mg daily

Ethambutol 15 mg/kg daily
Clofazimine 100 mg daily

M. kansasii Isoniazid
Rifabutin
Ethambutol

300 mg daily
300 mg daily
15 mg/kg per day

Azithromycin 250–500 mg daily
Moxifloxacin 400 mg once daily
Clofazimine 100 mg daily

M. marinum Azithromycin
Ethambutol

250–500 mg daily
15 mg/kg per day

Rifabutin 300 mg daily
Moxifloxacin 400 mg daily
Trimethoprim-sulfamethoxazole DS 
twice daily
Doxycycline 100 mg twice daily
Minocycline 100 mg daily

M. abscessus spp. abscessus 
or bolletii

Azithromycin
Imipenem
Amikacin
Clofazimine

250–500 mg daily
500–1000 mg 2–3 times daily
10–15 mg/kg once daily or 15–25 mg/kg 
three times weekly
100 mg daily

Cefoxitin 12 gm in divided doses 
3–4 times daily
Tigecycline 50 mg 1–2 times daily
Linezolid 600 mg 1–2 times daily

M. abscessus spp. 
massiliense

Azithromycin
Imipenem
Amikacin

250–500 mg daily
500–1000 mg 2–3 times daily
10–15 mg/kg once daily or 15–25 mg/kg 
three times weekly

Cefoxitin 12 gm in divided doses 
3–4 times daily
Clofazimine 100 mg daily
Tigecycline 50 mg 1–2 times daily
Linezolid 600 mg 1–2 times daily

M. chelonae Azithromycin
Imipenem
Amikacin

250–500 mg daily
500–1000 mg 2–3 times daily
10–15 mg/kg once daily or 15–25 mg/kg 
three times weekly

Clofazimine 100 mg daily
Tigecycline 50 mg 1–2 times daily
Linezolid 600 mg 1–2 times daily

M. fortuitum Imipenem
Moxifloxacin
Trimethoprim- 
sulfamethoxazole DS

500–1000 mg 2–3 times daily
400 mg daily
1 table twice daily

Cefoxitin 12 gm in divided doses 
3–4 times daily
Tigecycline 50 mg 1–2 times daily
Doxycycline 100 mg twice daily
Minocycline 100 mg twice daily
Linezolid 600 mg 1–2 times daily
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 Other Slow-Growing Mycobacteria
A number of other slowly growing mycobacteria have 
been reported to cause NTM disease in transplant recipi-
ents (Table 30.1). A detailed discussion of the treatment of 
these less common NTM is beyond the scope of this chapter. 
However, a few comments regarding treatment of M. hae-
mophilum and M. marinum follow. M. haemophilum has 
been almost exclusively seen in patients with severe immune 
dysfunction either due to HIV-associated AIDS or in recipi-
ents of hematopoietic stem cell transplantation [101]. 
Disseminated infections are reported and predilection for 
tendon sheaths, bone, and joints is similar to infections seen 
with RGM.  Drug susceptibility testing is not standardized 
and the correlation between susceptibility test results and 
clinical outcomes is uncertain. Current recommendations 
are to treat with a fluoroquinolone, macrolide, and rifamycin 
which has led to successful treatment (Table 30.4) [69, 102].

M. marinum is a slowly growing mycobacteria found in 
aquatic environments. Infection usually occurs when trau-
matized skin is exposed to water containing the organism. 
At least seven cases of M. marinum have been reported in 
transplant recipients including both SOT and HSCT patients 
[79, 103, 104]. Most have presented with erythematous ten-
der cutaneous nodules on the extremities after exposure to 
fish tanks. Treatment regimens have included combinations 
of macrolides, rifamycins, fluoroquinolones, and cycline 
derivatives with cure in most patients including a patient 
with disseminated disease. The ATS currently recommends 
treatment of cutaneous disease with two active agents for 
approximately 1–2  months after resolution of the nodules 
(Table 30.4) [69]. However, most transplant recipients have 
been treated successfully for 3–9 months with one relapse 
after 6 months of ciprofloxacin and ethambutol.

 Rapidly Growing NTM

 M. abscessus Complex
Combination therapy including intravenous agents is 
necessary for clinically significant disease. Drug com-
binations including oral azithromycin, clofazimine, or 
linezolid/tedizolid plus intravenous cefoxitin, imipenem, 
tigecycline, or amikacin can be successful; however, refrac-
tory M. abscessus infections are common and remain dif-
ficult to treat (Table 30.4) [69]. Patients are begun on three 
or four of the above antibiotics during an initial multidrug 
intensive phase including intravenous antibiotics that are 
usually transitioned to a multidrug regimen of oral and possi-
bly inhaled antibiotics. Long-term sputum conversion is dif-
ficult to achieve in patients with M. abscessus ssp abscessus 
lung disease with a functional erm(41) gene [68, 105, 106]. 
Sputum conversion rates among nonimmunocompromised 
patients with pulmonary disease due to M. abscessus ssp 
abscessus have been approximately 25% [66–68]. However, 

in patients infected with subspecies M. massiliense that lacks 
a functional erm(41) gene, culture conversion rates have 
reached over 80%. Among 16 patients with M. abscessus 
following lung transplantation that were treated, 11 (73%) 
had a radiographic or microbiologic response to treatment 
and 10 were considered cured [28]. Death was attributed to 
M. abscessus in two patients. Of note, the strains were not 
subspeciated so some patients may have been infected with 
the easier-to-treat M. massiliense.

 M. chelonae
Mycobacterium chelonae causes skin and soft tissue disease 
similar to that of M. abscessus [69]. Unlike M. abscessus and 
M. fortuitum, M chelonae does not carry an erm gene and 
therefore effective therapy with a macrolide-based regimen 
may be more obtainable in these individuals [63]. M. chelo-
nae is typically susceptible to macrolides, clofazimine, and 
tobramycin and resistant to cefoxitin with variable activity to 
fluoroquinolones, doxycycline, linezolid, and imipenem [81, 
107]. Treatment usually involves a combination of three of 
the antibiotics above (Table 30.4).

 M. fortuitum
Mycobacterium fortuitum is a rapid grower similar to M. 
abscessus and M. chelonae. It is a rare cause of lung dis-
ease, sometimes identified in patients with achalasia and 
other gastroesophageal reflux disorders [69, 108]. M. for-
tuitum isolates are usually susceptible to fluoroquino-
lones,  doxycycline and minocycline, sulfonamides and 
trimethoprim/sulfamethoxazole, amikacin, imipenem, and 
tigecycline, and approximately one-half of the isolates are 
susceptible to cefoxitin [81, 107, 109]. Like M. absces-
sus, most M. fortuitum isolates have a functional erm gene 
so macrolides should not be counted on to treat this infec-
tion. Multidrug therapy with agents shown to be susceptible 
in vitro should be given for 12 months or until clinical reso-
lution of the disease (Table 30.4).

 Drug Interactions

Significant drug-drug interactions may occur between anti-
mycobacterial drugs and immunosuppressive drugs used to 
prevent rejection (Table 30.5). Rifampin is a potent inducer 
of the CYPA3A4 pathway and thus can decrease the serum 
concentrations of calcineurin inhibitors and mTOR inhibi-
tors such as sirolimus [70, 77]. Use of rifampin has been 
associated with acute rejection rates as high as 35% [110, 
111]. Rifabutin, which is a less potent inhibitor of cyto-
chrome p450, is the preferred rifamycin in these settings. 
Clarithromycin is an inhibitor of the CYP3A4 pathway and 
p-glycoprotein and thus raises the concentration of calcineu-
rin and m-TOR inhibitors. In order to avoid this drug inter-
action, azithromycin is recommended over clarithromycin. 

30 Nontuberculous Mycobacterial Disease in Transplant Recipients



512

Because of the many potential drug interactions, therapeu-
tic drug monitoring should be strongly considered in order 
to maintain adequate serum drug concentrations and avoid 
unwanted toxicity [33].

When rifamycin is not used, an alternative drug should be 
selected. Studies in nontransplant populations have reported 
similar microbiologic outcomes in patients receiving a three- 
drug regimen including clofazimine instead of rifampin 
[112], and there is some evidence of activity in patients 
with refractory disease [113, 114]. A small study in five 
SOT patients reported good tolerance to clofazimine [115] 
although one pediatric bone marrow transplant patient has 
been reported to have developed an enteropathy [116].

 Monitoring for Adverse Reactions 
and Treatment Response

Multidrug treatment regimens used for NTM infections are 
frequently associated with drug-related adverse events so 
monitoring of patients for toxicity is essential. The most 
common adverse reactions associated with antimycobacte-
rial agents are included in Table  30.3. Transplant patients 
are often on other drugs that could have overlapping toxici-
ties with antimycobacterial drugs; thus, close monitoring for 
adverse reactions is even more critical in this population. All 
patients who are being treated for NTM disease should have 
periodic assessment of complete blood counts, liver function 
tests, and creatinine. For patients receiving ethambutol or 
linezolid, a baseline assessment of visual acuity and color 
discrimination testing are recommended with periodic reas-
sessments during the course of therapy. In addition, a base-
line audiogram is needed for patients on an aminoglycoside 
and should be repeated during the course of treatment.

Response to treatment should be documented through 
periodic clinical, radiographic, and microbiologic evalua-
tions. For pulmonary disease, treatment duration is based on 
the time of culture conversion so monthly cultures should be 
obtained to document the time of conversion. For patients 
with extrapulmonary disease, clinical and radiographic 
evaluation are most critical as resampling of extrapulmonary 
sites may not be possible or practical.

 Survival

The impact of NTM infections on survival has varied between 
studies although in most the direct impact has been minimal. 
In a cohort of 237 lung transplant recipients from a center in 
the United States, NTM infection was not associated with 
an increased mortality [4]. In a retrospective cohort study 
to evaluate the impact of NTM on survival, 33 patients with 
NTM infection post-SOT were evaluated [92]. Surprisingly, 
there was not an increased mortality in patients with M. 
abscessus disease compared with other NTM disease. 
However, development of NTM infection during the first year 
after transplantation was strongly associated with decreased 
survival, independent of organ type. NTM infection was con-
sidered a contributing cause of death in only three of the nine 
patients whose death certificates were available for review. 
A recent study from a large Midwestern center reported that 
among 3338 SOT recipients, 50 (1.5%) had NTM infec-
tion, 43 of whom were lung transplant recipients. However, 
NTM infection was not associated with mortality in infected 
lung transplant recipients versus those not infected although 
NTM disease was associated with increased mortality com-
pared with colonization in lung transplant recipients [26]. 
There was no difference in survival between NTM-infected 

Table 30.5 Drug interactions between antimycobacterial and antirejection drugsa

Antibiotic class/
antibiotics Cyclosporine Sirolimus/everolimus Tacrolimus
Azalide/macrolide
Azithromycin Possible mild increase in cyclosporine 

levels
No significant interaction Possible mild increase in tacrolimus 

levels
Clarithromycin Increase in cyclosporine levels Increase in sirolimus/everolimus 

levels
Increase in tacrolimus levels

Fluoroquinolones
Ciprofloxacin No significant interaction No significant interaction No significant interaction
Levofloxacin Possible mild increase in serum 

concentration
No significant interaction No significant interaction

Moxifloxacin No significant interaction No significant interaction No significant interaction
Rifamycins
Rifampin Decrease in cyclosporine levels Decrease in sirolimus/everolimus 

levels
Decrease in tacrolimus levels

Rifabutin Mild decrease in cyclosporine levels Mild decrease in sirolimus/
everolimus levels

Mild decrease in tacrolimus levels

aSerum drug concentrations should be measured and doses adjusted as needed to effectively treat the NTM infection and avoid rejection or drug- 
related toxicity
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and NTM-uninfected lung transplant recipients: the former 
were more likely to develop bronchiolitis obliterans (80 vs. 
52%, p = 0.02) although this finding was not noted in multi-
variate analysis. One study reported that NTM colonization 
and NTM pulmonary disease increased the risk of death after 
lung transplantation although NTM pulmonary disease was 
not considered the direct cause of disease [2]. The increased 
risk of death persisted even after adjusting for single-lung 
transplantation and presence of bronchiolitis obliterans.

 Isolation of NTM Before Transplantation

Isolation of NTM during pretransplant period is not uncom-
mon in patients undergoing lung transplant given their 
underlying lung disease, and pretransplant isolation of NTM 
has been associated with a greater risk of NTM disease after 
undergoing transplantation [1]. The International Society for 
Heart and Lung Transplantation (ISHLT) states that “chronic 
infection with highly virulent and/or resistant microbes that 
are poorly controlled pretransplant” is an absolute contra-
indication for transplantation [117]. However, “colonization 
or infection with highly resistant or highly virulent bacte-
ria, fungi, and certain strains of mycobacteria…” is con-
sidered a relative contraindication. Furthermore, infection 
with multidrug resistant M. abscessus is considered a rela-
tive contraindication if the infection is “sufficiently treated” 
preoperatively and there is a reasonable expectation for ade-
quate control postoperatively. Unfortunately, none of these 
recommendations provide clear guidance to providers or 
patients as it is difficult to distinguish “colonization” from 
indolent infection and active disease and sufficiently treated 
are not defined.

NTM are commonly isolated in patients with CF but 
the risk of NTM infections posttransplantation is not well 
defined. The Cystic Fibrosis Foundation (CFF), European 
Cystic Fibrosis Society (ECFS), and the ISHLT recom-
mend that individuals with CF who are being considered 
for lung transplantation be evaluated for NTM pulmonary 
disease and the presence of current or previous history of 
respiratory tract samples with NTM should not preclude 
consideration for transplantation [117, 118]. Those who 
are found to have NTM lung disease should be started on 
treatment prior to transplant listing, and once they have 
achieved sequential negative cultures, they should be con-
sidered eligible for transplantation. This includes patients 
who have completed therapy. ISHLT states that progressive 
pulmonary or extrapulmonary disease secondary to NTM 
despite optimal therapy or an inability to tolerate optimal 
therapy is a contraindication for transplant listing; however, 
the CFF and ECFS state that even if the NTM cannot be 
cleared from the respiratory tract, this is not an absolute 
contraindication for transplant in patients with CF [118, 

119]. Isolation of NTM prior to HSCT is also not a contra-
indication to transplant as patients have been successfully 
transplanted [14].

 Prevention

Recent outbreaks of NTM infections in transplant patients 
and patients who have undergone cardiac surgery have high-
lighted the potential for nosocomial acquisition of NTM [120, 
121]. Most nosocomial infections can be traced back to con-
tamination with tap water containing NTM, so avoidance of 
tap water during and after transplantation surgery is critical. 
Person-to-person transmission of Mycobacterium absces-
sus ssp. massiliense may have occurred among patients with 
CF as described in two CF clinics in the United States and 
United Kingdom [122, 123], and a recent study suggested 
global transmission of two clones of M. abscessus and one of 
M. massiliense among CF patients [124]. To date, person-to-
person transmission of NTM has not been described in other 
settings. Because of the possibility of transmission among 
CF patients, current CF foundation infection control and pre-
vention guidelines should be adhered to [125].

Effective chemoprophylactic treatment including 
azithromycin, clarithromycin, and rifabutin has been dem-
onstrated through randomized clinical trials to prevent dis-
seminated MAC in advanced AIDS patients [126, 127]. Not 
 surprisingly, some physicians have called for posttransplant 
prophylaxis with azithromycin for CF patients “colonized” 
with rapidly growing mycobacteria [77]. However, there is 
no evidence to support this practice and it is unlikely to be 
effective given the presence of an erm(41) gene in most M. 
abscessus complex strains. Multidrug treatment regimens to 
decrease the bacterial load as much as possible are likely to 
be more effective at preventing development of NTM disease 
in the posttransplant setting.

 Summary

Nontuberculous mycobacteria (NTM) are common in the 
environment, being most often associated with soil and water 
sources. NTM isolation does not always portray clinically 
significant disease, albeit, in patients with severe immune 
dysfunction following allogeneic transplantation, these 
near- ubiquitous environmental bacteria may lead to serious 
and potentially life-threatening systemic disease. The true 
prevalence of NTM among transplant recipients is largely 
unknown. Correct laboratory identification of NTM spe-
cies, adequate genetic analysis, and susceptibility testing are 
essential for identification of mycobacteria and are necessary 
in assembling effective antimicrobial treatment regimens. 
Reference laboratory evaluation may be required depending 
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on local laboratory capabilities. Antibiotic regimens are cho-
sen according to NTM species, site of infection, and drug 
susceptibility profile, which can vary greatly according to 
the NTM species isolated. The treatment of NTM involves 
multiple antibiotics given for a prolonged period of time and 
is often accompanied by side effects and drug-drug inter-
actions, especially in transplant patients on antirejection 
drugs and other agents given for suppressing hosts’ immune 
response for prevention or treatment of graft-versus-host 
disease. Treatment by experienced NTM physicians is often 
necessary. It is essential for transplant providers to maintain 
a low index of suspicion in order to promptly and correctly 
diagnose NTM infections in the susceptible transplant popu-
lation and provide host- and pathogen-specific treatment 
options.
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 Introduction

In the latter half of the twentieth century, considerable progress 
occurred in transplantation including improvements in donor 
selection and screening, surgical techniques, immunosup-
pression, and antimicrobial therapy. Despite these advances, 
infection persists as a common complication post- transplant 
and fungal infections in particular are associated with sig-
nificant morbidity and mortality. The number of individuals 
receiving either a hematopoietic cell transplant (HCT) or solid 
organ transplant (SOT) continues to rise, resulting in an ever-
expanding at-risk population for invasive fungal infections 
(IFIs). This chapter will provide a broad overview of the fun-
gal pathogens affecting both the HCT and SOT populations 
inclusive of the changing epidemiology and unique consider-
ations in the transplant recipient.

 Fungal Pathogens in HCT and SOT

The list of fungi capable of affecting this population seems infi-
nite with new pathogens continuing to emerge. For simplifica-
tion, fungal pathogens can be classified into three categories: 
yeasts, filamentous molds, and endemic fungi. Yeasts are fungi 
that grow as single, rounded, or elongated cells and reproduce 
by budding or sometimes fission; chains of these elongated 
cells are called pseudohyphae. In contrast, molds are multicel-
lular fungi with spores that germinate to produce branching 
hyphae. The third category, endemic fungi, are dimorphic fungi 
capable of existing as molds at room temperature and yeast or 
yeast-like forms at body temperature in the human host [1].
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The most common yeasts associated with infection in 
SOT and HCT are Candida species, although numerous other 
pathogens are seen including, but not limited to, Cryptococcus, 
Hansenula, Malassezia, Rhodotorula, Saccharomyces, and 
Trichosporon [2–5]. Non-albicans Candida species such as 
C. glabrata, C. parapsilosis, and C. krusei account for an 
increasing proportion of infections with evolving trends in 
antifungal resistance and are associated with worse outcomes 
in specific populations [6–9]. Infections with the encapsu-
lated yeast Cryptococcus occur more frequently in SOT as 
compared to HCT.  While C. neoformans var grubii (sero-
type A) is the predominant pathogen in both SOT and HCT 
populations, infections with C. neoformans var neoformans 
(serotype D) can be seen in Northern Europe, and C. gattii 
has emerged in both immunocompetent and immunocompro-
mised hosts in Canada and the northwest United States and 
continues to cause disease in subtropical climates [10–12].

Molds include the hyaline and dematiaceous hyphomy-
cetes as well as those from the subphylum Mucormycotina. 
Hyalohyphomycosis describes infections caused by the 
hyaline molds, a large group of septate molds that present 
as colorless or lightly pigmented hyphae in tissue. There 
are numerous molds in this group but the most common in 
the transplant population are Aspergillus, Fusarium, and 

Scedosporium species [13] (see Table 31.1). These molds are 
widely distributed and associated with an array of infections. 
Fungemia is a relatively rare occurrence with Aspergillus 
but is frequently seen in invasive fusariosis as it is capable 
of adventitious sporulation which probably aids its entry 
into the bloodstream. Other molds including Acremonium, 
Scedosporium, and Paecilomyces also demonstrate this 
phenomenon [14]. The dematiaceous fungi represent an 
assorted group of molds containing prominent amounts of 
melanin in their cell walls which contributes directly to their 
pathogenicity and is responsible for the light or dark brown 
color frequently seen in culture and/or histopathology [15]. 
Furthermore, these fungi are responsible for phaeohypho-
mycoses which often present as skin and soft tissue, ocu-
lar, and/or disseminated infections. Alternaria, Bipolaris, 
Cladophialophora, Curvularia, Dactylaria, Exophiala, and 
Phialophora are some of the more common black molds 
associated with infection in the transplant recipient [16, 17] 
(see Table 31.2). Many of these molds are also neurotropic 
and associated with severe and often fatal central nervous 
system (CNS) infections [2, 3]. Therefore, it is essential that 
there is proper and accurate identification of all molds from 
both sterile and non-sterile sites so prediction of disease and 
choice of therapy can be predicated on experience.

Table 31.1 Currently documented agents of hyalohyphomycosisa [13]

Acremonium spp. Emmonsia parva Paecilomyces spp. Trichoderma spp.
 A. alabamense Engyodontium album  P. lilacinus  T. harzianum
 A. atrogriseum Fusarium spp.  P. variotii  T. longibrachiatum
 A. curvulum  F. chlamydosporum  Penicillium spp Tritirachium oryzae
 A. falciforme  F. dimerum  P. chrysogenum Verticillium serrae
 A. kiliense  F. incarnatum  P. citrinum Volutella cinerescens
 A. potronii  F. moniliforme  P. commune

 A. roseogriseum  F. napiforme  P. decumbens
 A. strictum  F. nivale  P. expansum
Aphanoascus fulvescens  F. nygamai  P. marneffeib

Arthrographis kalrae  F. oxysporum Phaeoacremonium parasiticum
Aspergillus spp.
Beauveria spp.

 F. pallidoroseum  P. inflatipes

 B. alba  F. proliferatum  P. rubrigenum
 B. bassiana  F. solani Phialemonium obovatum
Cephaliophora irregularis  F. veriticillioides Phialemonium curvatum
Chrysonilia sitophila Gymnascella dankaliensis Polycytella hominis
Chrysosporium spp. Lecythophora hoffmannii Schizophyllum commune
 C. pannicola Lecythophora mutabilis Scedosporium spp
 C. zonatum Metarhizium anisopliae  S. apiospermumc

Coprinus cinereus Myceliophthora thermophila  S. prolificansd

Cylindrocarpon spp. Onychocola canadensis Scopulariopsis spp.
 C. destructans Ovadendron sulphureoochraceum  S. brevicaulis
 C. lichenicola Neocosmospora vasinfecta Scytalidium dimidiatum
 C. vaginae

Adapted with permission from: Alexander and Schell [13]
aList not inclusive
bMost authorities refer to disease as penicilliosis
cSexual anamorph of Pseudallescheria boydii
dSome experts consider this a dematiaceous mold, recently reclassified as Lomentospora prolificans
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Mucormycosis refers to infection caused by molds in the 
order Mucorales in the subphylum Mucormycotina [18]. They 
are characterized by broad, irregularly branching hyphae with 
few septations in contrast to the more commonly seen narrow, 
regularly branching septate hyphae with Aspergillus and the 
other hyphomycetes [1]. Expert pathologists can generally tell 
the difference between these two groups of molds by histo-
pathology. The genera most frequently associated with infec-
tions include Rhizopus and Mucor; however, infections with 
Apophysomyces, Cunninghamella, Rhizomucor, Saksenaea, 
and Syncephalastrum are reported [2, 19–21]. These molds 
are abundant in soil as well as decaying plant material and 
often gain entrance into the host via inhalation or direct skin 
penetration. They are associated with localized skin and soft 
tissue infections from trauma as well as rhinocerebral, gas-
trointestinal, and pulmonary infections from aerosolized or 
ingested spores and in the immunocompromised host have the 
ability to disseminate to other organs [21, 22].

The primary endemic mycoses include histoplasmosis, 
blastomycosis, and coccidioidomycosis and are an infre-
quent but important cause of transplant fungal infections 
particularly in the SOT population [23]. Inhalation serves as 
the primary mode of acquisition with clinical presentations 
ranging from isolated pneumonia to disseminated disease. 
Given their geographic predilection, obtaining a compre-

hensive exposure history in the transplant recipient remains 
critical to diagnosis as both primary infection and reactiva-
tion from prior infection can occur. Moreover, donor-derived 
infections have been reported with both histoplasmosis and 
coccidioidomycosis making links to exposure further com-
plex in transplant patients [24–26].

A brief discussion of the immune reconstitution syndrome 
(IRS) is warranted in the introduction of fungal pathogens in 
transplantation. In an acute, life-threatening IFI in an immu-
nocompromised host, it seems logical to attempt to restore the 
immune system to combat the infection. However, this must be 
approached in a careful and step-wise fashion as abrupt with-
drawal of immunosuppression alongside institution of anti-
fungal therapy has been associated with IRS in the transplant 
recipient with a number of fungal pathogens. It is most com-
monly reported in Cryptococcus and Aspergillus infections 
but has been associated with other IFIs including Candida, 
Dipodascus capitatus, and Histoplasma capsulatum [27]. 
The interactions are complex given the immunomodulatory 
effects of antifungals as well as the antifungal properties of 
certain immunosuppressives. However, in general the under-
lying pathogenesis involves a conversion of T-cell regulatory 
pathways to a proinflammatory state when antifungal therapy 
is initiated and immunosuppression is reduced. The net effect 
of this proinflammatory state is paradoxical worsening clini-
cal signs and symptoms often misinterpreted as progressive 
infection in the transplant recipient as well as potential for 
allograft loss [28–30]. Presently guidelines detailing how to 
most appropriately manage these patients are lacking, but the 
challenging interplay of immunosuppressants and antifungals 
creates marked potential for future innovative strategies.

 Epidemiology of IFIs in Transplantation

Inherent to understanding the epidemiology of IFIs is first 
an acknowledgement of the limitations of the available lit-
erature. For instance, studies in transplantation are often 
single- center, retrospective, and transplant organ-specific 
and lack uniform definitions of disease, thereby hampering 
epidemiologic assessments. However, attempts to optimize 
standardized definitions and incorporate study designs with 
detailed prospective data collection have advanced more 
recent estimations. The originally proposed definitions of 
IFIs applied only to patients with cancer and/or undergoing 
HCT but were revised to extend application to individuals 
with primary immunodeficiencies as well as SOT recipients 
[31, 32]. Current definitions include three categories, proven, 
probable, and possible IFIs, and attempt to incorporate the 
less common fungi and yet maintain the focus on patients 
with the highest likelihood of an IFI. While imperfect, these 
definitions serve as starting point with ongoing efforts in 
place to further refine. There is at least one major prospec-

Table 31.2 Currently documented agents of phaeohyphomycosisa [16]

Alternaria spp. Exophiala spp.
Phaeoacremonium 
parasiticum

 A. alternate
 A. chartarum

 E. dermatitidis
 E. jeanselmei

Phaeoannellomyces 
werneckii 
Phialemonium 
curvatum

Aureobasidium 
pullulans

Exserohilum spp. Phialophora spp.

Bipolaris spp.  E. rostratum  P. richardsiae
 B. spicifera  E. longirostratum  P. verrucosa
 B. hawaiiensis  E. mcginnisii Phoma spp.
Chaetomium spp. Fonsecaea spp. Piedraia hortae
Cladophialophora 
spp.

 F. compacta Ramichloridium 
mackenzei

 C. bantiana  F. pedrosoi Scedosporium 
prolificansb

 C. carrionii Hormonema 
dematioides

Stenella araguata

Curvularia spp. Madurella spp. Tetraploa aristata
 C. clavata  M. grisea Thermomyces 

lanuginosa
 C. lunata  M. mycetomatis Trichomaris invadens
Dactylaria 
gallopava (formerly 
Ochroconis 
gallopavum)

Ulocladium chartarum
Veronaea botryosa

Adapted with permission from: Revankar [16]
aList not inclusive
bSome experts consider this a hyaline mold, recently reclassified as 
Lomentospora prolificans
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tively maintained database to assist in defining the burden of 
IFIs in HCT and SOT. The Transplant-Associated Infection 
Surveillance Network (TRANSNET) [4, 5, 17, 23, 33] con-
tains information regarding IFIs from 23 transplant centers in 
the United States. Published data from TRANSNET encom-
passes a 5-year period from 2001 to 2006 and provides the 
most recent and comprehensive prospective evaluation in the 
transplant groups regarding the characteristics and appear-
ance of IFIs in this risk group. The Prospective Antifungal 
Therapy (PATH) [20, 21] Alliance is an additional large mul-
ticenter observational registry of IFIs inclusive of HCT/SOT 
recipients in North America.

 Epidemiology in HCT

 Incidence and Types of IFIs

Changes in the incidence of IFIs in HCT have occurred 
over the last few decades for a multitude of reasons includ-
ing modifications in stem cell sources and conditioning 
regimens, utilization of hematopoietic growth factors, as 
well as advances in diagnosis, prevention, and treatment of 
 infections [19, 34–40]. Previous studies report IFI incidence 
rates upwards of 15% [41, 42]. However, more recent data 
from TRANSNET found a 12-month cumulative incidence 
(CI) for any IFI of 3.4% (range 0.9–13.2%) in 15,820 patients 
undergoing HCT from March 2001 through September 2005 
[5]. Among transplant types, the incidence was lowest in 
autologous HCT recipients (1.2%) when compared to rates 
of 5.8%, 7.7%, and 8.1% in allogeneic HCT recipients with 
matched-related donors (MRDs), unrelated donors (URD), 
and mismatched-related donors (MMRD), respectively.

Modifications in the practice of HCT have also resulted 
in shifts in the primary fungal pathogens associated with 
IFIs (see Table 31.3). While Candida maintains an impos-
ing presence, it has been superseded by Aspergillus as the 
primary fungal pathogen in this risk group. Institution of 
antifungal prophylaxis directed against Candida species, 
increased utilization of alternate donor sources, and changes 
in HCT conditioning regimens are a few of the contribut-
ing factors for Aspergillus supplanting Candida as the most 
common IFI [43]. We can expect that as practices continue to 
change, the future will likely bring another group of leading 
fungal pathogens. For instance, alongside declining Candida 
infections since the early 1990s following institution of flu-
conazole prophylaxis in HCT patients, the concerning trend 
toward infections with more resistant non-albicans Candida 
species emerged [7, 44–50]. Invasive candidiasis (IC) typi-
cally manifests as bloodstream infections related to neutrope-
nia and mucosal injury with the potential for dissemination. 
Hepatosplenic candidiasis, a distinct form of disseminated 
Candida infection seen in this population, is often referred 

to as chronic disseminated candidiasis as it can affect other 
organs in addition to the liver and spleen. Among Aspergillus 
species, A. fumigatus remains the most common pathogen 
in part due to specific virulence factors and its ubiquitous 
ecology [51]. However, non-fumigatus types are increasingly 
recognized to produce disease in the mammalian host includ-
ing A. terreus which typically exhibits in vitro resistance to 
amphotericin B and A. lentulus which harbors in vitro and 
clinical resistance to most present antifungal therapies [52–
54]. Aspergillus infections present as invasive pulmonary 
infections, rhinosinusitis, and disseminated disease involv-
ing the skin and/or CNS [55]. Aspergillus tracheobronchi-
tis, an early presentation in the lung transplant recipient, is 
also reported, albeit rare, in HCT recipients [56, 57]. In the 
HCT recipient, neutrophil recovery can also be associated 
with worsening clinical and radiologic findings alongside 
declining serum Aspergillus galactomannan levels signaling 
the possibility of IRS associated with invasive aspergillosis 
(IA) treatment [58].

Non-Aspergillus molds, although less common, are emerg-
ing pathogens in HCT and unfortunately are often  relatively 
resistant to most conventional antifungal agents. Marr et al. 
[59] retrospectively evaluated 5589 patients undergoing 
HCT at single center from 1985 to 1992 and of 144 proven 

Table 31.3 Primary fungal pathogens in hematopoietic cell trans-
plantation [5, 17, 23, 33]

Fungal 
pathogen

12-month
CIa,b

(%)

Total 
IFIsb

(%)
Predominant 
pathogensb

12-month
survivalb

(%)
Aspergillus 1.6 43.2 A. fumigatus,

A. niger, A. flavus
25.4

Candida 1.1 28.1 C. glabrata, C. 
albicans, C. 
parapsilosis

33.6

Mucormycosis 0.3 7.8 Rhizopus, Mucor, 
Rhiozomucor, 
Cunninghamella

28.0

Fusarium and 
Scedosporium

~0.2 4.8 F. solani, F. 
proliferatum,
S. apiospermum 
complex, S. 
prolificansd

6.3c

Endemic 
mycoses

NA 0.6 Histoplasma 
capsulatum,
Coccidioides 
immitis,
Blastomyces 
dermatitidis

NA

Cryptococcus NA 0.6 NAe NA

NA: Data not available
a12-month cumulative incidence (CI) for first invasive fungal infection 
(IFI)
bBased on Transplant-Associated Infection Surveillance Network 
(TRANSNET)-derived data [5, 17, 23, 33]
cFor Fusarium only (Scedosporium outcomes not available)
dRecently reclassified as Lomentospora prolificans
eClinically C. neoformans var. grubii most common
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or probable infections with non-Aspergillus molds, Fusarium 
and Scedosporium were the most common. Surveillance 
data from TRANSNET confirm stable 12-month CI for 
both Scedosporium and Fusarium infections but increases in 
mucormycosis [5, 33]. Kontoyiannis et al. [60] also reported 
increasing rates of mucormycosis at a major cancer center 
in the late 1980s to 1990s. This same center later reported 
continued increases after the institution of voriconazole 
prophylaxis in their HCT population [61], and this report 
coincided with multiple reports of “breakthrough” mucor-
mycosis at other institutions utilizing voriconazole [62–66]. 
As the increase was seen before and after the introduction 
of voriconazole, many propose this association is multifac-
torial, including changes in immunosuppression and patient 
survival, rather than a simple direct stimulatory effect on the 
fungus [5, 53]. Furthermore, similar breakthrough infections 
have been reported with other azole antifungals including 
posaconazole which has extended coverage against some 
but not all of the Mucorales species [67–69]. F. solani is the 
most commonly identified Fusarium species. Retrospective 
characterization of Fusarium infections in HCT recipients by 
Nucci et al. [70] at 2 US and 7 Brazilian transplant centers 
found an overall incidence of 5.97 cases per 1000 transplants 
with an approximate fourfold to tenfold increase in incidence 
when comparing autologous to allogeneic MRD and MMRD 
HCT recipients, respectively. The overall incidence of fusa-
riosis did not differ between the two countries; however, 
Brazilian patients tended to be younger with underlying diag-
nosis of chronic myelogenous leukemia or aplastic anemia 
and received primarily MRDs as opposed to patients in the 
United States wherein AML (acute myelogenous leukemia) 
and non-MRD transplants predominated. Of the 61 cases 
identified, invasive fusariosis most often presented as dis-
seminated disease including skin and pulmonary involvement 
with fungemia occurring in 28% of patients. Scedosporium, 
another prominent pathogen in HCT recipients, was first 
identified as a human pathogen in the early 1900s. Husain 
et  al. [71] found that S. apiospermum complex (the sexual 
anamorph of Pseudallescheria boydii) infections occurred 
most commonly in all transplant groups, but infections with 
S. prolificans (recently reclassified as Lomentospora pro-
lificans) and its presence in fungemias were clearly more 
common in the HCT as compared to the SOT population 
[72]. Moreover, severe presentations including sepsis-like 
syndromes with scedosporiosis were reported primarily in 
patients with hematologic malignancy or undergoing HCT.

The primary endemic mycoses, namely, histoplasmosis, 
coccidioidomycosis, and blastomycosis, are uncommon in 
HCT patients as evidenced by only six cases reported in 
TRANSNET [5, 23]. Data regarding histoplasmosis, the 
most common of this group, predominate in the form of case 
reports and series of pneumonia and disseminated infections 
[73–79]. However, Vail et al. [78] found no cases of histo-

plasmosis among 137 allogeneic HCT recipients at a single 
center in a “hyperendemic” region, 5% of which were identi-
fied with positive complement-fixation titers to Histoplasma 
antigens pre-transplant, suggesting it is not an overwhelm-
ing problem even in areas with substantial exposure. 
Coccidioidomycoses is the second most common endemic 
mycosis in the transplant population overall [76, 80–82]. 
Blair et al. [82] reported incidence rates of 0.9% and 2.1% in 
autologous and allogeneic HCT, respectively, in an endemic 
region where routine pre- and post-transplant recipient 
screening and prophylaxis is employed. In a separate report 
by this same group, 55 cases of coccidioidomycoses were 
described in patients with underlying hematologic malig-
nancies. Pulmonary involvement was most common (95%) 
and 22% of the infections were disseminated [83]. Infections 
with blastomycoses are even more rare in HCT recipients 
[76, 84]. In sum, endemic mycoses must be considered in 
recipients, but they do not represent an overwhelming prob-
lem in the HCT population.

 Risk Factors for IFIs

Multiple factors unique to HCT modify the IFI risk and 
typically depend upon the host, transplant, as well as post- 
transplant complications [40]. The impact of these variables 
is often time dependent, thereby preferentially increasing 
risks in the early or late post-transplant period. Early risk 
of infection is often mediated by abnormal mucosal barriers 
and neutropenia, whereas late infections following engraft-
ment involve complications such as graft-versus-host disease 
(GVHD), cytomegalovirus (CMV), and delayed immune 
reconstitution. Identified risk factors for IFIs are most often 
directly applicable to Candida and Aspergillus infections and 
then extrapolated to other fungal pathogens with less preci-
sion. In addition, while we typically associate antineoplastic 
and other immunosuppressive therapy as additive in the risk 
of IFIs, it is important to recall that some of these agents may 
have antifungal properties. As an example, 5- flucytosine 
(5-FC), the precursor of 5-fluorouracil (5-FU), is used clini-
cally for its synergistic effects with amphotericin B against 
Cryptococcus and less commonly against Candida species. 
Prior studies have also shown synergistic effects of agents 
such as 5-FU, methotrexate, mitomycin C, and doxorubicin 
when combined with polyenes against Candida species [85]. 
The antifungal properties of the calcineurin inhibitors (CNIs, 
e.g., tacrolimus and cyclosporine) and mammalian targets of 
rapamycin (mTOR) inhibitors (e.g., sirolimus) will be dis-
cussed further in the section on risks for IFIs in SOT.

Multiple host-related factors increasing IFI risk include 
(1) the recipient age, (2) underlying disease, (3) polymor-
phisms in host genes, (4) “biological factors,” and (5) history 
of prior IFI(s). Older age at transplant is a well-established 

31 Invasive Fungal Disease in the Transplant Population: An Overview



524

risk factor impacting both the early and late transplant peri-
ods [34, 35, 59, 86, 87]. Autologous HCT recipients have 
less IFIs overall than allogeneic recipients. With respect 
to underlying disease, chronic myelogenous leukemia in 
chronic phase has been associated with fewer IFIs post- 
transplant [35, 59, 87]. Increased risks for IFIs including IA, 
mucormycosis, and fusariosis have been reported in patients 
with underlying multiple myeloma, aplastic anemia, AML, 
or myelodysplastic syndrome (MDS) [35, 59, 88]. Specific 
genetic polymorphisms in constituents of the immune sys-
tem such as toll-like receptors (TLRs) 1–6, interleukin-10 
promoter, tumor necrosis factor-alpha receptor, and plasmin-
ogen may play a role in susceptibility to IFIs [89–99]. Clearly 
the future will be to validate and quantitate these risks within 
the individual patient. “Biologic” host factors associated 
with increased IFI risk include iron overload and diabetes 
[100, 101]. Finally, patients undergoing evaluation for HCT 
are often heavily pre-treated with chemotherapy and other 
immunosuppressive modalities resulting in the development 
of IFIs prior to HCT. A previous IFI has already marked the 
patient for the potential of either reactivation or susceptibil-
ity to new IFIs. In a retrospective analysis of 48 HCT recipi-
ents with IA prior to transplant, Offner et  al. [102] found 
evidence of relapse in 33% of patients with an associated 
88% mortality. Given this and other reports of high rates of 
relapse or progression and potential increased mortality, in 
the past some centers considered pre-transplant IFIs a con-
traindication to HCT [102–104]. However, other centers 
have demonstrated that successful transplantation is feasible 
in patients with prior and even active IFIs and thus manage-
ment of pre-transplant IFIs continues to evolve [105–114]. 
Remaining IFI risk factors associated with the transplant and 
post-transplant complications are summarized in Table 31.4 
[115–127].

 Timeline and Outcomes for IFIs

For simplification, the timeline for infections post-HCT can 
be broken into three periods corresponding with an early 
(0–30 days), late (31–180 days), and very late (greater than 
180  days) onset of infection (see Fig.  31.1) [4, 5, 128]. 
Candida infections tend to occur earliest, when neutropenia 
and mucositis predominate, but of course these IFIs can be 
seen throughout the transplant course with widespread use 
of antibiotics and foreign bodies such as catheters. Invasive 
candidiasis typically occurs earlier in autologous as com-
pared to allogeneic HCT recipients as illustrated by PATH 
Alliance generated data with a median onset of IC at day 
28 versus day 108, respectively [19]. Furthermore, in alloge-
neic HCT recipients, a myeloablative conditioning regimen 
tends to be associated with an earlier onset of IC (median 
65 days) compared to a non-myeloablative regimen (median 

590 days) with no differences seen among the donor types 
(e.g., MRD, URD, MMRD) [19].

Aspergillus infections are bimodal occurring in both the 
early and more commonly in the late post-transplant period 
with important implications for certain fungal diagnostics 
whose sensitivity vary pre- and post-engraftment. For exam-
ple, invasion and thrombosis of the vasculature seen with 
angioinvasive fungi such as Aspergillus often result in a clas-
sic “halo” of surrounding ground-glass attenuation second-
ary to hemorrhage on computed tomographic imaging of the 
chest and are more commonly found in the neutropenic host 
[129]. In addition, screening diagnostics such as Aspergillus 
galactomannan, an enzyme-linked immunosorbent assay 
that detects galactomannan, a component of the fungal cell 
wall released during hyphal growth, has been found to be a 
more sensitive screening tool in the neutropenic versus non- 
neutropenic HCT recipient [130]. In general, IA occurs later 
than IC with a median onset of 99 days post-transplant in 
the TRANSNET cohort [5]. Similar to IC, an earlier onset 
was found in autologous versus allogeneic HCT recipients. 
Within the first month, 50% of the total IA cases in autolo-
gous HCT recipients had occurred compared to only 22% 
in allogeneic HCT recipients. Furthermore, the conditioning 
regimen and donor type have not consistently been shown to 
impact the timing of IA in the allogeneic HCT recipient [19].

Non-Aspergillus molds, including mucormycosis, 
Fusarium, and Scedosporium, also tend to occur later in the 
transplant period as compared to IC, although timing is vari-
able dependent upon the pathogen and clinical scenario. For 
HCT recipients in the TRANSNET cohort, 67 (54.4%) of 

Table 31.4 Risk factors for invasive fungal infections in hematopoi-
etic stem cell transplantationa [5, 7, 34, 35, 87, 88, 115–127]

Risk factor Details References
Transplant related
Donor HLA 
similarity

Autologous <  Allogeneic 
(MRD < MMRD/URD)

[5, 88, 115]

Stem cell 
source

Peripheral blood < bone marrow < 
cord blood; increased risk with T 
cell-depleted/CD34 selected cells

[35, 
116–120]

Conditioning 
regimen

NMA < MA in early infections, 
NMA ≥ MA in late infections

[121–124]

Post-transplant related
Neutropenia Especially during early risk period [7, 34, 35]
Viral illness CMV (most commonly associated), 

RSV, parainfluenza, +/− influenza
[34, 35]

GVHD Both acute (particularly grade III–IV) 
and chronic GVHD and associated 
treatment (e.g., corticosteroids, 
TNF-alpha blockers)

[87, 88, 
125–127]

CMV cytomegalovirus, GVHD graft-versus-host disease, HLA human- 
leukocyte antigen, MA myeloablative, MRD matched-related donor, 
MMRD mismatched-related donor, NMA non-myeloablative, RSV 
respiratory syncytial virus, TNF tumor necrosis factor, URD unrelated 
donor
aList of risk factors not fully inclusive
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invasive non-Aspergillus mold infections occurred within 
6 months of transplant, though onset was quite delayed in 
some cases, with an appreciable number (13.8%) of infec-
tions with mucormycosis, Fusarium, and Scedosporium 
developing 2 or more years post-transplant [33]. In a smaller 
retrospective evaluation of Fusarium infections in HCT 
recipients involving nine transplant centers, Nucci et  al. 
[70] described a trimodal timeline in allogeneic recipients 
wherein peak infections occurred a median of 16 days (pre- 
engraftment) and 62 days post-transplant with another peak 
after day 360. Scedosporium infections have been described 
earlier in the post-transplant course as well. For instance, in 
the study by Marr et  al. [59] characterizing invasive mold 
infections in HCT recipients, the majority of Scedosporium 
infections occurred on or before post-transplant day 40 and 
Husain et al. [71] reported a median onset of 1.3 months after 
transplant with 75% of infections occurring within 6 months.

Outcomes in HCT continue to improve with the advances 
in transplantation and management of IFIs but remain sub-
optimal (see Table 31.3). In general, IC has been associated 
with the best survival outcomes followed by IA and the non- 
Aspergillus molds, but it is often difficult to differentiate the 
impact of the IFI versus the underlying disease on outcomes. 
However, clearly the IFIs contribute to morbidity and mortal-
ity. Pagano et al. [41] evaluated proven/probable IFIs in 3228 
patients undergoing HCT from 1999 to 2003 and found an 
attributable mortality of 50% (IC), 72.1% (IA), and 65.3% 
(overall). Of note, among the cases of IC, non-albicans 

Candida infections were associated with the worst outcomes. 
Attributable mortality for IA was significantly higher in allo-
geneic (77.2%) compared with autologous HCT recipients 
(14.3%) whereas IC outcomes were similar among the two 
groups. Low survival associated with infections due to non- 
Aspergillus molds alongside possible increased frequency 
imparts significant concern for future trends. Neofytos et al. 
[19] evaluated 250 IFIs in adult HCT recipients and found 
the highest 12-week mortality rates with mucormycosis and 
other molds (inclusive of Fusarium species) at 64.3% and 
80%, respectively. Husain et al. [71] similarly reported high 
overall mortality rates with Scedosporium infections, par-
ticularly S. prolificans (77.8%). In contrast to other studies, 
Neofytos et al. [19] found overall higher mortality rates with 
IC compared to IA, similar to findings in a more contem-
porary retrospective single-center review of IFIs by Corzo- 
León et al. [131], possibly related to the inherent difficulties 
in delineating true attributable mortality with specific patho-
gens in this complex patient population.

 Epidemiology in SOT

 Incidence and Types of IFIs

The spectrum of IFIs in SOT depends upon a multitude of 
variables including the transplanted organ(s). The section 
that follows will discuss selective epidemiologic characteris-
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Fig. 31.1 Timeline of infections 
following hematopoietic and 
solid organ transplantation [4, 5, 
128]. Based on Transplant- 
Associated Infection Surveillance 
Network (TRANSNET)-derived 
data for invasive fungal 
infections (IFIs) in solid organ 
transplantation (SOT) from 
Pappas et al. [4]) and 
hematopoietic stem cell 
transplantation (Kontoyiannis 
et al. [5]). (Adapted with 
permission from: Low and 
Rotstein [128]
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tics of the individual SOT groups, namely lung, liver, heart, 
renal, pancreas, and small bowel/multivisceral transplant. 
TRANSNET-generated data provide a broad overview of 
IFIs in this population [4] (see Table 31.5). A 12-month CI 
for the first IFI in the cohort of 16,459 SOT recipients was 
3.1% overall and among SOT groups was highest in small 
bowel (11.6%) and lowest in kidney (1.3%) transplant recipi-
ents. Overall trends suggested an increase in IFIs in the SOT 
population driven primarily by the occurrence of IC.

With the exception of the lung transplant population, 
Candida remains the most common fungal pathogen in 
SOT recipients. In contrast to HCT in which non-albicans 
Candida predominated, C. albicans remained the most 

common yeast, accounting for 46% of the cases of IC in 
TRANSNET.  However, increasing infections with non- 
albicans Candida species have been reported. The types of 
IC vary across SOT groups. In orthotopic liver transplan-
tation (OLT), Candida often presents as intra-abdominal 
infections inclusive of peritonitis, recurrent cholangitis, 
and intra-abdominal abscesses with or without associated 
candidemia. Surgical site infections are also common [8, 
132–134]. The spectrum of infections in lung transplantation 
includes isolated mucocutaneous involvement, candidemia, 
bronchial and aortic anastomotic infections, mediastinitis, 
empyema, and dissemination [135–138]. Schaenman et  al. 
[139] reviewed 921 orthotopic heart transplant (OHT) recipi-
ents from a single center from 1980 to 2004 and found a 
decreasing overall incidence of IC (from 6.1% to 2.1%) with 
bloodstream (41%), disseminated (21%), gastrointestinal 
(14%), and urinary tract infections (UTIs) (11%) occurring 
most commonly. Although a sizeable number of infections 
were attributed to non-albicans Candida, the proportion did 
not change significantly over time. In renal transplantation, 
candiduria occurs commonly. Safdar et  al. [140] reviewed 
1738 renal recipients from a single center and found an 
11% incidence of candiduria with C. glabrata predominat-
ing (53%). Candida infections of the renal allograft can also 
manifest as Candida arteritis of the renal and/or iliac arteries 
[141]. In pancreas transplant recipients, the site of IC var-
ies based on multiple factors inclusive of transplant type and 
exocrine drainage site; however, intra-abdominal, surgical 
site, and UTIs predominate with or without accompanying 
bloodstream infections [142–146]. Finally, among all SOT 
groups, IC occurs most often in small bowel (SBT) and mul-
tivisceral transplant (MVT) owing to the heightened immu-
nosuppression and altered gastrointestinal tract mucosa. 
One of the largest series in SBT and liver-SBT found that 
Candida bloodstream infections occurred most commonly 
followed by intra-abdominal infections [147].

Aspergillus is the second most common fungal pathogen 
overall and the lung transplant recipient remains most sus-
ceptible to this airborne pathogen. In lung transplantation, 
early infections can manifest as tracheobronchitis and often 
involve the bronchial anastomotic sites with the potential 
for devastating complications including bronchopleural fis-
tulas. Later in the post-transplant period invasive pulmo-
nary and disseminated Aspergillus infections predominate 
[138, 148–150]. IA in OLT consists primarily of pulmonary, 
cutaneous, and CNS disease with historically higher rates 
of dissemination, occurring in upwards of 50–60% of OLT 
recipients [55]. Singh et  al. [151] compared OLT cohorts 
from 1990–1995 to 1998–2001 and despite improvements in 
transplantation techniques over time, the overall incidence 
of IA remained unchanged; however, significant reductions 
in CNS and disseminated IA were noted. IA occurs in up to 
14% of heart transplant patients and pulmonary infections 

Table 31.5 Primary fungal pathogens in solid organ transplantation 
(SOT) [4, 33]

SOT group
12-month
CI (%)a,b

Primary fungal pathogens
(total % of IFIs)b

Lung 8.6c Candida (23)
Aspergillus (44)
Cryptococcus (2)
Endemic mycoses (1)
Agents of mucormycosis (3)
Other molds (20)

Liver 4.7 Candida (68)
Aspergillus (11)
Cryptococcus (6)
Endemic mycoses (5)
Agents of mucormycosis (2)
Other molds (2)

Heart 3.4 Candida (49)
Aspergillus (23)
Cryptococcus (10)
Endemic mycoses (3)
Agents of mucormycosis (3)
Other molds (7)

Kidney 1.3 Candida (49)
Aspergillus (14)
Cryptococcus (15)
Endemic mycoses (10)
Agents of mucormycosis (2)
Other molds (3)

Pancreas 4.0d Candida (76)
Aspergillus (5)
Cryptococcus (5)
Endemic mycoses (6)
Agents of mucormycosis (0)
Other molds (3)

Small bowel 11.6 Candida (85)
Aspergillus (0)
Cryptococcus (5)
Endemic mycoses (0)
Agents of mucormycosis (0)
Other molds (0)

a12-month cumulative incidence (CI) for first invasive fungal infection 
(IFI)
bBased on Transplant-Associated Infection Surveillance Network 
(TRANSNET)-derived data [4, 33]
c12-month CI reflects lung and heart-lung transplant recipients
d12-month CI reflects pancreas and kidney-pancreas transplant 
recipients
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predominate although extrapulmonary infection inclusive of 
mediastinitis and endocarditis as well as dissemination can 
occur [55, 152–157]. A descriptive analysis of IA in OHT 
at a single center over a 24-year period showed a decrease 
in overall incidence across time from 8.7% (1988–1999) to 
3.5% (2000–2011) wherein pulmonary infections again pre-
dominated but later onset of infection (>3 months) in both 
cohorts was associated with a higher number of disseminated 
and/or atypical sites of infection [158].

Cryptococcal infections are more common in SOT as 
compared to HCT, but they remain overall infrequent consti-
tuting approximately 8% of IFIs in the TRANSNET dataset 
[4]. In SOT recipients, cryptococcal disease can manifest at 
multiple sites including pulmonary, skin, or soft tissue infec-
tions; however, over 50% of SOT recipients will have CNS 
involvement or disseminated disease, and cryptococcemia 
has been seen in roughly one-third of patients [28, 159]. 
Interestingly, lung transplant recipients may have an overall 
decreased burden of disease. They have been found to have 
lower rates of positive serum cryptococcal antigen testing 
in isolated pulmonary infections and have the lowest rates 
of dissemination of the SOT groups [159, 160]. It is pos-
sible that this is related to the removal of latent cryptococcal 
infections in the native lungs or earlier detection secondary 
to frequent pulmonary radiographic imaging and sampling, 
but this remains unanswered. Conversely, liver transplant 
recipients often have severe disease with dissemination and 
septic shock [160–162].

The non-Aspergillus molds, namely, mucormycosis, 
Fusarium, and Scedosporium, are increasingly recognized, 
together accounting for approximately 4% of IFIs in the 
TRANSNET surveillance cohort [33]. Mucormycosis is the 
most common of these pathogens and presentations in SOT 
range from isolated cutaneous infections due to direct trauma 
to invasive pulmonary and rhino-orbital-cerebral disease. 
Endobronchial anastomotic infections with potential for 
dissemination occur more commonly in the lung transplant 
recipient [163, 164]. Direct involvement of a non-pulmonary 
transplanted organ, such as a renal allograft, can occur with 
devastating consequences [165–167]. Fusarium infections in 
SOT range from isolated cutaneous and ocular involvement 
to severe pulmonary and disseminated infections with funge-
mia occurring in over 40% of reported cases [168]. Hussain 
et  al. [71] evaluated 57 cases of Scedosporium infections 
in SOT and found pulmonary and disseminated infections 
occurring frequently. Moreover, SOT recipients with S. pro-
lificans were more likely to have associated fungemia than 
those infected with the more commonly isolated S. apiosper-
mum complex (40% vs. 4.7%, respectively).

Histoplasmosis is the most common endemic mycosis 
occurring in SOT, accounting for 75% of infections of this 
type in the TRANSNET-generated data, but overall IFIs with 
the endemic fungi are rare. Among SOT groups, renal trans-

plant recipients are affected most often, with endemic fungal 
infections constituting 10% of IFIs in this SOT group [4, 23]. 
Disseminated disease in SOT is often seen with all of the 
endemic fungi. Cuellar-Rodriguez et al. [24] reviewed 3436 
patients undergoing SOT in an endemic region for histoplas-
mosis and identified 14 patients with proven active infection 
and all had disseminated infection with pulmonary involve-
ment. Gauthier et al. [169] reported 11 cases of blastomycosis 
in SOT recipients from a single center. Pulmonary infections 
occurred most commonly (82% of cases), and infections 
were often severe, with respiratory distress syndrome in 67% 
and dissemination in over one-third of patients. Blair et al. 
[170] reviewed the literature for cases of coccidioidomyco-
sis in SOT and found incidence rates ranging from 3.8% to 
8.7% in renal and heart transplant recipients from endemic 
regions. Pulmonary infection predominated and dissemina-
tion was seen in upwards of 75% in one case series, often 
to multiple sites, including the transplanted allograft, skin, 
meninges, genitourinary tract, and spleen.

Donor-derived fungal infections in SOT are rare but 
important considerations when caring for a transplant recipi-
ent. A donor source should at least be considered in early 
infections, particularly those involving the transplanted 
allograft. Multiple fungal pathogens have been associated 
with donor-derived infection and guidelines have been pub-
lished by the American Society of Transplantation (AST) 
to guide both recognition and management [171]. Issues 
of transplant tourism may further impact the incidence of 
donor-derived IFIs [172, 173]. Donor-derived Candida infec-
tions are often a result of contaminated preservation fluid and 
are seen most commonly in the renal transplant population. 
Digestive tract disruption at the time of procurement is often 
identified. Resultant complications in the renal transplant 
recipient include Candida arteritis of the graft vasculature 
as previously mentioned [141]. Unrecognized candidemia in 
the donor may have significant impact on the graft includ-
ing mycotic aneurysms with potential for rupture. In lung 
transplant recipients, heavy donor airway colonization with 
Candida has been associated with complicated early infec-
tions such as mediastinitis, empyema, and Candida arteri-
tis involving the aortic anastomosis [174, 175]. Cases with 
Aspergillus have involved contamination of preservation fluid 
and unrecognized infection in the donor with complications 
including multiple renal abscesses and Aspergillus arteritis 
in the renal allograft as well as Aspergillus endocarditis with 
ultimate dissemination in a heart transplant recipient [171, 
176, 177]. Rare reports of donor-derived infections in near-
drowning accidents have also been reported with S. apiosper-
mum complex and Apophysomyces elegans [178, 179]. Case 
reports of cryptococcal infection include transmission in a 
donor with unrecognized cryptococcal meningitis with resul-
tant cryptococcemia and pneumonia and/or meningitis in the 
SOT recipients [180]. In addition, Sun et al. [181] described 
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five cases of early-onset (defined as less than 30 days post- 
transplant) donor-derived cryptococcal infections involving 
the allograft or surgical site. Finally, as previously mentioned, 
the endemic mycoses, namely histoplasmosis and coccidioi-
domycosis, have been transmitted from donors either from or 
with extensive travel to endemic areas inclusive of a rare case 
of Coccidioides immitis endocarditis [182].

 Risk Factors for IFIs

Many IFI risks are relevant across transplant groups; how-
ever, some remain specific to the organ transplanted. In all 
SOT groups, the importance of rejection and resultant aug-
mentation of immunosuppression and specific agents uti-
lized therein cannot be underemphasized, increasing the risk 
across the spectrum of pathogens. However, as in HCT, it 
is important to keep in mind that some immunosuppressive 
agents used in SOT, such as CNIs and mTOR inhibitors, may 
impart a protective effect against IFIs. Calcineurin is a cal-
cium- and calmodulin-dependent phosphatase involved in 
T-cell signaling and is the primary target of the CNIs (tacro-
limus and cyclosporine). Based on their effects on the highly 
conserved mammalian and fungal calcineurin, these agents 
paradoxically possess both immunosuppressive and antifun-
gal properties with the potential to both increase suscepti-
bility to IFIs and reduce the severity and extent of fungal 
infections in the transplant recipient. The CNIs have been 
shown to impair fungal cell stress response, growth, and 
virulence and have demonstrated in vitro and in vivo syner-
gistic activity with other antifungal agents against Candida 
and Aspergillus species [85]. In addition, the CNIs have been 
shown to impair the growth of C. neoformans at higher tem-
peratures (e.g., body temperature) as well as inhibit hyphal 
elongation necessary for mating with resultant decreased 
infectivity. Moreover, tacrolimus has exhibited synergistic 
activity against Cryptococcus in combination with azoles 
and echinocandins [85, 183]. Clinically, the protective 
effects of CNIs were demonstrated by Singh et al. [160] in 
a multicenter, prospective study of Cryptococcus infections 
in SOT. In the 111 identified SOT recipients with cryptococ-
cal infections, receipt of a CNI was independently associated 
with a lower mortality. Infections in those receiving a CNI 
also less frequently involved the CNS and were more often 
isolated to the lungs. These effects were more pronounced 
in the group receiving tacrolimus, perhaps at least partially 
explained by better penetration of the tacrolimus into the 
CNS as compared to cyclosporine. Rapamycin targets the 
kinase mTOR with a single homolog in humans, Candida, 
and Cryptococcus species. In vitro studies show fungicidal 
activity against both C. albicans and C. neoformans [184]; 
however, activity against Aspergillus is less clear with con-
flicting in  vitro susceptibility results. Positive interactions 

were seen in vitro with disc-diffusion testing when used in 
combination with caspofungin against isolates of A. fumiga-
tus, A. flavus, and A. terreus [185]. In addition, reports from 
in  vitro testing against agents of mucormycosis (including 
both Mucor and Rhizopus species) with CNI and mTOR 
inhibitors in combination with antifungal agents suggest 
variable synergy against this fungal pathogen [186, 187]. 
These data support future studies examining potential thera-
peutic combinations for both prevention and treatment of 
IFIs in the transplant recipient.

In OLT, risks for IFIs in the pre-transplant period include 
prolonged intensive care unit stays, receipt of broad- 
spectrum antimicrobial therapy including spontaneous 
bacterial peritonitis antimicrobial prophylaxis, indwelling 
catheters, fungal colonization, and fulminant hepatic failure. 
Perioperative risks include prolonged operation times, sig-
nificant intraoperative transfusion requirements, and choled-
ochojejunostomy biliary anastomoses. Key post-transplant 
risks include renal failure (particularly the requirement of 
renal replacement therapy), early graft failure, retransplan-
tation, and surgical re-exploration [8, 132, 151, 188–194]. 
As surgical techniques and procedures continue to advance, 
the perioperative risks have decreased in importance; how-
ever, post- transplant complications, particularly the need for 
retransplantation and renal failure requiring hemodialysis, 
remain prominent IFI risks [8, 195].

In lung transplantation, receipt of a single-lung transplant 
carries the unique risk of the remaining native lung serv-
ing as a nidus for fungal pathogens [150, 174, 196, 197]. 
However, double-lung transplant results in greater impair-
ment in respiratory protective mechanisms and increased 
at- risk anastomotic area [138, 150]. The significance of 
airway colonization both pre- and post-transplant remains 
unclear as invasive disease can evolve with or without pre-
ceding colonization [198]. However, patients with cystic 
fibrosis developing IA post-transplant have been shown to 
be significantly more likely to have been colonized pre-
transplant [199]. Furthermore, Cahill et al. [200] found that 
recipients with Aspergillus isolated from the airways in the 
6-month period post-transplant were 11 times more likely to 
develop IA.  Additional risk factors in lung transplantation 
for IFIs include advanced age, hypogammaglobulinemia, 
anastomotic airway stenosis and ischemia, and receipt of 
 extracorporeal membrane oxygenation post-operatively [55, 
150, 198–207].

Detailed evaluation of risk factors unique to heart transplant 
recipients is less robust than the previously discussed transplant 
populations. Munoz et al. [157] looked at risks for IA in 287 
patients undergoing OHT between 1988 and 2002 confirming 
previously recognized factors such as re- operation and renal 
dysfunction and also demonstrating elevated risk with iden-
tification of an episode of IA in the heart transplant program 
within 2 months of the transplant. The latter finding signaled the 
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importance of center-specific environmental exposures, another 
shared risk in SOT groups [208]. A single-center cohort study of 
IFIs in heart transplant recipients from 1995 to 2012 identified 
further risks including delayed chest closure and the addition of 
OKT3, anti- thymocyte globulin, or daclizumab to standard cor-
ticosteroid induction [209]. Risks specific to the renal transplant 
recipient include prolonged pre-transplant hemodialysis, under-
lying diabetes, advanced donor age, delayed graft function, 
CMV infection, previous antibiotic exposure, and disruption of 
the intestinal and bladder mucosa [210–212]. In pancreas trans-
plantation, enteric anastomotic drainage is particularly impor-
tant in the context of intra-abdominal infections [142]. Finally, 
in SBT/MVT, the receipt of total parenteral nutrition and long-
term antibiotic therapy both play a significant role [213]. These 
risk factors and epidemiologic characteristics are critical for 
each transplant program to review for both their diagnostic 
awareness and potential need for prophylactic or pre-emptive 
interventions.

Geographical differences in risk of IFIs are perhaps most 
notable among the endemic mycoses including blastomy-
cosis, coccidioidomycosis, and histoplasmosis as infections 
typically occur in those residing in, or with extensive travel 
to, an endemic area. Knowledge of the geographic expo-
sure in both patients and their donors is important in SOT 
given the potential for reactivation and donor-derived infec-
tions with these pathogens. Blastomyces species are found 
primarily in North America in midwestern, southern, and 
southeastern states, especially those bordering the Ohio and 
Mississippi river valleys, and in provinces bordering the 
Great Lakes and Saint Lawrence Riverway in Canada [214]. 
Coccidioides species are found in arid desert regions in the 
Western Hemisphere including California’s south-central 
valley, southern Arizona and New Mexico, West Texas, 
and parts of Mexico and Central and South America [215]. 
Histoplasma capsulatum is endemic in North America, most 
notably the Ohio and the Mississippi River valleys within 
the United States, as well as Central and South America and 
areas in Africa and Europe [216].

 Timeline and Outcomes of IFIs

As discussed in HCT, general periods of infection correspond-
ing with early, late, and very late fungal infections ascribed 
to differing fungal pathogens are proposed in SOT (see 
Fig. 31.1). However, more recent epidemiologic data in SOT 
suggests a need to modify this timeline as the majority of IFIs 
tend to occur greater than 90 days post-transplant. Reasons 
for this shift to later in the post-transplant course are mul-
tifactorial and include utilization of antifungal prophylaxis, 
a topic discussed later in this chapter. The predominant IFIs 
early in the transplant course are IC and IA. Overall Candida 
infections occur earliest with a median onset of 130 days as 

compared to 184  days with IA based on the TRANSNET 
cohort [4]. Neofytos et  al. found the median onset of IC 
post-transplant was earliest in lung (day 52) and heart trans-
plant (day 67) and much later in renal transplant recipients 
(day 896) [20]. In contrast, IA occurred earliest in OLT with 
approximately 75% of OLT recipients developing infection 
within 6 months post-transplant. In lung transplant recipients, 
most cases of IA presented greater than 1 year post-transplant 
although infections at the tracheobronchial anastomoses are 
typically reported in the early transplant period.

Non-Aspergillus molds occurred later post-transplant with 
a collective median onset post-transplant of 467  days based 
on TRANSNET data. Combining IFIs with mucormycosis, 
Scedosporium, and Fusarium, only 37.8% occurred within 
6 months of transplant with an additional approximate one-third 
occurring at 2 years and beyond. Similar to IA, OLT recipients 
had an earlier onset with these infections, with a median time 
to onset of 81 days as compared to 533 days for the non-liver 
SOT groups [33]. As in HCT, infections with Scedosporium 
may occur earlier than other non-Aspergillus molds. Husain 
et al. [71] reported a median post-transplant onset of 4 months 
in 57 SOT recipients with Scedosporium infections with over 
60% occurring within 6 months. In general, IFIs associated with 
the endemic fungi and Cryptococcus tend to occur much later in 
the transplant course; the median onset of Cryptococcus is well 
beyond the first post-transplant year [4].

Survival outcomes with IFIs in SOT vary based on the 
pathogen, the host, and the site of infection. TRANSNET- 
generated data showed that 12-month survival rates, inclusive 
of all SOT recipients with IFIs, were lowest with IA (59%) 
followed by non-Aspergillus molds (61%), IC (66%), and 
cryptococcosis (73%) [4]. Among the SOT groups, Neofytos 
et  al. [20] found the poorest overall survival outcomes in 
OLT recipients. Similar to IFI risks, the preponderance of 
outcomes-related data is with Candida and Aspergillus infec-
tions. When comparing outcomes specifically with IC among 
the groups, PATH Alliance data showed the  highest 12-week 
survival rates in the lung transplant population; in contrast, 
OHT recipients fared the worst although not reaching statisti-
cal significance [20]. The increasingly common non-albicans 
Candida has been associated with decreased survival in OLT 
[8, 217]. In a multicenter, case- controlled study in 103 OLT 
recipients consisting of 34 cases with IC and 69 non-infected 
controls, Husain et al. [8] reported that infections with non-
albicans Candida (n = 12) including C. glabrata (7), C. tropi-
calis (3), C. parapsilosis (1), and C. guilliermondii (1) were 
associated with higher mortality rates (58.3%) than those 
with C. albicans (22.7%). Similarly, in a more recent retro-
spective single-center evaluation of IFIs in OLT recipients, 
Raghuram et al. [217] reported 1-year survival rates of 27.8% 
and 50% in OLT recipients with C. parapsilosis (n = 16) and 
other non- albicans Candida [n = 16, C. dubliniensis (3), C. 
glabrata (10), C. krusei (2), and C. tropicalis (1)] infections, 
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respectively, in contrast to 75% with C. albicans infections 
(n  =  15). The lower survival reported with C. parapsilosis 
in this study is surprising as C. parapsilosis has been shown 
to be less virulent in comparison to other Candida species 
in animal models and correspondingly has been associated 
with less severe outcomes in the clinical setting [7, 218]. 
However, all six isolates of C. parapsilosis in this study were 
fluconazole resistant, and the collective data beget the ques-
tion of whether higher mortality associated with infections 
with non-albicans Candida reflects increasingly resistant and 
virulent organisms or is simply a surrogate marker for a more 
debilitated and complex transplant patient. Worse outcomes 
with IA are particularly seen in OLT recipients undergoing 
late retransplantation e.g., more than 30 days from the ini-
tial transplant, with a reported mortality of 100% [219]. In 
lung transplant, Aspergillus infections have been associated 
with mortality rates from 23% with isolated tracheobronchitis 
up to 82% in invasive pulmonary infections, and single- lung 
transplant recipients often have inferior survival outcomes 
[55]. Potential reasons for worse outcomes in the single-lung 
transplant recipient include older age at transplant as well as 
increased proportions of infections with invasive pulmonary 
aspergillosis as compared to tracheobronchitis with the native 
lung often serving as the source [55, 150]. Scedosporium 
and Fusarium infections have been associated with overall 
mortality rates of 54% and 33%, respectively, the latter much 
lower than reported rates in HCT [71, 220].

The impact of IFIs on overall graft function and survival 
is also a crucial consideration in SOT. In the lung transplant 
recipient, fungal pneumonias and even fungal colonization 
have been associated with the development of bronchiolitis 
obliterans syndrome and chronic allograft dysfunction [221, 
222]. Albano et  al. [141] conducted a multicenter, retro-
spective evaluation of graft site Candida infections in renal 
transplant recipients wherein 14 of the 18 infections were 
identified as Candida arteritis of either renal and/or iliac 
arteries. Local aneurysm developed in all but one patient, 
with three deaths due to rupture, and 82% of the remain-
ing patients required nephrectomy. Based on their findings, 
the authors argue for empiric nephrectomy in this setting; 
however, varying reports with improved outcomes includ-
ing retained graft function make management unclear [223]. 
Intra-abdominal fungal infections in pancreas transplant 
recipients were also associated with significantly lower 
1-year graft survival rates compared to those without infec-
tion (17% vs. 65%, respectively) [142].

 Antifungal Prophylaxis

Addressing fungal infections early, at the time of lowest 
fungal burden, is essential to the management of these 
infections and this is especially true with immunocompro-

mised hosts. Given the present difficulties in early diagnosis 
of IFIs, prophylaxis has been a frequently utilized strategy 
in the transplant population. Antifungal prophylaxis in the 
HCT and SOT recipient is predicated on multiple variables 
including transplant and disease-related risk factors, prior 
history of fungal infections, screening strategies employed 
for early IFI diagnosis, and the local environment and 
epidemiology. In the future, additional risks that may be 
incorporated into the decision for antifungal prophylaxis 
include previously mentioned genetic polymorphisms in 
the transplant donor and recipient. For example, TLRs 
are proteins that reside on immune cells’ surfaces and are 
important in fungal recognition and immune activation in 
response to infection. Bochud et  al. [90] evaluated spe-
cific single-nucleotide polymorphisms in four TLR genes 
in HCT donors and recipients to assess whether they were 
associated with increased IA risk. In their initial discov-
ery and subsequent validation cohorts they identified that 
the TLR4 haplotype S4  in the donor was associated with 
increased risk of IA in unrelated donor- recipient pairs. 
While research in this area remains ongoing, identification 
of genetic polymorphisms modifying risks for IFIs may 
significantly impact our future designation of the high-risk 
recipient meriting prophylaxis. Table 31.6 provides a sum-
mary of some of the genes wherein specific polymorphisms 

Table 31.6 Genetic determinants of fungal riska [97–99, 224, 225]

Gene Candida Aspergillus
CXCL10 Invasive aspergillosis
Dectin-1 Candida colonization Invasive aspergillosis
DEFB1 Candida colonization
IL-4 Chronic disseminated 

candidiasis
Recurrent vulvo-vaginal 
candidiasis

ABPA (IL-4Rα)

IL-10 Candidemia/invasive 
candidiasis

Invasive aspergillosis

IL-12B Candidemia/invasive 
candidiasis

MBL2 Recurrent vulvo-vaginal 
candidiasis

Invasive aspergillosis
Chronic pulmonary 
aspergillosis, ABPA

PLG Invasive aspergillosis
PTPN22 Chronic mucocutaneous 

candidiasis
TLR1/
TLR4

Candidemia/invasive 
candidiasis

Invasive aspergillosis

TLR2 Candidemia/invasive 
candidiasis

TLR3 Chronic mucocutaneous 
candidiasis

Invasive aspergillosis

TLR6 Invasive aspergillosis

ABPA allergic bronchopulmonary aspergillosis, CXCL10 C-X-C motif 
chemokine 10, DEFB beta defensin gene cluster, IL interleukin, MBL 
mannose-binding lectin, PLG plasminogen, PTPN protein tyrosine 
phosphatase nonreceptor, TLR toll-like receptor
aList is not fully inclusive
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impact the risk associated with two common fungal patho-
gens, Candida and Aspergillus [97–99, 224, 225].

In general, prophylaxis consists of two types: primary 
prophylaxis occurs in patients at high risk but without prior 
history of an IFI, whereas secondary prophylaxis is given to 
patients with a prior IFI and impending heightened immu-
nosuppression (e.g., transplantation) at increased risk for 
relapsed or new IFI. Strategies utilized by transplant centers 
include administration of prophylaxis to all patients (uni-
versal) versus those at increased risk (targeted). Limiting 
prophylaxis to a select high-risk population is important for 
a variety of reasons including reduced costs, drug interac-
tions, drug toxicities, and the emergence of resistance. Data 
regarding prophylaxis in HCT and SOT continue to evolve 
and regimens are highly variable across centers but princi-
ples need to be explored and validated.

In HCT there are essentially two time points when pro-
phylaxis is considered: early post-transplant when neutro-
penia predominates and following engraftment in high-risk 
patients with GVHD. Early prophylactic studies focused pri-
marily on fluconazole. Goodman et  al. [45] performed the 
first randomized controlled trial in HCT showing a reduction 
in superficial and systemic fungal infections with prophylac-
tic fluconazole. Further evaluation by Slavin et al. [226] and 
Marr et al. [227] confirmed these findings along with both 
acute and long-term beneficial effects on survival, respec-
tively. Epidemiologic changes in HCT, including the emer-
gence of Aspergillus as the primary fungal pathogen and 
increasing non-Aspergillus molds and non-albicans Candida 
species, have expanded prophylactic considerations to echi-
nocandins, polyenes, and the extended spectrum azoles (pri-
marily posaconazole and voriconazole although data are 
likely to emerge with newly introduced agents such as isa-
vuconazole) [228].

Robenshtok et  al. [229] conducted the largest meta- 
analysis of antifungal prophylaxis in patients receiving 
chemotherapy or undergoing HCT. Sixty-four trials of pro-
phylactic regimens inclusive of amphotericin B, fluconazole, 
itraconazole, posaconazole, voriconazole, and non- systemic 
antifungals were evaluated. Prophylactic therapy was associ-
ated with a reduction in all-cause and fungal- related mortal-
ity and total IFIs in allogeneic HCT patients but there was 
insufficient power to show significant benefit in the autolo-
gous HCT population. Ethier et  al. [230] compared fluco-
nazole with systemic mold-active prophylactic regimens 
(e.g., amphotericin B, caspofungin, micafungin, anidula-
fungin, posaconazole, itraconazole, voriconazole, and keto-
conazole) in a meta-analysis which included 20 randomized 
controlled trials of antifungal prophylaxis in patients receiv-
ing chemotherapy or undergoing HCT. These authors found 
that mold-active regimens reduced proven or probable IFIs, 
IA, and IFI-related mortality when compared to fluconazole 
but did not significantly impact overall mortality and were 

associated with increased adverse effects. Data summariz-
ing secondary prophylactic regimens are less common with 
no randomized controlled trials or meta- analyses to guide 
recommendations. However, a prospective, open-label, 
multicenter trial evaluated voriconazole for secondary pro-
phylaxis in allogeneic HCT recipients with prior proven or 
probable IFI with a resultant 1-year cumulative incidence of 
IFI of 6.7 +/− 3.6% compared to prior clinical experience 
wherein relapsed infection occurred in 30–50% of patients 
suggesting overall benefit in this patient population [231, 
232]. Certainly considerations for secondary prophylaxis 
are dependent on the previous offending pathogens, sites of 
infection, and available susceptibility data.

Guidelines available for antifungal prophylaxis in HCT 
include the Infectious Diseases Society of America (IDSA) 
[233], the European Conference on Infection in Leukemia 
[234], and the National Comprehensive Cancer Network 
[235]. For Candida infections, fluconazole remains a drug of 
choice before engraftment in allogeneic and high-risk autolo-
gous HCT recipients. Echinocandins are an alternative option 
and are often chosen due to their favorable side effect profile, 
lack of significant drug interactions, as well as their expanded 
antifungal coverage, particularly for patients known to be 
colonized or previously infected with non- albicans Candida 
species. In a randomized, double-blind, multicenter trial, 
micafungin was compared to fluconazole during the neutro-
penic phase following HCT and was superior to fluconazole 
in the primary endpoint of the absence of suspected, proven, 
and probable IFIs with overall fewer cases of IA in the mica-
fungin arm [236]. In allogeneic HCT recipients at high risk 
for mold infections (e.g., those with GVHD), the guidelines 
support utilization of posaconazole. This recommendation is 
primarily based on the study by Ullmann et al. [237] compar-
ing posaconazole to fluconazole which showed posaconazole 
was equivalent to fluconazole in IFI prevention and superior 
in prevention of proven and probable IA. Of note, the study 
did not show an overall survival advantage in the posacon-
azole arm. Posaconazole and isavuconazole have not yet been 
studied as primary prophylaxis in the early pre-engraftment 
period in the HCT population. However, posaconazole pro-
phylaxis in patients with AML or MDS with prolonged neu-
tropenia secondary to remission-induction chemotherapy 
was associated with a reduction in IFIs and improved sur-
vival [238]. Since these studies were published, posaconazole 
became available in an extended release tablet and intrave-
nous formulation, thereby bypassing some of the previous 
concerns regarding overall posaconazole exposure with the 
suspension formulation. In addition, two studies evaluating 
voriconazole both pre- engraftment and during GVHD in 
allogeneic HCT recipients resulted in some advocating provi-
sional use in this setting [239, 240].

In SOT, data for antifungal prophylaxis resides pre-
dominantly in liver and lung transplantation but continues 
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to emerge in other populations. In OLT, the primary patho-
gens targeted are Candida and Aspergillus and a variety of 
prophylactic agents have been utilized. Amphotericin B is 
among the first drugs studied for prophylaxis, and avail-
able data suggest that low-dose amphotericin B [e.g., 0.1 
to 0.5 mg/kg/day amphotericin B or 1 mg/kg/day liposomal 
amphotericin B (LAMB) preparations] may not be effective, 
perhaps due to lack of adequate Aspergillus coverage [241–
243]. However, treatment doses of LAMB (e.g., 3–5  mg/
kg) have been shown to be effective in high-risk OLT recipi-
ents including a study in those requiring renal replacement 
therapy [244]. The frequently cited prophylactic study with 
fluconazole by Winston et al. [245] was a prospective, ran-
domized, double-blind controlled trial comparing 10 weeks 
of fluconazole 400 mg daily to placebo and showed reduc-
tions in fungal colonization (from 70% to 28%) as well 
as significant reductions in proven IFIs in the prophylaxis 
arm without perceptible increases in colonization with non- 
albicans Candida species. Although prophylaxis did not 
impact overall mortality, there were fewer deaths due to IFIs. 
Utilization of echinocandin prophylaxis is appealing due to 
the lack of significant drug interactions or hepatotoxicity and 
potential activity against both fluconazole-resistant Candida 
and Aspergillus [246–249]. Saliba et al. [249] performed an 
international, multicenter, randomized, open-label trial of 
antifungal prophylaxis in high-risk OLT recipients compar-
ing micafungin to institutional standard of care (fluconazole, 
LAMB, or caspofungin) and demonstrated non-inferiority 
with respect to the primary composite efficacy endpoint 
defined as the absence of a proven or probable IFI and no 
initiation of antifungal treatment at the end of prophylaxis. 
Furthermore, the side effect profile was comparable to stan-
dard of care with less renal toxicity during the course of 
prophylaxis.

With the trend of increasing non-albicans Candida infec-
tions in the setting of fluconazole prophylaxis alongside 
isolated reports of increased mortality associated with these 
infections in OLT recipients, the importance of targeted pro-
phylactic therapy must be underscored [8]. Available IDSA 
and AST guidelines support the use of targeted prophylaxis 
in this population for patients with defined risk factors for 
Candida and Aspergillus infections [195, 250, 251]. As pre-
viously discussed, risk factors for Candida infections include 
choledochojejunostomy anastomoses, complicated surgical 
procedures (e.g., high intraoperative transfusion require-
ments, prolonged intraoperative times), and demonstrated 
colonization with Candida spp. Risks for both Candida and 
Aspergillus infections include the need for retransplantation, 
renal failure (particularly the need for renal replacement 
therapy), and reoperation. The duration of therapy and the 
most appropriate agents in this setting (e.g., fluconazole and 
extended spectrum azoles, amphotericin B products, and 
echinocandins) continue to be defined [250–253].

Most lung transplant centers utilize some form of pro-
phylaxis in the early post-transplant period given the overall 
high level of immunosuppression applied and exposure of 
the transplanted organ to the outside environment [254–256]. 
Risks such as ischemia at the anastomotic site and pre- and 
post-transplant fungal colonization are among other con-
siderations. However, consensus regarding the most appro-
priate strategy (targeted vs. universal), specific agents, and 
duration has not been reached. In the past the most common 
agents utilized were polyenes and azoles, namely, itracon-
azole and voriconazole, with increasing utilization now at 
some centers of posaconazole and the echinocandins [256]. 
Amphotericin B prophylaxis in the lung transplant popula-
tion primarily consists of inhaled formulations owing to the 
potential to protect the transplanted organ without systemic 
drug exposure, thereby avoiding nephrotoxicity [257–261]. 
However, the localized nature of this therapy limits preven-
tion of systemic complications such as pleural space infec-
tions. Lipid preparations of amphotericin B for nebulization 
were introduced to reduce the side effects associated with 
nebulized amphotericin B deoxycholate (ABD), namely 
wheezing and bronchospasm, as well as to optimize phar-
macokinetic parameters including intrapulmonary concen-
tration and half-life [262]. After the safety of nebulized 
amphotericin B lipid complex (ABLC) was demonstrated 
[259], Drew et  al. [260] conducted the only available pro-
spective, randomized controlled trial with nebulized ABLC 
comparing it to ABD.  This study showed similar efficacy 
between the groups and significantly less adverse effects 
with nebulized ABLC. Both itraconazole and voriconazole 
alone and in combination with nebulized amphotericin have 
shown efficacy as IFI prophylaxis [263, 264]; however, con-
cerns of increased voriconazole-associated hepatotoxicity 
are reported and issues around drug interactions as well as 
associated skin malignancies (e.g., squamous cell carcinoma) 
with long-term use are concerning [264, 265]. Robust studies 
evaluating agents such as posaconazole and echinocandins 
as primary prophylaxis within the lung transplant population 
are lacking. On the basis of available data, IDSA guidelines 
recommend antifungal prophylaxis in this group [250].

A final comment on prophylaxis for the endemic myco-
ses is to some extent applicable in both the HCT and SOT 
groups. The primary endemic mycosis for which routine 
screening and/or prophylaxis is performed in endemic areas 
is coccidioidomycosis; however, individual transplant cen-
ters vary in their screening practice as well as application 
and duration of prophylaxis. With coccidioidomycosis, risks 
are greatest among recipients with a prior history of infection 
or positive serologies, and donor exposure is also critical in 
decisions for initiating prophylaxis. Blair et al. [82] evalu-
ated the impact of fluconazole prophylaxis at a single trans-
plant center in an endemic region and found that prophylaxis 
contributed to a decrease in incidence of coccidioidomycosis 
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from historical rates of up to 9% down to 1% to 2% in the 
HCT and SOT transplant groups. The need for screening for 
histoplasmosis in recipients from endemic regions is less 
straightforward and is not routinely employed given the low 
rates of infection post-transplant and unclear benefit [266]. 
However, practice areas that remain controversial include 
appropriate prophylactic management in recipients with evi-
dence of disease in the explanted organ and/or donor tissue 
and in recipients with recent active infection (e.g., within 
2 years of transplantation). Cuellar-Rodriguez [24] reported 
their center’s findings over a 10-year period during which 
they found 14 recipients with histopathologic evidence of 
histoplasmosis in either the explanted organ (ten cases) or 
donor tissue (four cases) and in whom long-term prophylaxis 
with either itraconazole (in lung transplant recipients) or flu-
conazole (in one liver transplant recipient) was administered. 
The authors found no evidence of active histoplasmosis in 
these patients after a mean of 13.5 months of follow-up and 
argue that long-term prophylaxis is necessary in this sce-
nario. However, others cite experience in transplant patients 
with both serologic and radiographic evidence suggestive of 
prior histoplasmosis who did not develop infection despite 
lack of routine antifungal prophylaxis post-transplant sug-
gesting therapy is not warranted [78]. In patients with recent 
active infection (e.g., within 2 years of transplant), present 
IDSA guidelines do not lend specific recommendations but 
suggest consideration of prophylaxis. In those with a his-
tory of completed treatment for histoplasmosis, recommen-
dations are to check a urinary Histoplasma antigen prior to 
transplantation and to monitor frequently during the time of 
heightened immunosuppression with thorough investigation 
and potential therapy if increases in urinary antigen testing 
are appreciated [267]. The current recommendations regard-
ing management for potential donor-derived infection with 
endemic mycoses including histoplasmosis and coccidioido-
mycosis in both living and deceased donors is beyond the 
scope of this chapter but is provided in the guidelines put 
forth by the AST on donor-derived fungal infections [171].

There are also important non-pharmacologic strategies 
utilized for preventing IFIs [233, 268]. Transplant recipients 
must incorporate healthy habits into their post-transplant 
routine and be counseled to identify and avoid high-risk 
activities and environments. The importance of maintaining 
good hand hygiene via frequent washing and/or alcohol- 
based rubs (for non-soiled hands) and the use of gloves and 
masks when in contact with substances such as soil and 
plants must be emphasized. Avoidance of smoking is also 
important, including tobacco and marijuana, particularly as 
the latter has been associated with pulmonary IFIs due to 
inhalation of fungal spores such as Aspergillus. Transplant 
recipients should attempt to avoid environments that may be 
associated with a high inoculum of fungal spores such con-
struction sites, caves, horse barns, bird aviaries, and chicken 

coups. Limiting direct involvement in activities such as 
home remodeling, mulching, or spelunking is also important 
[268]. Certain beverages, spices, and foods associated with 
high quantities of fungal contamination should be avoided, 
particularly in neutropenic hosts. This list includes (but is not 
limited to) cold-brewed teas, pepper, unwashed raw fruits 
(particularly those with downy skins such as apricots and 
peaches), unroasted raw nuts, and many soft cheeses [233, 
269]. The United States Department of Agriculture and the 
Food Safety and Inspection Service also have comprehen-
sive food safety recommendations specifically for transplant 
recipients available online [270].

 Conclusions

In summary, IFIs remain a vexing issue in HCT and SOT 
populations despite many advances in the field of trans-
plantation. Multicenter collaboration with prospective 
monitoring and randomized controlled trials of diagnostics, 
prevention, and treatment are vital, particularly as we face 
new and increasingly resistant pathogens with less tradi-
tional presentations.
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 Introduction

Candida spp. are a major cause of morbidity and mortality 
among immunocompromised patients, especially recipients 
of hematopoietic stem cell transplant (HCT) or solid organ 
transplants (SOT). Candida spp. are the most common etiol-
ogy of fungal infections in SOT recipients and the second 
most common among HCT recipients, after aspergillosis 
[1, 2]. Clinical signs of candidiasis range from mucosal 
colonization to invasive and/or systemic fungal disease. 
Candidemia is the most common manifestation of inva-
sive candidiasis. Deep tissue Candida infections, including 
intra-abdominal abscesses, hepatosplenic, and urinary tract 
infections, are less common than candidemia, but they cause 
important syndromes in SOT and HCT patients. The immu-
nosuppressive agents required to prevent organ rejection or 
graft-versus- host disease in transplant recipients can blunt 
immune responses to Candida spp. and predispose transplant 
recipients to developing invasive candidiasis. Other general 
risk factors include neutropenia, systemic antibiotic expo-
sure, central venous catheters, parenteral nutrition, renal or 
hepatic insufficiency, a prolonged intensive care unit (ICU) 
stay, treatment with systemic corticosteroids, GVHD, immu-
nosuppressive antirejection therapy, etc.

The diagnosis of invasive candidiasis is often hampered 
by the low sensitivity of traditional blood culture techniques 
for Candida spp. and by the lack of specific clinical find-
ings associated with candidemia or deep tissue infection. 
Presenting clinical signs include fever, leukocytosis, and, 
less commonly, hypotension, none of which differentiate 

between Candida and bacterial infections. Furthermore, 
distinguishing Candida colonization, which is very com-
mon, from invasive disease complicates accurate diagno-
sis. Due to these confounding factors, reliable longitudinal 
incidence data about fungal infections have been difficult to 
obtain. The Mycoses Study Group (MSG) and the European 
Organisation for Research in Treatment of Cancer (EORTC) 
have provided consensus definitions for the diagnosis of 
invasive mycoses including candidiasis (Table  32.1) [3]. 
These definitions are now widely used and have greatly clari-
fied epidemiologic, clinical, and drug susceptibility data, as 
they provide a common basis for diagnosing mycoses.

With the expanding repertoire of medical and surgical 
transplantation approaches that require adjunctive immuno-
suppression, it is not surprising that a recent study found that 
the incidence of systemic Candida infections has been ris-
ing in recent years [4]. Disturbingly, it was also found that 
despite the availability of potent antifungal agents, outcomes 
have not improved concomitantly. Candidemia remains one 
of the deadliest causes of bloodstream infection, with an 
attributable mortality rate ranging from 20 to 40% [5–7].The 
clinical manifestations, diagnostic methods, and antifungal 
prophylaxis and treatment approaches to Candida infections 
in transplant patients are reviewed herein to help clinicians in 
the management and prevention of these infections.

 Pathogenesis and Risk Factors

Candida colonization of skin, gut, and mucosal surfaces 
is a frequent prerequisite for the development of invasive 
disease. Candida species colonize the oropharynx, axil-
lary, groin, perineal skin folds, and genital and intestinal 
mucosa of 30–70% of healthy individuals, notably without 
causing any illness [8]. Effective and intact host immuno-
logical mechanisms prevent invasion and permit microor-
ganisms to exist innocuously on mucosal and skin surfaces. 
Perturbations of this host-pathogen interaction at the muco-
sal surfaces can lead to oral thrush, colonic overgrowth, and 
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candiduria. These conditions are usually benign and readily 
treated, but further immunologic and physical impairments 
of skin or mucosal barriers may allow entry of colonizing 
yeast into the bloodstream or tissues.

Mucosal damage due to radiation or chemotherapy in HCT 
recipients and surgical wounds or incompetent anastomotic 
sites in SOT recipients are examples of barrier breaches that 
predispose to tissue infiltration by colonizing Candida spp. 
Indwelling intravenous catheters are ubiquitous in recently 
transplanted patients, and they create an important portal of 
entry for Candida into the bloodstream. The foreign materi-
als comprising venous catheters appear to inhibit immune 
cell function, allowing uninhibited fungal growth on inter-
nal and external surfaces. Furthermore, Candida is able to 
produce a complex polysaccharide biofilm on these foreign 
surfaces, creating a protective matrix around the yeast and 
hyphal forms that grow inside [9, 10]. Parenteral nutrition 
via an indwelling venous catheter is linked to development 
of candidemia, perhaps due to enhanced yeast growth by 
component nutrients [11, 12]. Candida derived from con-
taminated organ preservative fluids postharvest is a rare 
source of infection in SOT recipients [13, 14].

Immunosuppressive drugs, particularly corticosteroids, 
are key risk factors for serious Candida infections [15–17]. 
They can significantly impair lymphocyte and neutrophil 
recognition and attack functions needed to eradicate Candida 
yeast and hyphal forms. Furthermore, co-colonizing bacteria 
at skin and mucosal sites appear to help control yeast num-
bers through competition for nutrients. Bacterial produc-
tion of toxic substances such as hydrogen peroxide, lactic 
acid, and bacteriocins may also serve to keep local concen-
trations of colonizing Candida low [18]. However, when 
these resident bacterial populations are reduced by systemic 
broad- spectrum antibiotic treatment, as so often happens in 
transplant patients, yeast colonization increases, creating an 
increased opportunity for systemic invasion [9]. Other risk 
factors include renal insufficiency, dialysis, cytomegalovirus 
reactivation, overall severity of illness, mechanical ventila-
tion, prolonged ICU stay, and malnutrition (Table 32.2).

Initial host responses to yeast invasion are mediated by 
the innate immune system. This rapidly active, evolutionarily 

ancient and conserved pathway is based on the broad recog-
nition of fungal-specific small molecular targets (pathogen-
associated molecular patterns, PAMPs) by host cell surface 
pattern recognition receptors (PRRs) that are located on 
phagocytes (granulocytes, monocytes/macrophages) and 
dendritic cells [19, 20]. Subsequent activation of intracellular 
signaling pathways and stimulation of inflammatory media-
tors then lead to an accumulation of inflammatory effector 
cells at the site of Candida invasion. Neutrophils and mac-
rophages are the critical effector cells responsible for phago-
cytosis and killing of Candida through both oxidative and 
non-oxidative mechanisms. Accordingly, a lack of these key 
cells (i.e., neutropenia) occurring as a consequence of cyto-
toxic chemotherapy, underlying hematologic malignancy, or 
any other etiology is a strong risk factor for the development 
of invasive Candida infections [9].

 Epidemiology

Candida species are the fourth leading cause of hospital- 
acquired bloodstream infection (BSI) in the United States, 
accounting for nearly 10% of all healthcare-associated 
BSIs [21]. Data from the Transplant-Associated Infection 
Surveillance Network (TRANSNET), a consortium of 23 
transplant centers in the United States that prospectively 
studied the epidemiology of invasive fungal infections in 
SOT and HCT recipients from 2001 to 2006, revealed that, 
in the SOT cohort, invasive candidiasis had the highest 
12-month cumulative incidence (1.9%) followed by invasive 
aspergillosis (0.7%) [2]. Similarly, in the HCT TRANSNET 

Table 32.1 MSG/EORTC definitions for the diagnosis of proven or probable invasive candidiasis [3]

Proven Histopathologic, cytopathologic, or direct microscopic examination of a specimen obtained by needle aspiration or biopsy 
from a normally sterile site (other than mucous membranes) showing yeast cells, pseudohyphae, or true hyphae compatible 
with Candida spp.
Recovery of a Candida spp. by culture of a sample obtained by a sterile procedure (including a freshly placed [<24 h ago] 
drain) from a normally sterile site showing a clinical or radiological abnormality consistent with an infectious disease process.
Blood culture that yields Candida spp.

Probable Disseminated candidiasis: at least one of the following two entities is identified after an episode of candidemia within the 
previous 2 weeks:
  Small, target-like abscesses (bull’s-eye lesions) in the liver or spleen on CT and/or ultrasound
  Progressive retinal exudates on ophthalmologic examination

Modified from De Pauw et al. [3]

Table 32.2 Risk factors for invasive candidiasis

Host factors Medical interventions
Neutropenia Cytotoxic cancer chemotherapy
Extremes of age Dialysis
Renal failure Central venous catheter or nasogastric tube
Trauma or burns Prior antibiotic use
Bowel perforation Prior surgery (especially abdominal)
High APACHE II score Parenteral nutrition
Candida colonization ICU stay >7 days
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cohort, the cumulative incidence was 1.1% at 12 months for 
invasive candidiasis [1]. Crude mortality rates for Candida 
bloodstream infections, the most common form of inva-
sive candidiasis, have often been reported to be more than 
30% [6, 22–24]. Longitudinal studies indicate that despite 
advances in diagnosis and antifungal therapy, there has been 
no overall decline in either incidence or mortality associated 
with invasive candidiasis in the last decade [2, 4, 25, 26].

The timing and incidence of Candida infections vary by 
type of organ or hematopoietic cell transplant procedure, as 
well as by prior antifungal therapy, transplant center, time 
post-transplant, and aforementioned patient risk factors [1, 
2, 15]. Most episodes of candidiasis occur early after SOT or 
HCT, generally within the first 2–3 months. Later episodes 
post-transplant are largely related to the use of corticoste-
roids and other immunosuppressive drugs for graft rejection 
in SOT or for graft-versus-host disease in HCT recipients 
[17, 27, 28].

Abdominal organ transplant recipients have the high-
est rates of invasive candidiasis among patients undergoing 
organ transplantation; rates of infection are highest in those 
receiving small bowel, liver, pancreas, or multi-organ trans-
plants [29–33]. Candidemia predominates in this group and 
is often related to a vascular access device source [17]. Intra- 
abdominal candidiasis (e.g., peritoneal and biliary infection) 
is also common, however, and likely due to bile or intestinal 
fluid leakage during biliary anastomosis or translocation of 
intestinal flora into peritoneal fluid. Technical difficulty and 
prolonged time of abdominal surgery, primary graft failure, 
and early surgical re-exploration contribute to the risk of inva-
sive candidiasis after abdominal organ transplantation [15, 
31, 32]. Liver recipients appear to be especially susceptible to 
candidiasis, and higher risk is conferred by a number of pre- 
and postoperative factors, including choledochojejunostomy 
anastomosis, preoperative renal failure/dialysis, low serum 
albumin, CMV viremia, substantial infusions of intraopera-
tive cellular blood products, as well as re- transplantation and 
surgical re-exploration after transplantation [29, 31, 32]. 
Enteric drainage in pancreas transplant recipients predisposes 
to a greater risk of invasive candidiasis than does bladder 
drainage [34]. Candidiasis is relatively infrequent among kid-
ney transplant recipients, and it typically occurs later in the 
first year post-transplant [17]. A syndrome of early, within 
1  month, graft-transmitted candidiasis resulting in fungal 
arteritis, with high morbidity and mortality after renal trans-
plantation, is related to organ contamination during recovery 
of the donor kidney [13]. A recent study showed the overall 
incidence of candidiasis was 4.8% in heart and 8.3% in lung 
plus heart-lung transplant recipients and that the incidence 
has declined dramatically over the last 20 years. Candidemia 
was most often seen following heart transplant while tracheo-
bronchitis due to Candida species was a more common mani-
festation in lung transplant recipients [35, 36].

The overall incidence of Candida infection, which is 
primarily candidemia, in HCT recipients is low, about 1% 
overall. Notably, the incidence is similar between autologous 
(1.2%) and allogeneic (0.8%) HCT [28]. The widespread use 
of antifungal prophylaxis may be credited with this reduc-
tion in invasive candidiasis in HCT populations over the last 
20 years. In allogeneic HCT patients, two periods of risk for 
invasive candidiasis and other invasive fungal infections are 
identified: pre-engraftment and, subsequently, in the first 
100  days post-engraftment. During the pre-engraftment 
period, mucositis, broad-spectrum antibiotics, and neutrope-
nia are significant risk factors, but fluconazole prophylaxis 
effectively prevents most C. albicans infections. However, 
fluconazole prophylaxis clearly plays a significant role in the 
increase in breakthrough infections with non-albicans spe-
cies that have lower azole susceptibility [26–28]. The second 
risk period is post-engraftment after allogeneic HCT, in the 
setting of GVHD. Corticosteroid use and CMV reactivation 
during GVHD treatment are both linked to increases in bac-
terial and fungal infections. In autologous transplantation, 
virtually all candidemias occur during pre-engraftment and 
are related to indwelling central venous catheters.

Candida albicans has traditionally been the most fre-
quently isolated yeast pathogen. An important epidemio-
logic phenomenon over the last two decades has been the 
well- documented shift from C. albicans to non-albicans 
Candida as the most common infecting Candida species in 
some tertiary care centers [6, 37, 38]. This shift is especially 
prominent in immunosuppressed populations and is of great 
concern because Candida glabrata and Candida krusei are 
relatively or totally resistant to many azole agents, respec-
tively. Increasing resistance to these agents limits their util-
ity for both prophylaxis and treatment in immunosuppressed 
patients. Between 2001 and 2007 at MD Anderson Cancer 
Center, 75% of invasive candidiasis cases that occurred in 
patients with hematologic malignancy or undergoing HCT 
were due to non-albicans Candida species [26]. In the 
TRANSNET cohort, only 20% of isolates from HCT recip-
ients were C. albicans. In this population, the majority of 
isolates were non-albicans species: C. glabrata (34%), C. 
parapsilosis (21%), or C. krusei (15%) [39]. C. krusei is 
intrinsically resistant to fluconazole but remains susceptible 
to voriconazole and to echinocandins. The routine use of 
azole prophylaxis in high-risk cancer populations, particu-
larly in allogeneic HCT recipients, has been responsible for 
a decrease in invasive candidiasis, but it is also undoubtedly 
responsible for the rise in non-albicans Candida infections 
[26, 27, 40].

In the SOT population, C. albicans remains the most 
frequently isolated Candida species, although a shift 
toward more non-albicans Candida infections has been 
identified in two nationwide surveys [6, 39]. In the 
TRANSNET SOT cohort, C. glabrata accounted for 30% 

32 Candida Infections in Hematopoietic and Solid Organ Transplant Recipients



546

of all isolates and C. parapsilosis for 9% [39]. Overall, 
16% of the 915 Candida isolates from this SOT cohort, 
including several C. tropicalis and C. albicans isolates, 
were fluconazole resistant. Prior fluconazole use was a 
significant risk factor for  nonsusceptibility to the drug. 
Clinicians should be especially aware of the relative or 
intrinsic fluconazole resistance patterns of C. glabrata 
and C. krusei in transplant populations. Since these and 
most other non-albicans isolates are typically susceptible 
to echinocandins, it is recommended that an echinocandin 
be initiated when yeast is isolated in blood cultures, pend-
ing species identification.

 Clinical Manifestations

 Candidemia

Candidemia simply means Candida species in the blood. 
Candidemia can be a transient event associated with coloni-
zation of an indwelling central venous catheter, but it is also 
the most common manifestation of disseminated infection 
involving multiple organs. The initial clinical presentation of 
these two different events may be similar; thus, one can never 
assume that an episode of candidemia is a transient event 
not requiring antifungal therapy. The clinical manifestations 
vary from mild fever to symptoms and signs of overwhelm-
ing sepsis that include hypotension, tachypnea, tachycardia, 
and confusion. The initial presentation is non- localizing, but 
focal signs later point to specific organ involvement. The 
appearance of multiple pustular skin lesions is a manifes-
tation of widespread disseminated infection. Symptoms and 
signs associated with candidemia are the same, irrespective 
of the causative Candida species, and they mimic those seen 
with bacteremia. At autopsy, in severely immunosuppressed 
patients, widespread infection is characterized by microab-
scesses noted in many organs.

In SOT recipients, indwelling venous catheters and intra- 
abdominal processes related to surgery are likely sources 
for candidemia. In HCT patients, the greatest risk for can-
didemia is when neutropenia is present or during peri-
ods of maximum immune suppression during treatment of 
GVHD. Often, the source of the organisms is the gut because 
of damage to the mucosa from chemotherapy, but it can also 
be from indwelling central venous catheters that are present 
in almost all HCT patients.

A recent retrospective review of bloodstream infections 
in hospitalized patients found that mixed infections includ-
ing bacteria plus Candida spp. are very rare, accounting for 
about 0.7% of all bloodstream infections. Outcomes from 
these mixed infections were similar to those with candidemia 
alone [41].

 Hepatosplenic (Chronic Disseminated) 
Candidiasis

This form of invasive candidiasis is seen almost entirely 
in patients who have hematological cancers and who have 
been previously neutropenic. HCT recipients can manifest 
this form of candidiasis after engraftment when they have 
a return of their neutrophils, but more often, this syndrome 
occurs in the course of chemotherapy for acute leukemia 
before transplantation occurs [42]. C. albicans is the most 
likely pathogen, but all species have been found to cause this 
syndrome. The return of neutrophils triggers the symptoms 
of high fever, right upper quadrant discomfort, nausea, and 
fatigue. The symptoms can persist for weeks, but blood cul-
tures usually remain negative. There may be documentation 
of a previous episode of candidemia, but in many patients, 
candidemia had not been documented. Imaging studies 
reveal the characteristic punched out lesions representing 
multiple small abscesses throughout the liver and the spleen. 
It has been postulated that hepatosplenic candidiasis could 
represent a form of immune reconstitution inflammatory 
syndrome (IRIS) because cultures from lesions often are 
negative, the illness begins when neutrophils return to nor-
mal levels, and symptoms respond to corticosteroids when 
they are added to antifungal agents [42].

 Intra-abdominal Infections

Intra-abdominal infections with Candida species are usually 
seen in the immediate postoperative period in SOT recipi-
ents, especially those who received a liver, pancreas, or small 
bowel transplant [34, 43]. Infections are generally polymi-
crobial, involving facultative aerobic and anaerobic bacteria 
from the bowel, along with yeasts. C. albicans and C. glabrata 
are the yeasts most commonly isolated. The usual source is 
perforation of the bowel or mechanical problems with the 
anastomosis of the biliary tract in liver transplant recipients. 
The symptoms of intra-abdominal infection include fever, 
chills, abdominal pain, and distention; if the biliary tract is 
obstructed, nausea, vomiting, and jaundice occur. Signs of 
peritonitis may be present, especially with bowel perforation, 
and focal pain and fevers occur when a localized abscess is 
present. Imaging is essential to define the site of infection.

Biliary stents are often required after liver transplantation. 
When these devices remain in place for long periods, they 
are often colonized persistently with Candida species. A 
complication of this colonization is development of fungus 
balls, which can cause further obstruction and require revi-
sion of the stent [44].

Neutropenic enterocolitis is a life-threatening abdominal 
complication that occurs rarely after intensive chemotherapy 
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for acute leukemias and solid tumors. Gram-negative bac-
teria are the most common cause, but a recent review of 
published cases showed that the pooled frequency of fungal 
involvement in neutropenic enterocolitis from all reported 
patients was calculated to be 6.2% [45]. The vast majority 
was due to Candida spp. Antifungal coverage should be con-
sidered in the setting of neutropenic enterocolitis although 
bacteria are the predominant pathogens.

 Urinary Tract Infections

Candiduria is common, but symptomatic urinary tract infec-
tions are uncommon in transplant recipients [46]. Many 
transplant recipients have candiduria in the postoperative 
period because of the use of indwelling urinary catheters 
and broad-spectrum antibiotics. The most common species 
found in the urine are C. albicans and C. glabrata [46]. 
Previously, it was thought that candiduria contributed to 
poor outcomes among kidney transplant recipients, and it 
was standard practice to treat with fluconazole when can-
diduria was documented. However, it has been shown in a 
large, nested, case- control study that those who had can-
diduria had a higher mortality rate, but the candiduria did 
not contribute to death, and treatment of candiduria had no 
effect on outcomes [47]. In this study, as in others, it was 
thought that candiduria merely was a marker for the sever-
ity of underlying illness [48].

Although most patients with candiduria have coloniza-
tion of the bladder and do not require treatment, ascend-
ing infection leading to pyelonephritis can occur, especially 
in a kidney transplant recipient. In this case, symptoms 
of dysuria, frequency, and pain over the transplanted kid-
ney will be present and may be accompanied by systemic 
signs of infection, such as chills, fever, and malaise. These 
patients require prompt treatment with an antifungal agent, 
almost always fluconazole. Patients who have candiduria 
and require ureteral stent placement are at increased risk 
for persistent Candida colonization of the stent and kidney 
infection.

An uncommon manifestation of Candida infection seen 
specifically in kidney transplant recipients is infection of the 
graft. This is manifested most often by fungal arteritis with 
aneurysm formation at the anastomosis site and less often 
as a graft site abscess [13]. In this circumstance, it has been 
shown that the kidney was infected at the time it was har-
vested from the donor, and this infection was directly trans-
mitted with the organ to the recipient. The outcomes are poor 
with loss of the graft in the majority of patients.

The situation is different in HCT recipients who are neu-
tropenic and who have candiduria. In these patients, candi-
duria may well be a marker for invasive candidiasis [49]. 

Symptoms are minimal if the patient is neutropenic and can-
not be relied upon to define infection. In this circumstance, 
treatment is appropriate.

 Pulmonary Candidiasis

Candida species rarely cause pneumonia. HCT patients 
who are markedly immunosuppressed can develop diffuse 
nodular infiltrates as part of widely disseminated candidia-
sis, but this is uncommon [50, 51]. In this type of patient, it 
is more common for pneumonia to be due to molds. Most 
patients have pulmonary involvement with Candida species 
discovered at autopsy. Sputum and bronchoalveolar lavage 
samples that yield Candida species have low specificity and 
should not be interpreted as evidence of invasive disease. 
Lung biopsy is needed to establish the diagnosis of Candida 
pneumonia [52].

Tracheobronchitis due to Candida species is the most 
common form of invasive candidiasis in lung and heart-lung 
transplant recipients [36]. Patients present with fever, produc-
tive cough, and shortness of breath; exam may reveal labored 
breathing and scattered rhonchi can be heard. Visualization 
of the airway by bronchoscopy and histologic confirmation 
are the usual methods of diagnosis.

 Endophthalmitis

Endogenous Candida endophthalmitis occurs when the 
organism is hematogenously seeded into the highly vascular 
choroid layer of the eye [53]. It is not more common in the 
transplant population than in others who have been candi-
demic. The most common organism causing this infection is 
C. albicans, but all species have been reported to cause ocu-
lar infection [54]. Treatment is most effective if given early 
in the course of infection. Because the length of therapy 
and choice of antifungal agent for candidemia will vary if 
endophthalmitis is present, the Infectious Diseases Society 
of America (IDSA) guidelines for the management of inva-
sive candidiasis recommend that a dilated ophthalmoscopic 
examination be performed on all patients who have candi-
demia to establish whether ocular involvement is present [7]. 
In patients who have neutropenia, it is recommended that a 
retinal examination be repeated after neutropenia resolves 
when lesions are more likely to be manifested [7]. Patients 
may have no complaints early in the course when typical 
white lesions are seen in the retina. If not found at this stage, 
patients seek attention later for changes in visual acuity; at 
this point, extension to the vitreous is common, and active 
vitritis is seen on examination. Treatment is more difficult, 
and the outcomes are less good at this stage of the infection.
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 Less Common Invasive Candida Infections

Endocarditis, osteomyelitis, and meningitis are uncom-
mon complications of candidemia. None of these occur 
with greater frequency in transplant recipients than in other 
patients who have had candidemia. The clue to the presence 
of endocarditis is persistently positive blood cultures with 
or without manifestations of cardiac dysfunction or periph-
eral stigmata of endocarditis [55]. The vegetations tend to 
be large, and the disease may present with an embolus to 
a major vessel. All species have been implicated, but most 
commonly, endocarditis is due to C. albicans or C. parap-
silosis. Echocardiographic studies are essential for estab-
lishing the diagnosis and defining valvular dysfunction and 
complications, such as paravalvular abscesses.

Osteomyelitis as a result of hematogenous spread usu-
ally involves the vertebral column [56]. The disc space is 
seeded during the course of candidemia, and then exten-
sion to the adjacent vertebral bodies occurs. Patients often 
do not develop symptoms until weeks after the candidemic 
episode, and then back pain is the main complaint. CT and 
MRI imaging studies are essential to identify infection, and 
needle aspiration or open biopsy, when feasible, are essential 
to define this process as due to Candida.

Candida meningitis, a common finding in neonates who 
have invasive candidiasis, is very uncommon in adults [57]. 
The manifestations vary from an acute presentation to a sub-
acute process similar to that seen with cryptococcosis. This 
complication of invasive candidiasis can occur at the time of 
candidemia or several weeks later with the subacute form. 
Symptoms are headache, visual symptoms, and confusion; 
examination shows mild nuchal rigidity, occasionally papill-
edema, and lethargy, confusion, or stupor. Diagnosis is made 
by lumbar puncture after a CT or MRI scan to rule out an 
associated brain abscess.

 Mucosal Candidiasis

Oropharyngeal candidiasis (thrush) is a superficial infection 
that used to be extremely common in transplant recipients, 
but is seen infrequently now because of the routine use of 
fluconazole for prophylaxis against fungal infections in these 
patients. Patients are often asymptomatic, but may complain 
of a cottony feeling in their mouth or pharyngeal pain when 
they swallow. Older patients who wear upper dentures are 
at increased risk for denture stomatitis due to Candida. 
Examination reveals white, plaque-like lesions on the buccal 
mucosa, tongue, and palate. Ulcerations are unusual and are 
usually due to mucositis or atypical herpes infections, and 
not Candida. Patients with denture stomatitis have erythema 
of the hard palate but no plaques.

Candida vaginitis is a very common infection in the gen-
eral population and can be problematic in patients who are 
immunosuppressed. Vaginal discharge, vulvar pruritus, and 
dysuria are common manifestations. The discharge may be 
curd-like, but also can be thin. Examination shows vulvar 
erythema and plaque-like lesions on the vaginal mucosa.

Esophagitis is usually manifested by odynophagia; 
patients can generally point to a specific substernal area 
where they experience pain with swallowing. The patient 
may or may not have concomitant thrush. Endoscopy is 
diagnostic, but most physicians initiate treatment with an 
oral azole based on the clinical symptoms and make the 
diagnosis by noting a therapeutic response within several 
days.

 Outcomes

Invasive candidiasis is associated with high crude mortal-
ity rates [6, 15, 22–24]. For many patients, Candida infec-
tion is a marker for serious underlying illness, but is not 
the cause of death. Attributable mortality has been difficult 
to evaluate, and estimates have varied from 30 to 62% in 
the general hospital population [58, 59]. Multicenter sur-
veillance studies have provided crude, but not attributable 
mortality rates for candidiasis in transplant recipients [1, 
2, 15]. A prospective observational study in French ICUs 
found that independent factors associated with mortal-
ity from invasive candidiasis included diabetes mellitus, 
immunosuppression, and mechanical ventilation [60], 
whereas a study that included all hospitalized patients in 
four medical centers in Sao Paulo, Brazil, found the high-
est risk factors were advanced age and high APACHE II 
score [24]. The association of a high APACHE II score and 
increased mortality in patients with candidemia has been 
noted by others, as has increased mortality with increasing 
age [22, 38].

Several studies have shown that prompt treatment of can-
didemia significantly decreases the mortality rate, and delay 
for as long as 48 h after the blood culture is performed is 
associated with increased mortality [61, 62]. A recent study 
noted a crude mortality rate of 63.5% among patients who 
had septic shock associated with candidemia [63]. In those in 
whom antifungal therapy was given within 24 h and who had 
adequate source control (removal of catheters, drainage of 
abscesses), the mortality rate was 52.8%; for those in whom 
these parameters were not met, the mortality was 97.6%.

Mortality appears to be higher in patients with candidemia 
due to C. krusei, but this likely reflects the fact that this spe-
cies is seen most often in patients who have hematological 
malignancies or have received an HCT [6, 64]. C. tropica-
lis is known to be more virulent in animal models and has 
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also been associated with worse outcomes in immunosup-
pressed patients, especially those who have a hematologi-
cal malignancy [65]. Mortality associated with candidemia 
due to C. parapsilosis appears to be consistently lower than 
that found with other species [22, 66, 67]. In some studies, 
mortality rates for patients who have C. glabrata fungemia 
have been noted to be higher than that seen with C. albicans 
[6], but in other studies, there was no difference or the rates 
were lower [22, 68, 69]. In general, the most important fac-
tors for outcome in transplant recipients are the extent of 
immunosuppression and the susceptibility of the organism 
to antifungal agents, rather than the virulence factors of the 
specific species causing infection.

 Diagnosis

The diagnosis of invasive candidiasis requires clinical suspi-
cion that Candida infection could be the cause of a patient’s 
symptoms. The manifestations are similar to those seen with 
many bacterial infections, but several clinical clues should 
raise suspicion for candidemia and invasive candidiasis. The 
sudden appearance of non-tender, non-pruritic skin lesions is 
a strong clue to the presence of fungemia with Candida spe-
cies. The lesions vary from a few millimeters to a centimeter 
in diameter and are usually manifested as a pustule on an 
erythematous base (Fig. 32.1). Similarly, a new complaint of 
focal muscle pain with tenderness noted on palpation should 
raise suspicion for the possibility of invasive candidiasis in 
an immunosuppressed host. Eye pain or visual loss should 
prompt an immediate workup for endogenous Candida 
endophthalmitis resulting from candidemia.

 Cultures

By definition, candidemia is the presence of Candida spe-
cies in the bloodstream, and this is usually established by 
growth of the organism in cultures obtained from blood. At 
least two sets of blood cultures from a peripheral vein should 
be obtained, and if the patient has a central venous catheter 
in place, blood also should be taken from the catheter for 
culture. The automated blood culture systems routinely used 
in most hospital laboratories are able to isolate Candida spe-
cies, but it takes a minimum of 1–3 days for growth to occur. 
Overall, blood cultures are relatively insensitive, and inva-
sive disease can be present without blood cultures yielding 
the organism.

After growth occurs in blood culture bottles, it generally 
takes another 1–2 days for the organism to be identified to 
the species level. This delay can be shortened with the use of 
several new techniques. One technique uses peptide nucleic 

acid fluorescence in situ hybridization (PNA-FISH), which 
can identify C. albicans and C. glabrata within several hours 
of a blood culture turning positive [70, 71]. Another tech-
nique uses mass spectrometry to quickly identify species of 
yeast once growth has occurred in blood culture bottles [72]. 
It is essential to identify Candida to the species level in all 
cases of candidemia and invasive disease because of differ-
ences in susceptibility to antifungal agents among the vari-
ous species. It is especially important to identify C. glabrata 
and C. krusei because of resistance to fluconazole and other 
azoles [25, 73].

Candida species are part of the human microbiota, so 
that growth of yeasts from samples obtained from non-ster-
ile sites documents only colonization. For example, sputum 
and bronchoalveolar lavage fluid cultures yielding Candida 
species cannot be used to establish a diagnosis of Candida 
pneumonia. However, finding organisms in lung tissue 
obtained by biopsy establishes the diagnosis. Growth of 
yeast from material aspirated through an indwelling drain-
age tube almost always reflects colonization of the tube and 
not what is in an abscess. In contrast, growth of Candida 
species from normally sterile body fluids, such as cere-
brospinal fluid or synovial fluid, establishes a diagnosis of 

Fig. 32.1 Skin lesions that developed on the back of a 65 year-old man 
who was neutropenic after receiving an allogeneic stem cell transplant. 
Blood cultures yielded C. albicans
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invasive candidiasis. Material obtained by biopsy of a newly 
developed skin lesion or a muscle abscess should be submit-
ted for culture and also for histopathological examination 
with special stains to detect fungi-invading tissues.

 Non-Culture-Based Techniques

Substantial work has gone into the development of non- 
culture- based techniques to enhance the rapid diagnosis of 
candidemia and invasive candidiasis. These include antigen 
detection and DNA-based techniques.

Several different assays are commercially available to 
detect the presence of beta-D-glucan, a cell wall component 
of many fungi, not just Candida species. Many studies have 
been performed, and results show wide variations in sensi-
tivity and specificity of this assay. A recent meta-analysis 
that included 16 studies with a total of 2979 patients who 
had probable or proven invasive fungal infections, not just 
Candida infections, calculated that the pooled sensitivity 
of the assay was 77% and specificity was 85% [74]. There 
was large heterogeneity among studies, including the use of 
different commercial products for the assay, different cutoff 
points for positivity, and different patient populations. When 
these investigators analyzed the 295 patients who were iden-
tified as having invasive candidiasis in 11 different studies, 
the sensitivity appeared to be 75%; it is not clear how many 
of these patients were transplant recipients. A study among 
20 lung transplant recipients found modest sensitivity (71%) 
and poor specificity (59%) [75], and another in liver trans-
plant recipients found poor sensitivity (58%) and moderately 
good specificity (83%) [74]. All studies have noted that this 
assay has poor positive predictive value and good negative 
predictive value.

Real-time PCR techniques continue to hold promise for 
rapid diagnosis, but to date, there is no standardized PCR test 
commercially available for the diagnosis of candidiasis [76]. 
Newer studies suggest that this technique may be more sen-
sitive than both blood cultures and the beta-D-glucan assay 
for the diagnosis of invasive candidiasis [77]. A new more 
rapid system uses magnetic biosensor technology to identify 
different Candida species from whole blood [78].

 Histopathology

Histopathology is used less often in the diagnosis of candi-
diasis than in the diagnosis of mold infections, most likely 
because Candida species are easily grown in the laboratory. 
Tissue biopsy with histopathological examination of skin 
lesions is useful for documenting disseminated infection 

(Fig. 32.2). Lung biopsy is essential for diagnosis of Candida 
pneumonia, and liver biopsy can document hepatosplenic 
Candida infection as cultures often fail to grow. Silver stains 
are used most often to visualize the yeast and hyphal ele-
ments that are usually both seen with tissue invasion. One 
cannot differentiate species of Candida by tissue biopsy, but 
it should be noted that C. glabrata remains a yeast in tissues 
and cannot produce hyphae.

 Imaging Studies

In contrast to mold infections, imaging techniques are not 
useful in the diagnosis of infections due to Candida. The one 
exception is hepatosplenic candidiasis (chronic disseminated 
candidiasis), which occurs almost entirely in patients who 
are recovering from an episode of neutropenia. In this form 
of invasive candidiasis, ultrasound, computerized tomog-
raphy (CT) scans, and magnetic resonance imaging (MRI) 
all are useful to establish the diagnosis [79]. The picture is 
characteristic, especially on CT scan, the modality used most 
often for this type of candidiasis. Multiple, discrete low- 
attenuation lesions representing small abscesses are typi-
cally seen in the liver, spleen, and, sometimes, kidneys and 
other organs (Fig. 32.3). Similarly, CT scans are useful for 
 visualizing small abscesses that can occur in muscles during 
an episode of candidemia (Fig. 32.4).

Imaging studies are extremely useful for patients who have 
focal Candida infections. Examples include the use of trans-
esophageal echocardiography to help establish the diagnosis 
and define the extent of disease in a patient with Candida 
endocarditis. CT or MRI scans are essential for evaluation 

Fig. 32.2 Silver stain performed on the biopsy of a skin lesion shown 
in Fig.  32.1. Both yeast forms and hyphae, the typical picture noted 
with C. albicans, are present in the biopsy
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of abscesses and hydrocephalus in patients with central ner-
vous system candidiasis and to define the presence of ver-
tebral osteomyelitis due to Candida species. Additionally, 
ultrasound and CT scans are used routinely to define the 
location and response to therapy of polymicrobial bacterial/
fungal intra-abdominal abscesses that occur in the postop-
erative period in recipients of small bowel, liver, or pancreas 
transplants.

 Treatment

The treatment of Candida infections has changed mark-
edly in the last 10–15 years. Amphotericin B is now rarely 
used, and most patients are treated with an echinocandin or 
an azole. As a result, toxicity is much less frequently seen. 
Guidelines for the treatment of candidemia and invasive 
candidiasis have been established by the IDSA, and these 
guidelines are applicable to transplant recipients, as well 

as other patient populations [7]. The American Society of 
Transplantation (AST) also has issued guidelines for treat-
ment of Candida infections in SOT recipients [80].

 Candidemia

All patients whose blood cultures yield Candida species should 
be treated with an antifungal agent for a minimum of 2 weeks 
after the blood cultures become negative. Removal of a central 
venous catheter is, by itself, not adequate therapy. Outcomes 
have been noted to be improved when antifungal therapy is 
begun as early as possible [61, 62]. Thus, in some patients, 
especially those who are severely ill, pre- emptive or empirical 
therapy with an antifungal agent is appropriate [81, 82].

 Choice of Antifungal Agents
The choice of antifungal agents is usually either fluconazole 
or an echinocandin. Numerous randomized controlled trials 
have shown the efficacy of azoles and echinocandins, when 
compared with one another and when compared with ampho-
tericin B [83–91]. When the infecting species is C. glabrata 
or C. krusei, the agent of choice is an echinocandin because 
of increasing resistance to fluconazole among C. glabrata 
isolates and the inherent resistance of C. krusei to flucon-
azole [64, 68, 69, 92, 93]. Cross-resistance to voriconazole 
is common among strains of C. glabrata that are fluconazole 
resistant, and for many strains, there is cross-resistance noted 
among all of the azoles when the isolate is shown to be resis-
tant to fluconazole [25]. The cross-resistance to voriconazole 
does not occur in strains of C. krusei; they remain suscep-
tible to this azole.

When empiric therapy in a high-risk transplant patient is 
deemed prudent before culture results are known, an echi-
nocandin is the drug of choice [7]. After the organism has 
been identified and susceptibilities determined, therapy can 
be changed if needed. Switching to fluconazole from an 
echinocandin allows oral dosing and is less costly. In the 
transplant population, it is necessary to consider whether 
prophylactic antifungal agents had been given to the patient 
prior to the episode of candidemia. Prophylaxis has the 
potential to select out for species that are resistant to that 
class of drug.

 Duration
The total length of therapy for candidemia without the devel-
opment of other focal infections is 2 weeks from the time of 
the first negative blood culture. However, in patients who are 
neutropenic, therapy should be continued until the neutrope-
nia has resolved [7]. Follow-up daily blood cultures should 
be obtained to document when candidemia has cleared.

Fig. 32.3 Abdominal CT scan of a 25-year-old patient who had been 
neutropenic during induction therapy for acute leukemia and developed 
nausea, fever, and pain in the right upper quadrant. Discrete punched 
out lesions are evident throughout the liver, which is typical for hepato-
splenic candidiasis

Fig. 32.4 CT scan of the thigh muscles of a 31-year-old woman who 
had undergone an allogeneic stem cell transplant and who developed 
muscle tenderness and persistent fever following C. tropicalis fungemia 
that was identified several days before. Multiple ring-enhancing lesions 
are noted
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 Other Measures
All patients who have candidemia should have a dilated 
eye examination by an ophthalmologist. The presence of 
endophthalmitis will require longer therapy with drugs that 
achieve adequate levels within the posterior compartment of 
the eye. For neutropenic patients, it is important to repeat the 
retinal examination after their neutrophils return to normal 
levels when eye manifestations are more likely to be noted.

 Management of Central Venous Catheters
The IDSA guidelines for both the management of invasive 
candidiasis and the management of intravascular catheter- 
associated infections recommend removing central venous 
catheters in patients with candidemia [7, 94]. Several small 
series and post-hoc reviews of clinical treatment trials for 
candidemia show faster clearance rates of candidemia and 
better outcomes when catheters are removed [67, 95, 96]. 
However, there are clinicians who believe that for certain 
patient groups, especially those who have received chemo-
therapy and are neutropenic, the source of the candidemia is 
likely to be the bowel and the catheter need not be removed 
[97]. A retrospective review of two randomized treatment tri-
als showed that early removal of central venous catheters was 
not associated with improved treatment success and survival 
[98]. In contrast, a larger retrospective review of individual 
patient-level data from seven randomized treatment trials 
found that removal of a central venous catheter was asso-
ciated with decreased mortality [67]. This subject remains 
controversial, but the strength of opinion and the recom-
mendations of the guidelines are on the side of removing the 
catheter whenever feasible in a patient who has candidemia.

 Hepatosplenic Candidiasis

For patients who have moderate to severe disease manifes-
tations, it is recommended that therapy begin with a lipid 
formulation of amphotericin B, 3–5 mg/kg/day, or an echi-
nocandin for several weeks and then go to step-down ther-
apy with oral fluconazole, 400 mg daily [7]. Therapy should 
continue until there is resolution of the lesions on follow-
up CT scans performed every 2–3  months. Importantly, if 
hepatosplenic candidiasis occurred prior to HCT, antifungal 
therapy must be continued throughout the period of engraft-
ment and maximal immunosuppression in order to prevent 
relapse of the fungal infection.

The hypothesis that this syndrome is related to an IRIS 
phenomenon led to the use of oral glucocorticoids in addi-
tion to antifungal therapy [42, 99–101]. Patients given pred-
nisone had prompt resolution of their fever and abdominal 
pain, and their inflammatory response markers more quickly 
returned to normal. However, lesions seen on CT scan did 
not resolve any faster. The dose of prednisone usually given 

has been 0.5–1.0 mg/kg daily for several weeks. However, 
the role of corticosteroids is still not established [7].

 Intra-abdominal Candidiasis

An important factor in improving outcomes of patients 
who have an intra-abdominal abscess is either percutane-
ous or open surgical drainage. Antifungal therapy should be 
directed at the Candida species isolated from the abscess. 
When the patient has peritonitis or a diffuse phlegmon and 
a surgical procedure is not contemplated, antimicrobial 
therapy should be directed toward the most likely pathogens 
including Candida species. In the most common scenario 
in which C. albicans is isolated, either an echinocandin or 
fluconazole, 400  mg daily, can be used. If C. glabrata is 
isolated, the most appropriate therapy is with an echinocan-
din. Echinocandin doses used are micafungin, 100 mg daily; 
caspofungin 70 mg loading dose and then 50 mg daily; and 
anidulafungin, 200 mg loading dose and then 100 mg daily. 
Voriconazole should not be used until the isolate has been 
shown to be susceptible by in vitro testing. Treatment dura-
tion will be dependent on improvement of signs and symp-
toms and resolution of any abscesses noted on CT scan.

Treatment of candidiasis in liver transplant recipients 
who have biliary tract obstruction and indwelling stents is 
difficult. Colonization of the stent is common, and the major 
decision is to determine whether these organisms are caus-
ing infection. Just isolating yeast from a percutaneous drain 
is not adequate evidence that an antifungal agent is needed. 
If infection is deemed likely, then stent replacement, in addi-
tion to antifungal therapy, is usually required.

 Urinary Tract Infections

Only patients in whom there is a high likelihood that symp-
tomatic urinary tract infection is due to Candida species should 
receive antifungal therapy. Patients who are in hospital post- 
transplant and with an indwelling catheter rarely need to be 
treated for candiduria, which almost always reflects asymp-
tomatic colonization of the catheter and bladder. When infec-
tion is present, fluconazole is the agent of choice as no other 
azoles and no echinocandins achieve adequate concentrations 
in the urine [102]. Most infections are due to C. albicans and 
respond nicely to oral fluconazole, 200 mg daily. In contrast, C. 
glabrata and C. krusei urinary tract infections are very difficult 
to treat. The agent of choice is amphotericin B deoxycholate, 
not a lipid formulation of amphotericin B. Therapy with as low 
as 0.3 mg/kg daily for just a few days may be adequate [7]. 
Regardless of the species and the agent used, if obstruction is 
present, therapy will likely fail. Ureteral stents that are colo-
nized generally will have to be removed to eradicate candiduria.
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 Endophthalmitis

For Candida endophthalmitis, use of systemic antifungal 
agents that achieve adequate concentrations in the vitreous 
is recommended. The agents that achieve the best concen-
trations are fluconazole, voriconazole, and flucytosine [103]. 
Amphotericin B does not penetrate into the vitreous well, but 
there is a long experience using this agent in combination 
with flucytosine for Candida endophthalmitis [7]. However, 
for susceptible organisms, most clinicians use fluconazole, 
400–800  mg daily, or voriconazole, loading dose 6  mg/kg 
bid for 1 day and then 4 mg/kg bid thereafter, rather than 
amphotericin B.  The echinocandins and posaconazole do 
not achieve good intra-vitreal concentrations and are not 
recommended.

For patients who have Candida chorioretinitis with no 
vitreal involvement, systemic antifungal agents are appropri-
ate as long as repeated examinations show no extension into 
the vitreous or the macula. Initial intravenous administration 
seems prudent to establish high concentrations in the vitre-
ous [103]. When using voriconazole, serum concentrations 
should be monitored carefully to ensure that adequate levels 
have been achieved and to minimize toxicity.

For sight-threatening macular involvement and mild vit-
ritis, in addition to systemic therapy, intravitreal injection of 
either voriconazole or amphotericin B deoxycholate should 
be performed to ensure immediate achievement of appropri-
ate levels in the posterior compartment. For more extensive 
vitritis, in addition to systemic and intra-vitreal antifungal 
therapy, pars plana vitrectomy is recommended.

 Mucosal Candidiasis

Oropharyngeal candidiasis can be treated with clotrimazole 
troches, nystatin swish and swallow suspension, or oral anti-
fungal agents, such as fluconazole. Fluconazole is generally 
used as it is effective, simple to take once daily, more effec-
tive than local suspensions and troches in profoundly immu-
nosuppressed patients, and inexpensive. The dose is 100 mg 
daily for 7 days. Other oral azole agents are also effective, 
but more costly and either absorbed less well or with more 
drug-drug interactions.

Vaginal candidiasis is almost always treated with oral flu-
conazole. Many local creams and vaginal suppositories are 
available, but patients prefer oral therapy, and it generally is 
more effective. Infection with C. glabrata is uncommon, but 
problematic to treat and requires consultation with an expert 
in the treatment of complicated vaginal candidiasis.

Esophagitis cannot be treated with local agents and 
requires systemic therapy. Fluconazole is the agent of 
choice at a dosage of 200  mg daily for at least 14  days. 
Echinocandins, voriconazole, and amphotericin B formula-

tions are also effective, but generally only used if fluconazole 
fails to clear the infection.

 Prophylaxis in Immunocompromised Hosts

Prevention of invasive candidiasis using antifungal agents 
during the pre-engraftment period is standard practice in 
patients undergoing allogeneic HCT [104]. Fluconazole is 
the most commonly used agent as it has a long track record 
of efficacy (Table  32.3). In a randomized double-blinded 
study, voriconazole proved to be no more effective than 
fluconazole in preventing invasive candidiasis among allo-
geneic HCT recipients [105]. Micafungin and presumably 
the other echinocandins are alternative prophylactic agents, 
comparable to fluconazole. However, their use is limited by 
the need for intravenous infusion and high costs [106]. Solid 
tumor patients undergoing autologous HCT generally do 
not require anti-yeast prophylaxis. However, many experts 
recommend that prophylaxis be given to the considerably 
larger population of patients who have underlying hemato-
logic malignancies (e.g., lymphoma, leukemia, or myeloma). 
Other autologous HCT recipients for whom antifungal pro-
phylaxis might be warranted are those who have or will have 
prolonged neutropenia and mucosal damage from intense 
conditioning regimens or graft manipulation, and those who 
have received purine analog therapy within the 6  months 
prior to HCT [104]. The choice of prophylactic agent ulti-
mately depends on tolerability and cost. Fluconazole is the 
mostly widely used drug.

Guidelines for antifungal prophylaxis in SOT have been 
delineated by the American Society of Transplantation 
[80]. Antifungal prophylaxis against Candida should be 
provided to high-risk liver transplant recipients, specifi-
cally those with two or more of the following risk factors: 
prolonged surgical time, repeated abdominal surgery or 
re- transplantation, renal failure, high transfusion needs 
(≥40 units of cellular blood products), choledochojejunos-
tomy, and Candida colonization in the perioperative period. 
Fluconazole is the standard agent used (Table  32.3). A 
recent meta-analysis demonstrated that antifungal prophy-
laxis in these patients significantly reduced invasive can-
didiasis as well as fungal-related mortality, but not overall 
mortality [107]. Lower-risk liver transplant recipients do 
not require routine antifungal prophylaxis as their risk of 
invasive candidiasis is very low.

In contrast, patients receiving intestinal transplants have 
very high rates of Candida infection. Despite a lack of ran-
domized clinical trial evidence, antifungal prophylaxis is 
recommended, especially for those who have graft rejection, 
increased immunosuppression or anastomotic incompetence. 
Pancreas transplant recipients whose transplants are drained 
via the enteric route or who have vascular thrombosis or 
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postoperative pancreatitis are at higher risk for invasive can-
didiasis and should be considered candidates for antifungal 
prophylaxis [34].

Although the airways of lung and heart-lung transplant 
recipients are frequently colonized with Candida species, 
invasive infection is rare. Prophylaxis practices vary con-
siderably among different centers, and there is no consen-
sus. Candidiasis is relatively uncommon in heart and kidney 
recipients, and antifungal prophylaxis is not recommended 
as a routine practice in these patients [80].
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Aspergillosis

Michael J. Satlin, Samantha E. Jacobs, 
and Thomas J. Walsh

 Introduction

Aspergillus species are ubiquitous, saprophytic fungi that are 
important causes of morbidity and mortality in transplant 
recipients [1]. Although their primary ecologic location is in 
soil and decaying environmental matter, Aspergillus produce 
small asexual spores called conidia or microconidia that dis-
perse easily into the air and survive in a broad range of environ-
mental conditions. Humans become infected with Aspergillus 
after conidia are inhaled and deposited in bronchioles, in alveo-
lar spaces, and less commonly in paranasal sinuses [1].

Although there are approximately 250 species of 
Aspergillus, fewer than 20 cause human disease [2]. Aspergillus 
fumigatus is the most common cause of invasive aspergillosis 

in transplant recipients [3, 4] and other immunocompromised 
hosts [5]. However, the proportion of infections caused by 
other species is increasing [6]. In transplant recipients, 
Aspergillus flavus and Aspergillus niger are the next most 
common pathogens, followed by Aspergillus terreus [3, 4].

 Pathogenesis and Host Defenses

Innate immunity plays an important role in preventing 
infection from inhaled Aspergillus conidia. Respiratory 
epithelial cells are the first lines of defense. These cells pro-
vide an anatomic barrier to invasion by Aspergillus, pro-
mote mucociliary clearance, and ingest inhaled conidia [7]. 
Conidia that are not removed by epithelial cells encounter 
alveolar macrophages [1]. These cells are responsible for 
phagocytosis and killing of mainly the metabolically active 
Aspergillus conidia with the potential for germination into 
filamentous tissue-invasive mold. These cells are also criti-
cal in initiating a proinflammatory response. Neutrophils 
are the primary inflammatory cells recruited by alveolar 
macrophages and serve as the dominant host defense 
against conidia that have evaded macrophage killing and 
have germinated to become hyphae, the tissue-invasive 
form of Aspergillus [7]. Histopathologically, invasive dis-
ease is characterized by progression of infection across tis-
sue planes and vascular invasion with subsequent infarction 
and tissue necrosis [1].

The primary host deficiencies that are responsible for the 
increased risk of invasive aspergillosis in transplant recipi-
ents are neutropenia, corticosteroid-induced immunosup-
pression, and immune dysregulation resulting from 
graft-versus-host disease (GVHD). The absence of neutro-
phils allows unchecked proliferation of hyphae through tis-
sue planes, including the walls of blood vessels. This leads to 
thrombosis and hemorrhage from rapid and extensive hyphal 
growth with scant inflammatory response [8]. Without neu-
trophil recovery, angioinvasion and dissemination to other 
organs via the bloodstream occur.
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The pathology of invasive aspergillosis in non- neutropenic 
patients who are receiving corticosteroids is different from 
that of neutropenic patients. Invasive disease in these patients 
is typically not angioinvasive, but is instead characterized by 
only limited hyphal proliferation with neutrophilic and 
monocytic infiltrates, tissue necrosis, and excessive inflam-
mation [8]. Corticosteroids impair the ability of phagocytes 
to kill Aspergillus conidia by interfering with phagocytosis, 
intracellular oxidative burst, production of cytokines and 
chemokines, and cellular migration [9]. Despite the deleteri-
ous effects of corticosteroids on innate immune cell func-
tion, phagocytes are typically successful in being recruited 
and preventing hyphal angioinvasion, but create an inflam-
matory environment that results in tissue injury and necrosis 
[8]. This exacerbated inflammatory response is generally 
regarded as the direct cause of pathology, in contrast to 
uncontrolled fungal growth observed in neutropenic hosts [1, 
8]. Of note, the histopathologic patterns of non-neutropenic 
hematopoietic stem cell transplant (HSCT) recipients with 
invasive aspergillosis resemble that of neutropenic patients, 
with no influx of neutrophils into the lung tissue [8]. This 
lack of neutrophil migration may be related to delayed func-
tion of innate and adaptive immunity after HSCT, despite 
recovery of white blood cells [10].

 Epidemiology

Aspergillosis is the most common invasive fungal infection 
in HSCT recipients [4]. The incidence of invasive aspergil-
losis after allogeneic HSCT ranges from 4% to 24%, with 
most centers reporting rates between 11% and 15% [6, 11]. 
In contrast, reported rates in autologous HSCT recipients are 
1–2% [6, 11, 12]. Recent data suggest that although aspergil-
losis remains the most common invasive fungal infection 
after HSCT, its incidence may be lower than previously 
reported. In a study of 3288 adult HSCT recipients at 11 
Italian sites from 1999 to 2003, the overall incidence of inva-
sive aspergillosis was 6.3% after allogeneic transplant and 
0.4% after autologous transplant [13]. In the Transplant- 
Associated Infection Surveillance Network (TRANSNET), a 
prospective study of 16,200 allogeneic and autologous 
HSCT recipients at 23 US sites from 2001 through 2005, 
invasive aspergillosis occurred within 6 months and within 
12 months of transplant in 1.3% and 1.6% of patients, respec-
tively [4]. These lower rates of invasive aspergillosis may be 
related to increasing use of broad-spectrum mold-active tri-
azoles for prophylaxis and empirical therapy.

There are three distinct periods of risk for invasive asper-
gillosis after HSCT. The first period is during neutropenia 
before engraftment and is present after both allogeneic and 
autologous transplants. The next two periods, early post- 
engraftment in the setting of acute GVHD and late post- 

engraftment in the setting of chronic GVHD, pertain 
primarily to allogeneic transplants. Overall, the median time 
from transplantation to onset of invasive aspergillosis in 
TRANSNET was 99 days. However, this median time was 
shorter in autologous transplants and longer in allogeneic 
transplants. In autologous HSCT recipients, 50% of 
Aspergillus infections occurred within 1 month after trans-
plant. In contrast, only 22% occurred during this time period 
after allogeneic transplant and nearly half occurred more 
than 4 months after transplant [4].

Baseline risk factors for invasive aspergillosis in alloge-
neic HSCT recipients include older age, mismatched or 
unrelated donor grafts, and use of cord blood or T cell- 
depleted grafts. Transplant complications that are indepen-
dently associated with invasive aspergillosis include 
neutropenia, acute or chronic GVHD, use of high doses of 
glucocorticoids, cytomegalovirus (CMV) disease, and respi-
ratory viral infections [6, 14].

Aspergillosis is less common after solid organ transplanta-
tion than after HSCT.  While glucocorticoids predispose to 
invasive aspergillosis [9], calcineurin and mammalian target 
of rapamycin inhibitors are mechanistically less immunosup-
pressive in regard to the risk of aspergillosis [15, 16]. 
Calcineurin inhibitors may even exert an inhibitory effect 
against Aspergillus spp. [17]. However, aspergillosis is still 
the second most common cause of invasive fungal infection 
in solid organ transplant recipients, after candidiasis. The 
cumulative incidence of invasive aspergillosis in 11,014 solid 
organ transplant recipients in the Spanish Network for 
Research on Infection in Transplantation (RESISTRA) who 
had at least 18 months of follow-up was 1.4% [18]. Among 
16,459 solid organ transplant recipients who were followed 
up in TRANSNET, the 12-month cumulative incidence of 
invasive aspergillosis was 0.7% [3]. The median time to 
development of invasive aspergillosis in TRANSNET was 
longer after solid organ transplantation than after HSCT 
(184 days vs. 99 days) and 20% occurred more than 3 years 
after transplant [3]. The exception to this timing is in liver 
transplant recipients, who are more likely to develop invasive 
aspergillosis early in the post-transplant period [18–20]. The 
major risk factors for aspergillosis after liver transplantation 
are re-transplantation and the need for renal replacement ther-
apy, which each confer a 20- to 30-fold increased risk [21].

Risk factors for invasive aspergillosis after solid organ 
transplantation depend on the timing of infection. 
Independent risk factors for early invasive aspergillosis (dur-
ing the first 3 months after transplant) are postoperative com-
plications including re-operations, repeated bacterial 
infections, CMV disease, and renal failure. Risk factors for 
late invasive aspergillosis which is observed more than 
3 months after transplantation procedure include older age, 
an immunosuppressed state because of chronic transplant 
rejection or allograft dysfunction, and renal failure [18].
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Lung transplant recipients have a higher risk of aspergil-
losis than recipients of other organs, and aspergillosis is the 
most common invasive fungal infection in this population [3, 
18]. Between 3% and 12% of lung transplant recipients 
develop invasive aspergillosis, compared to 1% and 8% of 
liver transplant recipients and less than 1% of kidney trans-
plant recipients [3, 18, 22–24]. This relatively high incidence 
is likely related to continuous exposure of the transplanted 
organ to the environment and impaired mechanical defenses 
from decreased mucociliary clearance and blunted cough 
reflex [25]. Risk factors for invasive aspergillosis in lung 
transplant recipients include transplant of a single lung, 
CMV infection, rejection with augmented immunosuppres-
sion, and bronchiolitis obliterans [22, 26, 27].

 Clinical Manifestations

Although Aspergillus infection has been reported at virtually 
all organs and sites, invasive aspergillosis most commonly 
occurs in the lungs. Clinical manifestations are nonspecific 
and include fever and nonproductive cough. The classic triad 
of fever, pleuritic chest pain, and hemoptysis is occasionally 
seen in neutropenic patients, but is rarely seen in non- 
neutropenic patients. In addition to invasive pulmonary dis-
ease, Aspergillus can also cause tracheobronchitis. This 
disease is most common in lung transplant recipients, but has 
also been described in other transplant recipients.

Common clinical manifestations of tracheobronchitis are 
productive cough and dyspnea, followed by fever, wheezing, 
and acute respiratory distress. Three different patterns of 
Aspergillus tracheobronchitis have been described: (1) 
obstructive bronchial aspergillosis, in which thick mucus 
plugs filled with fungal hyphae are found in the airways 
within minimal or no tissue invasion; (2) ulcerative tracheo-
bronchitis, in which there is focal invasion of tracheobron-
chial mucosa by fungal hyphae; and (3) pseudomembranous 
tracheobronchitis, in which a pseudomembrane of necrotic 
debris and fungal hyphae overlie extensive inflammation and 
invasion of the tracheobronchial tree [28]. Chronic forms of 
pulmonary aspergillosis, such as aspergilloma, chronic nec-
rotizing aspergillosis, and chronic cavitary pulmonary asper-
gillosis, are relatively uncommon in transplant recipients.

Inhalation of Aspergillus conidia can also lead to invasive 
rhinosinusitis. Common presenting symptoms include fever, 
facial pain, and nasal congestion. If disease progresses to the 
orbit, patients may develop blurred vision, proptosis, and 
chemosis. Facial numbness and diplopia can occur in the set-
ting of cranial nerve involvement. It is essential to note, how-
ever, that findings may be subtle in neutropenic patients 
because of a blunted inflammatory response [29, 30]. 
Therefore, a high suspicion must be maintained in neutrope-
nic transplant recipients with any of these symptoms or 

signs. Early endoscopic evaluation of the nares and oral cav-
ity to look for areas of necrosis is essential to establish the 
diagnosis early and initiate timely therapy [31].

In the setting of angioinvasive disease, Aspergillus can dis-
seminate from the respiratory tract to multiple organs, includ-
ing the brain, eyes, skin, liver, and kidneys. Central nervous 
system (CNS) aspergillosis can occur in the setting of hema-
togenous dissemination or local extension from paranasal 
sinuses and should be considered in patients with acute onset 
of focal neurologic deficits or seizures. CNS aspergillosis can 
present as meningitis, encephalitis, brain abscess, subarach-
noid hemorrhage, or mycotic aneurysm [32, 33]. Aspergillus 
endophthalmitis can be a presenting feature of disseminated 
disease and is typically associated with eye pain, visual 
changes, and destruction of multiple components of the eye 
[34]. Cutaneous aspergillosis can occur as primary disease in 
an area of skin breakdown or as multiple cutaneous lesions in 
the setting of disseminated disease [35, 36].

 Diagnosis

 General Considerations

Aspergillus conidia are ubiquitous and frequently inhaled 
into the airways. Many patients effectively clear these organ-
isms without developing disease, and thus, culturing 
Aspergillus species from respiratory specimens does not nec-
essarily indicate disease. Therefore, the diagnosis of invasive 
aspergillosis is not solely based on isolating the organism (or 
markers of the organism) but also on the probability that it is 
causing disease, which is a reflection on host’s functional 
status and clinical presentation. Based on this uncertainty, 
the European Organisation for Research and Treatment of 
Cancer (EORTC) and the Mycoses Study Group (MSG) of 
the National Institute of Allergy and Infectious Diseases 
established definitions of “proven,” “probable,” and “possi-
ble” invasive aspergillosis. Disease is “proven” when hyphal 
invasion is identified in tissue. “Probable” disease requires 
presence of a host factor such as neutropenia, use of gluco-
corticoids or T-cell immunosuppressant, compatible clinical 
disease, and either detection of Aspergillus directly (e.g., 
culture, direct microscopy) or indirectly via detection of 
aspergillus galactomannan and/or [1 → 3]-β-D-glucan tests 
or both. Cases that meet criteria for a host factor and a clini-
cal criterion, but for which mycological criteria are absent, 
are considered “possible” disease.

Importantly, these definitions were designed to maintain 
consistency in research studies and were not designed to 
drive clinical decision-making [37]. Notably, all recent 
 allogeneic HSCT recipients, neutropenic autologous HSCT 
recipients, and most solid organ transplant recipients satisfy 
EORTC/MSG host criteria. Unfortunately, transplant recipients 
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often cannot undergo invasive procedures to obtain tissue 
and establish “proven” disease because of thrombocytope-
nia, advanced coagulation deficits, hemodynamic instability, 
or severe hypoxia.

 Direct Examination and Culture

Respiratory specimens of patients being evaluated for asper-
gillosis should be stained where possible with calcofluor 
white, a fluorescent stain that binds to chitin, and 10% potas-
sium hydroxide to detect the presence of fungal elements. 
Gomori methenamine silver (GMS) and periodic acid-Schiff 
(PAS) stains should be used on cytology preparations [38]. 
Organisms are typically seen as narrow as 3–6-micron-wide, 
septated hyphae with dichotomous acute angle branching 
[39]. Importantly, these characteristics are not diagnostic of 

Aspergillus, as they can be seen with other filamentous fungi, 
such as Scedosporium and Fusarium species.

Aspergillus grows rapidly in the laboratory and is often 
visible in culture within 1–3 days of incubation. Culture con-
firmation, where possible, is important to differentiate asper-
gillosis from other filamentous fungi, such as scedosporiosis 
and fusariosis. Identification to the species levels requires 
sporulation in order to examine the morphology of spore- 
bearing structures on lactophenol cotton blue wet mount 
preparations (Fig. 33.1a) [39].

Unfortunately, cultures of respiratory tract secretions lack 
sensitivity and specificity for invasive aspergillosis. 
Aspergillus is grown from sputum specimens in only 8–34% 
and from bronchoalveolar lavage (BAL) specimens in 
45–62% of patients with invasive aspergillosis [40]. Thus, 
confirmation of invasive aspergillosis often requires histopa-
thology. However, obtaining a biopsy is often not feasible in 

a b

c

Fig. 33.1 Aspergillus fumigatus. (a) uniseriate vesicle with columnar 
phialides that encompass two-thirds of the vesicle on lactophenol cot-
ton blue wet mount preparation (magnification ×100). (b) lung tissue 
demonstrating narrow, acutely branching septated hyphae and vascular 

invasion on hematoxylin-eosin stain; (c) lung tissue section showing 
narrow, acutely branching hyphae on Gomori methenamine silver stain. 
(All photomicrographs are courtesy of Audrey N. Schuetz, MD, MPH)
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transplant recipients, particularly in HSCT recipients, 
because of thrombocytopenia. As such, negative fungal cul-
tures should not preclude treatment in a clinical setting con-
cerning for invasive aspergillosis. Although growth of 
Aspergillus from lower respiratory tract cultures does not 
necessarily indicate invasive infection, the positive predic-
tive value of a positive lower respiratory tract culture is very 
high in HSCT recipients [41, 42]. Conversely, the positive 
predictive value in solid organ transplant recipients may be 
as low as 58% [41]. Of note, blood cultures have no role in 
the diagnosis of invasive aspergillosis and are negative even 
in the setting of disseminated infection.

 Histopathology

The visualization of organisms on GMS or PAS stains of his-
topathology that resemble Aspergillus provides the strongest 
evidence of infection. As with direct microscopy, organisms 
are septated, hyaline hyphae with dichotomous, acute angle 
branching (Fig. 33.1b, c), features that can also be seen with 
other filamentous fungi. An important distinction is to dif-
ferentiate Aspergillus from molds of the Mucorales order, 
because voriconazole is the treatment of choice against 
aspergillosis, but has no activity against the agents of mucor-
mycosis. This distinction is usually possible from histopa-
thology because, in contrast to Aspergillus, Mucorales 
typically appear as broad, nonseptate hyphae with right angle 
branching.

 Serologic Markers

Given the limited sensitivities of microscopy and culture- 
based techniques and the difficulties of obtaining tissue histo-
pathology in transplant recipients, the use of alternate 
modalities to diagnose invasive aspergillosis, such as serum 
biomarkers, is warranted. Galactomannan is a heteropolysac-
charide found in the cell wall of Aspergillus species that is 
released into the serum and BAL fluid during hyphal growth 
and cell wall turnover. An enzyme-linked immunosorbent 
assay (ELISA) to detect galactomannan has been approved 
by the US Food and Drug Administration (FDA) for serum 
and BAL fluid. The assay is performed with an optical read-
out that is interpreted as a ratio relative to the optical density 
(OD) of a control, called the OD index. The FDA has recom-
mended that an OD index of more than 0.5 should be consid-
ered a positive result. A meta-analysis demonstrates that the 
galactomannan serum ELISA has a sensitivity of 82% and 
specificity of 86% for invasive aspergillosis in HSCT recipi-
ents [43]. The performance of this test in solid organ trans-
plant recipients has not been thoroughly evaluated. Among 
lung transplant recipients, the sensitivity appears to be lower, 

possibly because of a smaller fungal burden associated with 
infection in these hosts [44]. Conversely, in a study of 199 
liver transplant recipients at high risk for invasive fungal 
infection who were randomized to fluconazole or anidulafun-
gin for antifungal prophylaxis, the baseline serum galacto-
mannan was positive in 47% of patients, suggesting poor test 
specificity in this population [45].

There are a number of limitations to the serum galactoman-
nan assay. First, the sensitivity of the test is decreased by con-
current administration of mold-active antifungal therapy [46]. 
Second, there are a number of settings where false- positive 
tests may occur. False-positive results have traditionally been 
seen in patients receiving piperacillin-tazobactam and may 
persist for up to 5 days after discontinuation of the drug [47]. 
However, a recent study demonstrates that current prepara-
tions of piperacillin-tazobactam do not lead to false- positive 
galactomannan results [48]. False-positive results are common 
during the first 100  days after HSCT and in patients with 
chronic GVHD [49]. The likely explanation of these findings 
is that galactomannan in food or bacteria have cross-reactive 
epitopes and may translocate across intestinal mucosa in the 
setting of mucosal damage [50]. Third, fungi other than 
Aspergillus, such as Penicillium species, also have galacto-
mannan on their cell walls [51]. A recent report demonstrated 
that nine of 11 hematology patients with Fusarium infection 
had positive serum galactomannan tests [52]. These limita-
tions should be considered when using this assay to diagnose 
invasive aspergillosis in transplant recipients.

The galactomannan assay can also be performed on BAL 
fluid and provides additional sensitivity for the detection of 
pulmonary aspergillosis compared to culture and serum 
galactomannan. A study of high-risk hematology patients 
demonstrated that the sensitivity of BAL galactomannan to 
diagnose proven and probable invasive aspergillosis was 
91%, compared to 50% and 53% for culture and microscopy, 
respectively [53]. Additional studies have confirmed the high 
sensitivity of BAL galactomannan in this population [54]. 
Data supporting the use of BAL galactomannan in solid 
organ transplant recipients are limited, but studies in lung 
transplant recipients have demonstrated sensitivities of 
60–82% and specificities of 95–96% [55, 56].

(1 →  3)-β-D-glucan (BDG) is an integral component of 
the cell wall of many fungi, including Aspergillus and 
Candida, and can be detected in serum. The Fungitell assay is 
approved by the US FDA for the diagnosis of invasive fungal 
infections. This assay reports BDG concentrations as mea-
sured by optical density. Results are interpreted as positive 
(>80  pg/mL), intermediate (60–79  pg/mL), or negative 
(<60 pg/mL) [57]. In addition to aspergillosis and  candidiasis, 
this test also detects infections caused by Pneumocystis, 
Fusarium, and Trichosporon. It does not detect mucormyco-
sis, cryptococcosis, or mucosal candidiasis. A meta-analysis 
evaluating the use of serum BDG for the diagnosis of invasive 
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fungal infections demonstrated a sensitivity of 77% and spec-
ificity of 86% [58]. However, a more recent meta- analysis 
demonstrated a lower sensitivity (50%) and higher specificity 
(99%) in patients with hematologic malignancies, including 
HSCT recipients [59]. Its use in solid organ transplant recipi-
ents has not been well studied. A major limitation of the BDG 
assay is that false-positive results are seen in a number of set-
tings. These include the use of hemodialysis with cellulose 
membranes [60], intravenous (IV) immunoglobulin [61], 
albumin [62] and amoxicillin-clavulanate [63], gauze pack-
ing of serosal surfaces [64], and bloodstream infections with 
certain bacteria, such as Pseudomonas aeruginosa [65].

Polymerase chain reaction (PCR) may be a powerful tool 
for early diagnosis of invasive aspergillosis, particularly in 
high-risk patients not receiving mold-active antifungal pro-
phylaxis [66]. However, the lack of standardized and vali-
dated procedures for PCR detection of invasive aspergillosis 
remains a limitation of its wider usage [37].

 Imaging

Chest radiographs are insensitive for detecting the earliest 
stages of invasive pulmonary aspergillosis. On the other 
hand, computed tomography (CT) scanning of the lungs is 
an important and sensitive diagnostic screening method. 
Although radiographic abnormalities of invasive pulmonary 
aspergillosis are variable, focal lesions are typically seen on 
CT. In a review of baseline chest CT findings of 235 patients 
with invasive pulmonary aspergillosis, 94% had a nodule 
≥1 cm in diameter, 61% had a halo sign, 30% had a consoli-
dation including infarct (wedge)-shaped consolidations, and 
20% had a cavitary lesion [67].

The CT halo sign is an area of ground-glass attenuation 
surrounding the circumference of a nodule or mass 
(Fig.  33.2) and was initially described in neutropenic 
patients with acute leukemia and invasive pulmonary asper-
gillosis [68]. Histopathologically, it represents a focus of 
pulmonary infarction as a nodule surrounded by hemor-
rhage represented as ground-glass attenuation. Although 
the halo sign may be seen in a variety of pulmonary infec-
tions, it is highly suggestive of aspergillosis in neutropenic 
patients with hematologic malignancies, including HSCT 
recipients [69–71]. The halo sign is commonly seen in early 
stages of invasive pulmonary aspergillosis but tends to dis-
appear over time. In a study of 25 patients with hemato-
logic malignancies, neutropenia, and invasive pulmonary 
aspergillosis who underwent serial CT scans, the preva-
lence of the halo sign on days 0, 3, 7, and 14 after initial 
diagnosis was 96%, 68%, 22%, and 19%, respectively [72]. 
The natural history of nodules caused by Aspergillus in 
neutropenic patients is to enlarge, even during appropriate 
therapy, and often cavitate. An air-crescent sign within a 

cavity is a finding that is highly suggestive of invasive 
aspergillosis. This finding results from air accumulation 
that separates necrotic tissue from normal lung parenchyma 
during cavitation [72].

Chest CT findings in solid organ transplant recipients 
with invasive pulmonary aspergillosis may differ from those 
of neutropenic patients. Among 92 solid organ transplant 
recipients who developed pulmonary aspergillosis in 
RESISTRA, nearly two-thirds presented with segmental 
areas of consolidation, rather than classic nodule progression 
to cavitation [18].

The role of CT pulmonary angiography for diagnosing 
invasive mold infections is unclear. One study found that this 
technique could distinguish between mold infections and 
other causes of pulmonary infiltrates, by virtue of detection 
of angioinvasion [73]. However, the study was small, con-
ducted at a single center, and only included patients with 
hematologic malignancies. Given the risks associated with 
IV contrast and limited data to support its benefit compared 
to a noncontrast CT, the routine use of CT pulmonary angi-
ography to diagnose invasive aspergillosis is not currently 
recommended.

 Treatment

 Primary Antifungal Therapy

Due to difficulties in obtaining an exact microbiologic diag-
nosis and the threat of clinical deterioration and death with-
out treatment in immunocompromised transplant recipients, 
treatment of invasive aspergillosis should not be withheld 

Fig. 33.2 Chest CT scan that demonstrates a halo sign (well- 
circumcised dense lesion with a surrounding area of ground-glass atten-
uation), a characteristic radiographic appearance of invasive pulmonary 
aspergillosis in a neutropenic patient
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while conducting a diagnostic evaluation [74]. Typically, 
therapy is initiated based on risk profile, clinical presenta-
tion, imaging studies, and serological markers. This section 
will focus on therapy as it relates to the treatment of invasive 
aspergillosis. A treatment algorithm for suspected or docu-
mented invasive aspergillosis is shown in Fig.  33.3, and 
Table  33.1 reviews dosing, pharmacokinetic parameters, 
adverse effects, and notable drug interactions for antifungal 
agents used in the treatment of aspergillosis.

Triazoles, polyenes, and echinocandins all have in vitro and 
in  vivo activity against Aspergillus. Voriconazole is recom-

mended as the drug of choice for the initial treatment of inva-
sive pulmonary aspergillosis by the Infectious Diseases Society 
of America (IDSA) [74]. This recommendation is based on a 
randomized, open-label trial of primary therapy of proven or 
probable invasive aspergillosis in 277 adult patients. The trial 
compared voriconazole 6 mg/kg IV every 12 h for two doses, 
followed by 4 mg/kg IV every 12 h for the first 7 days, followed 
by 200 mg twice daily thereafter to 1.0–1.5 mg/kg/day of IV 
amphotericin B deoxycholate [75]. Approximately 90% of 
patients had pneumonia, 30% were HSCT recipients, and 5% 
were solid organ transplant recipients. The treating clinician 

Suspected or documented
aspergillosis

•  Minimize immunosuppression
•  G-CSF (if neutropenic)

•  Confirm diagnosis of aspergillosis
•  Determine trough concentration of triazole antifungal agent
•  If on voriconazole, consider adding an echinocandin OR switching to LAmB
•  If on isavuconazole, consider switching to LAmB
•  If on LAmB, consider switching to voriconazole or isavuconazole
•  Consider granulocyte transfusions (if neutropenic)
•  Evaluate for candidacy for surgical resection

Severe hepatic injury?

No

No

Yes

Yes

QT interval > 0.5 s or
severe rash to voriconazole?

Voriconazole 6 mg/kg IV × 2
doses, then 4 mg/kg IV q12h ±
echinocandin OR
Isavuconazole 200mg IV q8h ×
6 doses, then 200mg IV daily

Isavuconazole 200mg IV q8h × 6
doses, then 200mg IV daily

Liposomal amphotericin B
(LAmB) 3 mg/kg IV daily

Are any of the following present?

• Pulmonary lesion contiguous with
 great vessels or pericardium,
 causing hemoptysis from a single
 focus, or eroding into pleural
 space or ribs

• Endocarditis, sinusitis,
 endophthalmitis, osteomyelitis or
 progressive skin and soft tissue
 infection

Response to therapy?
No

No

Yes

Yes

Surgery

•  Transition to oral voriconazole 300 mg
   q12h or oral isavuconazole 200mg daily
•  Monitor serum voriconazole trough
   concentrations (target 1–3 µm/mL)
• Treat for at least 6–12 weeks and until
  clinical and radiographic resolution and
  improvement in immune defects

Fig. 33.3 Treatment algorithm for suspected or documented invasive aspergillosis
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Table 33.1 Antifungal agents for aspergillosis

Antifungal agent Adult dosing Administration Adverse effects Notable drug interactions
First-line agents
Voriconazole IV: 6 mg/kg every 

12 h ×2 doses and 
then 4 mg/kg every 
12 h
Oral: 300 mg every 
12 h

IV: contains cyclodextrin, which 
may accumulate in patients with 
impaired renal functiona

Oral: absorption maximized if 
taken on an empty stomach 
(bioavailability up to 90%)

Hepatotoxicity
Vision changes: photopsia, 
photophobia, or color 
changes
Hallucinations
Rash, photosensitivity
QT prolongation
Gastrointestinal
Periostitis (prolonged use)
Possible increased risk of 
squamous cell carcinoma 
and melanoma (prolonged 
use)

Rifampin and anticonvulsants 
(phenytoin, carbamazepine, 
phenobarbital): severely decrease 
voriconazole concentrations
Warfarin, HIV protease inhibitors, 
simvastatin, atorvastatin, 
calcineurin inhibitors: voriconazole 
increases concentrations of these 
drugs
Sirolimus: contraindicated with 
voriconazole

Isavuconazole IV and oral: 200 mg 
every 8 h ×6 doses 
and then 200 mg 
daily

Gastrointestinal
Hepatotoxicity
Rash
QT shortening

Similar to voriconazole
Mycophenolate mofetil: 
isavuconazole may increase 
concentration

Liposomal 
amphotericin B 
(LAMB)

3 mg/kg IV daily Acetaminophen, 
diphenhydramine, and low-dose 
hydrocortisone may limit 
infusion-related reactions
0.5–1 L of isotonic saline prior 
to drug administration may limit 
nephrotoxicity

Infusion-related reactions:
  Chest pain, dyspnea, 

hypoxia OR
  Severe abdominal, 

flank, or leg pain OR
  Rigors, chills, nausea, 

flushing, urticaria (less 
common)

Nephrotoxicity:
  Azotemia (glomerular)
  Hypokalemia and 

hypomagnesemia 
(tubular)

  Metabolic acidosis 
(tubular)

Nephrotoxicity risk increases with 
concurrent use of other nephrotoxic 
agents
Digoxin: Hypokalemia from 
amphotericin B may lead to 
digoxin toxicity

Second-line agents
  Echinocandins
Caspofungin 70 mg IV ×1 dose 

and then 50 mg IV 
daily

Hepatotoxicity (rare: less 
common than with azole 
antifungal agents)
Infusion and 
hypersensitivity reactions 
(very rare)
Gastrointestinal (mild)

Cyclosporine: modestly increases 
caspofungin concentrations
Rifampin and anticonvulsants: 
modestly decrease caspofungin 
concentrations (use 70 mg IV daily 
dose)
Tacrolimus: caspofungin decreases 
tacrolimus concentrations by ~20%

Micafungin 150 mg IV daily Similar to caspofungin Cyclosporine and sirolimus: 
Caspofungin modestly increases 
concentrations of these drugs but 
does not affect tacrolimus 
concentrations

Anidulafungin 200 mg IV ×1 dose 
and then 100 mg IV 
daily

Similar to caspofungin None

  Amphotericin derivatives
Amphotericin B 
lipid complex 
(ABLC)

5 mg/kg IV daily Similar to LAMB Infusion-related reactions: 
fever, rigors, nausea, and 
vomiting – higher rate 
than with LAMB
Nephrotoxicity: rate likely 
higher than with LAMB

Similar to LAMB

Amphotericin B 
colloidal 
dispersion 
(ABCD)

3–4 mg/kg IV daily Similar to ABLC Similar to LAMB and 
ABLC, except higher rate 
of infusion-related 
reactions

Similar to LAMB
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had the opportunity to switch to an alternate antifungal agent 
for drug intolerance or clinical failure. Patients who received 
voriconazole vs. amphotericin B deoxycholate had signifi-
cantly improved survival (71% vs. 58%) and higher likelihood 
of complete or partial response (53% vs. 32%) at 12 weeks, 
respectively. They were also less likely to be switched to 
another antifungal agent because of intolerance or poor 
response (36% vs. 80%) and had significantly fewer drug-
related adverse events. The results of this landmark trial dem-
onstrated the superiority of voriconazole compared to 
amphotericin B deoxycholate for the treatment of invasive pul-
monary aspergillosis.

The role and optimal dosing of oral voriconazole for inva-
sive aspergillosis in transplant recipients are unclear. In the 
aforementioned trial, patients were eligible to receive 200 mg 
of oral voriconazole twice daily after 1 week of IV therapy. 
However, there is substantial variability in serum drug con-
centrations in patients receiving oral voriconazole. Serum 
trough concentrations at this dose are often <0.5–1 μg/mL 
(the minimum inhibitory concentrations at which, for most 
Aspergillus species, 90% of isolates are susceptible) [76, 77]. 

Trough concentrations ≤1 μg/mL have been associated with 
a lack of response to therapy, and concentrations >5.5 μg/mL 
have been associated with neurological toxicity. A random-
ized trial provides further support for monitoring voricon-
azole levels in patients receiving treatment for invasive 
aspergillosis [78]. One hundred ten patients receiving vori-
conazole for invasive fungal infection or empirical treatment 
were randomly assigned to therapeutic drug monitoring of 
voriconazole levels or no monitoring. In the monitored 
group, the dosage was adjusted to target a trough level 
between 1.0 and 5.5 μg/mL. Patients randomized to the ther-
apeutic drug monitoring arm had a significantly higher rate 
of complete or partial response (81% vs. 57%) and a signifi-
cantly lower rate of voriconazole discontinuation due to 
adverse events (4% vs. 17%) compared with patients ran-
domized to no serum drug level monitoring.

The development of voriconazole represented a major 
advance in the therapy of aspergillosis. However, nonlinear 
pharmacokinetics, drug-drug interactions, adverse effects, and 
need for therapeutic drug monitoring may pose management 
challenges in immunocompromised patients with multiple 

Table 33.1 (continued)

Antifungal agent Adult dosing Administration Adverse effects Notable drug interactions
Amphotericin B 
deoxycholate

1–1.5 mg/kg IV daily Similar to ABLC Higher rates of infusion- 
related reactions and 
nephrotoxicity than with 
LAMB or ABLC

Similar to LAMB

Posaconazole IV: 300 mg every 
12 h ×2 doses and 
then 300 mg daily
Delayed-release 
tablet: 300 mg every 
12 h ×2 doses and 
then 300 mg daily
Oral suspension: 
200 mg 4 times daily. 
Switch to 400 mg 
twice daily once 
disease has stabilized

IV: contains cyclodextrin, which 
may accumulate in patients with 
impaired renal functionb; must be 
administered via a central venous 
catheter
Tablet formulation preferred due 
to higher bioavailability, less 
food effect, fewer adverse effects
Oral suspension must be taken 
with food, optimally with a 
high-fat meal, to ensure effective 
absorption

Hepatotoxicity
Gastrointestinal

Drugs that increase gastric pH 
(proton pump inhibitors, 
histamine-2 receptor antagonists, 
and antacids) decrease absorption 
and serum concentrations (oral 
suspension only)
Rifampin and phenytoin: severely 
decrease posaconazole 
concentrations
Warfarin, HIV protease inhibitors, 
simvastatin, atorvastatin, 
calcineurin, and mTOR inhibitors: 
posaconazole increases 
concentrations of these drugs

Itraconazole Capsule: 200 mg 
twice daily
Oral solution: 2.5 mg/
kg twice daily

Capsule: take with food and 
acidic beverages (cola or 
cranberry juice) to optimize 
absorption (55% bioavailability)
Oral solution: take on an empty 
stomach to optimize absorption

Nausea, bloating, diarrhea, 
and weight loss (especially 
with the oral solution)
Hepatotoxicity
Hypertension, 
hypokalemia, and 
peripheral edema (use 
cautiously in patients with 
heart failure)

Drugs that increase gastric pH 
decrease absorption and serum 
levels of the capsule form, but not 
the oral solution
Rifampin and phenytoin: severely 
decrease posaconazole 
concentrations
Warfarin, HIV protease inhibitors, 
simvastatin, atorvastatin, 
calcineurin, and mTOR inhibitors: 
itraconazole increases 
concentrations of these drugs

mTOR mammalian target of rapamycin, HIV human immunodeficiency virus
aThe clinical significance of the accumulation of cyclodextrin in patients with renal insufficiency is unclear
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comorbid conditions. Isavuconazole is a new-generation azole 
with potent activity against Aspergillus species. Similar to 
other azoles, isavuconazole prevents fungal cell wall synthesis 
via inhibition of lanosterol 14α-demethylase. The thiazolyl 
cyanophenyl moiety of the active isavuconazole molecule 
allows greater avidity of isavuconazole for the binding pocket 
in the fungal cytochrome P450 51 protein, conferring broader 
antifungal spectrum. In animal studies and human trials, isa-
vuconazole has comparable efficacy to voriconazole for the 
treatment of aspergillosis; yet, it has a more favorable safety, 
tolerability, and pharmacokinetic profile.

IDSA recommends isavuconazole as an alternative pri-
mary therapy for invasive aspergillosis based on the SECURE 
trial, a randomized, double-blind, noninferiority trial of isa-
vuconazole versus voriconazole for the treatment of invasive 
fungal infections due to Aspergillus species and other fila-
mentous fungi [79]. Adult patients with proven, probable, or 
possible invasive fungal infection according to EORTC/MSG 
criteria were randomized in a 1:1 ratio to treatment with isa-
vuconazole given as 200 mg IV three times per day for six 
doses followed by 200  mg IV or orally daily thereafter or 
voriconazole administered as 6 mg/kg IV twice daily for two 
doses followed by 4 mg/kg IV twice daily or 200 mg orally 
twice daily thereafter. The primary outcome measure of the 
trial was day 42 all-cause mortality in the intention-to- treat 
(ITT) arm. The median durations of treatment were 45 and 
47  days for patients receiving isavuconazole and voricon-
azole, respectively. All-cause mortality through day 42 in the 
ITT population of 516 subjects was 18.6% and 20.2% in the 
isavuconazole and voriconazole treatment groups, respec-
tively, meeting the prespecified 10% noninferiority margin.

Treatment with isavuconazole is generally well-tolerated. 
The relatively greater safety and tolerability of isavuconazole 
as compared to voriconazole are key distinguishing features 
of this drug. The most common adverse events observed in 
clinical trials include nausea, diarrhea, vomiting, pyrexia, 
constipation, and hypokalemia [79, 80]. In the SECURE trial, 
significantly fewer drug-related treatment- emergent adverse 
events (TEAEs) occurred in patients treated with isavucon-
azole (42%) versus voriconazole (60%; P < 0.001). In par-
ticular, fewer adverse events occurred in the following system 
organ classes in patients receiving isavuconazole versus vori-
conazole: hepatobiliary disorders (9% versus 16%), eye dis-
orders (15% versus 27%), and skin and subcutaneous tissue 
disorders (33% versus 42%). Permanent drug discontinuation 
due to drug-related TEAEs was 8% and 14% in patients tak-
ing isavuconazole and voriconazole, respectively. Also, of 
note, isavuconazole causes QTc shortening, as opposed to 
most triazoles that are associated with QT prolongation. The 
clinical significance of this observed QT shortening is 
unknown; in clinical trials, no ventricular arrhythmias were 
observed, and no medical interventions were required.

In patients who are intolerant of triazoles or have contra-
indications to their use, liposomal amphotericin B is a valid 

alternate option for initial treatment of invasive aspergillosis 
[74]. This recommendation is based on a randomized, 
double- blind trial of 201 adult patients with proven or prob-
able invasive mold infection who received liposomal ampho-
tericin B at either 3 mg/kg or 10 mg/kg per day for 14 days, 
followed by 3  mg/kg per day [81]. Invasive aspergillosis 
accounted for 97% of cases and 90% were pulmonary infec-
tions. Approximately 20% of patients were HSCT recipients 
and only one had received a solid organ transplant. A favor-
able response was achieved in 50% and 46% of patients in 
the 3- and 10-mg/kg groups, a difference that was not statis-
tically significant. However, in the 3 mg/kg arm, there was a 
trend toward overall improved survival (72% vs. 59%; 
P = 0.09) and significantly lower rates of hypokalemia and 
renal failure. The results of this trial demonstrate the efficacy 
of 3 mg/kg of daily liposomal amphotericin B as first-line 
therapy for invasive aspergillosis, yielding similar outcomes 
to those of the pivotal trial that established the efficacy of 
voriconazole [75]. This study also establishes that increasing 
the dose of liposomal amphotericin B beyond 3 mg/kg daily 
for invasive pulmonary aspergillosis yields no additional 
clinical benefit, but higher rates of nephrotoxicity.

Unfortunately, there are no randomized comparisons of 
liposomal amphotericin B and voriconazole or isavucon-
azole for invasive aspergillosis and few between lipid formu-
lations of amphotericin B and conventional amphotericin B 
deoxycholate. A randomized trial of 66 patients with 
neutropenia- associated invasive fungal infections, of which 
40 had pulmonary aspergillosis, demonstrated that liposomal 
amphotericin B had a strong trend toward improved response 
rates and significantly lower mortality and renal failure com-
pared to amphotericin B deoxycholate [82]. Another study 
randomized 174 patients with invasive aspergillosis to 
receive amphotericin B colloidal dispersion (ABCD) versus 
amphotericin B deoxycholate [83]. Patients randomized to 
either arm had poor, but similar, complete or partial response 
rates of 18% and 23%, respectively. Patients who received 
ABCD had lower rates of nephrotoxicity (25% vs. 49%) but 
higher rates of infusion-related chills and fevers. Lipid for-
mulations of amphotericin B are less nephrotoxic than con-
ventional amphotericin B deoxycholate, and amphotericin B 
lipid complex and liposomal amphotericin B have fewer 
infusion-related side effects [82–84]. This improved side 
effect profile, combined with data that suggest superior effi-
cacy [81, 82], provides a strong rationale for using lipid for-
mulations of amphotericin B instead of amphotericin B 
deoxycholate for invasive aspergillosis.

 Second-Line Antifungal Therapy

Alternate antifungal agents for patients who are intolerant of 
or not responding to voriconazole, isavuconazole, or liposo-
mal amphotericin B include amphotericin B lipid complex, 
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posaconazole, itraconazole and echinocandins. Amphotericin 
B lipid complex has not been compared in a randomized trial 
to liposomal amphotericin B for the treatment of aspergillo-
sis. However, a randomized comparison for empirical ther-
apy of prolonged fever and neutropenia and an observational 
study suggest that amphotericin B lipid complex may be 
associated with greater rates of infusion-related reactions 
and nephrotoxicity [85, 86]. Posaconazole demonstrates 
activity comparable to amphotericin B in animal models, and 
clinical data are consistent with these laboratory findings 
[87, 88]. In an open-label study of 107 patients with invasive 
aspergillosis refractory to or intolerant of amphotericin B or 
itraconazole, treatment with posaconazole given as 800 mg/
day oral suspension in divided doses was successful in 42% 
of patients [89]. This response rate was greater than that of 
86 historical controls with similar demographic and disease 
features and is similar to those observed with other agents in 
the salvage setting. Posaconazole was approved in Europe 
for salvage treatment of patients with invasive aspergillosis 
who are refractory to amphotericin B or itraconazole, but not 
for patients refractory to voriconazole.

Itraconazole is a second-line agent for the treatment of 
aspergillosis and has less intrinsic activity against 
Aspergillus than voriconazole [90]. IDSA guidelines do not 
recommend using itraconazole for salvage therapy in 
patients with invasive aspergillosis that is refractory to pri-
mary therapy with voriconazole because of its inferior 
in vitro activity, bioavailability, and toxicity profile, com-
pared to voriconazole [74].

Caspofungin is the only echinocandin approved by the 
US FDA for the treatment of invasive aspergillosis in patients 
intolerant of or refractory to standard therapy [91]. A study 
of 83 patients with invasive aspergillosis who were mostly 
refractory to amphotericin B or a triazole demonstrated a 
favorable response rate of 45% [92]. Although not FDA- 
approved for salvage therapy, micafungin and anidulafungin 
are at least as potent as caspofungin in  vitro against 
Aspergillus [93]. Studies using micafungin alone for salvage 
therapy are small but show similar response rates to that of 
caspofungin [94, 95].

Although not formally investigated in a clinical trial, 
when a change in antifungal therapy is considered necessary 
because of refractory disease, switching to a different class is 
prudent. Given suboptimal response rates to salvage therapy 
using single-agent therapy, combination therapy is often 
employed. Combination therapy using an echinocandin and 
a triazole is an attractive option because this combination 
inhibits both cell wall and cell membrane biosynthesis and 
both drug classes have favorable toxicity profiles. 
Furthermore, this combination demonstrates a synergistic 
interaction in neutropenic animal models of pulmonary 
aspergillosis [96, 97]. A study of 47 patients with invasive 
aspergillosis who failed therapy with amphotericin B com-
pared outcomes of those who switched to voriconazole alone 

to that of those who switched to the combination of voricon-
azole and caspofungin [98]. Salvage therapy with this com-
bination was associated with improved 3-month survival in 
multivariate analysis.

An antifungal combination that is not recommended is the 
use of amphotericin B and triazoles. Antagonism between 
these agents has been demonstrated both in vitro and in ani-
mal models [99]. A proposed mechanism for this antagonism 
is that amphotericin B binding to fungal cell membranes is 
reduced in the setting of triazole inhibition of the ergosterol 
biosynthetic pathway. Confirmatory clinical data of the sig-
nificance of this antagonism are limited, but one observa-
tional study demonstrated no benefit to adding itraconazole 
to a lipid formulation of amphotericin B [100].

 Combination Antifungal Therapy for Primary 
Treatment

The aforementioned in vitro, animal, and clinical observa-
tional data that suggest the potential benefit of combining a 
triazole and an echinocandin provided rationale for testing 
this hypothesis in a clinical trial [96–98]. A multicenter, ran-
domized, double-blind trial compared outcomes among 
patients with invasive aspergillosis who received primary 
therapy with combination voriconazole and anidulafungin 
versus voriconazole alone [101]. The study population con-
sisted of allogeneic HSCT recipients (32%) and patients 
with hematologic malignancies with proven or probable 
invasive aspergillosis. Voriconazole was given for a mini-
mum of 1 week intravenously, after which the investigator 
could switch to 300  mg of twice daily oral voriconazole. 
After 2 weeks, patients in the combination therapy arm could 
have been switched to voriconazole monotherapy, to com-
plete 6 weeks of antifungal treatment. Mortality at 6 weeks 
was 19.3% in the combination arm and 27.5% in the mono-
therapy arm and at 12 weeks was 29.3% in the combination 
arm and 39.4% in the monotherapy arm. The P value for 
these differences was 0.09 and 0.08, respectively. The rate of 
adverse events was not higher in the combination arm.

Although these findings did not reach statistical signifi-
cance, the strong and consistent trend toward a mortality 
benefit with combination therapy, combined with the appar-
ent lack of significant added toxicity and supportive in vitro 
and laboratory animal data, provides a compelling rationale 
for adding an echinocandin to voriconazole as initial ther-
apy for invasive aspergillosis. Assuming that the survival 
differences are not due to chance, then this trial suggests 
that for every 12 patients who have an echinocandin added 
to voriconazole in their initial regimen, one life will be 
saved. It is unclear how long the echinocandin should be 
continued in the trial; it was given for 2–4 weeks, and it is 
reasonable to discontinue it upon discharge from an inpa-
tient setting.
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 Extrapulmonary Aspergillosis

The optimal treatment of aspergillosis at sites other than the 
lungs has not been well studied because most patients in ran-
domized trials had pulmonary aspergillosis. The trial com-
paring voriconazole to amphotericin B deoxycholate 
included 37 patients with extrapulmonary infection [75]. Of 
these 37 patients, successful outcome occurred in 43% of 
those randomized to voriconazole, compared to 13% of those 
randomized to amphotericin B (P < 0.05). Based on these 
data, the IDSA recommends voriconazole for the primary 
treatment of extrapulmonary manifestations of invasive 
aspergillosis [74].

Aspergillus dissemination to the CNS is a devastating 
complication of invasive aspergillosis. Unlike amphotericin 
B, echinocandins, and itraconazole, voriconazole achieves 
therapeutic levels in the cerebrospinal fluid (CSF) and brain 
tissue [102–104]. The CSF penetration of isavuconazole is 
not well studied. Mortality rates for CNS disease prior to the 
availability of voriconazole were >90% [105, 106]. In con-
trast, 35% of patients with CNS aspergillosis who received 
voriconazole combined with surgical intervention had a 
complete or partial response, with long-term survival 
observed in 31% of patients [107]. These findings provide 
strong rationale for using voriconazole as the cornerstone of 
therapy for CNS aspergillosis.

The sinuses are also common sites of extrapulmonary 
aspergillosis. Therapy for invasive sinus aspergillosis often 
consists of systemic antifungal therapy and surgical debride-
ment. Although voriconazole is recommended for invasive 
sinus aspergillosis, amphotericin B formulations should be 
used until sinus mucormycosis has been excluded by culture 
or histopathologic examination [74]. Because of its high 
degree of water solubility, voriconazole is also a reasonable 
option for endophthalmitis, peritonitis, and joint infections. 
A detailed discussion of site-directed treatments can be 
found in the IDSA guidelines [74].

 Antifungal Resistance

The vast majority of Aspergillus isolates are susceptible to 
amphotericin B, voriconazole, isavuconazole, posaconazole, 
itraconazole, and echinocandins. However, there are excep-
tions that make identifying the species from growth of a 
clinical specimen helpful in deciding on treatment. Most iso-
lates of Aspergillus terreus are resistant to amphotericin B, 
but susceptible to voriconazole [108]. Furthermore, observa-
tional data and data from animal models demonstrate poor 
efficacy of amphotericin B against infections caused by 
Aspergillus terreus compared to voriconazole [109, 110]. 
Therefore, amphotericin B derivatives should not be used for 
antifungal resistance to treat infections due to A. terreus.

Certain uncommon Aspergillus species such as A. len-
tulus and Neosartorya udagawae have decreased in  vitro 
susceptibility to antifungal resistance in antifungal agents 
commonly used for aspergillosis [111, 112]. Recently, 
Aspergillus fumigatus isolates with elevated minimum 
inhibitory concentrations of voriconazole have been 
reported [113]. However, these isolates are extremely rare 
and the vast majority of clinically significant Aspergillus 
antifungal resistance isolates remain highly susceptible to 
voriconazole [114].

 Duration of Antifungal Therapy

Antifungal therapy for invasive aspergillosis should be con-
tinued for at least 6–12 weeks, until all signs and symptoms 
of infection have resolved and until all radiographic abnor-
malities have stabilized [7, 74]. Transplant recipients with 
invasive aspergillosis may need to remain on therapy for lon-
ger periods of time because of persistent immune defects. 
Long-term therapy is facilitated by the excellent bioavail-
ability of oral voriconazole and isavuconazole.

 Adjunctive Therapies

Reversal of immunosuppression is an important component 
of the treatment of invasive aspergillosis. In a review of 405 
HSCT recipients with invasive aspergillosis, neutropenia and 
receipt of high doses of corticosteroids were independently 
associated with mortality [115]. Dose reduction or discon-
tinuation of corticosteroids is recommended, when feasible. 
In neutropenic patients, recovery of bone marrow function is 
essential for control of the infection [116]. Granulocyte 
colony- stimulating factors (G-CSF) shorten the duration of 
chemotherapy-induced neutropenia and lead to fewer epi-
sodes of fever and neutropenia and infection [117, 118]. 
Although it is not clear that G-CSF improves response rates 
or decreases mortality in patients with invasive fungal infec-
tions, IDSA guidelines support their use in neutropenic 
patients with aspergillosis [74].

The role of granulocyte transfusions in the management 
of neutropenic patients with aspergillosis is not well defined, 
but favorable responses have been reported [119]. The 
Resolving Infection in Neutropenia with Granulocytes 
(RING) trial was an open-label, multicenter, randomized 
trial to investigate the efficacy and safety of granulocyte 
transfusions for bacterial and fungal infections in patients 
who were neutropenic (absolute neutrophil count <500 cells/
μL) due to chemotherapy, HSCT, or underlying disease 
[120]. The primary outcome was clinical success, defined as 
survival at day 42 and clinical response of the study- 
qualifying infection. This endpoint was met in 20/48 (42%) 
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and 21/49 (43%) of patients in the granulocyte and control 
arms, respectively. Twenty percent of patients had transfu-
sion reactions of grade 3 and 4 severity including hypoxia 
(n  =  7), tachycardia (n  =  1), hypotension (n  =  1), and an 
allergic reaction (n = 1). No deaths were attributable to trans-
fusion reactions. Unfortunately, this study had low subject 
accrual, enrolling less than half of its intended sample size of 
118 patients per study arm; therefore, statistical power was 
limited to detect a difference in the primary outcome if one 
truly existed. In persistently neutropenic patients with inva-
sive aspergillosis who are not responding to medical and 
(when appropriate) surgical therapy, administration of gran-
ulocyte transfusions from G-CSF-stimulated healthy donors 
may be considered.

Surgical resection of a pulmonary lesion of aspergillosis 
can provide a definitive diagnosis and eradicate a localized 
infection. Surgery may be indicated in the setting of recur-
rent hemoptysis from a single cavitary lesion, lesions con-
tiguous with the great vessels or pericardium, or lesions that 
invade the chest wall (Fig. 33.3) [74]. Surgical resection may 
also be considered in appropriate HSCT candidates prior to 
transplant. Multiple case series suggest that surgery can be 
safely and effectively performed in patients with localized 
infections, even during neutropenia [121, 122].

Surgery is essential for the treatment of Aspergillus endo-
carditis and should be strongly considered in endophthalmi-
tis, osteomyelitis, and necrotic, progressive skin and soft 
tissue infections [74]. Neurosurgical interventions have been 
independently associated with survival in CNS aspergillosis 
and should be pursued when feasible [107]. Similarly, surgi-
cal debridement of infected tissues is an important compo-
nent of the management of invasive sinusitis [123].

 Prevention

 Antifungal Prophylaxis

Primary prophylaxis against Aspergillus and other mold 
infections is not indicated in autologous HSCT recipients 
because of the low rate of these infections in this population 
[13]. Current data are inconclusive as to whether antimold 
prophylaxis should be routinely administered to allogeneic 
HSCT recipients. A randomized, double-blind trial of 600 
allogeneic HSCT recipients compared the efficacy of vori-
conazole to that of fluconazole in preventing invasive fungal 
infections after myeloablative transplant [124]. These agents 
were administered for either 100 or 180 days after transplant, 
depending on the risk of invasive fungal infection, and serum 
galactomannan was routinely monitored until day 100. There 
were no significant differences between groups in rates of 
invasive fungal infection, survival, or toxicities, although 
there was a trend toward a lower rate of invasive aspergillosis 

in the voriconazole arm (3% vs. 6%; P  =  0.09). Another 
blinded study randomized 882 HSCT recipients of autolo-
gous and allogeneic stem cell grafts to intravenous micafun-
gin or fluconazole during the neutropenic phase after 
transplant [125]. Patients randomized to micafungin had less 
use of empirical antifungal therapy and a trend toward fewer 
cases of aspergillosis (1 vs. 7; P = 0.07), but there were no 
differences in the rate of breakthrough fungal infection. 
These studies suggest that mold-active primary prophylaxis 
may not be necessary for allogeneic HSCT recipients in the 
setting of empirical antifungal therapy for prolonged fever 
and neutropenia and structured galactomannan screening. 
However, many experts favor the use of a mold-active agent 
for prophylaxis in high-risk HSCT recipients with antici-
pated prolonged neutropenic periods, such as cord blood 
transplant recipients or those with lengthy duration of neu-
tropenia immediately prior to HSCT [74].

HSCT recipients with GVHD are at high risk of invasive 
mold infections and merit consideration for prophylaxis with 
mold-active agents [6, 14]. In a double-blind trial, 600 
patients with GVHD who were receiving immunosuppres-
sive therapies were randomized to 112 days of posaconazole 
(200 mg three times daily) or 400 mg of daily fluconazole for 
antifungal prophylaxis [126]. Patients randomized to 
posaconazole had a lower rate of invasive aspergillosis (2.3% 
vs. 7.0%; P = 0.006) and death from an invasive fungal infec-
tion (1% vs. 4%, P  =  0.046) and a strong trend toward a 
lower rate of invasive fungal infection overall (5.3% vs. 
9.0%; P = 0.07). The incidence of treatment-related adverse 
events and overall mortality were similar in both arms. 
Voriconazole has also been shown to be effective in prevent-
ing invasive aspergillosis in HSCT recipients with GVHD 
who are receiving glucocorticoids [127]. These data support 
the use of prophylactic posaconazole or voriconazole, instead 
of fluconazole, in patients with GVHD who are receiving 
corticosteroids.

Patients with prior invasive aspergillosis are at high risk 
for relapse of fungal disease after HSCT [128]. Secondary 
prophylaxis with voriconazole is effective in preventing 
relapse after transplantation and is recommended for this 
indication by the American Society for Blood and Marrow 
Transplantation (ASBMT) [129, 130].

Aspergillosis is generally less common after solid organ 
transplantation than after HSCT, and prophylaxis against 
aspergillosis is not routinely recommended in this population 
[3, 25]. However, mold-active prophylaxis may be warranted 
in high-risk patients, such as lung, heart, and heart-lung trans-
plant recipients. Prophylaxis options in these patients include 
nebulized amphotericin B and oral mold- active triazoles. The 
administration of nebulized amphotericin B delivers drug to 
the site of Aspergillus exposure, with minimal systemic drug 
exposure, and its use has been associated with lower rates of 
invasive aspergillosis in observational studies [131, 132]. 
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Common adverse effects of nebulized amphotericin B include 
nausea, vomiting, taste alterations, and bronchospasm. 
Nebulized lipid formulations of amphotericin B may also be 
effective in preventing aspergillosis and have better lung pen-
etration and longer half-lives than conventional nebulized 
amphotericin B deoxycholate [133]. In a randomized trial, 
nebulized amphotericin B lipid complex was as effective as 
nebulized amphotericin B deoxycholate and associated with 
fewer adverse events [132]. The primary disadvantage of using 
nebulized amphotericin for prophylaxis against aspergillosis is 
that it does not prevent systemic fungal infections, such as 
candidemia, and pleural space infections [134]. A retrospec-
tive study showed that voriconazole is also effective in pre-
venting pulmonary aspergillosis in lung transplant recipients 
[135]. However, liver enzyme abnormalities developed in over 
40% of patients who received voriconazole. Regular monitor-
ing of liver enzymes and serum concentrations of calcineurin 
inhibitors is required when using voriconazole as primary pro-
phylaxis in solid organ transplant recipients.

Mold-active prophylaxis may also be warranted in high- risk 
liver transplant recipients. The American Society of 
Transplantation recommends consideration of targeted prophy-
laxis in patients who are receiving a second or third liver trans-
plant, receive renal replacement therapy, require reoperation 
involving the thoracic or intraabdominal cavity, or are trans-
planted for fulminant hepatic failure [25]. Both lipid formula-
tions of amphotericin B and echinocandins appear to be effective 
for this indication [136, 137], whereas voriconazole has not 
typically been used because of concerns of hepatotoxicity.

 Limiting Exposures

Invasive aspergillosis among transplant recipients results 
from respiratory exposure to and direct contact with fungal 
spores. Transplant recipients should avoid construction, 
excavation, and other dust-laden environments during at-risk 
periods [130, 138]. Physical barriers should be used in the 
hospital to prevent airborne transmission of Aspergillus from 
construction sites to transplant wards [23]. The use of high- 
efficiency particulate air (HEPA) filters has been shown to 
reduce the incidence of aspergillosis in neutropenic patients 
[139]. The ASBMT recommends the use of HEPA filters and 
at least 12 air exchanges per hour in all rooms housing HSCT 
recipients [130]. The need for HEPA filters in rooms of solid 
organ transplant recipients is not well established [23].

 Prognosis

In a study of 642 patients in TRANSNET who developed 
invasive aspergillosis from 2001 through 2006, the 12-week 
all-cause mortality rate was 58% in HSCT recipients and 

34% in solid organ transplant recipients [140]. Factors inde-
pendently associated with mortality in HSCT recipients 
included persistent neutropenia, renal or hepatic insuffi-
ciency, onset of disease within 30 days of transplant, and cor-
ticosteroid use. Factors independently associated with 
mortality in solid organ transplant recipients included hepatic 
insufficiency, malnutrition, and CNS disease. Use of an 
amphotericin B formulation for treatment was associated 
with increased mortality in both groups. Other studies of 
HSCT recipients with invasive aspergillosis have found that 
poor pulmonary function prior to transplant, use of human 
leukocyte antigen-mismatched stem cells, and disseminated 
disease are associated with increased mortality and that sur-
vival has improved in recent years [115, 141, 142].

The serum galactomannan assay may also have prognos-
tic value. A meta-analysis of 27 studies showed a strong cor-
relation between the galactomannan index level at the time 
of diagnosis and mortality [143]. Other studies have con-
firmed the prognostic value of the initial serum galactoman-
nan and demonstrated that the rate of galactomannan decline 
after starting antifungal therapy is also correlated with sur-
vival [144, 145].
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Mucormycosis

Brad Spellberg and Johan Maertens

 Taxonomy

Previously, the class Zygomycetes encompassed both 
fungi of the order Mucorales and Entomophthorales. 
However, recent reclassification has abolished the class 
Zygomycetes and placed the order Mucorales in the sub-
phylum Mucoromycotina and the order Entomophthorales 
in the subphylum Entomophthoromycotina, both in the 
phylum Glomeromycota [1] (Table 34.1). Therefore, infec-
tion caused by the Mucorales is most accurately referred 
to as mucormycosis, although the term zygomycosis may 
be still used by some sources. Infections caused by the 
Entomophthoromycotina are referred to as entomophthoro-
mycosis, but may be clinically indistinguishable from cases 
of mucormycosis.

Fungi belonging to the order Mucorales are distributed 
into six families, all of which can cause clinical infections 
[2]. These families include (1) the Mucoraceae (genera 
Rhizopus, Mucor, Cokeromyces), (2) the Lichtheimaceae 
(genera Lichtheimia [formerly Absidia]), Rhizomucor), (3) 
the Cunninghamellaceae (genus Cunninghamella), (4) the 
Mortierellaceae (genus Mortierella), (5) the Saksenaeaceae 
(genera Saksenaea, Apophysomyces), and (6) the 
Syncephalastraceae (genus Syncephalastrum). The latter 
three families are rare causes of infection and are more fre-
quently encountered in highly immunocompromised 
patients, such as in the transplant setting [3].

Species belonging to the family Mucoraceae are isolated 
more frequently from patients with mucormycosis than 
those of any other family. Among the Mucoraceae, Rhizopus 
oryzae (Rhizopus arrhizus) is by far the most common cause 
of infection [2, 4]. Other less frequently isolated species of 
the Mucoraceae family that cause a similar spectrum of 
infections include Rhizopus microsporus var. rhizopodifor-
mis, Lichtheimia spp., Apophysomyces elegans, Mucor spe-
cies, and Rhizomucor pusillus [2–4]. It is important to 
emphasize that the syndrome name, mucormycosis, derives 
from the order Mucorales and family Mucoraceae, not from 
the genus Mucor, which itself is a rare cause of infection. 
Increasing cases of mucormycosis have been also reported 
due to infection with Cunninghamella spp. [4–8]. As men-
tioned, to date, rare case reports have demonstrated the abil-
ity of species belonging to other families to cause 
mucormycosis [2, 3, 9–12].

 Incidence

Mucormycosis is far less common than other opportunistic 
fungal infections, such as those caused by Candida and 
Aspergillus spp. An older population-based study estimated 
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Mucoraceae Rhizopus oryzae

Rhizopus microsporus
Rhizomucor
Mucor
Actinomucor

Lichtheimaceae Lichtheimia (formerly Mycocladus, formerly 
Absidia)

Cunninghamellaceae Cunninghamella
Thamnidiaceae Cokeromyces
Mortierellaceae Mortierella
Saksenaeaceae Saksenaea

Apophysomyces
Syncephalastraceae Syncephalastrum
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the incidence of mucormycosis to be 1.7 cases per million 
people per year, which translates to approximately 500 
cases per year in the United States [13]. In autopsy series, 
the prevalence of mucormycosis has ranged from 1 to 5 
cases per 10,000 autopsies, making the infection 10–50 fold 
less common than invasive Candida or Aspergillus infec-
tions [14–16]. Most recently, a 10-year study of mucormy-
cosis in France based on the International Classification of 
Diseases, 10th Revision (ICD-10) codes, found a doubling 
of incidence, from 2001 to 2010, to 2.1 cases per million 
population [17].

In recent years, the epidemiology of mucormycosis has 
shown an alarming trend. Mucormycosis, formerly virtually 
always community-acquired and often in the setting of dia-
betic ketoacidosis (DKA), has rapidly become a nosocomial 
infection in patients with malignancy or undergoing organ 
transplantation or HSCT [18]. Indeed, in patients undergo-
ing allogeneic bone marrow transplantation, the prevalence 
of mucormycosis has been described to be as high as 2–3% 
[19, 20]. However, rates as low as 0.4% have also been 
reported [21].

 Epidemiology and Risk Factors

While in previous years poorly controlled diabetes mellitus 
was the most common risk factor, more recent series have 
found that in developed countries, immunocompromise 
caused by transplantation, prolonged corticosteroid courses, 
and neutropenia are collectively more common risk factors 
than diabetes mellitus [22–25]. However, in underdeveloped 
countries, diabetes mellitus remains the most common risk 
factor [26, 27].

At transplant centers, the incidence of mucormycosis 
has been rising since the late 1990s, although rates still 
remain low relative to other fungal infections [28, 29]. For 
example, at the Fred Hutchinson Cancer Research Center, 
Marr et  al. described a doubling in the number of cases 
from 1985–1989 to 1995–1999 [30]. Kontoyiannis et  al. 
described a greater than doubling in the incidence of 
mucormycosis in transplant patients over a similar time 
span [31]. Similarly, a single- center study from Belgium 
found a marked increase in probable or proven mucormy-
cosis (from 0.019 to 0.148 cases per 10,000 patient-days) 
between 2000 and 2009, driven mostly by changes between 
the years 2005 and 2009 [25]. The increase in cases in the 
latter study was most likely explained by an increase in the 
at-risk population, rather than other factors (e.g., changes 
in antifungal prophylaxis, etc.).

In patients undergoing hematological stem cell transplan-
tation, mucormycosis develops at least as commonly in non- 
neutropenic periods as in neutropenic periods. For example, 
more than half the cases of mucormycosis occur more than 

90  days after transplantation [19, 21, 30]. Nevertheless, 
mucormycosis remains relatively uncommon in the setting 
of solid organ transplantation (SOT). For example, in the 
recent, multicenter, TRANSNET study, the incidence of 
mucormycosis in recipients of solid organ transplants in the 
United States was less than 1 per 1000 (0.07%) at 1 year of 
follow-up [32], and mucormycosis accounted for only 2% of 
invasive fungal infections in this setting (versus >50% for 
invasive candidiasis and nearly 20% for invasive aspergillo-
sis) [33].

The major risk factors for mucormycosis in the transplant 
setting include underlying myelodysplastic syndrome (pos-
sibly due to iron overload from repeated blood transfusions) 
and graft-versus-host disease (GVHD) treated with steroids 
[19, 28, 30, 34, 35]. Administration of antithymocyte globu-
lin may also be a risk for mucormycosis [28]. Although less 
than half of these patients are neutropenic at the time of dis-
ease onset, prolonged neutropenia is a risk factor for mucor-
mycosis in this setting [36], as are diabetes mellitus and 
steroid use [36].

The possible role of antifungal prophylaxis in predispos-
ing patients to developing mucormycosis is increasingly 
being described, but remains uncertain. Prophylaxis with 
either itraconazole [36] or voriconazole [20, 29, 37–39] has 
been implicated in predisposing to mucormycosis, and these 
cases have typically presented with disseminated mucormy-
cosis, the most lethal form of disease. However, other studies 
have indicated that the primary factor driving increased cases 
is the increased population at risk, rather than exposure to 
specific prophylactic regimens [25].

Mucormycosis of the lung occurs most commonly in 
leukemic patients who are receiving chemotherapy or in 
patients undergoing HSCT.  Indeed, the pulmonary form 
of the disease is the most common form found in neutro-
penic or stem cell transplant patients [30, 40]. In contrast, 
soft tissue infections occur in patients with disrupted 
cutaneous barriers, either as a result of traumatic implan-
tation of soil, maceration of skin by a moist surface [41, 
42], or in nosocomial settings via direct access through 
intravenous catheters or subcutaneous injections [43–45]. 
Contaminated surgical dressings and linens have also 
been implicated as a source of outbreaks of cutaneous 
mucormycosis [46–49]. Cutaneous mucormycosis has 
also occurred in the context of contaminated tape used to 
secure an endotracheal tube in a ventilated patient [41]. 
Recently, an iatrogenic outbreak of gastric mucormycosis 
occurred due to contamination of the wooden applicators 
used to mix drugs that were poured down the patients’ 
nasogastric feeding tubes [50]. These patients presented 
with acute severe gastric bleeding. The diagnosis was 
established by demonstration of the pathogen in cultures 
of samples taken from gastric aspirates and the box of 
wooden tongue depressors.
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 Clinical Manifestations

In large studies, the median time to onset of mucormycosis 
after SOT has been reported to be 5–7 months [21, 32, 51], 
underscoring that the disease most commonly occurs after 
the immediate post-transplant period, often in association 
with corticosteroid therapy for GVHD.  Based on clinical 
presentation and the involvement of a particular anatomic 
site, mucormycosis can be divided into at least six clinical 
categories: (1) rhinocerebral, (2) pulmonary, (3) cutaneous, 
(4) gastrointestinal, (5) disseminated, and (6) miscellaneous 
[4, 22, 24, 27, 31, 51–53]. These categories of invasive 
mucormycosis tend to occur in patients with specific defects 
in host defense (Table  34.2). For example, patients with 

DKA typically develop the rhinocerebral form of the disease 
and much more rarely develop pulmonary or disseminated 
disease. In contrast, pulmonary mucormycosis occurs most 
commonly in leukemic patients who are receiving chemo-
therapy or in patients undergoing HSCT.

Rhinocerebral mucormycosis is the most common form 
of the disease generally, but is less common than lung dis-
ease in the transplant setting [33, 35]. Most rhinocerebral 
mucormycosis cases occur in patients with diabetes, although 
such cases are increasingly being described in the transplant 
setting, likely due to corticosteroid use. The initial symptoms 
of rhinocerebral mucormycosis are nonspecific and include 
eye or facial pain and facial numbness, followed by the onset 
of conjunctival suffusion, blurry vision, and soft tissue swell-
ing. Fever may be absent in up to half of cases, while white 
blood cell counts are typically elevated, as long as the patient 
has functioning bone marrow. If untreated, infection usually 
spreads from the ethmoid sinus to the orbit, resulting in loss 
of extraocular muscle function and proptosis, typically with 
chemosis. Onset of signs and symptoms in the contralateral 
eye, with resulting bilateral proptosis, chemosis, vision loss, 
and ophthalmoplegia, is an ominous sign that suggests the 
development of cavernous sinus thrombosis.

Upon visual inspection, the infected tissue may appear 
normal during the earliest stages of spread of the fungus. The 
infected tissue then progresses through an erythematous 
phase, with or without edema, before onset of a violaceous 
appearance, and finally the development of a black, necrotic 
eschar. Infection can sometimes extend from the sinuses into 
the mouth and produce painful, necrotic ulcerations of the 
hard palate, but this is a late finding and suggests extensive, 
well-established infection.

Pulmonary mucormycosis is the most common manifes-
tation in the setting of SOT [35], accounting for more than 
half of mucormycosis cases in some series [25, 33, 54]. 
Symptoms of pulmonary mucormycosis include dyspnea, 
cough, and chest pain; fever is often, but not invariably, pres-
ent. Fungal invasion of blood vessels results in thrombosis 
and subsequent tissue necrosis, cavitation, resulting in poten-
tially life-threatening hemoptysis. Lobar consolidation, iso-
lated masses, nodular disease, cavities, or wedge-shaped 
infarcts may be seen on chest radiography. High-resolution 
chest CT scan is the best method for determining the extent 
of pulmonary mucormycosis and may demonstrate evidence 
of infection before it is seen on the chest x-ray. In the setting 
of cancer, where mucormycosis may be difficult to differen-
tiate from aspergillosis, multiple pulmonary nodules (i.e., 
≥10), pleural effusion, or concomitant sinusitis makes 
mucormycosis more likely [55]. It is critical to distinguish 
mucormycosis from aspergillosis as rapidly as possible, as 
treatments for these infections differ. Indeed voriconazole, 
the first-line treatment for aspergillosis, exacerbates the 
severity of mucormycosis in mouse and fly models [56, 57].

Table 34.2 Risk factors and clinical manifestations of mucormycosis

Clinical risk factora Immune defect
Typical disease 
manifestation

Diabetes mellitusb Increased available iron
Increased expression of 
host receptor for 
Mucorales invasion 
[58]
Possible phagocytic 
defects

Rhino-orbital- 
cerebral

Neutropenia Disruption of 
predominant innate 
immune host defense 
mechanism against the 
fungus (phagocytic 
killing)

Pulmonary disease, 
occasionally 
disseminated

Corticosteroids Suppression of 
phagocytic defense 
mechanisms
Unmasking or inducing 
diabetes mellitus

Rhino-orbital- 
cerebral, 
pulmonary, or 
disseminated

Iron overload states 
and deferoxamine 
therapy during renal 
failure

Elaboration of free iron 
to enhance fungal 
growth

Disseminated or 
local

Injection drug use Bypassing anatomical 
barriers to directly 
access the bloodstream

Cerebral or 
disseminated

Trauma or cutaneous 
breakdown

Bypassing anatomical 
barrier

Subcutaneous or 
deeper to fascia and 
muscle

Severe malnutrition Unclear Gastrointestinal
aMultiple risk factors are often coexistent. For example, patients with 
malignancy or undergoing transplantation are often treated with corti-
costeroids which cause diabetes mellitus. Such patients are also often 
neutropenic and undergo multiple blood transfusions which can create 
iron overload and also have multiple areas of skin disruption (via cath-
eters, tape, etc.)
bContrary to historical teaching, the predominant mechanism by which 
diabetes mellitus predisposes to mucormycosis is not acidosis, since the 
majority of diabetic patients with mucormycosis do not present with 
acidosis. Diabetes disrupts normal iron sequestering mechanisms, and 
hyperglycemia upregulates expression of a host receptor used by 
Mucorales to penetrate into epithelia. Acidosis exacerbates the likeli-
hood of infection by further disrupting iron sequestration
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Cutaneous mucormycosis may occur as a result of exter-
nal implantation of the fungus or, conversely, as a result of 
hematogenous dissemination. External implantation infec-
tion has been described from soil exposure resulting from 
trauma (e.g., motor vehicle accident), penetrating injury with 
plant material (e.g., thorn), injections of medications (e.g., 
insulin), catheter insertion, contaminated surgical dressings, 
and use of tape to secure endotracheal tubes. Cutaneous dis-
ease can be very invasive, penetrating into the muscle, fascia, 
and even bone. Mucormycosis necrotizing fasciitis has a 
mortality rate approaching 80%. However, isolated cutane-
ous mucormycosis (i.e., not disseminated disease) has a 
favorable prognosis and a low mortality rate with prompt, 
aggressive surgical debridement. In contrast, necrotic cuta-
neous lesions in the setting of hematogenous dissemination 
are associated with an extremely high mortality rate.

Gastrointestinal mucormycosis has been seen in prema-
ture neonates in association with disseminated disease and 
necrotizing enterocolitis; more rarely, it has been described 
in adults with neutropenia or other immune-compromised 
states. It has also been described as a nosocomial process 
after administration to patients of medications mixed with 
contaminated wooden applicator sticks. Nonspecific abdom-
inal pain and distention associated with nausea and vomiting 
are the most common symptoms. Gastrointestinal bleeding is 
common, and fungating masses may be seen in the stomach 
at endoscopy. The disease may progress to visceral perfora-
tion, with extremely high mortality rates.

Hematogenous dissemination of mucormycosis may orig-
inate from any primary site of infection. For unclear reasons, 
patients receiving liver transplants are at higher risk for dis-
semination [51]. The most common site of dissemination is 
the brain, but metastatic lesions may also be found in any 
other organ. The mortality associated with dissemination to 
the brain approaches 100%. Even without central nervous 
system involvement, disseminated mucormycosis has a mor-
tality rate of >90%. Miscellaneous mucormycosis may affect 
any body site including the bones, mediastinum, trachea, 
kidneys, and peritoneum associated with dialysis.

 Diagnosis

A high index of suspicion is required to make the diagnosis 
of mucormycosis. The median time to diagnosis after onset 
of symptoms in the setting of SOT was 6 weeks in the retro-
spective study from France [24]. A concept that is frequently 
poorly grasped by clinicians inexperienced with mucormy-
cosis is that the initial imaging study is frequently negative 
or has subtle findings [52]. Radiographic findings are often 
not in pace with clinical progression of mucormycosis, and a 
negative imaging study result does not provide a rationale to 
delay a more aggressive diagnostic approach including tissue 

biopsy via sinus endoscopy or bronchoscopy in appropriate 
at-risk transplant recipients.

Disease manifestations of invasive aspergillosis and 
mucormycosis may be similar, and both diseases affect sim-
ilar populations of high-risk cancer or transplant patients. 
However, it is critical to determine if antifungal coverage 
for mucormycosis must be included, since therapy for mucor-
mycosis tends to be active against aspergillosis, but therapy 
for aspergillosis is not necessarily active against mucormyco-
sis (discussed below). In this regard, Chamilos et  al. per-
formed a retrospective comparison of cancer patients who 
developed pulmonary mucormycosis or pulmonary inva-
sive aspergillosis to determine if clinical or radiographic 
findings could distinguish the two diseases [55]. By logis-
tic regression analysis, cancer patients with concomitant 
invasive sinusitis were 25-fold more likely to have pulmo-
nary mucormycosis than aspergillosis, and patients receiv-
ing voriconazole prophylaxis were almost eightfold more 
likely to have mucormycosis. On the initial pulmonary CT 
scan, the presence of multiple nodules or pleural effusion 
imparted a 20-fold or fivefold increased risk of mucormyco-
sis compared to aspergillosis, respectively. No other clinical 
or radiographic findings could distinguish the two diseases, 
not even the so-called reverse halo-sign on chest CT scan. 
Galactomannan, particularly from bronchoalveolar lavage 
(BAL) in a patient with lung infection, appears to be able 
to distinguish invasive aspergillosis (positive galactoman-
nan) from mucormycosis (negative galactomannan) [59]. 
However, a recent case report of positive galactomannan in 
a patient with infection caused by Lichtheimia underscores 
that false-positive results may occur or the patient may have 
concurrent polymicrobial fungal disease [25, 60]. The true 
specificity of galactomannan in cases of potential mucormy-
cosis is not well defined.

Because the Mucorales are environmental isolates, estab-
lishing a definitive diagnosis requires a positive culture from 
a sterile site (e.g., needle aspirate, tissue biopsy specimen, or 
pleural fluid) or histopathological evidence of invasive 
mucormycosis. A probable diagnosis of mucormycosis can 
be established by culture from a non-sterile site (e.g., sputum 
or bronchoalveolar lavage) in a patient with appropriate risk 
factors and clinical and radiographic evidence of disease. 
However, given the urgency to administer therapy early, ther-
apy should be given while awaiting confirmation of the diag-
nosis from pending studies.

Biopsy with histopathology remains the most sensitive 
and specific modality to definitively establish the diagnosis 
(Fig. 34.1). The biopsy should demonstrate the characteristic- 
wide (e.g., ≥6–30 μm in diameter), thick-walled, ribbonlike, 
aseptate, hyphal elements that branch at right angles. Other 
fungi including Aspergillus, Fusarium, or Scedosporium spp. 
have septae, are thinner, and branch at acute angles. The 
width and ribbonlike form of the fungus is most reliable to 
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distinguish mucormycosis, since artificial septae may be 
apparent due to folding of the tissue during processing, which 
may also alter the appearance of the angle of branching. The 
Mucorales are visualized most effectively with periodic acid-
Schiff (PAS) or methenamine silver stain and, if the organism 
burden is high, with hematoxylin and eosin (H&E) stain 
(Fig.  34.1). While histopathology can identify Mucorales, 
species identification can only be made from positive cul-
tures. PCR is under investigation as a diagnostic tool and may 
be available at certain sites, but it is not yet approved by the 
US Food and Drug Administration as a diagnostic test for 
mucormycosis and is not generally available. A recent intrigu-
ing study suggested that immune-based assays may be avail-
able to detect mucormycosis in the future [61].

Unfortunately, cultures are positive in less than half of 
cases of mucormycosis. Nevertheless, the Mucorales are not 
fastidious organisms and tend to grow quickly (i.e., <48 h) 
on culture media. The likely explanation for the low sensitiv-
ity of culture is that the Mucorales form long filamentous 
structures that are killed by tissue homogenization, the stan-
dard method for preparing tissue cultures in the clinical 
microbiology laboratory. When processing tissues for cul-
ture, the microbiology laboratory should be advised that a 
diagnosis of mucormycosis is suspected and the tissue should 
be cut into sections which are placed in the center of culture 
dishes, rather than being homogenized.

Imaging techniques often have subtle findings which 
underestimate the extent of disease. For example, the most 
common finding on CT or MRI scanning of the head or 
sinuses in a patient with rhino-orbital mucormycosis is 
sinusitis which is indistinguishable from bacterial sinusitis 

[62]. It is also common to detect no abnormalities in sinus 
bones despite clinical evidence of progressive disease. MRIs 
are more sensitive than CT scans for detecting orbital and 
CNS involvement [62]. CT scans are useful for early detec-
tion of pulmonary mucormycosis, particularly in patients 
with cancer. By logistic regression, pulmonary mucormyco-
sis in patients with cancer could be distinguished from asper-
gillosis on the basis of sinusitis, presence of multiple (≥10) 
nodules by CT scan, and pleural effusion [55]. Endoscopy 
and/or surgical exploration with biopsy of the areas of sus-
pected infection should always be performed in high-risk 
patients. If mucormycosis is suspected, initial empiric ther-
apy with a polyene antifungal agent should begin while the 
diagnosis is being confirmed.

 Treatment of Mucormycosis

The successful treatment of mucormycosis requires four 
steps [52]: (1) early diagnosis; (2) reversal of underlying pre-
disposing risk factors, if possible; (3) surgical debridement 
where applicable; and (4) prompt antifungal therapy.

 Early Diagnosis

A recent study from Chamilos et al. quantified the benefit of 
early initiation of polyene antifungal therapy in the setting of 
hematologic malignancies [63]. They reported that if treat-
ment was initiated within 5 days of diagnosis of mucormyco-
sis, survival was markedly improved compared to initiation 

a b

Fig. 34.1 Histopathology sections of R. oryzae in infected brain. (a) 
H&E stain of the brain showing broad, ribbonlike, non-septate hyphae 
in parenchyma (arrows) and a thrombosed blood vessel with extensive 

intravascular hyphae (arrowhead). (b) Gomori methenamine silver 
(GMS) stain of the brain showing extensive broad, ribbonlike hyphae 
invading the parenchyma
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of polyene therapy at ≥6 days after diagnosis (83% vs. 49% 
survival). Hence establishing an early diagnosis of mucor-
mycosis is critical to enable early initiation of active antifun-
gal therapy. Given the overlap of clinical syndromes caused 
by mucormycosis and other pathogens or noninfectious syn-
dromes in the lung and other body sites, a high index of sus-
picion is required to enable an early diagnosis.

 Reversal of Underlying Disease

It is critical to reverse/prevent underlying defects in host 
defense when treating patients with mucormycosis. 
Immunosuppressive medications, particularly corticoste-
roids, should be dose reduced or stopped if at all possible. 
Aggressive management to rapidly restore euglycemia and 
normal acid-base status is critical in diabetics in ketoacido-
sis. Administration of iron should be avoided, as it exacer-
bates the severity of infection in animal models of 
mucormycosis [64–66]. For the same reason, it may be 
advisable to minimize blood transfusions [67], if feasible. 
Deferoxamine use should also be avoided due to its ability to 
exacerbate mucormycosis [64, 65, 68–70].

 Surgical Management

Blood vessel thrombosis and resulting tissue necrosis during 
mucormycosis can result in poor penetration of antifungal 
agents to the site of infection. Therefore, debridement of necrotic 
tissues may be critical for complete eradication of mucormyco-
sis. In a recent study, surgery was found to be an independent 
variable by logistic regression for favorable outcome in patients 
with mucormycosis [4]. Furthermore, in multiple case series, 
patients who did not undergo surgical debridement of mucor-
mycosis had a far higher mortality rate than patients who under-
went surgery [31, 34, 42, 71–76]. While there is potential 
selection bias in these case series, as patients who did not 
undergo surgery likely differed in disease severity or comorbidi-
ties from those who did, these data support the concept that sur-
gical debridement is necessary to optimize cure rates.

The extent and timing of surgical debridement neces-
sary to maximize outcomes of mucormycosis has never 
been defined. Data from a recent retrospective review of 
patients with rhino-orbital-cerebral mucormycosis [62] 
support the use of intraoperative frozen sections to delin-
eate the margins of infected tissues so that uninvolved tis-
sues can be spared from debridement. The use of calcofluor 
fluorescence microscopy has also been reported to increase 
the sensitivity of frozen sections for guiding the extent of 
surgical revision [77].

 Antifungal Therapy

 First-Line Monotherapy Options
In general, primary antifungal therapy for mucormycosis 
should be based on a polyene, if possible (Table 34.3). While 
amphotericin B deoxycholate (AmB) was the cornerstone of 
mucormycosis therapy for decades, lipid formulations of 
AmB are significantly less nephrotoxic and can be safely 
administered at higher doses for a longer period of time than 
AmB [62, 78]. Furthermore, treatment of mucormycosis 
with liposomal amphotericin B (LAmB) was associated with 
a 67% survival rate, compared to 39% survival rate when 
patients were treated with AmB (p  =  0.02) [79]. Multiple 
other, more recent case series also found initial therapy with 
LAmB to be substantially more effective than other options, 
particularly in transplant settings [51, 80, 81]. Therefore, 
most experts now prefer to use lipid polyenes rather than 
AmB for the treatment of mucormycosis. Indeed, lipid poly-
enes are recommended as first-line therapy in the recently 
released European treatment guidelines for this disease [82].

Available data indicate advantages of LAmB over ABLC 
for the treatment of central nervous system (CNS) mucormy-
cosis. For example, LAmB levels achieved in rabbit brain 
were fivefold above ABLC levels [83]. Furthermore, while 
similarly effective in neutropenic mice, LAmB was mark-
edly superior to ABLC in mice with induced diabetic keto-
acidosis (DKA) who were infected with R. oryzae, primarily 
due to superior clearance of fungus from the brain [84]. 
These animal studies are complemented by a recent, rela-
tively small retrospective case series, in which the outcomes 
of patients with rhino-orbital-cerebral mucormycosis were 
found to be worse when ABLC was used as initial therapy 
versus AmB or LAmB [62]. In contrast, a recent murine 
study found that ABLC achieved superior lung levels com-
pared to LAmB, resulting in superior clearance of fungus 
from the lungs [85]. When a higher dose of LAmB was used 
than that of ABLC, the efficacy was similar. No clinical stud-
ies are available yet to validate these intriguing murine data.

In the absence of definitive data on dose selection, 
5–7.5 mg/kg/day of lipid polyenes are reasonable for most 
cases of mucormycosis. A recent randomized study of 339 
patients with various mold infections found no clinical ben-
efit of LAmB dosed at 10  mg/kg/day versus 3  mg/kg/day 
[86]. However, there were only five total cases of mucormy-
cosis in the study, none of which involved the CNS. Given 
the low CNS penetration of polyenes, some experts prefer 
dose escalation to 10 mg/kg/day of LAmB for CNS mucor-
mycosis. Doses of LAmB higher than 10 mg/kg/day do not 
result in pharmacokinetic advantage [87].

Recently, a new triazole, isavuconazonium sulfate, was 
approved for the treatment of mucormycosis in the United 
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States (US) and for salvage treatment in Europe. Isavuconazole 
does have in  vitro activity against the Mucorales, but with 
MICs that are about fourfold higher than those of posaconazole 
(discussed below); however, blood levels achieved are more 
than fourfold above those of posaconazole [88–92]. The FDA 
approval as therapy of mucormycosis was based on the positive 
results of a 37-patient, open-label, single-armed study in which 
isavuconazole was used to treat patients with mucormycosis 
[93]. Outcomes were compared to a historical cohort treated 
with polyenes and were similar in the open-label isavuconazole 
cohort and the historical cohort. While these results provide 
reassurance that isavuconazole has merit as a therapeutic agent 
for mucormycosis, the study design cannot establish isavucon-
azole as a first-line option [94, 95]. The trial was small, under-
powered, and inherently subject to bias in the absence of an 
active control group [94]. Furthermore, most patients in the 
open-label study had been pretreated with lipid polyenes. Thus, 
isavuconazole may be best considered as a second-line option 
in patients intolerant of lipid polyenes, for salvage therapy or 
possibly for combination therapy (as discussed below).

Fluconazole, voriconazole, and itraconazole do not have 
reliable activity against mucormycosis [20, 29, 36–39, 96–
100]. The reported in vitro MIC90 of posaconazole against 
the Mucoromycotina has ranged from 1 to ≥4 μg/ml [96, 

101–104]. However, in patients with febrile neutropenia or 
invasive fungal infections, posaconazole oral solution dosed 
at 400 mg twice daily resulted in serum levels <1 μg/ml, with 
considerable variability [105–107]. These data raise con-
cerns about the reliability of achieving adequate in vivo lev-
els of posaconazole to treat mucormycosis. Furthermore, 
posaconazole is relatively ineffective for the treatment of 
mucormycosis in preclinical animal models [98, 108–110]. 
The efficacy of posaconazole as a treatment option is further 
called into question by reports of mucormycosis developing 
as a breakthrough infection while on posaconazole prophy-
laxis [111–113]. Thus, posaconazole cannot be recom-
mended as a first-line treatment for mucormycosis.

In contrast, Van Burik et  al. reported 60% response 
rates (45% partial response, 15% complete response) for 
salvage therapy in patients with mucormycosis who were 
refractory to or intolerant of polyenes [114]. Greenberg 
et al. reported similar results [115]. Hence, posaconazole 
is an option for salvage therapy for these infections. Given 
its variable absorption, therapeutic drug monitoring for 
posaconazole should be considered, although precise 
therapeutic or toxicity targets have not been defined [116, 
117]. Some experts have recommended serum levels of 
0.7 μg/ml [117].

Table 34.3 First-line antifungal options for mucormycosis

Drug Recommended dosage Advantages and supporting studies Disadvantages
Primary antifungal therapy
Liposomal amphotericin 
B (LAmB)

5–10 mg/kg/day Less nephrotoxic than AmB
Better CNS penetration than AmB and ABLC
Improved outcomes vs. AmB in murine models and a 
retrospective clinical review

Expensive

Amphotericin B lipid 
complex (ABLC)

5–7.5 mg/kg/day Less nephrotoxic than AmB
Murine and retrospective clinical data suggest benefit of 
combination therapy with echinocandins

Expensive
Possibly less efficacious 
than LAmB for CNS 
infection

Primary combination therapya

Caspofungin plus lipid 
polyene

70 mg IV load, then 
50 mg/day for ≥2 weeks
50 mg/m2 IV in children

Favorable toxicity profile
Synergistic in murine disseminated mucormycosis
Retrospective clinical data suggested superior outcomes 
with combination caspofungin-lipid polyene therapy for 
rhino-orbital-cerebral mucormycosis

Clinical data of 
combination therapy are 
very limited

Micafungin or 
anidulafungin plus lipid 
polyene

100 mg/day for ≥2 weeks
Micafungin 4 mg/kg/day in 
children
Micafungin 10 mg/kg/day 
in low-birth-weight infants
Anidulafungin 1.5 mg/kg/
day in children

Favorable toxicity profile
Synergistic with LAmB in murine model of disseminated 
mucormycosis

No clinical data

Primary therapy should generally include a lipid formulation polyene. Non-polyene-based regimens may be appropriate for patients who refuse 
polyene therapy or for patients with mild disease in relatively immune-competent hosts that can be surgically eradicated (e.g., isolated suprafascial 
cutaneous infection)
aProspective, randomized trials are necessary to confirm the suggestion of benefit of combination therapy from animal and small, retrospective 
human studies of mucormycosis. Also, dose escalation of any of the echinocandins is not recommended based on paradoxical loss of benefit of 
combination therapy at echinocandin doses ≥3 mg/kg/day
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 Combination Antifungal Therapy 
for Mucormycosis
Among patients with mucormycosis in the setting of hemato-
logic malignancies, a recent retrospective study used propen-
sity matching to assess if patients who received combination 
therapy had improved survival compared to those who received 
monotherapy [118]. Among 106 patients, 44% received mono-
therapy and 56% received combination therapy. By propensity 
matching, patients who received combination therapy did not 
have superior survival compared to patients who received 
monotherapy. These data cast some doubt on the role of com-
bination therapy in patients with hematologic malignancy. 
However, the study was retrospective, and various combina-
tion therapy regimens were evaluated, and so it is not possible 
to say if one combination regimen might be more favorable 
than others. Definitive answers regarding the role of combina-
tion therapy await prospective randomized trials.

Among combination regimens, the one with the most 
promising preclinical and retrospective data is lipid polyenes 
with echinocandins. It is now known that R. oryzae expresses 
the target enzyme for echinocandins [119]. In DKA mice 
infected with R. oryzae, combination caspofungin plus 
ABLC therapy markedly improved survival compared to 
either monotherapy or placebo [120]. Combination therapy 
with LAmB plus either micafungin or anidulafungin was 
also synergistic in either neutropenic or DKA mice with dis-
seminated mucormycosis [121].

In a recent retrospective review from two institutions, 
combination polyene-caspofungin therapy was associated 
with significantly improved outcomes in patients with rhino- 
orbital and rhino-orbital-cerebral mucormycosis compared 
to polyene monotherapy [62]. Most of the patients were dia-
betic, although there were patients with neutropenia or status 
post solid organ transplant in the series. In multivariate anal-
ysis, only combination therapy was significantly associated 
with superior outcomes (OR = 10.9 for success vs. mono-
therapy, p = 0.02).

Echinocandins have extremely favorable toxicity profiles. 
Furthermore, at an average hospitalization cost of ~$100,000 
per case of mucormycosis [122], addition of an echinocandin 
at ~$100 per day for 2–4 weeks would increase hospital costs 
by a small amount (i.e., < 3%). Thus, neither toxicity nor 
cost is a compelling reason to avoid combination polyene- 
echinocandin therapy for patients with mucormycosis. If 
used as combination therapy, echinocandins should be 
administered at standard doses—dose escalation is not rec-
ommended, due to paradoxical loss of efficacy during murine 
mucormycosis at doses ≥3  mg/kg/day [119, 121, 123]. A 
large-scale, definitive, phase III clinical trial is necessary to 
determine if combination lipid polyene-echinocandin ther-
apy is superior to monotherapy.

The central role of iron in pathogenesis of mucormycosis 
has been confirmed based on in vitro, in vivo animal models 
and retrospective human studies [64, 66, 70, 124, 125]. The 

requirement for iron acquisition for R. oryzae growth and 
pathogenesis suggested that abrogation of iron uptake could be 
an important therapeutic adjunct for mucormycosis infections. 
Unfortunately, despite promising preclinical [66, 70, 125] and 
observational clinical data in the setting of diabetes mellitus 
[126, 127], a recent randomized, double-blinded, placebo-con-
trolled trial found that patients treated with iron chelation ther-
apy plus LAmB had higher mortality rates than patients treated 
with LAmB plus placebo [128]. These data do not preclude an 
advantage of iron chelation therapy in the setting of diabetes 
mellitus since no patient enrolled had isolated diabetes mellitus 
as a risk factor [128], but they preclude routine use of adjunc-
tive iron chelation therapy in the setting of active malignancy.

There are few clinical data to address the role of combina-
tion azole-polyene therapy for mucormycosis. However, two 
recent preclinical studies evaluated the efficacy of posacon-
azole combination therapy during murine mucormycosis. In 
the first study, Rodriguez et al... found that combining posacon-
azole with AmB enhanced the survival of neutropenic mice 
infected with R. oryzae only when compared to a subtherapeu-
tic dose of AmB monotherapy (0.3 mg/kg/day) [109]. In con-
trast, combination therapy was of no advantage compared to 
AmB monotherapy at a standard dose (0.8  mg/kg/day). 
Similarly, we recently reported that combination posaconazole 
plus LAmB was of no benefit compared to monotherapy with 
LAmB alone in either neutropenic or DKA mice with mucor-
mycosis [110]. Based on available data, posaconazole does not 
have a clear role as adjunctive therapy in combination with 
lipid polyenes. Whether isavuconazole combinations with lipid 
polyenes are of advantage is not known.

Ben-Ami et  al. recently reported that the antibacterial 
agent, colistin, has activity against the Mucorales [129]. 
Colistin was cidal in vitro, although regrowth of the fungus 
occurred unless subinhibitory AmB was added for synergy. 
Colistin mechanism of action appeared to involve disruption 
of the cytoplasmic and intracellular vacuolar membrane 
integrity. The drug had limited activity as a prophylactic 
agent during inhalational challenge, but did not have sys-
temic therapeutic activity. Its potential role as a second agent 
in a combination regimen merits further study.

Proinflammatory cytokines, such as IFN-γ and GM-CSF, 
enhance the ability of granulocytes to damage the agents of 
mucormycosis [130]. Adjunctive immune therapy with 
recombinant G-CSF and GM-CSF, or with recombinant 
IFN-γ, has been used successfully in conjunction with lipid 
formulations of amphotericin B in the treatment of mucor-
mycosis [131–133]. Whether recombinant cytokines have a 
role in the primary treatment of mucormycosis in immuno-
compromised patients is not well defined.

G-CSF-mobilized granulocyte transfusions have been 
increasingly used for refractory mycoses, including mucor-
mycosis [134]. While the reported experience in the manage-
ment of mucormycosis with granulocyte transfusions is 
limited, such transfusion use may contain the infection and 
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be lifesaving in persistently neutropenic hosts with this 
infection. Finally, based on limited experimental and clinical 
data, hyperbaric oxygen therapy may be also useful in cen-
ters with the appropriate technical expertise and facilities, 
although the precise mechanism by which hyperbaric oxy-
gen would be effective is not well described [135].

 Salvage Therapy

Posaconazole and deferasirox are reasonable salvage options 
for patients with mucormycosis refractory to or intolerant of 
polyene or isavuconazole therapy. Substantially, more clini-
cal data are available for posaconazole in this setting [114, 
115]. Posaconazole appears to be quite safe despite dosing 
for months to years of administration [114, 115].

Deferasirox is cidal against Mucorales, killing the fungi by 
inducing iron starvation [66]. Deferasirox cannot be used by 
Mucorales as an iron siderophore as is deferoxamine, to which 
the fungi bind and from which they strip iron. This explains 
why deferasirox kills Mucorales while deferoxamine actually 
enhances growth [70]. There is limited experience with defer-
asirox as salvage therapy. However, in case series and case 
reports, its addition to patients progressing on previous ther-
apy has resulted in favorable outcomes without substantive 
toxicity [126, 127, 136]. Nevertheless, the majority of patients 
treated with deferasirox in these studies did not have active 
malignancy and had not undergone hematopoietic stem cell 
transplantation. If deferasirox is used as salvage, it should be 
limited to patients with diabetes mellitus or possibly steroid 
therapy in the setting of solid organ transplantation, and it 
should be used cautiously and with regular monitoring of renal 
and hepatic function. Administration at a dose of 20 mg/kg/
day for 2–4 weeks is reasonable for salvage therapy, since in 
preclinical studies of non-iron- overloaded primates, defera-
sirox toxicity increased beyond 4 weeks of therapy [137].

G-CSF-mobilized granulocyte transfusions may provide 
additional support for persistently neutropenic patients until 
recovery from neutropenia. Administration of GM-CSF or 
IFN-γ may further augment host response and antifungal 
effect in non-neutropenic patients with refractory infection. 
In a recent murine study, addition of GM-CSF to LAmB 
therapy, but not IFN-γ, improved the survival of mice with 
mucormycosis [138].
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Cryptococcus Infections in Transplant 
Recipients

Raymund R. Razonable and Pearlie P. Chong

 Introduction

Cryptococcus species are group of closely related basidio-
mycetous encapsulated yeasts. Distributed worldwide, there 
are over 50 species belonging to the genus Cryptococcus. 
However, only Cryptococcus neoformans (which includes C. 
neoformans var grubii and var neoformans) and Cryptococcus 
gattii (formerly known as C. neoformans var gattii) are well 
known pathogens causing human illness [1, 2]. There have 
been only few reports of human disease due to other mem-
bers, such as Cryptococcus albidus and Cryptococcus lau-
rentii, especially in immunocompromised hosts [3–5].

C. neoformans var. grubii and var. neoformans are present 
in soil, especially enriched with droppings of birds, includ-
ing pigeons and chickens [6]. These fungi have been cultured 
from roosting sites of pigeons and from rotting vegetation 
[7]. C. neoformans var grubii and var neoformans account 
for the large majority of human cryptococcosis in the United 
States and other temperate climates of the world [1]. On the 
other hand, C. gattii is endemic in tropical and subtropical 
regions of Africa and Australia, Southeast Asia, and Brazil. 
C. gattii has been cultured from eucalyptus (red gum) trees 
in Australia [8]. Recently, C. gattii has been reported in the 
Pacific Northwest of the United States and Canada, as a 
cause of an outbreak of human cryptococcosis [2, 9]. C. gat-
tii has been cultured from trees native in California and 
British Columbia [2, 9].

Cryptococcus species cause infections in immunocom-
petent and immunocompromised individuals. Most serious 
infections, however, occur in individuals with defective 
cell- mediated immunity, such as patients with acquired 
immunodeficiency syndrome (AIDS) and transplant recipi-
ents [10, 11]. C. neoformans causes most infections occur-
ring in immunocompromised hosts, while most infections 
due to C. gattii has been reported in immunocompetent 
hosts [9].

 Epidemiology of Cryptococcosis After 
Transplantation

Cryptococcosis is the third most common fungal infection 
after solid organ transplantation (SOT), following Candida 
and Aspergillus species. In a recent multicenter epidemio-
logic study, cryptococcosis accounts for 8% of all invasive 
fungal infections after SOT [12, 13]. However, the overall 
incidence of cryptococcal disease after SOT ranges from as 
low as 0.2% to as high as 5%, depending on the type of organ 
transplant and the duration of follow-up [12, 13]. In contrast 
to the SOT population, cryptococcal disease is rarely seen 
among hematopoietic stem cell transplant (HSCT) recipi-
ents. The TRANSNET database reported that cryptococcal 
disease occurred in 0% of the HSCT recipients, while it 
accounted for 8% of all invasive fungal infections in SOT 
recipients [13, 14]. This difference is probably due to the 
widespread use of Cryptococcus-active azole prophylaxis 
routinely given to the recipients of hematopoietic stem cell 
transplantation such as fluconazole for the prevention of 
invasive candidiasis or voriconazole and posaconazole for 
the prevention of invasive mold disease among high-risk 
transplant recipients [15].
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 Transmission and Patterns of Disease After 
Transplantation

Transmission of Cryptococcus sp. occurs through inhalation 
of the fungus, either in yeast form or as basidiophores, from 
an environmental source such as bird droppings or soil. 
Following inhalation, the fungus may remain localized in the 
lungs or it may disseminate hematogenously, with particular 
predilection to infect the central nervous system (CNS).

Three patterns of cryptococcal infection occur in trans-
plant recipients. First, it may result from the reactivation of 
subclinical (and latent) cryptococcus infection [16]. This 
pattern of infection was suggested in a study where pre- and 
post-transplant cryptococcal serology was evaluated with the 
risk of fungal disease [17]. Transplant recipients with detect-
able pretransplant serum cryptococcal antibodies had an ear-
lier onset of cryptococcal disease indication for the potential 
of reactivation of previously acquired infection [17]. The 
factors associated with reactivation of latent cryptococcal 
infection are not yet defined, although it may reflect an over-
all net state of immunosuppression and fungal burden. 
Second, de novo acquisition of cryptococcal infection may 
occur after transplantation, as a result of natural transmission 
via inhalation of the fungus [18, 19]. The majority of de novo 
cryptococcal disease occurs after the first year following 
transplantation, and the median time to the onset of crypto-
coccal disease ranges from 16 to 21  months [13, 20, 21]. 
Third, cryptococcus may rarely be acquired from the donor 
(i.e., donor-derived cryptococcus) [22–24]. Donor-derived 
cryptococcus infection manifests early, and the symptoms 
generally occur between 14 and 24 days after transplantation 
[22]. Hence, donor-derived cryptococcal disease should be 
considered in any transplant recipient with diagnosis within 
30  days after transplantation. Occurrence of donor- 
transmitted cryptococcal disease in one transplant recipient 
should alert surveillance and management of possible dis-
ease in the other organ recipients from the same donor. 
Occurrence of cryptococcal disease in multiple recipients 
from a single donor raises the suspicion for donor-derived 
infection. Donor-derived cryptococcal disease is however so 
infrequent that routine screening of donors for latent crypto-
coccal infection is not recommended [10].

 Risk Factors and Pathogenesis

Transplant candidates with liver cirrhosis and end-stage liver 
disease have impaired host defenses, including compromised 
cell-mediated immunity, phagocytic dysfunction, decreased 
antibody and immunoglobulins, and complement deficiency 
that may increase their risk of cryptococcosis [25]. Indeed, 
liver cirrhosis is a recognized risk factor for the development 
of cryptococcal disease [25]. Mortality in liver cirrhotic 

patients with cryptococcosis is high, and previous studies 
have reported this to range from 81% to 100% [26, 27]. 
Patients with pretransplant cryptococcal disease should be 
treated aggressively. Improvement of clinical signs and 
symptoms of cryptococcal disease, stable and improving 
cryptococcal antigen titers, and sterility of fungal cultures 
should be demonstrated before these patients are considered 
for organ transplantation.

The primary host defense against cryptococcal infec-
tions is cell-mediated immunity, of which T helper CD4+ 
cells play a central role [10, 11]. Impairment in cell-medi-
ated immunity may therefore predispose to cryptococcal 
disease. An over-immunosuppressed state is generally con-
sidered as a risk factor for cryptococcal disease. Use of 
lymphocyte- depleting drugs such as alemtuzumab and anti-
thymocyte globulin has been associated with cryptococco-
sis [28, 29]. Use of high doses of corticosteroids has also 
been suggested as a risk factor for cryptococcal infection 
[30, 31]. In contrast, use of calcineurin inhibitors appears 
to influence the clinical manifestation of cryptococcosis. 
For example, patients on tacrolimus or other calcineurin 
inhibitors were less likely to have disseminated cryptococ-
cal disease and more likely to present with disease local-
ized to the lungs or skin. Tacrolimus has anticryptococcal 
activity at temperatures of 37–39 °C but not at environmen-
tal temperatures. This property could account for the higher 
ratio of skin and soft tissue infections compared to CNS 
infections in patients receiving tacrolimus-based immuno-
suppressive regimens [32].

Cryptococcal disease is rarely encountered in HSCT 
recipients. In one review, there have only been nine HSCT 
patients identified in the literature [12]. In this small cohort, 
there were more autologous that allogeneic HSCT recipients 
with cryptococcal disease. The precise reasons for this obser-
vation are largely unknown. Prophylaxis with cryptococcus- 
active azoles may account for this difference, since it is given 
for longer periods of time in allogeneic HSCT recipients. In 
the same context, the routine use of antifungal prophylaxis in 
HSCT recipients may also account for the lower incidence of 
cryptococcosis in HSCT compared to SOT recipients. In our 
review of invasive fungal infections after lung transplanta-
tion, where prolonged universal azole prophylaxis is pro-
vided, no cases of cryptococcal disease was observed [15].

 Clinical Disease and Its Manifestations

Cryptococcus neoformans may affect any organ system, but 
it most commonly involves the lungs and CNS as shown in 
Table 35.1. Disseminated invasive disease is a very common 
presentation and was documented in up to 61% of SOT 
recipients with cryptococcal infection, especially liver recip-
ients [21]. Pulmonary disease is the most common organ 
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involved with cryptococcus infection in transplant recipients 
[33–35]. It may present as an asymptomatic infection that is 
detected incidentally on chest radiograph [33, 34] or as a 
severe pneumonia and respiratory failure [35]. Depending on 
the pulmonary syndrome, patients may present with fever, 
cough, sputum production, pleurisy, and weight loss. 
Radiographic findings vary depending on the syndrome and 
may include an isolated pulmonary nodule, nodular infil-
trates, consolidation, or pleural effusions [33–35].

Extra-pulmonary involvement is common in transplant 
patients with cryptococcosis, and the CNS is the most com-
mon extra-pulmonary site [20, 21, 36]. Accordingly, trans-
plant recipients with cryptococcal infection should undergo 
spinal fluid examination. Cryptococcal meningitis or menin-
goencephalitis is the most frequent CNS disease, and it may 
have an acute or subacute clinical presentation with head-
ache, fever, neck pain, nuchal rigidity, altered mental status, 
lethargy, coma, cranial nerve palsies, and memory loss. An 
isolated CNS parenchymal lesion is observed less fre-
quently. However, focal parenchymal mass lesions may be 
observed in neuroimaging studies of 10–25% of patients 
with cryptococcal meningitis. Findings consistent with 
meningeal enhancement, hydrocephalus, and cerebral 
edema may occur in 15%, 10%, and 3%, respectively [37]. 
CNS parenchymal lesion is reported to be a more common 
presentation of C. gattii compared to C. neoformans 
infection.

Skin and soft tissues is the third most common organ 
involved in cryptococcal disease. Eight percent of patients 

with cryptococcosis have skin, soft tissue, or osteoarticular 
involvement [21]. Cutaneous involvement is generally indic-
ative of a widely disseminated disease, and the skin was 
involved through hematogenous dissemination from a pri-
mary pulmonary focus. Rarely, primary cutaneous crypto-
coccosis may occur as a result of direct inoculation or 
exposure from the environment, and these skin lesions may 
serve as foci for hematogenous dissemination. The typical 
cryptococcal skin lesion is characterized as a papule or mac-
ulopapule with central umbilication (that is easily mistaken 
for molluscum contagiosum). However, cryptococcus may 
produce almost any type of skin lesion, including nodules, 
cellulitis, and ulcerations [38]. The diagnosis is confirmed by 
demonstrating the fungus on skin biopsy, either using histo-
pathology or fungal culture.

Other sites of the body may be involved in cryptococco-
sis, usually as part of a disseminated disease. Cryptococcal 
disease affecting the prostate gland, kidney, liver, tendons, 
bones, and joints has been observed [39]. Kidney and pros-
tatic involvement may be indicated by detection of crypto-
coccus in urine [40]. Systemic spread from the prostate may 
occur during urologic manipulation and with a longer dura-
tion of antifungal treatment in patients with prostatic involve-
ment since the organ may serve as a sanctuary site. Ocular 
cryptococcosis may also occur, although it is rare [41]. The 
two distinct clinical patterns of ocular cryptococcosis are 
rapid and slow visual loss. Rapid visual loss is due to optic 
neuritis resulting from the direct invasion of the optic nerve 
by C. neoformans. This illness is rapidly progressive, with a 
clinical course of as short as 12  h [42]. Slow visual loss 
occurs later, often during antifungal therapy, secondary to 
raised intracranial pressure. Endophthalmitis has also been 
reported in patients with disseminated cryptococcosis [43]. 
Cryptococcal peritonitis has been reported in patients under-
going peritoneal dialysis and those with underlying liver dis-
ease and cirrhosis [27, 44].

 Diagnosis of Cryptococcal Infection

Transplant recipients and candidates suspected to have cryp-
tococcal disease should undergo thorough clinical evaluation 
to confirm the diagnosis and to ascertain the extent of the 
disease. The evaluation may include blood and urine culture 
and antigen detection in clinical samples such as blood, 
respiratory secretions, tissues, and cerebrospinal fluid (CSF). 
Lumbar puncture to detect cryptococcal meningitis should 
be performed in all patients with documented cryptococco-
sis. The opening pressure should be obtained (to evaluate for 
hydrocephalus) and the CSF should be evaluated for pleocy-
tosis (white cell count), protein, glucose, and microbiology 
including cryptococcal antigen [10]. Imaging studies such as 
brain CT or MRI may be performed to determine the pres-

Table 35.1 Clinical manifestations of cryptococcosis

Respiratory Nodules
Infiltrates (lobar, interstitial)
Cavitation
Effusions/empyema
Adenopathy (mediastinal, hilar)
Acute respiratory distress syndrome
Pneumothorax
Endobronchial lesions

Neurologic Meningitis
Encephalitis
Cryptococcoma (more common with C. gattii 
infection)
Hydrocephalus
Spinal cord granuloma

Cutaneous Nodules (classically with central umbilication)
Vesicles
Plaques
Purpura
Ulcers
Cellulitis

Other 
organs

Musculoskeletal (arthritis, myositis, osteomyelitis)
Ocular (keratitis, chorioretinitis, endophthalmitis)
Genitourinary (prostatitis, renal abscess)
Gastrointestinal (hepatitis, peritonitis, mucosal ulcers)
Cardiovascular (endocarditis, cryptococcemia)
Lymph (lymphadenopathy)
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ence of mass lesions or hydrocephalus [10]. MRI is more 
sensitive that CT scan in detecting cerebral cryptococcomas, 
which may be present in up to 33% of patients with CNS 
disease [10]. Biopsy of affected tissues such as the prostate 
or kidney should be performed if feasible when cryptococcus 
infection is suspected in these sites [10].

Several methods are available for the diagnosis of crypto-
coccal infection. Isolation of the fungi for culture of clinical 
specimens is considered the gold standard for diagnosis of 
cryptococcal infection. Cryptococcus species grows easily, 
usually within 3–7 days on most bacterial and fungal culture 
media. Colonies of C. neoformans usually appear within 
48–72 h after plating a specimen on routine laboratory agar 
media. Macroscopically, they appear as white- to cream- 
colored opaque colonies which usually become mucoid in 
appearance with prolonged incubation.

Detection of cryptococcal antigen in the serum and CSF, 
using either latex agglutination or enzyme immunoassay 
method, is an accurate and rapidly available method for the 
detection of cryptococcal infection. The sensitivity and speci-
ficity with either method is more than 90% [45]. In a review of 
SOT recipients, the serum cryptococcal antigen had a sensitiv-
ity of 88–98% in patients with cryptococcosis, while the CSF 
cryptococcal antigen has a sensitivity of 98–100% in patients 
with cryptococcal meningitis [46]. The mean titers have ranged 
from 1:2 to 1:512 [46]. The sensitivity of cryptococcal antigen 
testing over culture (33–39%) has been demonstrated [46], and 
several studies reporting cases of cryptococcal meningitis in 
which CSF cryptococcal antigen is detected before CSF culture 
is positive [20, 21, 47]. Cryptococcal antigen is also more sen-
sitive compared to India Ink preparation (50–80%) in the diag-
nosis of cryptococcal meningitis [46]. Cryptococcal antigen 
testing relies on the detection of capsular polysaccharide anti-
gens from Cryptococcus species, which allows for its detection 
in lower fungal burden states and earlier in the course of the 
infection. Serum cryptococcal antigen may be negative in cases 
of isolated pulmonary cryptococcosis [47]. However, a positive 
serum cryptococcal antigen should trigger evaluation for extra-
pulmonary disease, including the CNS. In patients at high risk 
for dissemination, such as transplant recipients, a lumbar punc-
ture should be performed even if neurologic symptoms are 
absent. Early spread to the CNS may be asymptomatic and be 
manifested only by a positive CSF fungal culture or cryptococ-
cal antigen. Indeed, CSF cryptococcal antigen may be useful in 
detecting early CNS cryptococcal disease, before there is suf-
ficient fungal burden to result in a positive fungal culture.

Measurement of cryptococcal antigen titers carries prog-
nostic information. A high initial cryptococcal titer indicates 
high fungal burden, disseminated disease, poor host immu-
nity, and higher likelihood of treatment failure [20, 21, 47]. In 
one review, the serum cryptococcal antigen titer was higher in 
patients with symptomatic pulmonary cryptococcosis com-
pared to those with asymptomatic or incidentally detected 
cases (1:128 versus 1:32) [35]. Notably, the titers are usually 

lower in patients with C. gattii compared to C. neoformans 
infections [2]. Cryptococcal antigen titers are also generally 
useful in following antifungal treatment responses. However, 
this may not be as reliable as fungal culture in differentiating 
clinical disease progression due to treatment failure versus 
immune reconstitution inflammatory syndrome (IRIS) [10, 
48]. A rising cryptococcal antigen titer is generally indicative 
of clinical progression, while it is stable or decreasing antigen 
levels in patients with IRIS, although this is not generally the 
case (see below). Other fungal antigen tests such as serum 
galactomannan or the (1- > 3) ß-D-glucan tests are not reli-
able for the detection of cryptococcus and should not be used 
for diagnosis of and monitoring cryptococcosis.

Several stains are used to identify cryptococcus in biopsy 
samples and other clinical specimens. Traditionally, India 
ink preparation was used as a readily available tool for the 
rapid diagnosis of cryptococcal infection. Cryptococcus spe-
cies are yeasts, measuring 5–10 μm in diameter, that contain 
a polysaccharide capsule that appears as clear halo or space 
in specimens treated with India ink stain. The sensitivity of 
India ink preparation is only in the 50% in patients with 
cryptococcal meningitis in the non-AIDS population [49]. 
Alcian blue stains are also used and may provide better spec-
ificity for cryptococcus infection. Mucicarmine staining will 
stain the cryptococcal capsule to rose or burgundy color [49]. 
Gram stain usually shows poorly stained Gram-positive 
yeast, while Gomori methenamine silver (GMS) fungal stain 
may demonstrate the narrow-based budding oval yeast of 
cryptococcus in tissue specimens [49].

 Treatment of Cryptococcal Disease 
in Transplant Recipients

Treatment of cryptococcal disease in transplant recipients 
entails the use of antifungal drugs and reduction in pharmaco-
logic immunosuppression. The antifungal drugs that are rec-
ommended for the treatment of cryptococcal disease in 
transplant recipients are amphotericin B products, preferably 
lipid formulations, flucytosine, and fluconazole (Table 35.2) 
[10, 50]. Voriconazole, itraconazole, and posaconazole are 
also active against cryptococcus, but they offer no additional 
benefit compared to fluconazole and have higher potential for 
drug-drug interactions, especially drugs used for prevention 
of graft rejection and prevention and treatment of GVDH [5, 
43]. The basis of the treatment recommendations in transplant 
recipients is extrapolated from retrospective studies in SOT 
recipients and from clinical trials performed in patients with 
AIDS [10, 50]. There are no randomized, prospective clinical 
treatment trials in transplant recipients with cryptococcosis.

Antifungal susceptibility testing is not generally recom-
mended in cryptococcosis, unless there is persistent infection 
and relapsed infection or the infection is due to C. gattii, 
which may sometimes be associated with high minimum 
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inhibitory concentration to fluconazole [51–53]. In vitro 
resistance to amphotericin B and fluconazole among crypto-
coccal isolates is very uncommon [53].

With the exception of mild-to-moderate pulmonary 
cryptococcosis, all other cryptococcal diseases in trans-
plant recipients should be treated using induction therapy 
with fungicidal liposomal amphotericin B (3–4 mg/kg per 
day) or amphotericin B lipid complex (5  mg/kg per day) 
and flucytosine (100 mg/kg per day) for a total of 14 days 
(Table 35.2) [10, 50]. This combination therapy should be 
used to treat patients with CNS disease, disseminated dis-
ease, or severe respiratory disease. Lipid formulations of 
amphotericin B are preferred over amphotericin B deoxy-
cholate, as it confers survival benefit and is less nephro-
toxic, especially in transplant patients who are already 
receiving several nephrotoxic medications [54]. Mortality 
at 90  days is lower in SOT patients with cryptococcosis 
treated with lipid formulation compared to the deoxycho-
late formulation of amphotericin B [54]. Flucytosine is an 
essential component of induction therapy. The lack of flu-
cytosine use and its use for <14 days have been associated 
with treatment failure at 2 weeks and 90 days, respectively 
[55, 56].

The 2-week induction phase with amphotericin B plus 
flucytosine should be followed by a consolidation phase 
using oral fluconazole (400–800  mg per day) for 8  weeks 
and finally maintenance therapy phase using oral fluconazole 
(200–400 mg per day) for at least 6–12 months [10, 50]. The 
duration of antifungal treatment may be prolonged as guided 
by serial serum cryptococcal antigen monitoring [50]. 

Transplant clinicians generally continue treatment for a 
duration that exceeds the time of positive cryptococcal anti-
gen in the blood.

Patients with isolated (localized) mild-to-moderate pul-
monary disease have lower fungal burden and may be treated 
upfront with fluconazole (400 mg per day) for 6–12 months. 
The duration of treatment may be prolonged until the serum 
cryptococcal antigen is negative [10]. Prior to embarking on 
this treatment regimen, disseminated cryptococcal disease 
should be excluded with a lumbar puncture and culture of the 
blood and urine [10].

Monitoring of drug levels during antifungal therapy may 
be needed to avoid drug-associated toxicities. Flucytosine is 
a common cause of bone marrow suppression, especially in 
the setting of renal impairment. Therefore, routine monitor-
ing of flucytosine levels is recommended, with the goal of 
2-h postdose level being 30–80  μg/mL.  The potential for 
drug-drug interaction should be considered when flucon-
azole is used, since azoles are potent inhibitors of CYP 3A4, 
which decreases hepatic metabolism of calcineurin inhibi-
tors, thereby resulting in supratherapeutic levels of tacroli-
mus and cyclosporine. Voriconazole, itraconazole, and 
posaconazole have greater potential for drug-drug interac-
tions compared to fluconazole and do not offer additional 
benefit compared to fluconazole [5].

Cryptococcal meningitis causes significant inflammation 
with the development of a film that prevents the absorption 
of the CSF, and this may result in the elevation of the intra-
cranial pressure. Patients with cryptococcal meningitis 
should therefore have routine measurement of the intracra-
nial pressure during lumbar puncture. Patients with initial 
opening pressure >25 mmHg should have therapeutic lumbar 
punctures to reduce the intracranial pressure to <20 mmHg 
[10]. If the intracranial pressure remains high, either a 
lumbo-peritoneal or an external ventricular drain can be 
placed as a bridge to eventual ventriculoperitoneal shunt 
placement. Uncontrolled and prolonged raised intracranial 
pressure from cryptococcal meningitis may lead to hydro-
cephalus, blindness, and death [57].

Cautious reduction in immunosuppression is another com-
ponent of therapy that is essential in the successful manage-
ment of cryptococcal disease. However, there should be gradual 
reduction of net immunosuppression during antifungal therapy, 
since drastic reduction has been associated with organ rejection 
for SOT recipients, worsening of graft- versus- host disease in 
HSCT recipients, and development of IRIS [10].

 Cryptococcal Immune Reconstitution 
Inflammatory Syndrome

Cryptococcal IRIS may occur in some patients treated for 
cryptococcal disease, especially if there is an abrupt restora-
tion of host immunity. IRIS is characterized clinically by 

Table 35.2 Treatment of cryptococcosis in transplant recipients

Therapy Drug and dose Duration
Asymptomatic 
pulmonary disease

Fluconazole, 400 mg per 
day

6–12 months

Mild to moderate 
isolated pulmonary 
disease

Fluconazole, 400 mg per 
day

6–12 months

All other cases, 
including CNS disease, 
severe pulmonary 
disease, and 
disseminated disease
Induction therapy
  (a) Preferred therapy Liposomal amphotericin B, 

3–4 mg/kg per day; or 
amphotericin B lipid 
complex, 5 mg/kg per day, 
plus flucytosine, 100 mg/
kg per day

Minimum of 
2 weeks

  (b) Alternative 
therapy

Liposomal amphotericin B, 
3–4 mg/kg per day, or 
amphotericin B lipid 
complex, 5 mg/kg per day

Minimum of 
4–6 weeks

Consolidation therapy Fluconazole, 400–800 mg 
per day

8 weeks

Maintenance therapy Fluconazole, 200–400 mg 
per day

6–12 months
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exacerbation of the signs and symptoms, and it has been mis-
taken as treatment failure or clinical relapse [37]. The inci-
dence of cryptococcus-associated IRIS in SOT recipients is 
estimated to be 5–10% [58]. The pathogenesis of 
cryptococcus- associated IRIS represents an intricate rela-
tionship between the fungus, immunosuppressive agent, and 
the type of host inflammatory immune response. Experimental 
studies have shown that C. neoformans has immunomodula-
tory characteristics and preferentially inhibits Th1 while 
inducing Th2 responses. Immunosuppressive agents used to 
maintain graft function such as tacrolimus, cyclosporine, and 
corticosteroids suppress the production of cytokines stimu-
lated by Th1 cells to a varying degree. Withdrawal of these 
agents, especially tacrolimus, may lead to an increase in pro-
inflammatory cytokines and subsequent development of 
IRIS.

Cryptococcus-associated IRIS often presents clinically 
between 4 and 6 weeks upon initiation of antifungal ther-
apy [58]. Risk factors include potent baseline immunosup-
pression and disseminated cryptococcal disease. In one 
study, the risk of IRIS was higher in patients receiving tri-
ple immunosuppressive regimen [59]. Clinical manifesta-
tion is highly variable, and this may include exacerbation 
of hydrocephalus, aseptic meningitis, cerebral mass lesions, 
pulmonary nodules, cellulitis, and lymphadenitis [37]. The 
clinical manifestation may be so severe that it may cause 
significant morbidity. There are currently no laboratory 
markers or clinical criteria that can reliably distinguish 
IRIS from worsening cryptococcosis. However, IRIS may 
be considered if there is (1) new or worsening appearance 
of clinical manifestations, (2) symptoms occurred during 
receipt of appropriate antifungal therapy and could not be 
explained by a newly acquired infection, and (3) negative 
results of cultures for C. neoformans during the diagnostic 
workup for the inflammatory process [48]. An increase in 
serum cryptococcal antigen titer and/or visualization of 
cryptococcus in histopathology specimens are not strictly 
indicative of treatment failure, as both have been described 
in SOT recipients with crypto- associated IRIS [58]. 
Maintaining a high index of clinical suspicion for IRIS is 
crucial to avoid unnecessary adjustments and changes in 
antifungal therapy. Ultimately, the key feature that distin-
guishes cryptococcal IRIS from treatment failure is the per-
sistently negative fungal cultures with IRIS.

The management of cryptococcal-associated IRIS in 
transplant recipients is similar to that in nontransplant 
patient population and is symptom centric. If symptoms 
are minor, they usually resolve spontaneously within a few 
weeks. Corticosteroids (e.g., prednisone 0.5–1  mg/kg) 
may be considered for more severe manifestations of pul-
monary and other sites, especially if the CNS involved. If 
used, the corticosteroids are generally tapered over 
6–8 weeks [10].

 Prognosis of Cryptococcal Disease 
in Transplant Recipients

The overall mortality rates in SOT recipients with cryptococ-
cosis is about 14% [21], although other studies have reported 
as high as 33–42% [20]. In HSCT recipients, the assessment 
of outcomes is limited due to a small number of reported 
cases. Long-term outcomes were only reported in four of nine 
HSCT patients; two were alive and two had died at the end of 
the follow-up, suggesting a mortality rate of 50% [12].

The mortality rate varies according to extent of organ 
involvement; it may be as high as 49% in patients with CNS 
involvement, while it can be as low as 2.8% in isolated pul-
monary cryptococcal disease [20]. Risk factors for higher 
mortality are altered mental status, absence of headache, and 
liver and renal failure [47]. For CNS disease, patients with 
brain parenchymal lesions had a mortality rate of 50%, while 
those with leptomeningeal lesions had a mortality rate of 
12.5% [37, 60]. Serum and CSF cryptococcal antigen titers 
have not been found to correlate with outcomes. Patients on 
calcineurin inhibitors appear to be at lower risk of death [61].

 Conclusions

Cryptococcosis is the third most common invasive fungal 
infection in SOT recipients, whereas seldom seen in HSCT 
recipients. Most infections in transplant recipients are due to 
C. neoformans. Pulmonary disease is the most common clin-
ical presentation, although extrapulmonary disease such as 
CNS infection is a well-recognized extrapulmonary compli-
cation of cryptococcosis. Diagnosis can be confirmed with 
the use of culture and antigen testing. Depending on disease 
severity and extent of infection, treatment consists of lipid 
formulations of amphotericin B, flucytosine, and flucon-
azole. Reduction in immunosuppression should also be con-
sidered as an important component of infection management. 
This, however, should be approached with some caution due 
to the concern for the potential risk of cryptococcus- 
associated IRIS.
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 Introduction

Endemic mycoses are a diverse group of fungal infections 
that can cause disease in both healthy and immunocompro-
mised individuals. Histoplasmosis, coccidioidomycosis, and 
blastomycosis are the three major endemic mycoses encoun-
tered in North America. Paracoccidioidomycosis is endemic 
in South America and penicilliosis in Southeast Asia. 
Sporotrichosis, typically a lymphocutaneous infection, can 
disseminate in the immunocompromised host. Endemic 
fungi occur naturally in the environment in specific geo-
graphic areas and are thermally dimorphic; they exist as 
molds at ambient temperature and as yeasts or spherules in 
the case of coccidioidomycosis, at body temperature.

Among transplant recipients, endemic mycoses are less 
commonly encountered compared to infection caused by 
opportunistic fungi. Based on data from the Transplant- 
Associated Infection Surveillance Network (TRANSNET), 
1208 invasive fungal infections occurred among 1063 solid 
organ transplant (SOT) recipients in 15 US centers for the 
period 2001–2006 [1]. Of those, 18.8% were caused by 
Aspergillus spp. and 5.3% by endemic fungi. Among hema-
topoietic stem cell transplant (HSCT) recipients, endemic 
mycoses are less common. Based on the TRANSNET data-
base, 983 invasive fungal infections occurred among 875 
HSCT recipients in 22 centers [2]. Of those, 43% were 

caused by Aspergillus spp. and only 0.6% by endemic fungi. 
Because each endemic fungal infection is unusual outside of 
a specific geographic area, a careful travel and residence his-
tory should be obtained, preferably at the time of pretrans-
plant evaluation. Otherwise, the diagnosis may be missed 
and appropriate treatment may be delayed or not given.

 Histoplasmosis

Histoplasma capsulatum is the causative agent of histoplasmo-
sis. There are two varieties causing human disease: var. capsu-
latum and var. duboisii. These vary in their geographic 
distribution. In the mold phase, septate hyphae produce micro-
conidia and macroconidia. Tuberculated macroconidia with 
their thick wall and radial, fingerlike projections are used for 
identification of the organism in culture. Budding yeast cells of 
Histoplasma are small (2–4 μm), narrow, and ovoid in shape.

 Epidemiology

Soil contaminated with bird droppings or excrements of bats 
is the common natural habitat. The disease is endemic in the 
Mississippi and Ohio River valleys, Central America, the 
Caribbean, several countries in South America, and parts of 
Southeast Asia and Africa. H. duboisii is the cause of African 
histoplasmosis. Histoplasmosis is the most common endemic 
mycosis among transplant recipients in North America. This 
may be explained by the large geographic area that harbors 
the mold. However, even in endemic areas, the incidence is 
low and has been estimated to be 1 case per 1000 transplant- 
person- years [3]. In 586 patients undergoing solid organ or 
allogeneic bone marrow transplantation in Indianapolis, a 
hyperendemic area, none of them developed histoplasmosis 
after a mean follow-up period exceeding 16 months [4]. On 
the other hand, during two large outbreaks that occurred in 
Indianapolis between 1978 and 1981, rates of 2.1% were 
reported among allograft recipients [5].
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 Pathogenesis

Cell-mediated immunity provides the primary host defense 
against H. capsulatum, explaining the severity of disease in 
transplant recipients who receive potent T-cell immunosup-
pressants. Following transplantation, histoplasmosis is pre-
dominantly acquired from the environment via inhalation of 
molds. As the organism remains in tissue for prolonged peri-
ods following infection, it has been proposed that disease can 
occur following endogenous reactivation. However, there is 
no clear evidence supporting this mechanism of disease 
acquisition. In a study of autopsy specimens, Histoplasma 
could not be grown from calcified pulmonary granulomas in 
which yeast cells were seen and granulomas failed to cause 
histoplasmosis when injected into mice [6]. Rather than 
reactivation, conversion of latent infection-acquired pre-
transplant into symptomatic disease is a plausible mecha-
nism of posttransplant histoplasmosis. Far less commonly, 
infection may be derived from the allograft if the disease 
went unrecognized in the donor [7].

 Clinical Manifestations

Respiratory disease presents with fever, chills, cough, and 
dyspnea, which can progress to severe hypoxemia. Imaging 
usually reveals miliary or diffuse reticulonodular infiltrates. 
Mediastinal and hilar adenopathy is rarely seen in immuno-
suppressed patients. Disseminated disease is more likely to 
develop in the immunocompromised host. Besides fever and 
chills, manifestations include malaise, anorexia, and weight 
loss. Hepatomegaly and splenomegaly are common physical 
findings. Gastrointestinal manifestations include painful, 
nonhealing mucosal ulcers, abdominal pain, and diarrhea. 
Cutaneous manifestations include erythematous macules, 
necrotic or hyperkeratotic papules, and nodules. Central ner-
vous system (CNS) involvement occurs in 5–10%, present-
ing as chronic meningitis or focal brain lesions. Patients with 
severe infection may present with shock, respiratory failure, 
or disseminated intravascular coagulation. Laboratory abnor-
malities include pancytopenia due to bone marrow involve-
ment and elevated liver enzymes, particularly alkaline 
phosphatase. Symptom onset may range from months to 
years after transplantation [3, 8]. If the donor has unrecog-
nized active histoplasmosis at the time of transplantation, 
disease in the recipient typically manifests within months 
after transplantation [7].

Among transplant recipients an immune reconstitution 
inflammatory syndrome (IRIS) has been described, mainly 
in association with cryptococcal infection [9]. Patients pres-
ent with new or worsening clinical or radiographic manifes-
tations or an inflammatory mass while receiving appropriate 
antifungal therapy [10]. Culture results are negative and bio-

marker levels are stable or decreasing. For histoplasmosis, 
the syndrome has been described among patients with AIDS 
initiating antiretroviral treatment and patients discontinuing 
tumor necrosis factor-α blocker therapy. Among transplant 
recipients, IRIS associated with histoplasmosis could occur 
after reduction in potent immunosuppressive therapy.

 Diagnosis

Diagnosis is established by growing the organism from 
respiratory secretions, blood, other body fluids, or biopsy tis-
sue. Typically culture methods require up to 4  weeks for 
growth and hence do not provide a rapid diagnosis. The yield 
from blood cultures is enhanced by using the lysis- 
centrifugation system (Isolator tube system) [11]. Automated 
blood culture systems have a lower yield and take a longer 
time to show growth. Cutaneous, oral, or gastrointestinal 
lesions may also be sources for isolation of the fungus. 
Detection of yeast cells on tissue biopsy allows for rapid 
identification. Periodic acid-Schiff stain or methenamine sil-
ver stain should be used in biopsy specimens. Appropriate 
tissues include lung, mucocutaneous lesions, liver, and bone 
marrow. For direct detection from respiratory specimens, 
calcofluor white staining can be used. This binds with chitin 
and allows for detection of fungi using fluorescent micros-
copy. Potassium hydroxide is added to hasten clearing of vis-
cous specimens. Yeast cells may also be detected using 
Wright’s stain in peripheral blood smears within polymor-
phonuclear cells and/or monocytes.

The Histoplasma enzyme-linked immunoassay (EIA) can 
detect the cell wall polysaccharide antigen in serum, urine, 
bronchoalveolar lavage (BAL) fluid, or cerebrospinal fluid 
(CSF), and has become a useful diagnostic tool, especially in 
immunosuppressed patients who may not be able to mount 
an immunologic response. Results are available within 
1–2 days after collection of the specimen allowing for rapid 
diagnosis. To increase the yield of the assay, both serum and 
urine should be tested in suspected cases. Repeated testing is 
recommended in patients with suspected disease progres-
sion, if initial results are negative. In a multicenter study, 
antigenuria was present in 91.8% of 158 patients with dis-
seminated disease and 96.3% of patients who had undergone 
solid organ transplantation [12]. Urine antigen was detected 
more often and at higher levels in immunosuppressed 
patients and those with severe disease.

Cross-reactivity in the Histoplasma antigen assay can 
occur in infections due to other endemic fungi, such as 
Paracoccidioides brasiliensis, Penicillium marneffei, 
Blastomyces dermatitidis [13], and Coccidioides immitis 
[14]. Of note, Histoplasma and Blastomyces antigens are 
immunologically identical. In patients with disseminated 
histoplasmosis, false-positive reactions with the Aspergillus 
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galactomannan assay have been reported [15]. There have 
been no reports of false-positive Histoplasma antigen in the 
serum of patients with invasive aspergillosis, but 8.3% of 
BAL fluid specimens positive for Aspergillus galactoman-
nan were positive for low levels of Histoplasma antigen 
(below the limit of quantification) [16]. Patients with histo-
plasmosis may have a positive beta-D-glucan assay [17]. 
Hence, Histoplasma antigen should be determined in 
patients with positive results for Aspergillus galactomannan 
or beta-D- glucan assays if they have a relevant epidemio-
logic history.

Antibody detection by means of immunodiffusion (ID) or 
complement fixation (CF) is a useful diagnostic tool. In the 
ID test, results are reported as M or H precipitin bands. Most 
patients will develop an M band. The H band is seen in less 
than 20% of patients, mainly in those with disseminated 
infection, chronic cavitary pulmonary histoplasmosis, or 
more severe acute pulmonary histoplasmosis. The M band 
becomes positive sooner than the H band and persists longer 
[18]. The CF test uses antigen from the yeast and mycelial 
forms. Titers of 1:32 or higher are highly suggestive of active 
infection. With the currently used immunosuppressive regi-
mens, antibody is detected in only 18–33% of infected SOT 

recipients [3, 12]. Antibodies may persist for several years 
following recovery and may not indicate active disease. 
Furthermore, cross-reactions are possible in patients with 
other endemic mycoses.

Molecular detection methods are not standardized and 
their role remains limited. Using two nested PCR assays, H. 
capsulatum was detected in 20/29 (68.9%) formalin-fixed, 
paraffin-embedded tissue specimens [19]. Using a real-time 
PCR assay, the organism was directly detected in 11/15 
(73.3%) clinical specimens, but in only 2 of 6 (33.3%) speci-
mens of BAL fluid [20]. Finally, PCR is less sensitive than 
Histoplasma antigen. PCR was positive in urine in 7.8% 
[21], BAL fluid in two of nine (22.2%), serum in none of ten, 
and CSF in none of ten patients with positive Histoplasma 
antigen in the respective body fluids [22].

 Treatment

The Infectious Disease Society of America (IDSA) has pub-
lished guidelines for the treatment of histoplasmosis [23]. 
Antifungal agents are presented in Table 36.1. Treatment should 
be initiated with a lipid formulation of amphotericin B. 

Table 36.1 Antifungal agents used for the treatment of endemic mycoses

Antifungal agent Dosage and duration of treatment Comment
Liposomal AmB 3 mg/kg/d for 1–2 weeks

For CNS disease: 5 mg/kg/day for 4–6 weeks
Dose adjustment not needed for renal dysfunction

Lipid formulations are preferred in transplant 
recipients due to the lower risk of nephrotoxicity
After a favorable clinical response to AmB, 
treatment can be transitioned to an oral azoleAmB lipid 

complex
5 mg/kg/day for 1–2 weeks
Dose may be adjusted for acute renal dysfunction

AmB deoxycholate 0.7–1 mg/kg/day
If renal dysfunction, one may need to reduce dose or take the dose 
every other day to reduce risk of further nephrotoxicity

Itraconazole 
capsule or oral 
solution

Loading dose 200 mg po q8h for the first 3 days, followed by 200 mg 
po q12h thereafter
Higher doses may be used based on serum concentrations
Dose unchanged for Clcr > 10 mL/min
Clcr ≤ 10 mL/min: 50% of normal dose
Prophylaxis: 200 mg/day

Preferred agent for histoplasmosis and 
blastomycosis
Administer capsule with food or acidic beverage
Target serum concentration (random): 1–10 μg/
mL (combined itraconazole and hydroxy-
itraconazole) by HPLC or 3–10 μg/mL by 
bioassay

Fluconazole 200–800 mg po daily
Consider loading with 2× maintenance dose
Clcr 50–80 mL/min: Dose unchanged
Clcr 10–49 mL/min: Usual load and then 50% of normal dose
Clcr < 10 mL/min: Usual load and then 25% of normal dose

Preferred agent for central nervous system 
coccidioidomycosis
Drug-level monitoring is typically not required

Voriconazole ≥40 kg: 200 mg po q12h (increase to 300 mg q12h if inadequate 
response)
<40 kg: 100 mg po q12h (increase to 150 mg q12h if inadequate 
response)
Dose unchanged for renal dysfunction

Drug-level monitoring recommended, target 
trough concentration: 1–5 μg/mL

Posaconazole 600–800 mg po daily in 2–4 divided doses
Dose unchanged for renal dysfunction
Prophylaxis: 200 mg three times daily

Obtain with fatty meal
Drug-level monitoring recommended, target 
trough concentration: 0.5–1.5 μg/mL

Echinocandins Not indicated for endemic mycoses Their role in combination with other antifungals 
against endemic mycoses has not been established

AmB amphotericin B, Clcr creatinine clearance, HPLC high-performance liquid chromatography
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In a randomized controlled trial, the liposomal formulation 
was more effective and less nephrotoxic than amphotericin B 
deoxycholate in patients with AIDS [24]. In a recent case 
series of posttransplant histoplasmosis, 94% of patients 
treated with amphotericin B had a favorable response [3, 8]. 
Nephrotoxicity remains a problem even in patients treated 
with the lipid formulations.

After intravenous therapy, transition to an azole antifun-
gal can be made if the patient is afebrile, clinically stable, 
and able to take oral medications. Itraconazole is the treat-
ment of choice and is available in capsule form and as oral 
solution. Capsules require food and an acidic gastric pH for 
solubilization. Absorption can be increased by concurrent 
ingestion of cola or cranberry juice and is impaired by drugs 
that interfere with gastric acidification (such as proton pump 
inhibitors). The oral solution has better bioavailability but is 
more commonly associated with gastrointestinal upset. 
Serum concentrations should be measured after achieving 
steady-state levels (typically after the second week of ther-
apy). Because of the long half-life of itraconazole, serum 
samples may be obtained independent of the drug adminis-
tration time. Concentrations are determined by high- 
performance liquid chromatography (HPLC) or bioassay. 
Combined drug concentrations (parent drug and hydroxy- 
itraconazole metabolite) as determined by HPLC of at least 1 
mcg/mL and lower than 10 mcg/mL are recommended. 
Concentrations determined by bioassay vary among different 
laboratories and are higher than the concentrations deter-
mined by HPLC. Concentrations of at least 3 mcg/mL deter-
mined by bioassay are recommended. Serum concentration 
should be measured after starting treatment and repeated if 
initial values are low, if the dose is modified, and if there is 
concern about compliance, absorption, or relapse. Of note, 
itraconazole may increase the levels of cyclosporine, tacroli-
mus, and sirolimus. Monitoring immunosuppressant concen-
trations is recommended.

Fluconazole is a second-line agent and should be used 
only in patients who cannot tolerate itraconazole or are 
unable to achieve therapeutic concentrations. Voriconazole 
and posaconazole are active in vitro and have been studied in 
a few patients intolerant of or who have failed other therapies 
[25, 26]. Their effectiveness in comparison to itraconazole is 
unknown. Of note, Histoplasma may develop resistance to 
fluconazole and voriconazole during therapy [27]. 
Echinocandins are not active and should not be used [28, 29].

Most patients respond quickly to appropriate antifungal 
therapy. High mortality rates may be related to delays in 
timely disease recognition. Antigenemia declines during the 
first month of treatment, followed by a decline in antigen-
uria [8, 30]. Monitoring antigen concentration is useful in 
assessing response to treatment and diagnosing relapse. 
Antifungal treatment is recommended for at least 12 months, 
but may not be required for life. The safety of discontinua-

tion of life- long suppressive therapy has been demonstrated 
in patients with AIDS.  In patients who have responded to 
antiretroviral treatment with an increase in their CD4 count 
above 150 cells/mm3, and have no clinical or laboratory 
signs of histoplasmosis, itraconazole therapy can be safely 
stopped [31]. The safety of treatment discontinuation has 
not been established in transplant recipients, but feasibility 
has been reported [8]. Decisions should be based on 
appraisal of the net state of immunosuppression in individ-
ual patients.

 Prevention

Transplant recipients should be informed about activities 
that carry a high risk of acquiring histoplasmosis. These 
include excavation, demolition, or remodeling of old build-
ings, cleaning debris from attics or barns, shoveling bird or 
bat manure, cutting or burning wood, tearing down struc-
tures on which birds and bats may have roosted, and spe-
lunking [32].

Candidates for transplantation who reside or have trav-
eled to areas endemic for histoplasmosis should be carefully 
evaluated for a history of pneumonia or systemic illness 
characterized by fever and weight loss. Radiographic abnor-
malities consistent with histoplasmosis form the basis for 
further testing. If the clinical and laboratory findings indicate 
active disease during the 2 years preceding transplantation, 
itraconazole treatment for a few months before transplanta-
tion, if feasible, and 6–12 months following transplantation 
should be considered. Studies in SOT and HSCT recipients 
have shown that pretransplant recipient serologies or radio-
graphic findings of prior infection (such as pulmonary nod-
ules or calcified mediastinal lymph nodes) are not associated 
with posttransplant histoplasmosis [4, 33]. As such, routine 
pretransplant screening in the absence of history of active 
disease is not recommended.

Potential living donors should be evaluated before organ 
donation. If there is prior history of histoplasmosis, undiag-
nosed pneumonia in the last 2 years, clinical or radiographic 
findings suggestive of disease, further testing should be per-
formed. The presence of an H band, CF titers of 1:32 or 
higher, antigenuria, or antigenemia suggest active infection. 
M bands and CF titers of 1:8 to 1:16 may represent active or 
inactive infection. In the presence of active disease, the donor 
should be treated for 3–6  months before organ donation. 
Antifungal therapy and close monitoring for 1 year follow-
ing transplantation should be considered in the recipient. For 
deceased or living donors, organs should be inspected for the 
presence of granulomas at the time of procurement 
(Fig. 36.1). Suspicious lesions should be examined by histo-
pathology and fungal culture. Additionally, antigen and anti-
body testing of the donor should be performed. If cultures or 
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antigen tests are positive, the recipient should be treated for 
12 months. If cultures and antigen tests are negative but anti-
bodies are detected, a 3–6-month course of itraconazole is 
recommended.

 Coccidioidomycosis

The genus Coccidioides contains two species, C. immitis and 
C. posadasii. These are morphologically identical but geneti-
cally and epidemiologically distinct. Hyphae and arthroco-
nidia are produced at ambient temperature. Hyphae are 
hyaline, septate, and thin. Arthroconidia are thick-walled and 
barrel-shaped. At body temperature, large, round, thick- 
walled spherules (10–80 μm in diameter) filled with endo-
spores (2–5 μm in diameter) are observed.

 Epidemiology

Coccidioides is found in soil particularly at warm and dry 
areas with low rainfall, mild winters, and high summer tem-
peratures. It is endemic in the desert Southwestern United 
States (mainly southern Arizona and Central California), 
Northern Mexico, and certain areas in Central and South 
America. C. immitis is the predominant species in California. 
C. posadasii is mainly found in the remainder of the endemic 
areas. Infection is common as the organism is easily dis-
persed by desert winds. Skin test positivity rates of 30% 
were reported in a study conducted between 1977 and 
1979 in Tucson [34]. The rate of reported coccidioidomyco-
sis in Arizona has increased from 21 cases per 100,000 popu-
lation in 1997 to 91 cases per 100,000 in 2006 [35]. Besides 

mandatory reporting, this increase in incidence may be 
explained by climatic changes.

From 1970 to 1979, coccidioidomycosis occurred in 
6.9% of renal transplant recipients residing in Arizona [36]. 
After 1999, the overall infection rate among transplant 
recipients was 1.5% (1.3% in renal, 2.1% in allogeneic bone 
marrow, and 2.5% in liver transplant recipients), which is 
similar to the estimated rate among all residents of the 
endemic area [37]. Among 37 liver transplant recipients 
who received their allograft at an area of low endemicity 
and moved to an endemic area, only one (2.7%) developed 
coccidioidomycosis within at least 1 year of follow-up [38]. 
Disease has also been reported in transplant recipients who 
visited endemic areas [39, 40], but the actual risk is 
unknown.

 Pathogenesis

Infection is acquired by inhalation of the spores (arthroco-
nidia) that transform into spherules within the airways. The 
rupture of mature spherules releases endospores, which can 
settle in the lung parenchyma or spread via blood circulation. 
Disease progresses as each endospore forms a new spherule. 
In the normal host, disease is usually self-limited and results 
in long-lived immunity, which protects from a second infec-
tion. For unclear reasons, individuals of Filipino or African 
ancestry have a higher risk of developing disseminated dis-
ease. Patients with impaired cell-mediated immunity, such as 
transplant recipients, are also at increased risk for dissemina-
tion. Disease may occur after primary infection and reactiva-
tion or may be transmitted from the donor.

 Clinical Manifestations

In the normal host, disease is usually asymptomatic or mani-
fests as a mild respiratory illness. In the immunocompro-
mised host, pulmonary disease presents with high fever, 
cough, dyspnea, and hypoxemia. Skin rash may be accompa-
nied by muscle and joint pain. Disease may progress to ful-
minant respiratory failure. Typical radiographic findings 
include diffuse reticulonodular infiltrates. Cavitary lesions 
may be seen. Some patients may present with fatigue, 
anorexia, and weight loss. The most frequently involved 
extrapulmonary sites are the skin, osteoarticular structures, 
and meninges. Skin lesions include papules, pustules, or 
nodules that commonly ulcerate. Meningeal involvement 
results in headache, cranial nerve palsies, and signs of 
increased intracranial pressure. Hydrocephalus may occur, 
especially in children. The most feared complication is CNS 
vasculitis leading to cerebral ischemia, infarction, and 
hemorrhage.

Fig. 36.1 Donor liver biopsy demonstrating scattered non-necrotizing 
granulomas (hematoxylin and eosin stain, ×200). No yeast cells were 
detected. The recipient developed disseminated histoplasmosis 1 month 
posttransplant
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In the transplant recipient, disease can occur at any time 
but is more common during the first year after transplanta-
tion [41]. Donor-derived disease has been reported within 
the first posttransplant month in patients not receiving anti-
fungals, as the disease was not recognized in the donor [42–
44]. Donor-transmitted infection has also been manifested 
after antifungals were discontinued [45].

 Diagnosis

Diagnosis is established by growing the organism from spu-
tum, BAL fluid, blood and other body fluids, or biopsy tis-
sue. Coccidioides usually grows on routine laboratory media 
within 7  days. When coccidioidomycosis is suspected, the 
clinician should alert the microbiology laboratory since the 
organism is highly contagious. In respiratory specimens, 
spherules can be detected using calcofluor white staining. 
Spherules can be detected in tissue biopsy using hematoxy-
lin and eosin or special stains such as methenamine silver. 
Notably, spherules do not take up Gram stain.

Anti-coccidioidal antibody titers, although specific, may 
take several weeks or months to rise after the onset of illness, 
especially in patients with impaired immunity. Moreover, in 
immunosuppressed patients with disseminated disease, sero-
logic tests may remain negative. ID methods for both IgM and 
IgG antibodies are commonly used. Available assays are quali-
tative and quantitative [46]. A positive qualitative test should be 
confirmed with CF or quantitative ID. Tube precipitin- type anti-
bodies, considered to be IgM, develop relatively early during 
infection (within the first 3 weeks of symptoms). Complement-
fixing antibodies, considered to be IgG, are typically detected 
later in the course of the disease. Antibody detection in CSF is 
useful in diagnosing meningitis. Finally, an EIA for IgM and 
IgG antibodies is highly sensitive, but less specific than ID [47]. 
Combining the results of serologic tests can increase the diag-
nostic yield. Among 62 immunosuppressed patients with coc-
cidioidomycosis, 84% were seropositive using all methods [48].

For moderate to severe disease, detection of urine 
Coccidioides antigen by means of an EIA was found to have 
a sensitivity of 70.8% [49]. Cross-reactions with other 
endemic mycoses can occur. The role of molecular methods 
has not been established. A real-time PCR assay has been 
validated in clinical specimens [50] and is offered in refer-
ence laboratories. The assay demonstrated a sensitivity of 
75% and specificity of 99% compared with culture of respi-
ratory specimens [51].

 Treatment

The Infectious Diseases Society of America has published 
treatment guidelines [52]. Clinicians who practice in the 

Southwestern United States are familiar with this disease. 
Seeking advice from a specialist with experience in treating 
coccidioidomycosis may be of benefit. All transplant recip-
ients should receive antifungal treatment (Table 36.1). The 
choice of intravenous versus oral therapy depends on the 
degree of respiratory compromise or rate of disease pro-
gression. The use of amphotericin B is favored in more 
severe disease. Lipid formulations are preferred due to the 
lower risk of nephrotoxicity, even though these agents have 
not been specifically studied for coccidioidomycosis in 
clinical trials. After a favorable clinical response, treatment 
can be transitioned to an oral azole. In a randomized trial of 
oral itraconazole (200 mg twice daily) versus oral flucon-
azole (400  mg daily) for the treatment of nonmeningeal 
progressive coccidioidomycosis, there was a trend toward 
greater efficacy with itraconazole at 12  months [53]. 
Regarding fluconazole use, higher doses (800 mg daily) are 
preferred and are generally well tolerated. Even for wide-
spread disease, there is no evidence that combination treat-
ment with amphotericin B and an azole is superior to 
treatment with a single agent. There are anecdotal reports 
of successful use of voriconazole for the treatment of coc-
cidioidomycosis [54–56]. In small series, posaconazole has 
been used for refractory disease [57–59]. Overall, experi-
ence with the newer triazoles is limited in transplant recipi-
ents. Echinocandins should not be used. Patients should 
receive antifungal treatment for at least 1  year. Lifelong 
azole prophylaxis to prevent disease relapse should be 
considered.

For meningeal disease, the treatment of choice is flucon-
azole. Currently, most experts treat with daily doses of 
800 mg or higher. In clinical trials, the dose used was 400 mg 
per day [60]. Some experts combine azole treatment with a 
lipid formulation of amphotericin B on the basis of the belief 
that responses are more prompt with this approach. In a 
small series of patients with refractory disease, itraconazole 
therapy was also found effective [61]. Patients who respond 
to azole therapy should continue this treatment indefinitely 
[62]. Hydrocephalus, a complication which frequently 
requires shunt decompression, does not per se indicate the 
need for alternative antifungal treatment.

Clinical and laboratory follow-up at frequent intervals to 
assess treatment response is advised. Fluconazole has high 
oral bioavailability and predictable pharmacokinetics; hence, 
serum drug concentrations are rarely obtained. If itracon-
azole is used, concentrations of at least 1 μg/mL by HPLC 
(combined itraconazole and hydroxy-itraconazole) and 3 μg/
mL by bioassay are recommended. If serology was positive 
at diagnosis, response to treatment should be monitored 
using quantitative ID or CF assays. Coccidioidomycosis can 
be fatal, especially in transplant recipients who are at risk for 
dissemination. As the number of infected recipients is small, 
mortality rates have varied widely. In a single-center retro-
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spective study (1999–2007), mortality was 13% (2/15) 
among liver transplant recipients [41]. In a literature review 
(1966–2002), mortality was 55% (18/33) among renal trans-
plant recipients [63].

 Prevention

Exposure to dust is an established risk factor for coccidioido-
mycosis. Activities related to disturbance of the soil, such as 
agricultural work, appear to be associated with development 
of disease, and transplant recipients should be informed 
about the risk. However, exposure to contaminated dust can-
not be totally prevented in areas of endemicity.

For the transplant candidate diagnosed with active dis-
ease, transplantation should be postponed until clinical 
manifestations and radiographic abnormalities have resolved 
with antifungal treatment. Ideally, CF titer should decrease 
to 1:2 or less before considering transplantation. If there is 
evidence of active disease at the time of transplantation, 
antifungals should be continued lifelong. There is no clear 
consensus about the optimal posttransplant prophylactic 
strategy for recipients residing in an endemic area who do 
not have a history of active disease. Some experts recom-
mend universal prophylaxis for all patients in endemic areas 
while others base it on evidence for active disease including 
seropositivity. Evidence is not available to determine if pro-
phylaxis prevents posttransplant coccidioidomycosis. At the 
Mayo Clinic in Arizona, targeted antifungal prophylaxis 
was administered to those with a history of coccidioidomy-
cosis or positive serologic studies at the time of transplanta-
tion. Using this approach, de novo coccidioidomycosis 
developed in 3% of liver transplant recipients who did not 
meet the criteria for targeted prophylaxis [41]. More than 
half of the cases occurred in the first posttransplant year. 
The authors currently recommend universal antifungal pro-
phylaxis for 6–12  months for those residing in endemic 
areas.

Potential living donors with a history of travel to or resi-
dence in an endemic area should be evaluated for active or 
past infection. Serologic studies (EIA, CF, and ID), cultures 
of respiratory secretions, and chest imaging should be 
obtained. If there is evidence of active infection, the donor is 
not suitable for organ procurement. Lung transplant recipi-
ents from a seropositive donor require long-term antifungal 
prophylaxis due to the high likelihood of a quiescent granu-
loma in the lung parenchyma. For deceased or living donors, 
organs should be inspected for the presence of granulomas at 
the time of procurement. Suspicious lesions should be exam-
ined by histopathology and fungal culture. Serologic studies 
should also be obtained. If there is evidence of active disease 
in the donor, fluconazole should be administered indefinitely 
in the recipient.

 Blastomycosis

Blastomycosis is a pyogranulomatous systemic mycosis 
caused by Blastomyces dermatitidis. In the mold phase, nar-
row branching septate hyphae bear small conidia on a short 
stalk. The yeast cell (8–15  μm in diameter) has a doubly 
refractile thick wall and produces a characteristic single, 
broad-based daughter bud. Two serotypes have been identi-
fied based on the presence of the A-antigen.

 Epidemiology

The organism exists in warm, moist soil enriched by organic 
debris including decaying vegetation and wood. Endemic 
areas include the Southern, Central, and Midwestern United 
States, especially areas around the Great Lakes and the Ohio 
and Mississippi River valleys. It also occurs in Canadian 
provinces that border the Great Lakes and St. Lawrence 
River. Outside North America, blastomycosis is most com-
mon in Africa (typically A-antigen negative strains). Fewer 
cases have been reported from Central and South America 
and Western Europe. Blastomycosis is commonly associated 
with recreational or occupational activities that take place 
around rivers or lakes. In endemic areas, disease commonly 
occurs in dogs. Owning an infected pet may provide a useful 
diagnostic clue, as the dog and its owner may inhale conidia 
from the same source. Disease transmission to humans fol-
lowing dog bites has been reported [64]. The disease is rarely 
reported after solid organ transplantation. In two retrospec-
tive studies, the cumulative incidence was 0.13% (1996–
2008) [65] and 0.14% (1986–2004) [66], respectively. Newly 
acquired infection typically occurs long after transplantation 
when patients resume their normal activities.

 Pathogenesis

As with other endemic mycoses, the disease occurs after inha-
lation of conidia from the environment. The lungs are the pri-
mary site of involvement. Hematogenous spread can cause 
focal manifestations at a distant site or disseminated infection. 
Patients with defective cell-mediated immunity are at highest 
risk for severe disease. In transplant recipients, blastomycosis 
may result from conversion of latent infection- acquired pre-
transplant into symptomatic disease. Donor- derived infections 
have not been reported but could potentially occur.

 Clinical Manifestations

In the normal host, pulmonary disease typically presents 
with a non-specific flu-like syndrome. In the immunocom-
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promised host, multilobar disease is more common and 
may progress to adult respiratory distress syndrome 
(ARDS) which is associated with high mortality. 
Extrapulmonary manifestations usually involve the skin, 
osteoarticular structures, or the genitourinary system. The 
disease presents with pustular, nodular, or ulcerative skin 
lesions. The typical verrucous cutaneous lesions of blasto-
mycosis are not seen in immunosuppressed patients. 
Osteomyelitis may occur contiguously to or separately 
from cutaneous lesions. Prostate infection presents with 
dysuria, perineal pain, or obstructive symptoms. CNS 
infection typically presents with lymphocytic meningitis. 
Other manifestations include epidural abscess and intra-
cranial mass lesions [67].

 Diagnosis

Blastomyces grows within 2–5 weeks on most culture media 
at room temperature. The fungus is isolated from respiratory 
secretions in most cases of pulmonary infection [68]. Direct 
specimen examination allows for rapid diagnosis. 
Respiratory specimens should be treated with potassium 
hydroxide or calcofluor white or stained with Papanicolaou 
stain. Similarly, exudate from cutaneous or subcutaneous 
lesions should be examined by wet prep or special stain. 
Direct CSF examination typically does not reveal the organ-
ism in cases of meningitis. Diagnosis can be established by 
detection of yeast cells consistent with Blastomyces in pul-
monary or extrapulmonary tissue specimens. These may be 
difficult to identify with routine hematoxylin and eosin 
stains. Special stains, such as methenamine silver or peri-
odic acid-Schiff, should be used. The presence of pyo-
granulomas on biopsy should raise the suspicion for 
blastomycosis.

Serologic testing includes techniques for detection of 
antibody to the A-antigen. CF and ID methods lack both 
sensitivity and specificity. EIAs have shown improved sen-
sitivity, but there are insufficient clinical data to recommend 
their use as a routine diagnostic tool [69, 70]. Detection of 
the cell wall polysaccharide antigen by means of an EIA is 
available. Antigen can be detected in urine, serum, and other 
body fluids. The sensitivity of the quantitative urine antigen 
assay is 90% [71–73]. Antigen concentrations are highest in 
patients with ARDS.  Specificity is 99% in patients with 
nonfungal infections and healthy subjects. The assay shows 
cross- reactivity with other fungi, particularly H. capsula-
tum, which is endemic in the same areas as Blastomyces. 
Similar to Histoplasma antigen, levels decline with success-
ful treatment and increase with disease relapse.

Molecular methods are not widely available and have not 
been studied extensively. In a real-time PCR assay, detection 
directly from clinical specimens (mainly respiratory secre-

tions and pleural fluid) demonstrated a sensitivity of 86% 
and a specificity of 99% [20]. The assay provides a rapid 
method for the detection of B. dermatitidis. Molecular meth-
ods may prove useful in detecting the organism from 
formalin- fixed paraffin-embedded tissue [74].

 Treatment

The Infectious Diseases Society of America has published 
guidelines for the treatment of blastomycosis [75]. All immu-
nocompromised patients should be treated. For moderately 
severe to severe pulmonary or disseminated disease, treat-
ment should be started with amphotericin B.  In transplant 
recipients, lipid formulations of the drug are preferred due to 
the lower risk of nephrotoxicity. Treatment can be transi-
tioned to oral itraconazole after clinical improvement. In 
immunosuppressed patients, antifungal therapy is recom-
mended for at least 12 months. Indefinite treatment may be 
needed in patients who remain on immunosuppressive agents 
or those who experience relapse. For CNS disease, a lipid 
formulation of amphotericin B should be administered for 
4–6 weeks followed by an oral azole. Itraconazole is the pre-
ferred azole [76]. Fluconazole (400–800  mg daily) is an 
alternative agent [77, 78]. The newer triazoles are active 
in vitro. The successful use of voriconazole [65, 79, 80] and 
posaconazole [81] has been reported in small series or case 
reports. As with other endemic mycoses, echinocandins are 
not active. Large abscesses should be drained and devitalized 
tissue should be debrided in the setting of extensive osteo-
myelitis. Surgical resection of residual pulmonary cavities is 
not indicated. In the two published case series, overall mor-
tality among transplant recipients was approximately 36% 
[65, 66], reaching 67% (4/6) in SOT recipients with ARDS.

 Prevention

Transplant recipients should be educated about the risk asso-
ciated with recreational or occupational activities along 
waterways in areas of endemicity. Due to the rarity of dis-
ease in transplant recipients, the role of pretransplant screen-
ing and posttransplant antifungal prophylaxis to prevent 
blastomycosis has not been defined. In the absence of robust 
data, an approach similar to the one followed for histoplas-
mosis seems reasonable.

 Other Endemic Mycoses

Paracoccidioidomycosis is a systemic fungal infection 
caused by Paracoccidioides brasiliensis. The organism 
is endemic in areas of Central and Latin America. 

P. Vergidis et al.



607

Most cases have been reported from Brazil, particularly 
among individuals involved in agricultural activities [82]. 
The lungs are the primary site of involvement but disease 
can disseminate. Ulcerated painful mucocutaneous lesions 
are characteristic. Radiographically, diffuse alveolar and 
interstitial pulmonary infiltrates are seen in acute disease. 
Paracoccidioidomycosis has been described in single case 
reports among kidney transplant recipients [83–85]. The 
organism may be visualized in direct specimens or 
biopsy tissue. Antibody and antigen detection are useful 
tools in diagnosing disease and following treatment 
response [86, 87]. Sulfonamides, amphotericin B, and 
itraconazole are active against Paracoccidioides. The 
rarity of the infection among transplant recipients may 
be explained by the routine prophylactic use of 
trimethoprim-sulfamethoxazole.

Penicilliosis is caused by Penicillium marneffei, a 
dimorphic fungus endemic in most countries in Southeast 
Asia, Southern China, Taiwan, and Northeast India. 
Patients may present with pulmonary involvement, dif-
fuse lymphadenopathy, hepatomegaly, and splenomegaly. 
Skin lesion characteristics of the disease are found on the 
face, upper trunk, and extremities. Papules may have a 
necrotic center which gives an umbilicated appearance. 
The disease has been well described in HIV-infected indi-
viduals. Cases of penicilliosis have been reported in renal 
transplant recipients [88–90]. As with HIV-infected 
patients, disease has been reported in a transplant recipi-
ent after a brief visit to an endemic area [91]. Diagnosis is 
established by culture and histopathology. Standard treat-
ment involves a formulation of amphotericin B followed 
by azole therapy.

Sporothrix schenckii is a dimorphic fungus with world-
wide distribution. Most commonly, infection presents 
with ulcerated, verrucous, or erythematous skin nodules 
which can spread locally via the lymphatic route. 
Pulmonary involvement, systemic dissemination, and 
meningeal involvement may occur in the immunocompro-
mised host. Lymphocutaneous infection results from 
inoculation of the organism into the skin and subcutane-
ous tissues. Pulmonary disease is acquired via inhalation 
of arthroconidia. Activities such as landscaping, garden-
ing, or farming have been associated with sporotrichosis. 
Recurrent systemic disease [92] and urinary sporotricho-
sis [93] have been reported in renal transplant recipients. 
Diagnosis is established by culture and histopathology. 
Treatment guidelines have been published by IDSA [94]. 
Itraconazole is the treatment of choice for lymphocutane-
ous and osteoarticular disease. For meningeal, severe pul-
monary, and disseminated disease, a lipid formulation of 
amphotericin B should be used. After the initial clinical 
response, treatment with itraconazole is recommended.
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 Introduction

Cytomegalovirus (CMV) is a herpesvirus, and similar to 
other viruses in this group, after an acute infection, the virus 
establishes lifelong asymptomatic residency referred to as 
“viral latency”. Primary or initial infection in the general 
population with intact immune response is often a brief and 
mild illness that requires no therapy. Individuals with latent 
CMV infection may experience subclinical viral reactivation 
and unwittingly shed the virus in bodily fluids, such as saliva, 
tears, semen, breast milk, and urine. In the United States, by 
the age of 40 years, more than half of adults show serologic 
evidence of prior CMV infection (www.CDC.gov) [1]. CMV 
is not considered highly contagious, although the common 
mode of viral transmission within the members of a shared 
household, close contacts including children in daycare cen-
ters, is via exchange of saliva; it is important to recognize 
that CMV infection may be acquired after sexual intercourse. 
Cytomegalovirus infection during pregnancy is a leading 
cause of permanent birth defects (www.CDC.gov) [1].

Only 8 herpesviruses among more than 100 discovered so 
far cause disease in humans. These include herpes simplex 
virus types 1 and 2, varicella-zoster virus, cytomegalovirus, 
Epstein-Barr virus, human herpesvirus 6 variants A and B, 
human herpesvirus 7, and Kaposi’s sarcoma virus or human 
herpesvirus 8 that also causes primary effusion lymphomas 
and the rare multicentric Castleman’s disease. A simian 
virus, called B virus, occasionally infects humans.

Patients with dysfunctional adaptive  immune response 
are at a higher risk for severe CMV infection and end-organ 
disease [2, 3]. Since it is a common childhood infection, 
most viremia in  immunocompromised patients represents 
reactivation of a remotely acquired latent infection [2]. End- 
organ viral disease poses an existential threat for patients 
with severe immune dysregulation and/or suppression of 
adaptive cellular immune response [4]. A newly acquired 
CMV infection in seronegative transplant recipients from an 
allograft harvested from CMV-seropositive donor has 
emerged as the most serious risk for post-transplant CMV 
infection and disease after blood or marrow hematopoietic 
stem cell or solid organ allograft transplantation (HSCT and 
SOT, respectively) [3, 5].

In transplant recipients, viral infection or recurrence of a 
remotely acquired infection is a well-recognized risk factor 
for end-organ disease that has the potential to involve any 
organ system. In patients undergoing HSCT, viral pneumoni-
tis, myelosuppression, encephalitis, enterocolitis, hepatitis, 
and rarely retinitis or adrenalitis may be encountered [3]. 
CMV organ disease may occur in patients despite effective 
anti-CMV prophylaxis. Stem cell graft compromise or loss 
of allograft is another life-threatening complication resulting 
from direct virus-induced suppression of hematopoiesis. In 
addition, CMV infection was  noted to elevate the risk for 
graft-versus-host disease (GVHD) [6]. In solid organ 
allograft recipients, CMV infection and end-organ disease is 
a well-recognized and serious post-transplant complication 
that has far-reaching impact on the allograft function and 
survival [5].

CMV infection is  increasingly recognized to influence 
and elicit multifaceted modifications in hosts’ immune 
response. This appears to be more pronounced in yet unpre-
dictable select group of individuals that undergo allograft 
transplantation. The virus-induced immune dysregulation 
has been implicated in fostering vulnerability for secondary 
fungal and bacterial infections, which additionally influence 
poor transplant outcomes [7].
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In this chapter, a comprehensive review of cytomegalovi-
rus is presented with pertinent aspects of this opportunistic 
viral pathogen in patients undergoing transplantation 
procedures.

 CMV Structure

CMV is a double-stranded DNA virus encased in an icosahe-
dral capsid and belongs to the beta (β) subfamily of the 
Herpesviridae. The viral DNA is composed of nearly 
230,000 base pairs that encode for approximately 200 pro-
teins [8]. CMV genes are named after their position within 
each segment of the genome like UL97 is the 97th open read-
ing frame in the unique long segment.

CMV tegument or matrix is composed of a cluster of pro-
teins that lines the space between the envelope and 
nucleocapsid.

In laboratory cell line cultures, diploid human fibroblasts, 
endothelial cells, and macrophages support CMV growth 
ex vivo, whereas, during infection, CMV is found in a vari-
ety of cells such as endothelial cells, epithelial cells, smooth 
muscle cells, and peripheral blood neutrophils [9]. The 
diverse hosts’ tissue tropism for cytomegalovirus plays an 
important role in viral disease involvement of a wide spec-
trum of hosts’ organ systems.

Like other herpesviruses, CMV persist within the cells in 
a latent state for the life span of the host and periodically 
replicated resulting in low-level viremia and viral shedding 
at various body sites. Latent CMV virus has been shown to 
exist within neutrophils and monocytes [10, 11]. It is possi-
ble that the virus also maintains latent residency in other tis-
sues and abdominothoracic viscera.

 CMV Cell Entry

CMV infection of human fibroblasts and epithelial cells 
requires glycoprotein complexes composed of gB and gH/
gL/gO.  In addition, for epithelial cell infection, the viral 
envelope pentamer complex consisting of gH, gL, UL128, 
UL130, and UL131A is required. Data from vaccine devel-
opment showed that neutralizing antibodies to gB or gH epi-
topes can interfere with CMV entry in fibroblasts and 
epithelial cells [12]. It was interesting that neutralizing anti-
bodies targeting conformational epitopes such as 
UL128/130/131A that are important components of the viral 
unit that interacts with hosts’ immune receptors did not pre-
vent viral entry into the fibroblasts, although these antibodies 
were able to cease viral entry into epithelial cells [12]. 
However, the envelope pentamer complex is highly immuno-
genic in eliciting neutralizing antibody response against 
UL128/130/131A subunits and gH, which can effectively 

block CMV entry into both epithelial cells and fibroblasts 
[12]. This has been an area of keen interest in designing a 
novel immunogen construct for effective and durable CMV 
vaccine.

 CMV Immunity

 Innate Anti-CMV Immunity

CMV triggers cellular inflammatory cytokine production via 
TLR pathway. It is known that viral glycoproteins B and gH 
that are also a part of CMV envelope pentamer complex cause 
TLR2 activation [13, 14]. Certain genetic polymorphisms in 
TLR2 were explored to identify potential host vulnerabilities 
for the risk of CMV infection. In patients undergoing ortho-
topic liver transplantation, a multivariate Cox hazard model 
demonstrated a possible link between higher risk of CMV dis-
ease after transplantation in patients exhibiting homozygous 
TLR2 Arg753Gln polymorphism (hazard ratio, 1.9) [15]. This 
risk for cytomegalovirus remained after adjusting for age, 
CMV serostatus, and allograft rejection [15].

TLR3 and TLR9 are important in eliciting innate immune 
defense against CMV replication and infection in mice [16, 
17]. In the murine CMV experiments, TLR9 assures rapid 
antiviral response; this was in concert with other TLR- 
dependent and TLR-independent innate immune events 
assisting to garner subsequent adaptive anti-CMV response 
in the animals studied [17].

Natural killer cells are marrow-derived lymphoid cells 
that play an integral role in hosts’ innate immune response 
needed to contain an infection after the initial exposure. 
NK cells are also constituent in orchestrating adaptive 
immune response. It has been known for some time that 
patients with various deficiencies in NK cell function are 
predisposed to serious herpesvirus infections that include 
CMV and EBV [18, 19]. Activating killer Ig-like receptor 
(aKIR) plays a central role in NK cell-mediated anti-CMV 
immunity, and certain stem cell donor aKIR genotypes 
appear to modify risk for post-transplant CMV infection 
[20, 21]. One hundred and fifty-two patients with CMV 
reactivation were compared with 59 with no viral reactiva-
tion after HSCT [22]. Presence of specific aKIR haplo-
types in the donor, but not in the recipient, were significantly 
associated with protection from CMV reactivation and the 
degree of CMV viremia during post-transplant period [22]. 
A donor aKIR profile exhibiting aKIR2DS2 and aKIR2DS4 
predicted low risk of CMV reactivation after transplanta-
tion; this was independent of CD4 and cytotoxic T cell-
mediated CMV protection [22]. It needs to be further 
investigated if pre-transplant selection of donor aKIR hap-
lotypes may optimize the risk of post- transplant CMV 
infection, especially in patients undergoing stem cell 
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transplantation that are known to have high risk for CMV 
infection and end-organ disease after transplantation.

NK cells have recently been shown to exert regulatory 
effect on antiviral T cell response. In part, this is achieved by 
direct NK cell-mediated killing of activated, CMV-targeted 
T cells for the purpose of modifying risk of tissue injury 
from an untamed antiviral cellular immune  response [23]. 
NK cells modify antiviral immune response by destroy-
ing dendritic cells, which also serves to restrain continuous 
antigen presentation and T cell activation in patients with 
persistent viral infection [24]. It is likely that overall or net 
immunoregulatory NK cell function is contingent up on the 
location and extent of inflammation elicited by adaptive anti-
viral immune response [25].

NK cells are the first lymphoid cells to repopulate after 
allogeneic HSCT. Innate immunity is axiomatically thought 
to lack recall or memory function. It was therefore interest-
ing and unexpected to see reports that certain NK cell subsets 
(Ly49H) exhibit memory following re-exposure to patho-
gens like cytomegalovirus [26].

In addition, the association between post-transplant risk 
of CMV reactivation and disease and presence of simple 
genetic aberrations in chemokine receptor 5, IL-10, and 
monocyte chemoattractant protein 1 is intriguing and needs 
further clinical verification [27].

 Adaptive Immunity

CD8 cytotoxic T lymphocyte (CTL) response is an impor-
tant feature of adaptive immune response against cytomegalo-
virus [28]. CTL responses against viral epitopes like UL123 
(IE-1), UL122 (IE-2), and UL83 (pp65) are most prominent 
and robust [28–31]. The clinical significance of CMV cellular 
immunity in controlling viral replication is demonstrated in 
studies that show causal relationship between viremia and lack 
of CMV-specific CTLs, whereas post HSCT reconstitution and 
recovery of CMV-specific cytotoxic T cell provide protection 
from CMV infection and end-organ viral disease [32–34].

CMV-specific CD4 helper T cells also play an important 
role in protection from CMV disease in patients undergoing 
allogeneic stem cell transplantation [35–37]. In patients with 
late post-transplant CMV infection, inadequate CMV- 
specific helper T cell responses were noted as a risk for late 
CMV disease and death [38]. Since cytotoxic response forms 
the backbone of adaptive cellular immunity against CMV 
infection and disease, it was proposed that a virus-specific 
helper T cell in most part assists in sustaining a forceful cyto-
toxic antiviral response [34]. The emerging role of gamma 
delta (γδ) T cells in protection against CMV infection is of 
interest and needs to be explored further [25].

The role of humoral immunity against CMV disease in 
patients after allograft transplants remains uncertain. 

Following naturally acquired CMV infection, antibodies are 
produced against various viral proteins, and anti-gB and anti-
 gH antibodies are thought to limit the extent of CMV disease 
progression after the initial infection [39, 40]. However, anti- 
CMV antibodies thus far have shown to play a limited or no 
role in containment or prevention of CMV disease after stem 
cell allograft transplantation.

 CMV Immune Evasion

Cytomegalovirus has developed and refined a number of 
evolutionary mechanisms to elude and avoid mammalian 
immune surveillance. In the past three decades, a number of 
sophisticated viral methods have come to light. Some of the 
salient functional features of CMV genes to achieve this goal 
include (a) impede apoptosis of CMV infected [41], (b) 
MHC-I restricted antigen presentation [42], and (c) blocking 
interferon-assisted antiviral response [43–45].

CMV also encodes proteins that are homologues to hosts’ cel-
lular proteins. Among them, proteins that resemble MHC Class-I 
molecules, IL-10, TNF receptors, and chemokines including 
CXC-1 help CMV to dodge hosts’ immune surveillance [46–51].

NK cells are effective deterrent against  viral infection, 
although CMV among other herpesviruses have developed 
means to avoid NK cell attack by pirating MHC-like domains, 
thereby attenuating an important element of host’s innate antivi-
ral immune defense [52]. It is important to note that CMV has 
the capability to modulate NK cell functions including cell matu-
rity; and possibly recall or memory after the initial viral expo-
sure, the later obervation needs further investigation [53].

 CMV and Hematopoiesis

Since early 1990, CMV DNA could be isolated from the 
marrow cells in healthy CMV-seropositive individuals being 
considered for stem cell harvest [54]. It was also shown that 
CMV can render severe and potentially irremediable damage 
to the bone marrow stroma, crippling the rate of regeneration 
of pluripotent stem cell necessary for repopulation and 
engraftment hematopoiesis [55]. Others in the late 1980s 
showed that CMV can impair hematopoiesis either through 
infection of bone marrow stromal cells influencing hemato-
poietic growth factor production or by a direct viral infection 
of myeloid cells and their precursors [56].

 CMV Diagnosis and Viral Surveillance

CMV IgG and IgM are measured to assess acute or latent 
infection due to cytomegalovirus. These tests probe the 
potential risk for post-transplant CMV infection and disease; 
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however, by itself serology provides no meaningful informa-
tion for the presence of infection (viremia) or end-organ dis-
ease. The ex vivo cultures cannot be clinically relied upon 
due to slow viral growth in cell lines that may take weeks to 
identify virus-induced cytopathic effects. It is important to 
note that culture-proven viremia is highly predictive of CMV 
disease and probably a reflection of high viral load at the 
time specimens were collected [57]. The limited utility of 
CMV cultures has yielded to innovative assays such as shell 
vial test, which is now seldom used due to lack of sensitivity; 
however, shell vial when positive could provide evidence of 
viable replicating cytomegalovirus in the clinical sample, 
and results could be available within 18–24 h [58, 59].

Tissue samples when obtained may exhibit characteristic 
“owl’s eye” CMV nuclear inclusions, although more sensi-
tive immunohistochemical techniques are now routinely 
used to identify CMV antigens within the infected cells. It is 
not uncommon to find intracellular CMV antigens by immu-
nohistochemical test in samples that do not exhibit intracel-
lular or intracytoplasmic viral inclusions.

Advances in molecular techniques that are independent 
of viral growth in tissue cultures have boosted ability to 
diagnose CMV infection. Identification of CMV tegument 
phosphoprotein that is 65 kilodalton in weight (pp65; 
UL83) in peripheral blood leukocytes by fluorescent anti-
pp65 antibodies has become a standard clinical practice for 
rapid diagnosis of CMV infection, especially in high-risk 
transplant recipients. CMV pp65 antigenemia assay has 
adequate sensitivity and specificity, with reliable predictive 
values. The number of positive cells over the total number 
of leukocytes per slide provides a semi-quantitative estima-
tion of the CMV viral load in the peripheral blood. A posi-
tive CMV pp65 antigenemia has reliable predictive value 
for end-organ CMV disease in patients undergoing alloge-
neic HSCT [60]. Conditions with low-peripheral blood leu-
kocyte counts including pre-engraftment severe neutropenia 
or other post- transplant disorders with low blood neutro-
phils limit this test’s utility. CMV antigenemia test is not 
valid for diagnosis of CMV infection in other bodily fluid 
such as CSF, BAL, pleural, and peritoneal aspirate samples. 
Use of pp65 antigenemia to assess treatment response 
should include the forethought that once neutrophils are 
infected by cytomegalovirus, the viral antigens will remain 
present through the lifespan of these cells and may not be 
construed as an indicator of real-time viral kinetics in the 
peripheral blood. Therefore, a decline in pp65 antigenemia 
may lag behind actual resolution of viremia while on anti-
CMV therapy.

Quantitative PCR relies on quantitative amplification of 
viral DNA. This test has now become the standard for assess-
ing level of CMV viremia in whole blood or plasma. CMV 
DNA PCR is also used in CSF along with other routine viral 
PCR for HSV and VZV. PCR is the most sensitive method 

for detecting CMV viremia and may capture cases where 
pp65 antigenemia either cannot be performed due to severe 
neutropenia or provides false-negative result [61]. The results 
are usually available within 24  h, and the test shows high 
specificity for presence of cytomegalovirus. It is a direct 
measurement of viral load and illustrates oscillations in 
CMV viremia that could reliably predict the risk for CMV 
end-organ disease [62].

In patients with suspected CMV pneumonitis, CMV PCR 
in BAL fluid appears to be a sensitive test with good negative 
predictive values. Due to limited specificity for viral lung 
disease and inability to distinguish CMV lung disease versus 
asymptomatic respiratory tract viral shedding, use of CMV 
PCR in BAL samples is discouraged [63].

Nucleic acid sequence-based amplification (NASBA) is a 
new technology that measures early-immediate CMV mRNA 
and appears to be comparable to DNA PCR or pp65 antigen-
emia for the diagnosis of viremia; providing real-time guid-
ance for preemptive antiviral  therapy in patients following 
stem cell allograft transplantation [64]. Most transplant cen-
ters, however, still use pp65 antigenemia or CMV DNA PCR 
assays. A detailed review of diagnosis of CMV infection and 
disease is provided in Chaps. 47 and 49.

 Risk Factors

 Hematopoietic Stem Cell Transplantation

 Allograft Stem Cell Transplants
Despite universal screening for CMV viremia and the insti-
tution of prophylactic or preemptive antiviral therapy in 
patients undergoing allogeneic HSCT, a small number of 
patients end up developing CMV end-organ disease during 
post-transplant period [65]. Donor and recipient CMV 
serostatus continues to be an essential factor in selection of 
stem cell grafts, with an appreciation for potential variability 
in engraftment kinetics, preparatory conditioning regimens, 
GVHD prophylaxis, and the underlying malignant ver-
sus non-malignant disorders.

The lowest risk of CMV infection and disease during post-
transplant period is among seronegative donor and recipient 
(D−/R−) allograft transplantation. The highest risk (~30%) 
of newly acquired  CMV infection is among seronegative 
patients undergoing HSCT from a CMV (+) donor (D+/R−). 
Primary CMV infection that is not transmitted via allograft 
now rarely occurs in patients given blood and blood products 
from CMV (+) donor(s) or acquired by natural transmission. 
It is important to recognize that heightened awareness and 
strict adherence to CMV screening, antiviral prophylaxis and 
preemptive therapy protocols, and recent addition of effective 
and safe antiviral drugs all contribute favorably toward 
improved outcomes in these high-risk (D+/R−) transplant 
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recipients. However, in a study, mortality due to bacterial and 
fungal infections was noted to be significantly higher in this 
group (18%; D+/R−) compared with 10% mortality due to 
such infection observed in patients undergoing allograft stem 
cell transplantation with a low risk of newly acquired CMV 
infection (D−/R−) [66].

Patients with D+/R+ CMV serostatus often exhibit a com-
plex dynamic of CMV transmission from the donor; it was 
interesting to note that in such patients transmission or reac-
tivation of multiple CMV strains can occur [67]. Clinical 
significance of viremia due to newly acquired donor-specific 
viral strain(s) and reactivation of recipients’ latent viral 
strains, or both, may influence outcome in a yet uncertain 
manner. The genetic variety and potential for a wide-ranging 
phenotypic viral variance may potentially influence viral 
kinetics, risk for end-organ disease, and importantly risk of 
drug resistance and response to antiviral drug therapy. 
Further investigation is needed.

Up to 80% of CMV-seropositive stem cell allograft recip-
ients may have viral infection if no antiviral prophylaxis is 
given. The overall risk of CMV infection in allogeneic 
 transplant recipients has been between 20% and 35%; how-
ever, it is important to underscore that advancement in risk 
estimation and intervention with preventive strategies has 
significantly modified such a risk [68]. Despite these highly 
effective interventions to prevent CMV disease in seroposi-
tive HSCT recipients, several investigators have reported that 
non-cancer relapse mortality remains high compared with 
CMV-seronegative recipient [69, 70]. The impact of donor 
CMV serostatus in seropositive HSCT recipients continues 
to be  tendentious. Some studies have reported a beneficial 
effect of having seropositive donor with regards to a reduc-
tion in cancer relapse or non-cancer relapse mortality, 
whereas other studies have found no such advantage [71–
79]. Despite the controversy for non-cancer relapse mortality 
and overall survival, transplantation in D−/R+ patients has 
resulted in delayed CMV-specific immune reconstitution, 
increased risk of CMV reactivation, CMV recurrence during 
late transplant period, and risk for end-organ CMV disease 
[80–85].

Patients undergoing mismatched or unrelated donor graft 
transplants, indication for HSCT (cancer vs. other  disor-
ders), T cell depletion, acute GVHD, and high-dose (1 mg/kg 
per day) corticosteroid use are all recognized as factors that 
promote risk for CMV infection in this population [86–90]. 
Similarly, it is uncertain if the source of stem cell graft either 
from peripheral blood or marrow-derived stem cells makes a 
significant impact on the risk for CMV infection in the post- 
transplant period. There are reports of CMV risk divergence 
based on the source of allograft; however, others have con-
troverted such findings [85, 87, 90–92]. Mechanistic target 
of rapamycin such as sirolimus appears to modify cellular 
signaling pathways that are influenced or assimilated by 

CMV-encoded viral proteins; use of sirolimus for GVHD 
prophylaxis has been observed to protect against CMV infec-
tion and disease [85, 93].

 Late CMV Infections

In the era of preemptive ganciclovir therapy during early 
(<100 days) transplant period, CMV infections are gaining 
increasing, albeit, dubious recognition during the late 
(≥100  days) transplant period [94, 95]. CMV infection 
100 days after transplantation was strongly associated with 
the risk for non-cancer relapse mortality [84]. In 15–30% of 
allogeneic HSCT recipients, late CMV infection may occur 
if no antiviral measures are put in place, resulting in CMV 
end-organ disease in approximately 6–18% of such patients 
[96–98]. Those at risk for late CMV infection are (a) patients 
who developed CMV infection or disease within first 
100 days after transplantation, (b) patients exhibiting a lack 
of CMV-specific immune reconstitution, (c) patients with 
presence of persistently low lymphocytes in the peripheral 
blood, and (d) patients with acute or (e) chronic GVHD [84, 
88, 99, 100]. In select group of patients with such risk fac-
tors, anti-CMV prophylaxis may be extended beyond 
100 days after transplantation. It is also imperative to con-
tinue weekly viral surveillance using pp65 antigenemia or 
CMV blood PCR, and in patients with the evidence of con-
tinued viremia, preemptive therapy may reduce the burden of 
late transplant CMV disease [98, 101].

 Nonmyeloablative Transplants

The risk of CMV infection and disease in the early post- 
transplant period is substantially lower in patients undergo-
ing nonmyeloablative conditioning in preparation for 
matched, related donor stem cell graft compared with 
patients given conventional myeloablative preparatory regi-
mens [101, 102]. However, the risk of CMV infection and 
disease appeared to be similar among nonmyeloablative and 
myeloablative groups after the first year following transplan-
tation [101, 102]. It is important to recognize that in T cell 
depletion and transplantation using matched, unrelated donor 
grafts, the risk reduction for early CMV infection becomes 
unnoticeable between nonmyeloablative and myeloablative 
transplantation procedures [101, 103].

 Autologous Stem Cell Transplantation

It has long been recognized that cytomegalovirus infection 
influences engraftment capacity of autografts during the 
aplastic period. A significant predictive relationship was 
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shown between CMV infection and delay in granulocyte 
recovery, whereas such a relationship was not evident for 
the recovery in platelet counts after autologous transplanta-
tion. In nearly 40% of CMV-seropositive patients undergo-
ing autologous transplantation, CMV can be detected by 
pp65 antigenemia or viral DNA in the peripheral blood 
[104, 105]. However, despite these high rates of CMV vire-
mia, end- organ disease is seldom seen in patients undergo-
ing autologous SCT [106–108]. In this group, when CMV 
pneumonia does occur, the outcome for such a devastating 
viral lung disease is similar to that seen in allogeneic HSCT 
recipients [109]. CD34+ selected grafts, treatment with 
high-dose corticosteroids, and conditioning regimen with 
fludarabine or total-body irradiation increases  the risk for 
CMV disease following autologous SCT [91]. CMV does 
not pose a serious risk for patients undergoing autologous 
SCT and routine antiviral prophylaxis, and viral surveil-
lance is therefore not recommended. However, a  select 
group of high-risk patients following autologous stem cell 
transplant may benefit from routine surveillance and pre-
emptive anti-CMV therapy.

 Cord Blood Stem Cell Transplants

Umbilical cord blood provides a novel source of stem cell for 
suitable recipients [110]. Such allografts are virtually always 
CMV-negative. Among CMV-seropositive recipients of cord 
blood stem cell transplantation (CBT), lack of antiviral pro-
phylaxis would result in an unacceptable rate of CMV infec-
tion, which is reported between 40% and 80% although in 
one report, all patients undergoing such transplants devel-
oped CMV reactivation [111–115]. High-dose valacyclovir 
prophylaxis was shown to reduce increased CMV risk after 
cord blood transplantation to what has been known for 
patients undergoing peripheral blood or marrow stem cell 
allograft transplantation [116].

In a report of 100 CBT, the overall incidence of infection 
was 2.4 times higher in adults compared with children under-
going transplants with cord blood stem cell allografts [117]. 
In adults, overall infection risk was significantly higher in 
the presence of severe neutropenia (3 × higher) and GVHD 
(1.9 × higher). Late (>100 days) cytomegalovirus infections 
occurred only in children with chronic GVHD [117]. 
Multivariate analysis showed that resolution of lymphocyto-
penia (≥1000 cells/ml) and successful stem cell engraftment 
were significantly protective against the risk of serious infec-
tion (hazard ratio 0.71 and 0.20, respectively) [117]. Due to 
the substantial risk and potential burden of CMV infections 
in patients undergoing CBT, continued viral surveillance, 
especially in patients with acute or chronic GVHD, necessi-
tates optimized CMV prevention and preemptive treatment 
strategies.

 CMV Disease in HSCT

CMV infection in transplant patients implies presence of 
CMV in blood by direct qualitative or quantitative measure-
ment of viral DNA or by measurement of viral surrogate like 
pp65 antigenemia. It is also important to recognize that trans-
plant patients similar to general population, despite having a 
noteworthy vulnerability for viremia and end-organ disease, 
may develop asymptomatic viral shedding at various body 
sites. Therefore, isolation of cytomegalovirus DNA in bodily 
fluids such as urine, tears, nasal, upper respiratory tract secre-
tions, and orointestinal tract may not necessarily indicate 
viral organ disease. This is in contrast to viral isolation in CSF 
and BAL culture samples in patients with a compatible clini-
cal illness [118]. It is important to note presence of CMV 
DNA by PCR in CSF and especially BAL samples are of 
value due to its high negative predictive value that may assist 
in ruling out CMV infection or end-organ viral disease.

CMV can cause disease in almost any organ  system, 
although CMV disease designation should be approached 
with great caution as other infections and non-infectious 
complications may be misconstrued as CMV disease. This is 
further complicated by the fact that protean clinical presenta-
tion of cytomegalovirus infection most commonly presents 
as a nonspecific febrile illness.

The first step is to identify hosts’ immunologic suscepti-
bility for end-organ CMV disease. In such patients, isolation 
of cytomegalovirus in tissue cultures is important; for exam-
ple, in patients suspected to have CMV-related loss of stem 
cell graft, culture isolation of the virus in marrow aspirate or 
biopsy sample is highly suggestive, whereas a positive PCR 
for CMV DNA is not considered adequate to establish 
viral causality for the loss of stem cell graft [119].

CMV pneumonitis in symptomatic patients with a sugges-
tive radiographic presentation of viral interstitial pneumonitis 
or, at times, nodular infiltrates needs to be differentiated from 
other pulmonary infections such as common respiratory tract 
viral infections, drug toxicity, and PCP, in addition to the 
growing recognition of various syndromes associated with 
pulmonary GVHD. Detection of CMV by viral culture in 
lower respiratory tract samples such as bronchoalveolar lavage 
fluid is encouraged. Lung biopsy samples are seldom available 
in stem cell transplant recipients due to severe thrombocytope-
nia and dysregulation in coagulation pathways, or lim-
ited  functional respiratory reserve;  although these potential 
contraindications for lung biopsy do not exist in most SOT 
patients in whom CMV pneumonitis may be  suspected. 
Presence of CMV by (+) PCR is not adequate; diagnosis of 
CMV pneumonitis requires isolation of virus in lower respira-
tory tract fluid or tissue culture samples along with evidence of 
viral inclusions and/or immunohistochemical viral confirma-
tion in lung biopsy samples [119]. It has been proposed that in 
HSCT recipients, isolation of other opportunistic pathogens 
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like filamentous fungi in the setting radiologic features consis-
tent with IFD probably indicates fungal pneumonia rather than 
CMV pneumonia, when such a diagnosis is based on (+) CMV 
PCR alone [119]. The authors would like to emphasize that 
various immunologic aberrations and compromised structural 
respiratory tract barrier as a consequence of cytomegalovirus 
infection promote the risk for secondary superimposed bacte-
rial and fungal lung disease  that may occur concurrently or 
sequentially after viral lung infection.

Suspected viral eye disease including retinitis requires 
detailed examination by an ophthalmologist or a specialist in 
retinal disease. Similarly, in patients with orointestinal CMV 
disease, the diagnosis is predicated upon isolation of cytomeg-
alovirus in tissue cultures along with histologically compatible 
disease with immunohistochemical confirmation. Detection of 
CMV by PCR by itself is considered insufficient for the diag-
nosis of CMV gastrointestinal disease [119].

CNS disease should be suspected in patients with acute or 
chronic changes in mentation or cognition, persistent head-
aches, and other symptoms eluding to intracranial disease pro-
cess. Isolation of CMV in CSF cultures is highly suggestive 
although most experts agree that isolation of CMV DNA by 
PCR in CSF sample in a susceptible patient with clinical and 
radiographic features consistent with CMV encephalitis or 
myelitis is adequate for  diagnosis. In certain patients, brain 
biopsy may be approached to confirm diagnosis, especially in 
individuals with localized or focal brain lesions. This is 
attempted to exclude other potential causes like neurotropic 
molds, dimorphic fungi, tuberculous or nontuberculous myco-
bacteria, Nocardia, parasite like Toxoplasma gondii, and 
among noninfectious conditions like primary CNS lymphoma 
or metastatic cancers.

 CMV Pneumonia

Cytomegalovirus lung infection that often presents as multifo-
cal interstitial pneumonitis is an important CMV disease in 
patients undergoing high-risk blood and marrow stem cell 
transplantation and is historically associated with an unaccept-
ably high mortality rate ranging between 60% and 90% [120].

The incidence and risk for developing fatal CMV pneumo-
nia were assessed after a review of 999 autopsies [121]. 
Twenty-five patients who died with CMV pneumonia were 
compared with 34 similar patients. The incidence of CMV 
pneumonia was 3.5% during 1990–1997 at a major 
Comprehensive Cancer Center in the United States; a  size-
able decline in the incidence of CMV pneumonitis (0.8%) dur-
ing 1997 through 2004 was encouraging [121]. Sustained and 
prolonged lymphopenia was a well-recognized risk factor for 
CMV infection and disease. Routine anti-CMV prophylaxis in 
susceptible population and preemptive antiviral treatment 
approach based on sensitive new-generation quantitative viral 
assays have greatly improved the overall incidence of end-
organ CMV disease including viral lung disease [122].

Most patients present with fever, cough without sputum 
production, dyspnea and hypoxia on exertion that  subse-
quently progresses to disabling shortness of breath  at rest. 
Onset of symptoms are usually insidious; if the diagnosis 
and treatment is delayed, the disease in vast majority of 
cases progresses to severe hypoxemia and respiratory failure 
requiring assisted ventilatory support within 1–2 weeks after 
the process commenced. Chest rays are not sensitive for 
the diagnosis of CMV pneumonitis [123]. A high-resolution 
CT scan without IV contrast may show early interstitial viral 
infiltrates (Fig. 37.1a, b) [124]. Rarely, pulmonary nodules 

a b

Fig. 37.1 (a) Computed tomography scan of the lungs without intravenous 
contrast showing characteristic early multicentric bilateral acute interstitial 
lung disease in a patient with cytomegalovirus pneumonitis. (b) Computed 
tomography scan of the lungs without intravenous contrast showing charac-

teristic advanced multicentric bilateral acute interstitial lung disease in the 
same patient with cytomegalovirus pneumonitis (a). (Images courtesy of Dr. 
Edmundo Calleros, MD, DABR, of Texas Tech University Health Sciences 
Center El Paso, Paul L. Foster School of Medicine)
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and cavitary pneumonia are attributed to cytomegalovirus 
lung disease, especially in severely immunosuppressed indi-
viduals (Fig. 37.2a, b).

The diagnosis of CMV pneumonia requires demonstra-
tion of viable, replicating virus in BAL or lung biopsy sam-
ples by shell vial or cultures. In the event biopsy is a 
possibility, presence of CMV in the lung tissue by immuno-
histochemical assays is considered diagnostic. CMV shed-
ding in the lower respiratory tract is not uncommon among 
transplant population and should not be used for the diagno-
sis of CMV pneumonia.

In a randomized, controlled trial of ganciclovir prophy-
laxis for CMV pneumonia in patients undergoing HSCT, 
strongest predictors of CMV pneumonia was CMV-positive 
culture in BAL and blood samples [125]. Nearly two-thirds 
of asymptomatic patients developed CMV pneumonia sub-
sequently [125]. As mentioned earlier, performing CMV 
DNA PCR in BAL fluid samples for the purpose of diagnos-
ing CMV pneumonia is discouraged. A negative BAL CMV 
DNA PCR carries high negative predictive value which may 
assist in ruling out CMV as a cause of pneumonia [63].

 CMV Retinitis

Major ocular complications in allogeneic HSCT recipients 
include chronic GVHD, dry eye syndrome in the absence of 
GVHD, corneal ulcers, cataract, and glaucoma [126]. CMV 
retinitis, varicella zoster virus, and fungal endophthalmitis 
are rare but devastating infections. It is also interesting that 
in some patients allergic conjunctivitis may be acquired from 
atopic donors and may be mistaken for acute viral infection, 

since the recipient had no prior history of allergic conjuncti-
vitis before undergoing transplantation [126].

In CMV retinitis, though uncommon in allogeneic 
HSCT recipients, clinical presentation is not dissimilar to 
that observed in patients with advanced HIV/AIDS. CMV 
eye disease presents with gradual and progressive loss of 
vision; however, sudden blindness has also been reported. 
CMV, like varicella zoster virus posterior eye chamber 
involvement, includes retinitis, retinal hemorrhage, vitritis; 
whereas, anterior chamber infection presents as uveitis, or 
iridocyclitis. Patients with initial single eye involvement 
have greater than 50% risk for contralateral eye to become 
involved, if not treated preemptively [127]. Most cases of 
CMV retinitis are seen after 100 days following transplan-
tation and often associated with the evidence of GVHD, 
delayed lymphocyte engraftment, and early (<100  days) 
CMV reactivation [127].

In 2014, five cases of CMV retinitis were a significant 
increase in children undergoing allogeneic HSCT at a trans-
plant center in the United States [128]. These sporadic clus-
ter of cases may occur from time to time, although there have 
been no reports of systematic increase in the incidence of 
CMV retinitis in HSCT population. Continued ophthalmic 
assessment and screening are part of routine comprehen-
sive care provided for transplant recipients.

 CMV Hepatitis

CMV hepatitis like other viral infections such as adenovirus, 
HHV6, and EBV among others is difficult to distinguish 
clinically from non-infectious causes of liver injury includ-

a b

Fig. 37.2 (a) Computed tomography scan of the lungs without intrave-
nous contrast showing not so uncommonly seen bilateral acute intersti-
tial lung disease with peribronchial thickening and nodular lung disease 
with cytomegalovirus pneumonitis. (b) Computed tomography scan of 
the lungs without intravenous contrast showing anterolateral, peripheral 

left lung nodule in a severely immunosuppressed patient with cytomeg-
alovirus pneumonitis. (Images courtesy of Dr. Edmundo Calleros, MD, 
DABR, of Texas Tech University Health Sciences Center El Paso, Paul 
L. Foster School of Medicine)
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ing drug toxicity, and GVHD [129, 130]. Among allogeneic 
HSCT recipients, high-dose corticosteroids, T cell-depleted 
graft, acute and chronic GVHD, and mismatched or unre-
lated donor stem cell grafts are well-recognized risk factors 
for CMV infection and end-organ disease. Diagnosis requires 
histologic and CMV identification by immunohistochemical 
stain performed on liver tissue biopsy samples. As obtaining 
liver biopsy may not be always feasible, a high degree of 
suspicion, along with presence of CMV viremia, that have 
coincided with acute hepatocellular injury may provide an 
indication for possible CMV etiology in patients with acute 
hepatitis. Post-transplant reactivation of chronic, latent HBV 
and HCV infections should always be an essential part of 
such investigations.

 CMV Encephalitis

Viral encephalitis is most notably seen during the late post- 
transplant period. The median time from HSCT to diagnosis 
was recently reported as 145  days [131]. In a  report from 
China, RSV was the most prominent pathogen (50%), 
whereas cytomegalovirus (7%), and HHV6 and HSV (3% 
each) were less common. Clinical presentation included alter-
ations in mentation and new-onset seizures. Neuroimaging 
showed abnormality in close to 80% of patients. Elevated 
protein in cerebral spinal fluid was present in 60%, whereas 
pleocytosis and elevated or normal glucose levels were noted 
in less than one-third of patients. Multivariate analyses 
revealed high-grade acute GVHD, presence of CMV viremia, 
and engraftment syndrome as significant risk factors for viral 
encephalitis [131].

The classic histologic feature of CMV brain infection is 
non-lethal cytotoxic edema due to intracellular viral inclu-
sions (Figs. 37.3 and 37.4). This edema forms the basis of 
highly suggestive long-lasting diffusion restriction findings 
noted in brain MRI scans in patients with CMV cerebritis 
[132].

Punctiform lesions on diffusion-weighted MRI images 
appear to have a clear ventricle wall tropism, validated on 
classical autopsy findings in patients with CMV encephalitis 
[132].

Subependymal and periventricular punctiform-restricted 
diffusion lesions on IV contrast-enhanced MRI in patients 
with clinical features of meningoencephalitis are highly sug-
gestive of CMV encephalitis [132].

It is important to note that encephalitis due to other neu-
rotropic viruses like adenovirus, EBV, VZV, HSV, and 
HHV-6 may elicit a clinical syndrome that is difficult to dis-
tinguish from CMV brain disease. HHV6 encephalitis is 
mostly seen during early post-transplant period and patients 
appear to have high-grade HHV6 viremia [133].

 CMV Myelosuppression

CMV-induced myelosuppression or hematopoietic stem cell 
graft failure needs to be distinguished from recipients’ 
immunologic rejection of the stem cell allograft, myelotoxic-
ity resulting from a cornucopia of drug cocktails given to 
patients following transplantation. Furthermore, alternative 
causes of myelosuppression like (a) recurrence of hemato-
logic malignancy, (b) bone marrow infiltration due to lym-
phoproliferative disorders among others, and (c) infection 

a b

Fig. 37.3 Hematoxylin and eosin stain of subependymal white matter, 
the lower power (a; 40×) showing multiple enlarged astrocytes with 
prominent inclusion bodies in the nuclei. There is also lymphocytic 
infiltration in the tissue indicating inflammation. The higher power (b; 
100×) emphasizes an enlarged astrocyte bearing both a large intranu-

clear inclusion and basophilic stippling of the cytoplasm representing 
cytoplasmic inclusions also characteristic of cytomegalovirus encepha-
litis. (Images courtesy of Dr. Marc K. Rosenblum of Memorial Sloan- 
Kettering Cancer Center, New York, NY)
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due to myelotoxic viruses like HHV6, EBV, adenovirus, and 
parvovirus B19 should be part of such an evaluation. Patients 
with severe peripheral blood pancytopenia thought to result 
from CMV-associated graft failure need demonstration of (a) 
bone marrow hypoplasia, (b) detection of cytomegalovirus in 
marrow sample culture, (c) exclusion of stem cell graft rejec-
tion, and (d) recurrence of cancer [119].

 CMV Gastrointestinal Tract Disease

CMV can affect any part of orointestinal tract. Viral esopha-
gitis similar to HSV or  Candida esophagitis may occur 
without significant disease in the oral cavity. Difficulty in 
swallowing, substernal chest pain, and epigastric discomfort 
are common clinical features. On endoscopic examination, 
confluent or nonconfluent pseudomembranous lesions, con-
fluent or nonconfluent deep mucosal ulcers that may be 
more pronounced in the distal esophagus  are prominent 
findings.

Patients with CMV enteritis and colitis may present with 
abdominal pain, diarrhea, and abdominal distention; these 
patients are often febrile. Presence of hematochezia heralds 
underlying severe ulcerative CMV colitis. In such patients, 
viral ulcers may extend deep into the submucosa. Clinically, 
and by visual inspection on endoscopic examination, gastro-
intestinal viral disease is difficult to distinguish from 
GVHD. Diagnosis require culture isolation of CMV in tissue 
biopsy samples and immunohistologic evidence of viral dis-
ease; albeit both of these diagnostic approaches lack sensi-
tivity. Diagnosis of CMV gastrointestinal disease is further 
complicated as patients may not have evidence of CMV vire-
mia or antigenemia at the time of clinical presentation [134, 

135]. CMV gastritis, gastric and duodenal viral ulcers, when 
suspected, also require biopsy of the affected site for viral 
culture and immunohistologic assessment.

 Solid Organ Transplantation

 Risk Factors
A recent report of CMV infection using the Scientific Registry 
of Transplant Receipts data published between 2005 and 
2014 showed the overall rates of donor and recipient CMV 
seropositivity have remained constant over the reported 
period. It was encouraging that among living donor transplan-
tation, there were more CMV-seronegative donors and recipi-
ents over the span of this data registry [136]. This probably 
reflected a donor selection bias and a preference for CMV-
seronegative living donors for seronegative patients awaiting 
transplantation with stable end-stage organ disease.

Patients receiving calcineurin inhibitor, mycophenolate 
mofetil, and corticosteroid-based regimens intended for solid 
organ allograft preservation have high susceptibility for 
CMV infection and disease. The drugs that inhibit mechanis-
tic target of rapamycin (mTOR) such as sirolimus and evero-
limus exhibit indirect protection against cytomegalovirus. 
This has propelled the hypothesis for use of such agents in 
calcineurin inhibitor-sparing antirejection regimen to reduce 
the risk for CMV infection and disease, especially among at 
risk population. A recent review of existing literature regard-
ing potential benefit of mTOR inhibitors on the risk for 
opportunistic viral infection after transplantation showed a 
favorable impact on the risk of CMV, polyomavirus, and 
HHV8 infections, whereas there was no advantage noted for 
post-transplant infections due to EBV and HCV [137].

a b

Fig. 37.4 Immunohistochemistry for cytomegalovirus in brain sample 
at (a) 40× and (b) 100× magnification. The higher magnification shows 
antibody labeling of both the intranuclear inclusion and the viral inclu-

sions in the cytoplasm. (Images courtesy of Dr. Marc K. Rosenblum of 
Memorial Sloan-Kettering Cancer Center, New York, NY)
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Presently, calcineurin inhibitor-based regimen is pre-
ferred, specifically for patients considered at high risk for 
allograft rejection. However, calcineurin inhibitor-sparing 
regimen that includes mTOR inhibitor with various permuta-
tions including or excluding mycophenolate mofetil, cortico-
steroids, and thymocyte globulins are under investigation.

It was recently demonstrated that in patients undergoing 
solid organ allograft transplantation, risk of post-transplant 
CMV reactivation and disease can be measured by evaluat-
ing subpopulation of active CMV-specific CD8 cells that 
produce IFN-γ [138]. Patients who exhibited ≥0.25% CMV- 
specific active CD8 cells prior to transplantation and 0.15% 
or 0.25% 2 and 4 weeks following transplantation, respec-
tively, had adequate control of CMV infection and were pur-
posed to require less viral monitoring. Others have also 
reported that monitoring CMV-specific T cell kinetics, espe-
cially against CMV major early immediate protein (IE-1) 
before and after transplantation in patients receiving CMV 
discordant (D+/R−) renal allograft, may provide a better risk 
stratification for appraising the risk of post-transplant CMV 
infection [139]. The authors reported that pre- and post- 
transplant declining or undetectable CMV IE1-specific T 
cells identified a subgroup of patients that have high fre-
quency of CMV viremia (81%) after kidney transplantation, 
in whom graft was harvested from CMV-seropositive donor 
(P < 0.001) [139].

 Heart & Lung Transplants
In lung transplant recipients, infections are a significant 
complication. Within first year after transplantation, infec-
tions are the leading cause of death [140]. In lung transplant 
reipients, allograft rejection also continues to be an impor-
tant  challenge that presents as either acute graft failure or 
chronic allograft dysfunction due to bronchiolitis obliterans 
syndrome. Nearly half of long-term transplant survivors 
develop bronchiolitis obliterans syndrome within 5  years 
after undergoing lung transplantation [140]. CMV infection 
remains a serious complication in SOT population; recipi-
ents of pulmonary allograft are regarded as a high-risk group. 
It is daunting to ascertain a delicate balance between iatro-
genic antirejection drug-induced, cumulative immunosup-
pression, which is necessary for the allograft preservation, 
and, on the other hand, an attempt to preserve hosts’ adaptive 
immune surveillance needed to protect against opportunistic 
infections among whom, CMV leads the stage as the pro-
tagonist. This is certainly the case in patients after high-risk 
allograft transplantation and those who need aggressive 
treatment for moderate to severe allograft rejection.

In 378 consecutive heart transplant recipients, CMV 
infections were significantly more common in older patients 
[141]. Treatment with rabbit thymoglobulin or with 
T-cell acute lymphoblastic leukemia cell line Jurkat-derived 
ATG-Fresenius had twofold higher risk for CMV infection 

compared with patients in whom such induction regimens 
were not used [141]. Everolimus compared with azathio-
prine or mycophenolate significantly lowered the risk of 
CMV infection (OR 0.19; p < 0.0001). It is also pertinent to 
note that other major opportunistic infections were signifi-
cantly more common in patients with CMV infection or 
viral end-organ disease following heart transplantation [141].

In lung transplant recipients, mycophenolate-sparing 
antirejection regimen with everolimus was noted to reduce 
the incidence of CMV infection [142]. These patients also 
had lower rates of lower respiratory tract infection, leukope-
nia, post-transplant bronchiolitis obliterans syndrome, and 
biopsy-proven acute pulmonary allograft rejection [142]. 
The increased dropout rate in everolimus treatment group 
was in most part due to drug intolerability.

 Liver Transplantation
A recent meta-analysis included 21 retrospective observa-
tional studies that included over 8000 patients and showed 
no survival benefit in hepatic graft donor/recipient ABO 
blood group concordance [143]. However, patients undergo-
ing orthotopic liver transplantation from AOB blood type 
incompatible donor had significant high risk for CMV infec-
tion (OR  =  2.6), incidence in antibody-mediated rejection 
(OR = 74), risk of chronic rejection (OR = 2.3), overall bili-
ary (OR = 1.5), and hepatic artery complications (OR = 4.2) 
compared with patients given liver graft from ABO compat-
ible donor [143].

HHV6 infections in liver transplant recipients are known 
to cause hepatitis, encephalitis, and graft dysfunction. The 
indirect effects of HHV6 infection in this population were 
reported to increase risk for (a) CMV disease, (b) post- 
transplant HCV progression, (c) greater fibrosis scores, and 
(d) death [144].

 Kidney and Pancreases Transplant
As with other visceral allograft transplantation, donor and 
recipient CMV discordance (D+/R−) is the most important 
determinant for CMV infection and organ  disease follow-
ing  transplantation. In early antiviral prophylaxis trials, 
48–67% of kidney transplant recipients that were randomized 
in the placebo group developed CMV disease within first year 
after transplant  procedure  [145, 146]. The risk was highest 
among D+/R− (48%) compared with D+/R+ (6%) renal 
allograft recipients [145]. Additionally, more than half of the 
patients without antiviral prophylaxis developed acute graft 
rejection within 6 months after transplant surgery [145, 146].

In a large prospective study that assessed 609 kidney and 
kidney-pancreas recipients, 18% developed CMV viremia 
after a median 5.6  months after transplantation [147]. 
Patients were given standardized CMV prophylaxis, and 
close to 90% of patients with CMV infection were asymp-
tomatic [147]. In multivariate analysis, D+/R− serostatus, 
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older donor age more than >50 years, high tacrolimus, and 
mycophenolic doses were significant risk factors for CMV 
infection [147]. As expected, D−/R− status yielded lowest 
risk for CMV infection after transplantation. Patients who 
did develop symptomatic CMV disease had 3.5 times higher 
risk for allograft loss [147]. As noted with other transplants, 
pooled analysis of randomized controlled trials found that 
risk of CMV viremia and end-organ disease was significantly 
reduced in patients given mTOR inhibitors versus mycophe-
nolate [148].

A similar CMV disease rate was observed in patients 
undergoing pancreas transplants. The overall CMV infection 
rate in this group was 24% among 130 pancreas-kidney or 
pancreas after kidney allograft recipients, in whom antiviral 
prophylaxis was continued for a median of 49 days [149]. 
CMV-seronegative recipient status (D+/R−) was associated 
with the highest risk (44%) for CMV infection during 
the post-transplant period, whereas only 8% had CMV infec-
tion in pre-transplant CMV-seropositive group [149].

In 407 pancreas allograft recipients, the incidence of 
CMV infection was highest in D+/R− (20%), followed by 
17% in D+/R+ and 5% in D−/R+, and lowest (3%) when 
transplants were performed in seronegative donor and recipi-
ents [150]. Most infections occurred 90 days after transplan-
tation, and despite no reduction in immune suppression in 
most patients (72%), none of these patients experienced 
adverse outcomes that included CMV-related deaths or loss 
of the allograft [150].

 Intestinal and Multivisceral Transplant
Intestinal transplant recipients are especially vulnerable to 
serious CMV-related complications. The incidence of CMV 
infection is close to 40%, and most infections are seen within 
60 days after transplantation [151]. A vast majority (81%) of 
CMV disease affects intestinal allograft. Risk of CMV dis-
ease is greater in (a) D+/R−, (b) isolated intestinal transplant 
recipients, patients with high net state of immune suppres-
sion resulting from (c) high tacrolimus serum levels, and (d) 
higher cumulative corticosteroid dose [151]. It is important 
to note that over half of the patients with clinical and histo-
pathologically proven CMV visceral disease did not have 
detectable CMV viremia by DNA PCR analysis [151].

In children undergoing intestinal transplantation, inci-
dence of CMV is lower (24%) compared with adults follow-
ing similar allograft transplants [152]. Most infections are 
also noted within 2 months after transplantation, and 90% 
CMV disease involves the visceral transplanted allograft 
[152]. In children, no CMV disease was noted when both 
donor and recipients were seronegative [152]. As with adults, 
high cumulative corticosteroid dose was associated with 
greater risk of CMV disease in children [152]. Recent stud-
ies have shown a lower incidence of CMV infection (18%) 
and disease (7%) in pediatric transplant recipients [153]. As 

noted, most end-organ CMV disease in patients undergoing 
intestinal transplantation involve the transplanted allograft, 
and disease recurrence occurs in 50–86% of patients, in 
whom an initial response to antiviral therapy was 
observed [152, 153]. Presence of CMV disease increases the 
risk of death by 11-fold in patients undergoing intestinal 
transplantation and, indirectly, enhances their vulnerability 
for EBV infection and PTLD [153].

 Face, Limbs, and Integument Transplant
CMV infection in patients receiving composite tissue allo-
transplantation has evolved as one the most important infec-
tion challenges during the post-transplant period [154, 155]. 
Seronegative receipts following allograft harvested from 
seropositive donor are at the greatest risk for CMV infection 
and disease. Due to elevated iatrogenic immune suppression 
needed in such patients, response to anti-CMV therapy is 
often erratic; infection and viral disease relapse are common 
[154, 155].

 Biologics and Risk of CMV

The risk of CMV infection in patients receiving conventional 
chemotherapy for hematological malignancies is low [156]. 
Therefore, routine CMV screening in the asymptomatic 
patients receiving fludarabine, hyperfractionated cyclophos-
phamide, vincristine, doxorubicin and dexamethasone, or 
rituximab is not recommended. In non-HSCT patients, rate 
of CMV infection or viral reactivation ranges between 2% 
and 67% [157]. Some of the prominent although putative 
risk factors include treatment with high-dose corticosteroids, 
advanced malignancy, poor performance status, and treat-
ment with alemtuzumab, fludarabine, Velcade, and rituximab 
[157]. CMV prophylaxis and preemptive therapy are reserved 
for only high-risk patients and not given routinely in non- 
transplant patients undergoing treatment with biologic 
immune suppressive agents.

 Alemtuzumab (Campath)

Alemtuzumab is a recombinant DNA-derived humanized 
monoclonal antibody directed against CD52, a cell surface 
glycoprotein. It is used in the treatment of chronic lympho-
cytic leukemia, T cell prolymphocytic leukemic, cutaneous T 
cell lymphoma, and T cell lymphoma. CMV reactivation 
after Campath usually occurs within 3–6  weeks following 
therapy and the incidence ranges between 10% and 66% 
[158, 159]. Up to one-third of CMV infections in patients 
after Campath therapy are symptomatic and may present 
with a nonspecific febrile illness [160]. Patients at risk for 
CMV reactivation being treated with Campath may benefit 
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from anti-CMV drug prophylaxis. The data regarding val-
ganciclovir is encouraging. In a randomized trial, 35% of 
patients given valacyclovir (500  mg daily) prophylaxis 
developed CMV reactivation, where none had CMV reacti-
vation in valganciclovir (450 mg bid) treatment group [161]. 
Valganciclovir three times a week was also reported to be 
effective in preventing CMV reactivation [162].

Preemptive anti-CMV therapy instead of prophylaxis is 
another approach, which is similar to all preemptive antiviral 
regimens and requires close monitoring for early and sus-
tained viral reactivation using pp65 antigenemia or viral 
DNA PCR in blood [163]. CMV monitoring should be con-
tinued for 8 weeks after treatment with Campath has been 
discontinued [164]. In patients with evidence of CMV vire-
mia during Campath therapy, it is suggested to withhold fur-
ther treatment with the biologic agent until viremia has 
resolved. A thorough assessment for possible end-organ 
CMV disease should be undertaken and treated according to 
the established standards [165].

Pancreas-kidney dual organ transplant recipients in whom 
alemtuzumab induction therapy was compared with histori-
cal controls that received induction with basiliximab at a 
single transplant center in the US. There was no difference in 
patients, renal, or pancreas allograft survival, or renal 
allograft delayed graft function, incidence of PTLD, and sep-
sis in the two groups [166]. Infections due to EBV or BKV 
were not significantly dissimilar in the cohorts studied [166]. 
It is, however, important to note that the incidence of CMV 
infection was significantly higher in the alemtuzumab- 
treatment group vs. patients in whom basiliximab induction 
was given [166]. This observation resulted in modification of 
induction protocol at this center from two-dose alemtuzumab 
to a single 30 mg-dose induction therapy [166]. Alemtuzumab 
was still considered desirable due to low drug cost and few 
acute drug-related toxicities during induction for abdominal 
visceral transplantation.

 Rituximab

Rituximab is a human-mouse chimeric monoclonal antibody 
that has been successfully used to treat B-cell non-Hodgkin’s 
lymphoma, certain autoimmune diseases, and dermatologic 
disorders like Pemphigus vulgaris, post-transplant B-cell- 
mediated allograft rejection, and PTLD which are among 
other constantly emerging uses for this effective anti-CD20 
biologic immune-modulatory drug.

The risk of cytomegalovirus infection is considerable in 
allogeneic HSCT and solid organ transplantation recipients 
receiving high-dose rituximab therapy. However, it was 
interesting to note that in 49 patients with primary post- 
transplant CMV infection, 32 patients received low-dose 
rituximab therapy and exhibited no clinical or immunologic 

difference compared with 17 such patients in whom ritux-
imab was not given [167].

In a literature review, 64 reported cases of serious viral 
infection after rituximab therapy in patients with  lym-
phoma,  the median time from the start of rituximab treat-
ment and diagnosis of viral infection was 5  months  and 
ranged between 1 and 20  months [168]. Infections due to 
HBV (39%), CMV (23%), and varicella-zoster virus (9%) 
were the three prominent viral infections. Among HBV- 
seropositive patients, just over half of the patients had devel-
oped fatal liver failure. In contrast, nearly one-third of the 
patients with other severe systemic viral illness following 
rituximab therapy including CMV, had died [168]. The cause 
of death in the latter group could not be fully attributed to 
CMV or varicella zoster disease.

In allograft CMV-seropositive transplant patients undergoing 
rituximab therapy, risk for CMV infection and disease is much 
higher than in patients undergoing autologous SCT [169]. In a 
report of nearly 1000 autologous SCT recipients, 239 patients 
had clinical suspicion for symptomatic CMV reactivation. 
Among these, only 3% had confirmation of CMV viremia that 
developed after a median of 32 days following transplantation 
[169]. CMV viremia was detected in 4% of patients in whom 
rituximab was given, whereas 2% in patients without rituximab 
therapy. In this report, rituximab therapy in autologous stem cell 
graft recipients did not contribute to significant increase in CMV 
reactivation, end- organ disease, or death [169].

In 182 patient experience following T cell depleted matched 
unrelated or haploidentical donor stem cell transplant was 
recently reported [170]. In this high-risk group, half of the 
patients developed CMV viremia, whereas  end- organ viral 
disease  was noted in 6% of the patients. High- grade acute 
GVHD, D−/R+ CMV serology, and cancer as an indication 
for transplantation were prominent risk factors for CMV vire-
mia. Treatment with rituximab significantly reduced risk for 
EBV reactivation in whom high B cell- containing stem cell 
grafts were given. The authors reported an increase in the rate 
of CMV viremia following TCR-α/β and CD19-depleted stem 
cell allografts; however, rituximab therapy did not result in 
unfavorable survival or risk for end- organ CMV disease. 
Furthermore, in this group, use of CD19-depleted allografts 
and rituximab combination in select high-risk patients elimi-
nated the risk of PTLD [170].

CMV antiviral drug prophylaxis is not routinely recom-
mended for transplant patients undergoing treatment with 
rituximab. It is however recommended that in high-risk allo-
geneic stem cell graft recipients, a greater  degree of vigi-
lance for CMV reactivation and viremia, or both should be 
maintained during and 3 months after completing anti-CD20 
antibody therapy. As with any other at-risk transplant group, 
clinical suspicion for viral end-organ disease should prompt 
appropriate investigation and commencement of effective 
antiviral drug therapy.
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 Basiliximab

Basiliximab is a chimeric mouse-human monoclonal anti-
body that has high affinity against CD25, the α chain of the 
IL-2 receptor expressed on T lymphocytes. It is indicated 
for the prevention of acute renal allograft rejection. 
Basiliximab was shown to significantly reduce acute renal 
allograft rejection compared with cyclosporine and cortico-
steroids or triple antirejection therapy [171]. The efficacy of 
basiliximab was similar to that of equine antithymocyte 
globulin and daclizumab and perhaps superior to muro-
monab-CD3. The incidence of adverse events had been sim-
ilar in basiliximab-treated patients versus those given 
conventional induction. Secondary malignancies and PTLD 
after transplants were rare and were similar in basiliximab 
vs. the control group [171]. It is important to note that inci-
dence of CMV infection did not increase after basiliximab 
preparatory antirejection therapy compared with conven-
tional dual or triple drug combinations [171]. The incidence 
of CMV infection was also similar with basiliximab, com-
pared with patients given induction therapy using equine or 
rabbit antithymocyte globulin [171].

In heart transplant recipients, the results of 22 random-
ized clinical trials were systematically assessed for immu-
nosuppressive T cell antibody induction; these trials had 
data in 1427 heart-transplant recipients [172]. Chronic 
allograft vasculopathy, renal dysfunction, PTLD, and risk of 
other cancers were not significantly dissimilar across these 
studies. There was also no noteworthy difference in the risk 
of infections, including CMV infection and risk of 
death  [172]. It was important to note that acute cardiac 
allograft rejection occurred less frequently when IL-2 recep-
tor antagonist was given (33%) compared with no induction 
(45%; RR 0.73) [172].

 CMV Prevention

 CMV Risk Reduction

CMV-seronegative patients should ideally receive an 
allograft from a CMV-negative donor. This is true for patients 
awaiting hematopoietic blood or marrow stem cells or solid 
organ allograft transplantation. In patients undergoing allo-
geneic stem cell transplantation, major human leukocyte 
antigen compatibility is regarded as of greater significance 
than discordance between donor and recipient CMV serosta-
tus (D+/R−). However, taking into account the risks that 
newly, graft-acquired CMV infection poses in such patients, 
some experts have questioned the current practice and advo-
cated that CMV-negative donor being more preferential than 
graft concordance based on minor HLA antigen such as 
allele-mismatches or mismatches for HLA-C, DQ, or 
DP.  CMV-seronegative donor status has also been consid-
ered more important than other risk factors such as advanced 

donor age or blood group disparity. Clinical validation for 
these largely anecdotal although plausible recommendations 
still need validation via  prospective randomized trials that 
should include ethnically diverse cohort of patients.

Newly acquired CMV infection in D−/R− HSCT recipi-
ents was less likely due to naturally acquired infection in the 
adult life, whereas CMV transmission via transfusion of 
unscreened blood and blood products was reported as an 
important source of infection in older studies [173]. Use of 
blood products from CMV-seronegative blood donors is of 
foremost significance in prevention of newly acquired CMV 
infection during the post-transplant period. Reports of 
leukocyte- reduced or filtered blood products were an alterna-
tive approach to mitigate risk of CMV infection from blood 
transfusions in CMV + donor pool [174, 175].

In authors’ opinion, all CMV-seronegative transplant 
recipients should receive adequately screened blood and 
blood products from CMV-seronegative donors, as newly 
acquired CMV infection via transfusion poses a devastating 
complication in this vulnerable population.

 CMV Drug Prophylaxis

Ganciclovir prophylaxis was a major breakthrough in pre-
vention of CMV infection and end-organ viral disease in 
patients undergoing HSCT. Though it was well tolerated in 
most patients, drug toxicity, selection of drug-resistant viral 
mutants after prolonged exposure with low drug dose, subse-
quent risk for breakthrough, and often difficult-to-treat infec-
tions and potential for end-organ disease became limiting 
concerns. Valganciclovir was a welcome addition.

A search for more potent antiviral drugs with a low likeli-
hood for the risk of breakthrough CMV infections, infections 
due to drug-resistant viral stains, has propelled research in 
the past decades. After a less than stellar performance by 
maribavir in phase III trials [176], the recently concluded 
trial using a new anti-CMV agent was an encouraging gain in 
the existing antiviral drug armamentarium. Letermovir is a 
novel antiviral drug that inhibits the CMV-terminase com-
plex. In phase II dose escalation trial, a significant benefit 
was noted in incidence of CMV infection and end-organ dis-
ease plus lower discontinuation of prophylaxis for any rea-
son at 240 mg daily dose vs. 60 mg, 120 mg, or when no drug 
prophylaxis given [177].

A phase III trial in CMV (+) adult HSCT recipients with 
no evidence of CMV infection and/or disease, letermovir 
prophylaxis with 480 mg, or half that daily dose in patients 
taking cyclosporine was assessed for 14 weeks after patients 
underwent transplantation [178]. The primary end point was 
the proportion of patients in whom clinically significant 
CMV infection became evident within 24 weeks after trans-
plant. Patients were followed through week 48 after HSCT. In 
495 patients, 38% randomized to receive high-dose letermo-
vir prophylaxis developed clinically significant CMV infec-
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tion, whereas a significantly higher proportion of patients 
(61%) developed such episodes in the group given placebo 
[178]. Letermovir was well tolerated; no episodes of drug- 
related myelotoxicity or renal dysfunction were observed. 
Vomiting, edema, and atrial fibrillation or flutter were low- 
grade adverse events that were possibly attributed to 
 letermovir prophylaxis. All-cause mortality, 48 weeks after 
transplantation, was 21% in letermovir group compared with 
26% in patients randomized to receive no anti-CMV prophy-
laxis [178]. This trial has provided a much-needed new 
approach for preventing CMV infection in patients undergo-
ing allogeneic stem cell transplantation. 

 Immunoprophylaxis

Use of intravenous immune globulin (IVIG) has shown vari-
able efficacy in prevention of CMV viremia during post- 
transplant period, especially among at-risk population. In 
addition, even target-specific, enriched anti-CMV hyperim-
munoglobulins or CMV-specific monoclonal immunoglobu-
lins have also been disappointing in this regard [179–181].

The lack of therapeutic efficacy of IVIG in reducing CMV 
risk after D+/R− and D+/R+ allogeneic HSCT was known in 
earlier studies and was validated in a recent meta-analysis 
[182]. Use of enriched or monoclonal CMV antibodies is a 
high-price alternative for antiviral drug prophylaxis and cur-
rently not recommended for routine use in prevention of 
post-transplant CMV infection [183, 184].

In patients undergoing solid organ transplantation, treat-
ment with hyperimmunoglobulins or target-enriched immu-
noglobulins, especially for CMV and HBV infections, may 
have ancillary immune modulatory effect(s) [185]. It was 
interesting to note in orthotopic liver transplant recipients, 
HBV hyperimmunoglobulin prophylaxis had an unexpected 
favorable influence on the risk of graft rejection resulting in 
improved graft and patient survival compared with patients 
given antiviral drug therapy alone [185]. Similarly, anti- 
CMV hyperimmunoglobulin prophylaxis in patients follow-
ing lung transplantation had resulted in reduced frequency 
of bronchiolitis obliterans syndrome [185]. These additional 
host-immune-modifying events attributed to hyperimmuno-
globulin prophylaxis given during early post-transplant 
period may not be a direct treatment-induced modification 
of allograft recipients’  immune-inflammation response. It 
could be contended that such benefit, if valid, arises from an 
indirect effect from suppression of opportunistic, possibly 
immune-modulating viral infections.

 Preemptive Therapy in HSCT

Prevention of CMV end-organ disease in patients with early 
and sustained CMV viremia has spearheaded the evolution of 
preemptive therapy in the last three decades. Implementation 

of effective preemptive anti-CMV therapy that reduces the 
need for universal antiviral drug prophylaxis relies upon 
predictor(s) that confidently portend CMV disease risk in 
patients undergoing allogeneic transplantation. Such preemp-
tive strategies in a select group of allogeneic transplant recipi-
ents have been a notable intervention that resulted in 
a considerable decline in early post-transplant CMV disease 
and reflected upon improved patient survival [61].

However, the premise of anti-CMV drug prophylaxis, as 
with prevention strategies for other opportunistic infections, 
is to routinely provide antimicrobial drug, often given in 
lower doses during high-risk periods. Unlike preemptive 
therapy, prophylaxis is administered regardless of the evi-
dence of CMV infection (antigenemia or viremia). Empiric 
therapy is regarded as systemic full-dose anti-CMV therapy 
given in patients when CMV end-organ disease is suspected 
and confirmation is either pending or not attainable.

A suitable agent for prophylaxis must (a) have favorable 
toxicity profile, (b) be easy to administer, (c) not require fre-
quent dose  administration, (d) demonstrate efficacy in preven-
tion of infection and tissue invasive disease, and importantly 
(e) have low potential to influence emergence of drug-resistant 
mutants or (f) breakthrough infections due to organisms inher-
ently nonsusceptible to the class of drug being used for pro-
phylaxis. Another important consideration is reliable 
bioavailability of such an agent that would make routine 
blood/serum drug monitoring dispensable. CMV prophylaxis, 
unlike preemptive approach, is offered to all at- risk transplant 
patients and not selected for patients that demonstrate CMV 
infection, therefore exposing a subgroup of low-risk patients 
to systemic toxicity of ganciclovir or foscarnet, in whom post-
transplant CMV infection or disease would not have occurred. 
Unlike preemptive approach, in patients given drug prophy-
laxis, routine viral monitoring is not required. Both strategies 
have demonstrated comparable efficacy in preventing CMV 
end-organ disease [61]. It was therefore considered desirable 
to opt for preemptive approach using CMV pp65 antigenemia 
or viral DNA PCR techniques to avoid more generalized use 
of an antiviral drug prophylaxis, especially in transplant 
receipients  with suboptimum restitution of post-trasn-
plant antiviral immune surveillance [186, 187].

Assessing CMV-specific immune reconstitution after 
allogenic stem cell allograft transplantation is a novel 
approach to objectively stratifying patients at risk for CMV 
infection and end-organ disease. The utility of CMV-specific 
adaptive T cell response as a guide for withholding preemp-
tive anti-CMV therapy was assessed in 58 patients 
3–6 months after allogeneic HSCT [188]. In 19 CMV epi-
sodes, this strategy was applied, treatment was deferred in 
5/19 patients and none of these five patients developed CMV 
disease [80]. This approach has not become the standard of 
care at most transplant centers barring cost, feasibility, and 
limited clinical experience.

The current approach for preemptive therapy after alloge-
neic HSCT is based on regular, once a week measurement of 
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CMV pp65 antigenemia, or viremia by new-generation sen-
sitive PCR DNA analysis, or RNA amplification using 
nucleic acid sequence-based amplification (NASBA). These 
measurements are performed during first  100  days after 
transplantation and may be extended beyond 100  days in 
patients with sustained risk for late CMV disease. It is impor-
tant that patients assigned to receive preemptive anti-CMV 
therapy should be periodically assessed for subclinical or 
modestly symptomatic end-organ viral disease.

A short 2- to 3-week course of ganciclovir is frequently 
adequate in resolving CMV viremia although close to one- 
third of patients given short anti-CMV preemptive therapy 
will have infection recurrence [189]. Currently, preemptive 
therapy is given for 6–8 weeks or for 100 days after engraft-
ment [190]. In patients with persistent viremia or pp65 anti-
genemia after 2  weeks of anti-CMV therapy, treatment 
needs to be extended until viral clearance is achieved. A 
gradual decline in CMV viremia after institution of pre-
emptive antiviral therapy was noticeable as an important 
prognosticator of CMV disease during the late transplant 
period [191].

In authors’ opinion, in patients in whom, rise in CMV 
PCR or antigenemia is observed for 2 consecutive weeks 
after commencing ganciclovir preemptive therapy, a 
genetic drug mutation analysis should be performed. This 
is especially pertinent for patients with prior and extensive 
exposure to ganciclovir. A change to an alternative antivi-
ral drug should also be considered without delay in patients 
with the earliest clinical and/or radiographic evidence of 
CMV end- organ disease, while receiving ganciclovir pre-
emptive therapy. However, it should be emphasized that a 
number of patients will exhibit protracted or  gradual 
response to anti- CMV preemptive therapy, which is more a 
reflection on patients’ ineffective T cell antiviral 
immune  response and possibily, yet undermined, 
hosts’ minor genetic polymorphism(s) that curtails ability 
to suppress viral replication  during the post-transplant 
period. It has  also been sugested that such immune vul-
nerablity for CMV infection may only  become clini-
cally evident, after an allogenic transplantation procedure 
has been undertake. 

 Management of CMV Disease

CMV sporadically activates from viral latency in most non- 
immunosuppressed individuals with or without periods of 
physical and/or immunologic stress with no certain clinical 
consequence. Even in immunosuppressed patients, diagnosis 
for CMV end-organ disease requires fulfilment of certain cri-
teria, such as (1) isolation of cytomegalovirus in viral cul-
tures, (2) clinical and radiologic features of CMV disease, 
(3) identifying susceptible transplantation population, and, 
most importantly, (4) demonstration of cytomegalovirus in 
tissue biopsy samples.

 Gastrointestinal Disease

For gastrointestinal CMV disease, induction parenteral drug 
therapy with intravenous ganciclovir is given for 2–3 weeks 
followed by 4–6  weeks of low-dose maintenance therapy, 
which needs to be continued well after resolution of CMV 
viremia and clinical and/or radiographic evidence of viral 
disease. Historically, short course (≤2 weeks) antiviral ther-
apy was associated with the  risk of treatment failure and 
viral  disease relapse [192]. In patients with orointestinal 
CMV disease, tissue damage is a direct result of virus- 
mediated cell damage; therefore, immunomodulation with 
adjunct IVIG for harnessing or modifying immune- 
inflammatory response is not recommended [193].

Nearly one-third of HSCT recipients may experience dis-
ease recurrence after demonstrating a clinical response  to 
anti-CMV drug therapy. The authors suggest a reinduction 
with systemic antiviral drug given for 3–4 weeks and main-
tained until precipitating risk factors, if present, such as 
high-grade acute or chronic GVHD, graft rejection, high- 
dose anti-GVHD or allograft rejection therapy, and treatment 
for cancer recurrence including donor lymphocyte infu-
sion  mediated severe immune suppression has improved. 
Despite limited data, prolonged suppression with oral val-
ganciclovir was encouraged in patients with end-organ CMV 
disease, including recurrent CMV enteritis or colitis. It is 
important to assess for potential malabsorption state even in 
the setting of well-controlled chronic enteric GVHD or vis-
ceral graft rejection. In such circumstances, drugs even with 
otherwise  high oral bioavailability like  valganciclovir may 
fail to achieve adequate therapeutic drug concentration.

 CMV Pneumonitis

Response to antiviral drug therapy by itself for treatment of 
CMV pneumonia, particularly in patients undergoing alloge-
neic HSCT, has been disappointing. CMV pneumonia has 
dual components, direct virus-mediated cytopathic effects on 
pneumocytes, and additional virus-elicited tissue damage via 
an exaggerated hosts’ inflammatory response. Therefore, 
combination therapy has long since become the standard of 
care that comprises of an effective anti-CMV drug like gan-
ciclovir or foscarnet along with IVIG [194, 195]. This 
approach has resulted in a substantial improvement yeilding 
good clinical response and improved patient survival com-
pared with historic outcomes following antiviral drug ther-
apy alone. It was not unexpected that no additional benefit 
occurred  by substituting  CMV-enriched immune globulin 
compared to pooled IVIG from community blood donors 
[196]. In patients with pulmonary edema and circulatory vol-
ume overload that may be exacerbated by IVIG, a reduced 
volume CMV-enriched immunoglobulins may exert less 
intravascular oncotic pressure and can be substituted in 
select clinical situations.
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Immunopathogenesis of CMV pneumonitis is predicated 
on hosts’ exaggerated inflammatory response triggered by 
cytomegalovirus infection involving the lungs  [197]. 
Systematic review in a number of studies has provided 
 support for IVIGtherapy in recipients of allogeneic 
HSCT  with CMV pneumonitis; ergo addition of IVIG is 
presently regarded as standard of care, despite limited con-
troversies that may surface periodically.

 CMV Retinitis

Treatment of CMV retinitis involves systemic treatment with 
an antiviral drug like ganciclovir, foscarnet, or cidofovir. 
Intraocular, posterior chamber instillation of ganciclovir via 
injections or implantation of slow drug-release devices has 
evolved as the mainstay of therapy for this devastating CMV 
disease that threatens to compromise vision and in some 
patients resulting in permanent blindness, despite best possi-
ble, intensive multimodality treatment measures [198, 199]. It 
is also important to recognize that initially uninvolved contra-
lateral eye is at risk for CMV disease in most patients with 
CMV retinitis initially involving a single eye.

Cidofovir has permitted biweekly maintenance therapy. 
Local ophthalmic treatment options such as intraocular 
devices for sustained ganciclovir delivery or intravitreal 
instillation of cidofovir, fomivirsen, and ganciclovir have 
been used to circumvent systemic drug toxicity while main-
taining high drug concentration at the site of  viral  disease 
[200]. The intraocular cidofovir is desirable due to its long 
half-life, and patients may be spared from implantation of 
intraocular devices that are needed for ganciclovir sus-
tained  local delivery. Safety and pharmacokinetics of the 
cidofovir prodrug was evaluated in rabbits [201, 202]. The 
drug was well tolerated, and gradually dissolved, yielding 
free drug accumulation in the retina and vitreous; half-life of 
25 days. The status of future development of cidofovir pro-
drugs for potential clinical use is presently not known.

It is important to recognize that acute uveitis may compli-
cate systemic cidofovir therapy, similar to ophthalmic toxic-
ity noted with rifabutin. Discontinuation of the offending 
drug and topical steroids along with mydriatic cycloplegic 
agents are ameliorative in most patients [203]. Since patients 
commonly present with painful red eye and signs of anterior 
segment inflammation accompanied by fibrinous exudate 
and possibly vitritis, a lack of awareness of this drug-induced 
toxicity that may rarely complicate cidofovir therapy may 
misdirect a cumbersome and fruitless exploration for 
possible infection.

Ocular hypotony is another rare complication of systemic 
cidofovir therapy [204]. Anterior uveitis or iridocyclitis and 
ocular hypotony are a result from a direct interaction between 
cidofovir and the ciliary body [205]. Most reports of this cidofo-
vir ophthalmic toxicity is reported in patients with HIV/AIDS 
receiving treatment for CMV retinitis. Alternatively, inflamma-

tion of anterior eye chamber and vitreous body may be a reflec-
tion of immune restoration in patients with AIDS and not a 
direct consequence of cidofovir on the ciliary apparatus [206].

Fomivirsen is a phosphorothioate oligonucleotide that 
inhibits CMV replication via an antisense mechanism that 
targets mRNA encoded by CMV. This drug is approved as 
second-line intraocular instillation therapy for CMV retinitis 
in patients with HIV/AIDS [207]. Therapeutic feasibility and 
efficacy of fomivirsen in treatment of CMV retinitis in non- 
HIV patients, especially those undergoing allograft trans-
plantation is not certain.

 Other Organ Diseases

CMV hepatitis, encephalitis, myelitis/myeloradiculitis, and 
adrenalitis are not common, and management with an antivi-
ral agent like ganciclovir is often adequate. It has been pro-
posed, barring adequate clinical experience, that intravenous 
foscarnet may penetrate physiological blood-brain barrier 
better than that occurs after intravenous  ganciclovir ther-
apy. The potential superiority of one drug versus the other 
has not been systematically studied and at best is regarded as 
anecdotal opinion. In transplant patients with CMV disease, 
high degree of clinical suspicion, early and correct diagnosis, 
and appropriate supportive care is what determines a favor-
able outcome along with the implementation of effective and 
well-tolerated anti-CMV drug therapy.

 Antiviral Agents

Drugs that are active against cytomegalovirus are given for 
infection prevention and preemptive therapy prior to devel-
opment of end-organ cytomegalovirus disease. These agents 
are also effective for the treatment of CMV disease. In 
patients undergoing transplantation, all resources are focused 
on identifying patients at risk for CMV organ disease such as 
high risk transplant procedures, and post-transplant compli-
cation that increase vulnerability for this devastating poten-
tially life-threatening complication.

 Acyclovir

Acyclovir is active against herpes simplex viruses and 
regarded as the cornerstone of antiviral prevention and treat-
ment since its approval by FDA in 1982. The initial critical 
step in intracellular drug activation is dependent on phos-
phorylation by viral thymidine kinase that exhibits >3000 
times higher avidity for acyclovir than mammalian host 
enzymes; cellular thymidine kinase then converts acyclovir 
to triphosphate form, which is a potent inhibitor of viral 
DNA polymerase. Acyclovir despite showing less than opti-
mal anti-CMV activity in vitro tests, when given to patients 
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undergoing stem cell transplantation was noted to reduce the 
overall risk for CMV infection and perhaps favorably influ-
enced the risk for CMV organ disease [208].

 Valacyclovir

Valacyclovir is a valine-ester prodrug of acyclovir with a 
greater than 50% oral bioavailability compared with 10–20% 
oral bioavailability achieved with traditional oral acyclovir 
therapy. Valacyclovir is converted to acyclovir after first-pass 
hepatic metabolism by hosts’ esterase enzymes yielding a 
high-serum drug  concertation. It  was therefore,  not unex-
pected that prophylaxis with valacyclovir was more effective 
than acyclovir in reducing the risk of CMV infection, as 
noted by a decline in the need for ganciclovir preemptive 
therapy in patients undergoing allogeneic HSCT [209]. The 
impact of valacyclovir prophylaxis on overall survival after 
allogeneic HSCT remains uncertain. It is recommended that 
allogeneic transplant recipients at risk for CMV disease, 
while on valacyclovir prophylaxis should undergo routine 
surveillance for CMV infection and be treated preemptively 
with appropriate anti-CMV drug should there be evidence of 
CMV antigenemia or viremia [210].

 Ganciclovir

Ganciclovir is competitive inhibitor of deoxyguanosine tri-
phosphate and interferes with the incorporation of this essen-
tial nucleoside into viral DNA.  Ganciclovir is a synthetic 
nucleoside analogue 9-(1,3-dihydroxy-2-propoxymethyl)
guanine (DHPG) that is converted to ganciclovir monophos-
phate by a CMV gene (UL97)-encoded phosphotransferase. 
Further phosphorylation of ganciclovir monophosphate into 
the active triphosphate form is undertaken by hosts’ cellular 
enzymes. Presently, ganciclovir is regarded as the first-line 
drug for prevention and preemptive treatment of CMV infec-
tion in patients undergoing transplantation. Intravenous gan-
ciclovir significantly reduces the risk of CMV disease in 
patients undergoing allogeneic HSCT [211, 212].

One of the major treatment limiting toxicity of ganciclovir 
is suppression of marrow granulocytopoiesis; the resultant 
peripheral blood neutropenia is noted  in nearly one-third of 
the stem cell allograft recipients being treated with ganciclovir 
[213]. As expected, presence of drug-induced severe neutrope-
nia (ANC < 500 cells/ml), if it remains unabated, significantly 
increases the risk for secondary superimposed bacterial infec-
tions and tissue invasive fungal disease [213].

Ganciclovir dose reduction and additional support with 
recombinant  myeloid growth factor may help mitigate this 
potential life-threatening complication, although in a number 
of patients the drug may have to be discontinued. Most often, 
such patients  are  switched over to foscarnet. Ganciclovir 
serum drug concentration analysis may help guide drug dos-

ing in select patients, especially those with renal impairment, 
although this is not a common practice in transplant centers in 
the United States and elsewhere. Another important observa-
tion in clinical trials showed a lack of overall survival benefit 
from ganciclovir prophylaxis or preemptive therapy; this was 
noted despite a significant reduction in the risk for end-organ 
CMV disease.

 Valganciclovir

Oral valganciclovir has  better bioavailability compared with 
oral ganciclovir; in HSCT recipients, serum drug levels may 
be  comparable to those seen  after  intravenous ganciclovir 
therapy [214]. The efficacy and tolerability of valganciclovir 
preemptive therapy are now regarded as analogous to intra-
venous ganciclovir therapy in patients undergoing allogeneic 
stem cell transplantation [215, 216].

In patients following solid organ transplantation, oral val-
ganciclovir showed a safe, easy to administer, and poten-
tially effective option for CMV therapy nearly comperable 
to  intravenous ganciclovir [217]. It was cautioned that in 
allograft recipients with specific organ transplants that were 
not represented in the comparison trials, extrapolating val-
ganciclovir feasibility data in such transplant recipi-
ents  should be approached with caution [217]. The VICTOR 
trial showed comparable efficacy of oral valganciclovir vs. 
intravenous ganciclovir for the treatment of CMV disease in 
recipients of solid organ transplantation [218]. Oral anti- 
CMV therapy is now recommended in SOT patients for the 
treatment of CMV disease. VICTOR biobank was used in a 
series of post hoc analyses that yielded important informa-
tion regarding treatment of CMV disease in SOT population. 
These included the following: (a) modifying antiviral ther-
apy with the initial CMV viral load, (b) the effect of 
immune suppression on anti-CMV treatment outcomes, and 
(c) importantly, for prevention of disease recurrence and 
emergence of drug resistance, antiviral treatment should be 
continued until CMV viral load has become undetectable 
[218].

A multicenter randomized study assessed intravenous 
ganciclovir in patients undergoing alemtuzumab reduced 
intensity conditioning HSCT vs. oral valganciclovir; 67% of 
27 patients cleared CMV viremia after a median 14 days of 
therapy [219]. By measuring serum ganciclovir levels, bio-
availability of oral valganciclovir was 73%. It was interest-
ing to note that average drug exposure was higher in the 
valganciclovir group compared with patients given ganciclo-
vir intravenously (37  ±  15 and 28  ±  7 μg h/ml, 
respectively).

Taking into account the existing data, systemic drug 
exposure and safety of valganciclovir has emerged as com-
parable to traditional intravenous ganciclovir given preemp-
tively in both solid organ and hematopoietic stem cell 
allograft recipients. An important exception includes the lack 
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of such data in high-risk HSCT recipients and those with 
CMV infection while undergoing treatment for severe 
GVHD or visceral allograft cellular immune rejection.

 Foscarnet

Foscarnet, trisodium phosphonoformate, is a pyrophosphate 
analog that binds reversibly near the pyrophosphate-binding 
site of viral DNA polymerase or reverse transcriptase. 
Foscarnet unlike nucleoside analogues does not require 
modification for antiviral activity. Foscarnet binding with 
viral DNA polymerase, blocks DNA chain elongation. 
Foscarnet selectively inhibits viral DNA polymerase; cross-
over inhibition of mammalian DNA polymerase would 
require 100-fold greater drug concentration than that needed 
for blocking CMV replication. It is active in vitro against 
herpes viruses, HBV and HIV. Foscarnet is presently used 
as a second-line agent for the treatment of CMV infection in 
transplant patients intolerant to ganciclovir or those with 
ganciclovir nonsusceptible or unresponsive CMV, HSV, and 
VZV infection. In vitro activity and limited clinical data 
also foster use of foscarnet in patients with end-organ dis-
ease due to human herpesvirus 6A and 6B [220].

Foscarnet is considered as effective as ganciclovir for pre-
emptive anti-CMV therapy in patients undergoing allogeneic 
stem cell transplantation [221, 222]. However, as all cur-
rently licensed antiviral drugs, breakthrough infection is not 
unique to treatment with foscarnet. In most such cases, lack 
of clinical response reflects a combination of less drug- 
susceptible viral strains and viral escape due to profound 
hosts’ cellular immune dysfunction.

In 20 high-risk HSCT recipients including unrelated 
donors, or T cell-depleted stem cell grafts, and/or transplant 
for advanced malignancy, foscarnet prophylaxis was assessed 
during first 100 days after transplantation [223]. CMV pp65 
antigenemia was seen in 80% of patients with low dose and 
less than 20% with high-dose foscarnet prophylaxis. CMV 
disease occurred in 33% receiving lower two-dose schedule, 
where none of the patients assigned to high two-dose approach 
developed end-organ viral disease. Increased serum creati-
nine was noted in 75% of these patients, and in nearly half, 
the drug needed to be stopped. Authors reported dose-depen-
dent prophylactic effect of foscarnet in prevention of CMV 
antigenemia, and despite high incidence of nephrotoxicity, it 
was reversible after the treatment was discontinued [223].

Compared with ganciclovir, foscarnet anti-CMV therapy 
is given preemptively to individuals undergoing allogeneic 
blood or marrow stem cell transplantation. In this randomized 
study involving 213 patients, the primary efficacy endpoint 
was the occurrence of CMV disease or death from any cause 
within 180  days after transplantation [190]. The event- free 
180-day survival estimates were similar in the two treatment 
groups. As anticipated, significantly more patients (11%) 
developed severe neutropenia in ganciclovir group versus 4% 

in those receiving foscarnet prophylaxis. Renal impairment 
was not significantly different among the two groups; 5% in 
foscarnet-treated patients and 2% in the ganciclovir- treated 
patients. Ganciclovir was discontinued in 6% of patients due 
to hematopoietic toxicity such as neutropenia or severe 
thrombocytopenia, whereas no such treatment interruptions 
were noted in foscarnet-treated group.

A report in 39 patients in whom 22 had undergone SOT 
and 17 HSCT received foscarnet for treatment of 
ganciclovir- resistant CMV infection (n  =  15) and other 
exhibiting lack of clinical response to ganciclovir therapy. 
Patients were given foscarnet for well over a month (median 
32  days). Virologic failure occurred in 33%, and viremia 
relapsed in 31% of the patients. More patients died (31%) 
in HSCT group compared with SOT, whereas significantly 
more SOT recipients had ganciclovir-resistant CMV virus 
[224]. It was not unexpected to see that nearly half of the 
patients (51%) developed impaired renal function by the 
end of foscarnet therapy. It is important to take into account 
that end-organ CMV disease was documented in 28% of 
the 39 patients [224].

Drug treatment refractory CMV viremia, viral recurrence, 
and risk of end-organ disease are more of a reflection on hosts’ 
genetic and immunologic viral susceptibility, type of allograft 
transplantation, and post-transplant complication(s) resulting 
in hosts’ immune dysregulation. This concept has given way 
to handling CMV infection in transplantation population with 
novel approaches such as adaptive cellular immunotherapy 
and search for vaccine candidates and constructs that may 
yield effective and durable anti-CMV immune response.

 Cidofovir

Cidofovir or hydroxyphosphonylmethoxypropylcytosine 
(HPMPC) is a phosphonate containing cyclic cytosine ana-
logue. Cidofovir phosphonate group mimics deoxycytidine 
monophosphate. This drug does not require viral kinases for 
phosphorylation to furnish its antiviral potential [225]. 
Therefore, cidofovir is active against the viral mutants that 
are deficient in viral kinase including ganciclovir-resistant 
CMV strains. Hosts’ cellular enzymes phosphorylate cidofo-
vir twice to its active form. The resulting cidofovir diphos-
phate remains within the cells for an extended duration. The 
diphosphate cidofovir competitively inhibits incorporation of 
deoxycytidine triphosphate into viral DNA by viral DNA 
polymerase. Incorporation of the drug in viral DNA disrupts 
further  chain elongation [225]. Tenofovir and adefovir are 
two related phosphonate-containing drugs that are acyclic 
deoxyadenosine analogue and are active against HIV and 
HBV. The mechanism of antiviral activity of these drugs is 
similar to that of cidofovir against CMV.

Acute renal tubular necrosis is a major drug toxicity that can 
be, in part, muted by optimizing intravascular hydration before 
and after cidofovir infusion to maximize glomerular filtration, 
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and probenecid is given to reduce active cidofovir secretion in 
proximal renal tubules. Despite these measures, acute renal 
failure limits first- or second-line use of cidofovir in most trans-
plant recipients with CMV infection and/or disease.

Cidofovir is a broad-spectrum agent that exhibits in vitro 
activity against a variety of human pathogenic viruses includ-
ing human herpesviruses, adenovirus, HPV, polyomaviruses, 
and human poxviruses [226]. Potential clinical application 
other than the standard indication for CMV retinitis in 
patients with AIDS is not presently approved. Intravenous 
cidofovir has been used as salvage therapy for treatment of 
progressive multifocal leukoencephalopathy and Kaposi’s 
sarcoma. Intraocular injection for treatment of CMV retini-
tis, intralesional cidofovir injections for treatment of respira-
tory papillomatosis, topical application for treatment of 
aggressive molluscum contagiosum, anogenital condyloma 
acuminata, and recurrent genital herpes have been used with 
some success. Topical ophthalmic instillation of cidofovir 
for treatment of viral keratoconjunctivitis has also been well 
tolerated and with good results [227].

 Maribavir

Maribavir is a benzimidazole l-riboside compound with potent 
activity against CMV including ganciclovir-resistant viral 
strains. The mechanism of action against ganciclovir- resistant 
CMV isolates include drug-induced inhibition of UL97 kinase 
and viral DNA synthesis [228]. Viral UL97 kinase is involved 
in viral DNA synthesis and viral capsids’ exit from cell nuclei. 
Maribavir shows in vitro activity against ganciclovir- foscar-
net-and cidofovir-resistant strains of CMV [228].

In a study, clinical CMV isolates and laboratory viral stains 
exhibiting mutations in UL97 and UL54 DNA polymerase 
were tested in vitro by plaque reduction assay. All 17 CMV 
stains resistant to ganciclovir (n = 11), foscarnet (n = 4), and 
cidofovir showing UL97 and UL54 DNA polymerase muta-
tions were susceptible to maribavir [229]. A laboratory mutant 
CMV virus with UL97 L397R mutation showed high-level 
maribavir resistance; however, this strain was sensitive to other 
three antiviral drugs tested. Maribavir demonstrates rapid 
absorption after oral administration and linear pharmacokinet-
ics and has effective in vivo activity against cytomegalovirus 
[230]. In phase I trials, based on urinary drug recovery, 25–45% 
of maribavir was noted to be absorbed when given orally [231].

In a phase II dose-ranging trial conducted in patients fol-
lowing HSCT, CMV infection and disease were reduced 
with all three drug doses tested, although this antiviral ben-
efit was not evident in phase III trial among patients random-
ized to receive maribavir 100  mg twice daily [232]. 
Inadequate low-dose maribavir was thought to be a poten-
tial flaw in this phase III trial [232].

In 120 patients following stem cell or solid organ trans-
plantation, safety, antiviral activity, and pharmacokinetics of 

different oral doses of maribavir for up to 24 weeks for treat-
ment of CMV infections resistant or refractory to treatment 
with ganciclovir, valganciclovir, or foscarnet were studied. A 
number of participants with confirmed undetectable plasma 
CMV within 6  weeks after being randomized to receive 
400 mg, 800 mg, and 1200 mg twice daily dose was 70%, 
63%, and 71%, respectively. Serious adverse events were not 
widely different among the three groups (70%, 68%, and 
65%, respectively) (clinicaltrials.gov NCT01611974).

Another phase II European randomized dose-ranging trial 
to assess safety and efficacy of maribavir vs. valganciclovir for 
the treatment of CMV infection in transplant patients without 
CMV end-organ disease has ended in 2014 (EudraCT: 2010-
024247-32); results from this trial are not known. Overall, 
Maribavir has been safe and well tolerated; alteration in taste 
was the most frequently reported adverse event.

 Letermovir

Letermovir is a novel antiviral drug that inhibits the CMV- 
terminase complex that can be given orally or intravenously. 
In vitro data has shown letermovir remains active against 
drug-resistant CMV mutant strains. Limited clinical experi-
ence for treatment of multidrug-resistant CMV infection or 
disease in allograft transplant recipients was encouraging 
[233]. In a phase II dose-escalation study in 131 CMV (+) 
stem cell HLA-matched allograft recipients, letermovir was 
given at doses of 60, 120, or 240 mg daily and compared with 
similar patients that were given placebo. Prophylaxis and pla-
cebo were continued for 12 weeks after stem cell engraftment. 
The primary end point was “all-cause prophylaxis failure” 
which was defined as stopping study drug due to CMV anti-
genemia or viremia, viral  end-organ disease, or any other 
cause [177]. The “all-cause prophylaxis failure” was 48% in 
patients given 60 mg dose versus 64% in the placebo group. It 
was 32% in patients given 120  mg (P  =  0.01) and 29% in 
patients given 240 mg letermovir daily dose (P = 0.007). A 
difference in time-to-onset for prophylaxis failure for letermo-
vir 240 mg daily dose vs. placebo was a significant finding 
(P = 0.002) [177]. There were no episodes of drug-induced 
hematologic or renal toxicity. The drug was well tolerated, and 
the safety profile of letermovir was comparable to patients 
who were randomly assigned to receive placebo.

In a phase III trial in adult CMV (+) HSCT recipients 
without CMV viremia, letermovir prophylaxis 480 mg daily, 
or half that dose in patients taking cyclosporine, was assessed 
during the first 14  weeks after transplantation. In 495 
patients, 24 weeks after transplantation, 38% randomized in 
letermovir treatment group developed clinically significant 
CMV infection, whereas such events were observed in 61% 
among the placebo group (P < 0.001) [178]. Letermovir was 
well tolerated, with no drug-related myelotoxicity or renal 
dysfunction. Vomiting, edema, and atrial fibrillation or flutter 
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were low-grade adverse events possibly associated with 
letermovir use. The 48-week all-cause mortality in letermo-
vir group was 21% comparted with 26% in patients who did 
not receive this anti-CMV drug for prophylaxis [178].

 Brincidofovir

Brincidofovir (CMX-001) is a lipid acyclic nucleoside phos-
phonate prodrug of cidofovir that exhibits excellent oral bio-
availability and expected long half-life allowing twice-weekly 
dosing schedule. Brincidofovir crosses cell membrane via 
facilitated and passive diffusion; once inside the cell, it is con-
verted into cidofovir after cleavage from its lipid moiety and 
phosphorylated to cidofovir diphosphate by intracellular 
kinases [234]. In experimental CMV infections, brincidofovir 
is 400 times more potent than cidofovir [235]. The spectrum of 
antiviral activity of this cidofovir prodrug includes all five fam-
ilies of DNA viruses that causes human disease including the 
herpesviruses and adenoviruses [236, 237]. Brincidofovir 
has shown potent activity against Ebola virus in vitro, and in 
experimental Ebola virus disease results were cau-
tiously  encouraging [238]. Unlike cidofovir, brincidofovir is 
not a substrate for the human organic anion transporters, which 
favorably contributes to its low nephrotoxicity potential [239].

A phase II dose-escalation study in HSCT recipients 
showed reduced  CMV infection and/or disease in patients 
given brincidofovir prophylaxis  with 200  mg  per  week 
dose started at the time of stem cell engraftment. The most 
common side effect was diarrhea that  became notable in 
patients given 200 mg or higher weekly doses. Due to the 
dose-limiting toxicity noted at 200 mg twice weekly, the pro-
tocol was amended to 100 mg twice weekly dose for phase 
III trial. In the phase III trial with amended protocol con-
ducted at 27 centers, 230 evaluable CMV (+) patients under-
going HSCT were randomized to receive oral brincidofovir 
100 mg twice weekly versus placebo [240]. It is important to 
note that randomization was stratified according to the pres-
ence or absence of GVHD and CMV viremia. Anti-CMV 
prophylaxis commenced after stem cell engraftment for a 
duration of 9–11 weeks and until 13th week post-transplant. 
CMV DNA PCR was performed weekly, and in patients with 
presence of CMV breakthrough viremia, drug was discontin-
ued and switched to standard preemptive anti-CMV therapy. 
The primary end point was presence of CMV disease or vire-
mia (>200 copies per ml) at the time study drug prophylaxis 
was discontinued. The incidence of CMV events was 27% 
points lower in patients in whom brincidofovir was given 
prophylactically (10% vs. 37% in placebo; P = 0.002) [240]. 
Diarrhea was common adverse event in patients receiving 
brincidofovir at doses of 200 mg or higher weekly doses and 
was the dose-limiting adverse event associated with brin-
cidofovir prophylaxis [240]. According to the manufacturer 
website, brincidofovir has not been associated with kidney or 

bone marrow toxicity in over 1000 patients. Brincidofovir 
has received Fast Track designation from the FDA for CMV, 
adenovirus, and smallpox (http://www.chimerix.com) [241].

 Leflunomide

Leflunomide is a disease-modifying antirheumatic drug that 
has shown effectiveness in various autoimmune disorders 
[242]. Leflunomide has exhibited in vitro anti-CMV activity 
and dose-dependent anti-CMV response in humans [242]. In 
HSCT recipients with MDR CMV infection or end-organ 
viral disease due to such difficult-to-treat drug-resistant 
strains, options for effective and sustainable therapy remain 
severely curtailed. Leflunomide has been exploited for pos-
sible salvage therapy in such select cases. Leflunomide adju-
vant, salvage therapy in three HSCT recipients with MDR 
CMV infections assessed anti-CMV efficacy of leflunomide 
based on virologic response and proposed therapeutic drug 
monitoring [243].

Leflunomide salvage therapy has also resulted in favor-
able outcome in two SOT recipients with systemic and local 
antiviral combination therapy refractory CMV retinitis 
[244]. A kidney allograft recipient with treatment refractory 
(UL97 mutation) CMV retinitis involving both eyes 
responded after oral leflunomide was added. This patient had 
disease worsening despite intravitreal instillation of ganci-
clovir and foscarnet in addition to IV foscarnet and oral val-
ganciclovir therapy. Following addition of leflunomide, 
CMV retinitis became inactive for 22 months. CMV retinitis 
in a lung transplant patient worsened despite intravitreal fos-
carnet injections and oral valganciclovir. Retinitis was con-
trolled with the addition of oral leflunomide that allowed 
discontinuation of intravitreal therapy. In this patient, CMV 
retinitis remained inactive until his death [244].

Experience with leflunomide for CMV infection in nine 
patients following lung transplantation three such allograft 
recipients received leflunomide for secondary CMV prophy-
laxis [245]. In 67% of 12 patients, demonstrable genetic anti-
viral mutations were noted that are known to confer drug 
resistance. Leflunomide therapy in 78% of patients resulted 
in a decline in the level of CMV viremia. Long-term viral 
suppression was achieved in 58% of these patients. In one- 
fourth of patients, leflunomide had to be discontinued due to 
drug toxicity [245]. Leflunomide experimental therapy is 
currently reserved for patients with ganciclovir-resistant 
CMV infection that has failed second- and third-line agents.

 Artesunate

Artesunate is an antimalarial agent that also exhibits a 
wide- ranging in vitro activity against a variety of viruses 
such as herpesviruses, hepatitis, and HIV [246]. 
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Mechanistically, arsenate antiviral activity is linked with 
interference in essential steps in the host cell kinase cas-
cades. It was shown that DNA-binding activity of the two 
virus-induced cellular transcription factors Sp1 and 
NF-kappa B were markedly reduced in the presence of arte-
sunate. The investigators showed noticeable drug-induced 
inhibition of cellular signaling kinase phosphoinositide 
3-kinase, which is required for activation of factors such as 
Sp1 and NF-kappa B in CMV-infected fibroblasts [247]. 
Artesunate inhibits CMV replication in human fibroblasts 
and astrocytes by these mechanisms including strains sus-
ceptible or resistant to ganciclovir. Artesunate exhibits anti-
CMV activity similar to ganciclovir in astrocytoma and 
fibroblast cell lines [248].

Limited clinical experience includes a study involving six 
HSCT patients; preemptive artesunate treatment for CMV 
infection showed a rapid decline in viral load (0.8–2.1 logs) 
in two patients a week after therapy commenced. In the other 
four patients, artesunate therapy resulted in a stunted CMV 
growth slope. In this preliminary observation, lack of adverse 
events among six HSCT recipients treated over 7–56 days 
with artesunate therapy was encouraging and indicated fur-
ther safety feasibility studies, especially exploring alterna-
tive options for drug-resistant CMV infection [249].

Response to salvage artesunate therapy for MDR-CMV 
infection late after HSCT forms the repertoire of experience 
with this agent that at best are anecdotal and arbitrary [250]. 
No systematic evaluation of artesunate feasibility for the 
treatment of CMV infection or of viral end-organ disease 
precludes this drug to be recommended for routine use.

 Others

The monoclonal antibody MSL-109 when added to tradi-
tional anti-CMV therapy did not result in a significant advan-
tage. Further development of cyclic cidofovir and lobucavir 
has been placed on hold by their respective manufacturers. 
Adefovir is a nucleotide analogue that possesses anti-CMV 
activity; however, presently it is only approved for the treat-
ment of HBV infection. Other compounds with anti-CMV 
activity include BAY 38-4766 and GW1263W94; these are 
in early stages of development [251].

It is well recognized that infections due to drug-resistant 
CMV pose a serious management challenge, especially in 
patients undergoing allogeneic stem cell or visceral 
allograft  transplantation. Response to salvage combination 
of antiviral drugs including ganciclovir, foscarnet, and cido-
fovir may only result in a transient response in some patients, 
and experimental treatment with leflunomide and artesunate 
appears to provide no clear additional benefit [252]. In order 
to trounce this daunting obstacle that non-treatment respon-
sive CMV infection presents;    one  alternative appoach 
is based on adaptive cellular immunotherapy to achieve sus-

tainable target-specific immune restoration in patients under-
going livesaving transplantation procedures.  This is 
discussed briefly in the later text. 

 Antiviral Resistance

In recent years, a remarkable progress has been made in 
deciphering viral genomics. The diversity of CMV virus is 
much higher among other viruses belonging to 
Herpesviridae group; an individual may be infected with 
>20,000 single nucleotide polymorphisms, thereby CMV 
can rapidly evolve after exposure to  and under influence 
of an antiviral drug. It is thought that selection of preexist-
ing viral variant(s) rather than development of a new 
mutant strain confers drug nonsusceptibility, especially 
after a prolonged exposure to a drug [253].

Resistance to ganciclovir is linked with the presence of 
mutations in viral protein kinase, UL97. Such viral mutants 
prevent intracellular conversion of ganciclovir- 
monophosphate at a varying degree. Therefore, care must be 
taken in interpretation of viral genotype analysis, as UL97 
mutations do not uniformly disrupt the antiviral effect of 
ganciclovir on CMV DNA synthesis. In some instances, 
higher ganciclovir drug concentration may overcome CMV 
strains exhibiting certain types of UL97 mutations [254].

The active antiviral forms of ganciclovir, foscarnet, and 
cidofovir share the common molecular viral target, UL54, 
the viral DNA polymerase. Therefore, CMV-encoding UL54 
mutations have the potential to confer phenotypic resistance 
for all three drugs. It is important to note that cross- resistance 
between foscarnet and ganciclovir is not common, as muta-
tions in UL54 conferring foscarnet resistance is in a distinct 
region of DNA polymerase than that for ganciclovir resis-
tance. Some viral stains do exhibit cross-resistance to sec-
ond- and third-line anti-CMV agents thereby critically 
limiting options for effective therapy. De novo emergence 
for CMV resistance to cidofovir while patients are on cidofo-
vir therapy is seldom seen. Similarly, cross-resistance 
between cidofovir- and foscarnet-resistant CMV strains is 
not a common occurrence. It is important to note that CMV 
strains that exhibit certain DNA polymerase mutations that 
confer resistance to ganciclovir may also make these viral 
strains less susceptible or resistant to cidofovir [255]. Since 
clinical experience with cidofovir for treatment of 
ganciclovir- resistant CMV infection or disease is limited, 
probably due to risk of nephrotoxicity, cidofovir is not rec-
ommended as a second-line drug for the treatment for such 
infections. A detailed review of molecular bases of antiviral 
resistance is provided in Chap. 54.

Ganciclovir-resistant CMV has emerged in patients 
undergoing solid organ allograft transplants. Infections due 
to such viral strains are difficult to manage. A series of 15 
patients at a single transplant center in whom ganciclovir 
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resistance was demonstrated in clinical CMV isolates and a 
review the literature on treatment for such infection showed 
UL97 and UL54 viral genome mutations were present in 
100% and 40% of clinical viral strains, respectively [256]. 
Most of these infections (73%) occurred within 1 year after 
transplant surgery. Lowering of valganciclovir dose prior to 
isolation of ganciclovir-resistant CMV was noted in all such 
patients, thereby suggesting a possible viral escape during 
low ganciclovir serum concentration; it is possible that mul-
tiplication of less drug-susceptible viral mutants may have 
taken place under the influence of subtherapeutic drug con-
centration. High-risk CMV serostatus, and history of val-
ganciclovir dose reduction were prominent hosts’ risk 
factors. After diagnosis of drug-resistant CMV infection, half 
of the patients developed organ rejection, resulting in allograft 
loss in 27% and death in 20% of patients. Readmissions were 
common;  requiring three or more hospitalizations for treat-
ment of drug-resistant CMV infection. All patients exhibited 
a major complication including graft rejection (60%), loss of 
allograft (20%), and death (40%). It appears that hospital 
readmission rate was reduced when such infections were first 
approached with reduced immunosuppression, treatment 
with foscarnet, intravenous immunoglobulins, and lefluno-
mide [256].

Prolonged exposure to antiviral drugs, especially inter-
mittent drug exposure either due to antiviral dose reduction, 
noncompliance, acute or chronic enteric malabsorption 
states such as chronic diarrheal diseases, or intestinal GVHD 
or allograft rejection, may play a role in promoting the risk 
for viral drug resistance. Resulting intermittent low-level 
viral replication in the presence of profound drug-induced 
(antirejection) immune suppression or lack of CMV immu-
nity following allogeneic  HSCT promotes a milieu that 
emboldens possibility  for emergence and repopluation 
with drug resistant viral mutant strain(s) [257].

Drug resistance should be suspected in patients with 
increasing CMV viral loads by quantitative blood PCR after 
10–14 days of adequately dosed, appropriate systemic anti-
viral therapy. A viral rebound during the first week of antivi-
ral therapy may be noted in one-third of treatment-naïve 
patients and should not be construed as an evidence of drug 
resistance [60]. However, in patients with prior ganciclovir 
therapy, a rising CMV viral load upon reintroduction of 
intravenous ganciclovir should alert for the probability of 
infection with ganciclovir nonsusceptible viral mutant strain; 
switch to foscarnet should be considered while awaiting 
CMV UL97 and UL54 genotype mutation analysis. Some 
centers add foscarnet to ganciclovir with hopes for a better 
viral control; however, studies have shown that addition of 
foscarnet along with ganciclovir for treatment of ganciclovir- 
resistant CMV infection or disease adds no clear benefit 
[258]. Ganciclovir-based combination therapy for the treat-
ment of known ganciclovir-resistant CMV viral infection is 
presently not recommended.

The new anti-CMV drugs with a favorable toxicity profile 
such as high-dose maribavir, brincidofovir, letermovir need 
to be explored further as potential first-line agents for the 
treatment of CMV infection or end-organ disease. The role 
of other disease-modifying agents such as leflunomide and 
artesunate is presently unknown and need to be studied to 
devise future optimum anti-CMV combination regimen.

Lowering the point state of immune suppression by modi-
fication in immunosuppressive drug regimens, such mea-
sures may include: (a) lowering corticosteroid dose and (b) 
calcineurin inhibitor dose reduction; (c) discontinuation of 
mycophenolate mofetil for the duration of severe clinical ill-
ness; d) interrupting treatment with immunosuppressive bio-
logics; and (e), if feasible, switch calcineurin inhibitor to 
mTOR inhibitor such as sirolimus or everolimus that 
have shown to impair CMV replication by regulating hosts’ 
cellular signaling pathways that are  exploited by 
cytomegalovirus- encoded homologous proteins.

 Adoptive Immunotherapy

Adoptive transfer of T cell as individualized treatment for 
cancer was heralded as a major breakthrough in 2003 and 
regarded as “T cells on the attack” [259]. Sophistication in 
developing validation animal models have also evolved for 
the adaptive T cell therapy against opportunistic viral infec-
tions such as CMV, adenovirus, and EBV [260–262]. CMV- 
specific T cells generated ex  vivo by various different 
techniques and the adoptive anti-CMV immunity garnered 
by such an intervention was shown in a number of reports to 
favorably influence the risk of CMV viremia and end- 
organ  viral  disease in patients undergoing allograft  trans-
plantation [263, 264].

One major limitation of current approach for anti-CMV 
adaptive cellular therapy is that most cells are terminally dif-
ferentiated effector, CMV-specific CD8+ T cells that despite 
furnishing much needed immediate effector anti-CMV cel-
lular response; such responses are relatively short-lived. Due 
to the absence of self-renewing memory T cells, borrowed 
immune restoration via terminally differentiated effector cell 
have limited life span [265]. Adaptive T cell therapy that 
consists of a subset of CMV-specific memory T cell 
 population would yield a long-lasting anti-CMV CD8+ T cell 
repertoire with highly desirable, on-demand  capacity to 
expand and differentiate in events of viral recrudescence.

A bank of 32 virus-specific T cell lines was created at the 
Center for Cell and Gene Therapy in Houston, Texas. These 
cell lines were established from individuals with common 
HLA polymorphisms who were immune to EBV, CMV, or 
adenovirus. The investigators reported clinical experience 
for 18 T cell lines that were used in 50 HSCT recipients with 
severe, or treatment-refractory, intractable viral illness [266]. 
The cumulative rate of complete or partial response 6 weeks 
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after T cell infusion was 74% for the entire group [266]. 
Adaptive T cell therapy resulted in encouraging response for 
adenovirus (78%), CMV (74%), and EBV (67%) infections 
[266]. It was important to note that among patients who 
exhibited a response, only four patients had evidence of 
infection recurrence or disease progression. There were no 
reports of immediate infusion-related toxicity. Two patients 
developed new-onset GVHD. It was noted that despite 
immunologic discordance between the T cell lines and trans-
plant recipients in whom such investigational antiviral ther-
apy was given, post-infusion virus-specific T cell frequency 
increased significantly and coincided with conspicuous 
decline in viremia and resolution of clinical symptoms [266].

The main limitation of “third-party” derived pathogen- 
specific T cell lines is that specific patterns of HLA expres-
sion within a given population probably have widespread 
geographic and ethnic variations [25]. Nonetheless, virus- 
specific T cell adaptive immunotherapy from unrelated 
donors with common HLA polymorphisms offers an impor-
tant advantage for rapid delivery of virus-specific CD8 T 
cells to a patient with incompetent pathogen-specific cellular 
immune response and an intractable systemic CMV infec-
tion after transplantation procedure.

Furthermore, adaptive cellular immunotherapy for viral 
infections has thus far focused on terminally differentiated 
cytotoxic T cells. Harnessing other T cell subsets including 
target-specific memory T cell, γδ T cells, and the keen recog-
nition of the role of NK cells play in pathogen-specific recall 
against opportunistic viruses like CMV are the directions for 
future research that may further advance the field in provid-
ing a durable, on-demand,  targeted immune recovery in 
the high-risk allograft transplant recipients [25].

Adoptive immunotherapy continues to remain an area of 
great interest for severely immunosuppressed stem cell 
transplant patients with difficult to treat CMV infection and 
for prevention of life-threatening end-organ viral  disease. 
The optimum cell type, and infusion dose, along with limited 
technical personale expertise, technological proficiency, and 
the  current astronomical cost are among the salient issues 
that have prevented such interventions to gain popularity in 
broader clinical scrutiny and research.

 CMV Vaccines

Presently there is no licensed CMV vaccine [267]. Despite 
propitious advancement in development and licensing of new 
anti-CMV drugs like letermovir, and brincidofovir, the finan-
cial burden for prolonged drug therapy for prevention and 
preemptive antiviral approach should provide encouragement 
for prioritization and incentive for developing and launching 
a safe and effective CMV vaccine [268]. A vaccine that effec-
tively reconstitutes a durable anti-CMV immune response 

following transplantation has the potential to transform the 
existing practice paradigm in transplant medicine.

Potential vaccine candidates such as CMV glycoprotein B 
showed modest efficacy in preventing CMV infection in young 
women and adolescents in early stage clinical trial [269]. In a 
phase-II randomized trial in adults awaiting kidney or liver 
transplantation, 70 CMV (−) and 70 CMV (+) patients were 
randomly assigned to receive either three-dose CMV gB vac-
cine with MF59 adjuvant or placebo. Sixty- seven patients 
received vaccine, and 73 were randomized to placebo arms. 
The CMV gB Ab titers were significantly increased in both 
CMV (−) and CMV (+) vaccine recipients. In patients in whom 
CMV viremia was demonstrated after transplantation, gB Ab 
titers correlated inversely with duration of viremia (p = 0.002). 
In CMV-seronegative patients with CMV-seropositive 
allografts, duration of viremia and duration of ganciclovir ther-
apy were also significantly less among novel vaccine recipi-
ents  prior to transplant surgery [270]. Vaccines containing 
CMV gB appears encouraging when boosted with a potent adju-
vant and needs further immunogenicity and safety assessment 
in patients undergoing visceral allograft transplantation.

So far, only one CMV vaccine has been evaluated in a ran-
domized, placebo-controlled phase II study. ASP0113 is a biva-
lent product containing two plasmids that encode CMV gB and 
the most abundant constituent of the viral matrix or tegument, 
phosphoprotein 65 [271]. In an open-label, phase II trial 
between 2013 and 2014 undertaken at three centers in Japan 
[272], the safety and tolerability of this combination -immuno-
gen vaccine were assessed in patients undergoing HSCT for 
hematologic disorders. Nine of ten patients between ages 22 
and 61 years were enrolled. Five (5 mg) doses of recombinant 
vaccine were given before and after transplantation in six 
patients. No serious adverse events were attributed to the 
experimental vaccine. CMV antigenemia was observed in 
seven patients. None of the patients developed CMV end-organ 
disease. Adverse events associated with recombinant CMV 
vaccine were fever and injection site skin reaction; hyperurice-
mia was noted in one individual. Although there was no signifi-
cant difference in rate of initiation of anti-CMV therapy, rates 
of CMV viremia were lower, and time-to-first episode of vire-
mia was longer in patients given this investigational vaccine. 
These findings facilitated the ongoing placebo-controlled 
phase III trial that is expected to enroll 500 subjects [271].

In patients undergoing visceral allograft transplants, pre-
vention of graft-transmitted CMV infection is of high priority. 
Recently, two randomized controlled trials, one with active 
immunization of recipients prior to undergoing transplant sur-
gery and another using monoclonal anti-CMV antibodies for 
passive immunization at the time of transplantation, showed 
reduced incidence of CMV viremia during post- transplant 
period [273]. Further studies and immunization strategies that 
completely or significantly interrupt CMV transmission from 
organ donor graft to seronegative recipient are needed.
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Dendritic cell vaccines were shown to enhance tumor- 
specific cytotoxic T cell polyfunctionality. Dendritic cell vac-
cine has also been shown to garner potent ex vivo antiviral 
response against the influenza virus and resulted in significant 
protection against experimental influenza infection in immu-
nosuppressed animals [274, 275]. An interesting anti-CMV 
vaccine construct with CMV pp65 RNA-loaded dendritic 
cells was  evaluated on polyfunctional CMV pp65- specific 
cytotoxic T cells. In a pilot trial, 17 patients with newly diag-
nosed glioblastoma multiforme were randomized to receive 
CMV pp65-specific T cells with CMV-DC vaccination or 
saline. Patients who received dendritic cell vaccination plus 
specific T cells regimen experienced a significant increase in 
the overall frequencies of polyfunctional (IFNγ+, TNFα+, 
and CCL3+) cytotoxic T cell that were specific against cyto-
megalovirus [276]. Generation of polyfunctional T cell 
responses after recombinant DC vaccine given with target 
specific T cells is an emerging field. A lot needs to be done 
before this potential approach is considered for clinical use.

Some of the predictable issues for exploring the potential 
for new vaccines including the DC vaccine platform with or 
without specific T cell construct may include the following: 
(a) production applications need to be fine-tuned, (b) thorough 
assessment of clinical safety in the short-term and the long 
term, (c) durability and specificity of such an adaptive immune 
response, (d) strength of recall following viral exposure (D+/
R−),  re-exposure (D+/R+) or in the event of viral recrudes-
cence of a remotely acquired infection (D−/R+), (e) influence 
on de novo or existing GVHD or solid organ allograft rejec-
tion, (f) viral disease modification or potential worsening in 
scenarios where hosts’ inflammatory response perpetuates 
clinical illness/disease, (g) infection-free survival, and (h) 
patients’ overall  well-being all need to be taken into 
keen consideration.

 Summary

CMV is a serious infection, which, if remain unchecked, will 
result in serious illness in patients undergoing transplantation. 
Recently, a major stride forward in recognizing at-risk subpop-
ulation among solid organ and stem cell allograft transplant 
recipients has underscored selective allocation of resources 
where they are most needed. Highly sensitive PCR-based, viral 
DNA screening tools are now widely used to identify  early 
CMV viremia and better  risk-assessment for end-organ viral 
disease. Awareness regarding drug resistance in clinical prac-
tice appears to have now caught up with the development of 
new antiviral drugs with novel mechanisms of action and are 
entering advanced clinical validation stages. Understanding the 
viral immunopathogenesis involved in various end-organ CMV 
disease including viral pneumonitis has vastly improved treat-
ment outcomes for what used to be a dreaded illness with high 

fatality  rates. Future refinement in adaptive immunotherapy, 
research in CMV vaccine development with novel  vaccine 
delivery platforms, and multifacted vaccine constructs have the 
potential to favorably change the current role cytomegalovirus 
plays in transplant medicine.
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Abbreviation

AIM Acute infectious mononucleosis
AP-1 Activating protein-1
ATG Antithymocyte globulin
BCR B-cell receptor
ChIP-Seq Chromatin immunoprecipitation-sequencing
CIITA Class II, major histocompatibility complex, 

transactivator
CNS Central nervous system
CR Complete response
CT Computed tomography
CTL Cytotoxic lymphocytes
D Diffuse
DLBCL Diffuse large B-cell lymphoma
DLI Donor lymphocyte infusion
DNA Deoxyribonucleic acid
EA Early antigen
EBER Epstein-Barr virus-encoded ribonucleic acid
EBNA Epstein-Barr virus nuclear antigen
EBV Epstein-Barr virus
ELISA Enzyme-linked immunosorbent assays
GC Germinal center
gp350 Glycoprotein 350
GVHD Graft versus host disease
HDACi Histone deacetylation inhibitors
HIV Human immunodeficiency virus

HL Hodgkin lymphoma
HLA Human leukocyte antigen
HSCT Hematopoietic stem cell transplantation
IC50 Half maximal inhibitory concentration
IF Immunofluorescence
IL-10 Interleukin 10
LCL Lymphoblastoid cell line
LMP Latent membrane protein
MHC Major histocompatibility complex
miRNA MicroRNA
NIH National Institutes of Health
NK Natural killer
NPC Nasopharyngeal carcinoma
ORR Objective response rate
PCR Polymerase chain reaction
PET Positron emission tomography
PR Partial response
PTLD Posttransplant lymphoproliferative disease
R Restricted
RI Reduction of immunosuppression
RNA Ribonucleic acid
RR Response rate
RS Reed-Sternberg
SOT Solid-organ transplantation
TAP Transporter associated with antigen processing
UCBT Umbilical cord blood transplantation
VCA Viral capsid antigen
VZV Varicella zoster virus
WHO World Health Organization
XLP X-linked lymphoproliferative disease

 Taxonomy, Structure, and Genome

Epstein-Barr virus (EBV), or human herpesvirus-4, is a 
member of the herpes virus family. EBV is the only human 
member of the gamma-1 herpes virus subfamily and the pro-
totype of the Lymphocryptovirus genus. The latter  designation 
refers to the virus’s ability to establish infection in lympho-
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cytes. Structurally, EBV is similar to other herpesviruses. 
EBV’s double-stranded DNA genome is wrapped around a 
toroid-shaped protein core and enclosed in a nucleocapsid 
composed of 162 capsomeres. The nucleocapsid is sur-
rounded by a protein tegument, which is housed in a glyco-
protein envelope [2].

The genome is 184 kilobase pairs in length and contains 
both internal and terminal repeat sequences. The repeat 
sequences divide the genome into short and long unique 
sequence domains. Most of the nearly 100 open reading 
frames are found within the unique sequences, though the 
exact number and identity of all EBV-encoded genes are not 
yet known [2, 3]. Most EBV genes encode viral proteins 
important for lytic replication, including enzymes that func-
tion in viral DNA replication and viral structural components 
and noncoding RNAs.

 Viral Life Cycle

EBV and all other herpesviruses have both a lytic and a latent 
phase. In the lytic cycle, the EBV-encoded DNA polymerase 
replicates the viral episome, and progeny virions are produced. 
In the latent cycle, a cellular polymerase replicates the viral 
genome, which persists as a nuclear episome for the lifetime 
of the host B cell. While lytic phase genes tend to be conserved 
among Herpesviridae, proteins important for the establishment 
and maintenance of latent infection vary greatly.

 Lytic Infection

EBV lytic replication is necessary for the production of 
infectious virions and for the establishment of persistent 
latent infection in the B cell. However, once latency is estab-
lished, lytic replication is not needed for the maintenance of 
this persistent infection. Thus, EBV latent infection cannot 
be eliminated by lytic replication inhibitors, such as acyclo-
vir or ganciclovir [4]. Reactivation of lytic replication does 
occur from latent EBV-infected cells, and the virus is shed 
more or less continuously into the saliva, which serves as the 
major source of transmission from one host to the next [5].

The physiologic signals that reactivate EBV lytic replica-
tion are not yet well defined. In vitro, lytic infection can be 
triggered by phorbol esters and n-butyrate or by cross- linking 
of surface immunoglobulin [6–8]. In vivo, viral replication 
may occur in Waldeyer’s ring memory B cells undergoing 
differentiation into antibody-secreting plasma cells, as well as 
in the associated epithelium [5]. Two immediate early EBV 
transcription factors, BZLF1 and BRLF1, orchestrate the 
transition from latent to lytic growth. BZLF1, which is related 
to the cellular activating protein 1 (AP-1) family of transcription 
factors, is sufficient to activate the lytic replication cycle [9, 
10]. In response to BZLF1 and BRLF1, approximately 80 

EBV lytic genes are expressed. RNA sequencing has detected 
transcription of additional EBV genes [11] and demonstrated 
that EBV transcripts comprise 7% of all mapped reads from 
the B cell during reactivation. Early antigens (E) include 
multiple enzymes important for EBV DNA replication, 
including the viral thymidine kinase, DNA polymerase, 
ribonucleotide reductase, and alkaline exonuclease. Most 
virion structural components are produced during the late 
phase, including the viral capsid antigens (VCA). During the 
late phase, linear double-stranded DNA genomes are packaged 
into icosahedral protein nucleocapsids, which are then encased 
in a lipid envelope laden with viral glycoproteins. These 
virions can then be transmitted from one cell to another or to a 
new human host.

 Latent Infection

Following resolution of acute primary EBV infection, 
between 1 and 50 per million B cells remain EBV-infected 
[12–14]. EBV spends much of its life cycle thereafter in the 
B-cell compartment, partially hidden in a state of viral 
latency. While latently infected B cells do not produce prog-
eny viruses, the EBV genome is not entirely quiescent. A 
limited subset of gene products that promote viral genome 
propagation and infected cell survival are expressed. This 
strategy allows EBV to evade immune detection while main-
taining persistent infection for the lifetime of the host.

There are four principal patterns of EBV latency. Upon 
initial B-cell infection, EBV initiates the Latency III growth 
program, in which all nine latency viral proteins and several 
noncoding RNAs are expressed. These include three latent 
membrane proteins (LMPs), six Epstein-Barr nuclear anti-
gens (EBNA), two small non-polyadenylated EBV-encoded 
RNAs (EBERs), and the BamA genome fragment region- 
encoded BART transcripts (Table  38.1). Latency III cells 
morphologically resemble antigen-stimulated B lympho-
cytes [15]. Latency III proteins comprise over 4000 amino 
acids and thus provide numerous epitopes for T-cell detec-
tion. Furthermore, EBV latency proteins activate NF-kB and 
interferon pathways, which in turn upregulate numerous 
T-cell and natural-killer (NK)-cell ligands. The robust 
immune response to Latency III cells is likely responsible for 
many of the symptoms of acute infectious mononucleosis 
(AIM). CD8+ T cells and NK cells responding to Latency III 
cells comprise the atypical lymphocytes seen in the periph-
eral blood during AIM [16–19]. Fortunately, most Latency 
III cells are eliminated by immune surveillance. However, if 
left unchecked by the host immune system, Latency III B 
cells are oncogenic. In vitro, EBV uses the Latency III 
 program to efficiently convert resting B cells into immortal-
ized lymphoblastoid cell lines (LCL). Likewise, in the set-
ting of immune suppression such as following hematopoietic 
stem cell or solid-organ transplant, Latency III cells can give 
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rise to posttransplant lymphoproliferative disorders (see 
below). Latency III expression is nearly always present in 
EBV- associated central nervous system (CNS) lymphomas 
of patients with human immunodeficiency virus (HIV) infec-
tion. Perhaps due to immune senescence of aging, the 
Latency III pattern is again found in a subset of EBV- 
associated diffuse large B-cell lymphoma (DLBCL) of the 
elderly [20].

To establish persistent host infection, EBV must reach the 
memory B-cell compartment, the site of long-term EBV resi-
dence. EBV uses its Latency II program to accomplish this 
[21, 22]. In Latency II, the viral genome expresses only 
EBNA1, LMP1, LMP2A, EBER, and BART RNAs. In a 
ligand-independent fashion, LMP1 and LMP2A mimic sig-
nals from CD40 and B-cell immunoglobulin receptors, 
respectively. LMP2A promotes germinal center (GC) forma-
tion, and transgenic LMP2A expression in mice causes spon-
taneous germinal center formation in the gut-associated 
lymphoid tissue [21]. Interestingly, LMP2A expression res-
cues germinal center formation in B-cell receptor (BCR)-
deficient mice, and conditional LMP2A expression in 
germinal center B cells resulted in preferential selection of 
low-affinity antibody-producing B cells and a lupus-like ill-
ness [23]. Meanwhile, EBNA1 tethers the EBV episome to 
host chromosomes and ensures that the EBV genome is 
maintained in dividing B cells [22]. Expression of only these 
three EBV-encoded proteins limits the immunogenicity of 
Latency II cells.

Upon transition to the peripheral blood memory B-cell 
compartment, EBV enters the Latency 0 program, in which 
EBV gene products are not expressed [22]. This EBV B-cell 
reservoir appears to be a long-lived IgD-, CD27+ resting 
memory cell [12, 24, 25]. Cell surface phenotype and expres-
sion profile analysis suggest that these cells have transited 
through the germinal center [22], and 90% of these quiescent 
B cells are in the G0 cell cycle stage at any given time [26, 
27]. However, they do divide approximately once per month, 
at which point EBV switches to the Latency I program. In 
Latency I, only EBNA1 and the EBER and BART RNAs are 
expressed. An EBNA1 glycine-alanine repeat domain limits 

EBNA1 biosynthesis and proteasomal turnover and, thereby, 
limits presentation of EBNA1 peptide epitopes by the HLA 
(human leukocyte antigen) class I antigen presentation path-
way [28].

 Oncogenesis

EBV efficiently converts B lymphocytes into immortalized 
LCL in cell culture. Recombinant EBV genetic studies have 
demonstrated that only six EBV protein-encoding genes and 
several microRNAs (miRNA) are crucial for B-cell transfor-
mation: the oncogene LMP1 and the nuclear antigens 
EBNA1, EBNA2, EBNA-LP, EBNA3A, and EBNA3C. LMP1 
is an integral membrane protein that constitutively signals 
from two C-terminal cytoplasmic tail domains in a ligand- 
independent fashion [29–31]. LMP1 mimics the immune 
receptor CD40, and the LMP1 signaling domains can substi-
tute for the CD40 signaling domains in mouse B cells [32]. 
Forced LMP1 expression causes loss of contact inhibition 
and anchorage-independent growth in soft agar [33]. 
Similarly, multiple transgenic mouse models have high-
lighted an important role for LMP1 in B-cell growth and sur-
vival. LMP1 expression produces an activated B-cell 
phenotype and drives B-cell growth [34]. LMP1 expression, 
under the control of an immunoglobulin heavy-chain 
 promoter and enhancer, produces lymphoma at a threefold 
higher incidence than in LMP1-negative control littermates 
[35]. When LMP1 is inducibly expressed in mouse B cells, T 
cells efficiently recognize and eliminate the newly LMP1+ 
cells [36]. Strikingly, in the absence of CD8+ T-cell surveil-
lance, LMP1 drives rapid and fatal lymphoproliferation and 
lymphomagenesis [36].

Although not required for EBV-mediated B-cell transfor-
mation, LMP2A nonetheless plays an important role in vivo. 
LMP2A also constitutively signals in the absence of ligand 
and further promotes B-cell development and survival [21, 
37]. LMP2A provides an important B-cell survival signal, in 
particular for B cells that have not successfully rearranged 
their BCRs. LMP2A expression rescues such BCR-negative, 

Table 38.1 EBV genome expression programs and associated characteristics

EBV 
program EBV gene products expressed Cell type Immunogenicity EBV-associated malignancy
Latency 0 RNA: EBERs Resting peripheral blood 

memory B cell
None –

Latency I EBNAs: 1
RNAs: EBERs, BARTs

Dividing peripheral 
blood memory cell

Low Burkitt lymphoma

Latency II EBNA: 1
LMPs: 1, 2A, 2B
RNAs: EBERs, BARTs

Germinal center B cell Moderate Hodgkin lymphoma, NK- and T-cell lymphoma, 
DLBCL of elderly, nasopharyngeal carcinoma

Latency III EBNAs: 1, 2, 3A, 3B, 3C, LP
LMPs: 1, 2A, 2B
RNAs: EBERs, BARTs, BHRF1

Naïve B cell High PTLD, HIV-associated lymphoma, DLBCL of 
elderly

Lytic >80 lytic gene products Plasma cell, Waldeyer’s 
ring epithelial cell

High –
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“crippled” GC B cells that would otherwise undergo apopto-
sis [38]. The LMP2A N-terminal cytoplasmic tail contains 
multiple signaling domains, including an immunoreceptor 
tyrosine-based activation motif homologous to the ones pres-
ent in the BCR Igα and Igβ signaling chains. LMP2A thereby 
acts as a BCR surrogate, albeit signaling at lower levels than 
an activated BCR. At the same time, LMP2A competes with 
the BCR for recruitment of tyrosine kinases and thereby 
maintains B-cell latency by preventing antigen stimulation- 
mediated lytic cycle activation [39].

LMP2A, together with LMP1, may rescue GC B cells that 
would ordinarily be slated for apoptosis. Such LMP1- and 
LMP2-mediated rescue of pre-apoptotic cells may play an 
important pathogenic role in classical Hodgkin disease 
malignant transformation. Indeed, LMP1 and LMP2A are 
highly expressed in EBV+ Reed-Sternberg (RS) cells, the 
malignant B cell of classical Hodgkin lymphoma (HL). RS 
cells are dependent on constitutive NF-κB pathway activa-
tion. Interestingly, the tumor suppressor and NF-κB negative 
regulator A20/TNFAIP3 is frequently inactivated by somatic 
mutations in the 50% of HL cases that lack EBV, but is only 
rarely mutated in LMP1+ RS cells [40]. This observation 
suggests that EBV LMP1 and NF-κB pathway activating 
somatic mutations serve redundant functions in HL patho-
genesis. Likewise, LMP1 and LMP2A cooperatively pro-
mote epithelial tumor development in murine carcinogenesis 
models [41], and they are frequently co-expressed in naso-
pharyngeal carcinoma tumor cells in vivo.

The nuclear antigens EBNA2, EBNA3A, and EBNA3C 
further promote B-cell growth. EBNA2 is an acidic 
transcriptional transactivator that upregulates expression of 
both EBV and cell genes, including LMP1 and MYC [42, 43]. 
EBNA2 associates with DNA, in part through association with 
RBP-J kappa, a cellular transcription factor that is a 
downstream component of the cellular Notch pathway [44–
46]. LCL chromatin immunoprecipitation-sequencing (ChIP-
Seq) analysis suggests that EBNA2 predominantly binds to 
non-promoter sequences and may frequently regulate gene 
transcription through long-range DNA interactions [46]. 
EBNA3A and EBNA3C are both critical for EBV- mediated 
B-cell transformation, perhaps by jointly repressing expression 
of the tumor suppressors p16 (INK4A) and p14 (ARF). When 
EBNA3A or EBNA3C are functionally inactivated, p16 and 
p14 expression increases, and LCL growth ceases [47]. 
Reminiscent of adenovirus E1A and human papillomavirus 
E6/7, EBNA3C also blocks p53-dependent apoptosis and 
enhances proteasomal turnover of the pRb and p27KIP1 tumor 
suppressors [48, 49]. EBNA2, EBNA3A, EBNA3C, and 
EBNA-LP combine with LMP1- activated NF-kB transcription 
factors to form EBV super- enhancers that target 187 host 
genes. EBV super-enhancer targets include c-Myc and the 
anti-apoptosis proteins BCL2 and cFLIP [50].

EBV encodes two Bcl-2 family proteins, BHRF1 and 
BALF1 [10]. Both are highly, but transiently, expressed upon 

B-cell infection and are important for EBV-mediated B-cell 
transformation. BHRF1/BALF1 may function by inhibiting 
apoptosis of newly EBV-infected cells undergoing the transi-
tion into latency [51]. Interestingly, once latency has been 
established, both EBV Bcl-2 proteins are dispensable for 
maintenance of latency and for viral reactivation, perhaps 
since LMP1 highly upregulates cellular Bcl-2 family pro- 
survival proteins.

EBV also encodes 44 mature miRNAs, more than any 
other human virus studied thus far [52]. Recent studies have 
implicated EBV-encoded miRNAs in B-cell transformation. 
A cluster of miRNAs located near the BHRF1 open read-
ing frame (and therefore called BHRF1 miRNAs) are highly 
expressed in Latency III and in a range of B-cell tumors 
[53]. All three BHRF1 miRNAs are important for EBV-
mediated B-cell transformation in vitro, and genetic disrup-
tion of all miRNAs impairs transformation by 20-fold [54]. 
The BHRF1 miRNAs may reduce levels of the tumor sup-
pressors PTEN and p27 through incompletely understood 
mechanisms [55].

 Host Immune Response

EBV has coevolved with the human species and its anteced-
ents over millions of years [56, 57]. Over this time period, 
the virus developed a complex relationship with the human 
immune system that permits its persistence in the memory 
B-cell compartment for the lifetime of the host. The host 
immune response to EBV is robust and equally complex; 
infected B cells are under constant surveillance by circulat-
ing immune cells.

 Innate Immunity

Little is known about the innate immune response to primary 
infection with EBV, though several lines of evidence suggest 
that innate immunity limits early lytic infection [58]. In 
AIM, there is an expansion of NK cells, and NK-cell periph-
eral blood count is inversely proportional to EBV viral loads 
[59–61]. In vitro, NK cells inhibit EBV-infected B-cell 
growth [62]. An EBV miRNA, miR-BART2, reduces micB 
expression, an NK-cell activating ligand [63]. In vivo, 
patients with X-linked lymphoproliferative disease (XLP) 
have a specific immune defect that may lead to a fatal inflam-
matory illness, characterized by marked expansions of EBV- 
infected B cells and reactive T cells following primary EBV 
infection [64]. Though still incompletely characterized, XLP 
may in part arise from inadequate initial NK-cell control of 
EBV-infected B cells [65–67]. Individuals with immunodefi-
ciencies preferentially affecting NK-cell function, such as 
CD16 mutations, are also prone to EBV-driven 
lymphoproliferative disorders [68, 69].
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 CD8+ T-cell Immunity

The importance of T-cell surveillance against EBV growth- 
transforming infection is supported by the high frequency 
with which T-cell-immunodeficient transplant recipients 
develop PTLD and by the fact that adoptive transfer of poly-
clonal EBV-specific T cells has proven successful in the 
treatment of this disease [70].

A large expansion of oligoclonal EBV-specific CD8+ T 
cells has been observed in patients with infectious mononu-
cleosis at the time of symptom onset [17]. Similar expan-
sions have not been observed in persons with primary 
asymptomatic infection [71, 72]. In some persons with infec-
tious mononucleosis, the expanded T-cell population may 
account for up to 50% of the total peripheral blood CD8+ 
T-cell population [14, 17, 60]. The dominant CD8 T-cell 
responses are against the lytic immediate early and early 
antigens. The response to latent antigens is approximately 
tenfold less in number, and it accounts for 0.1–5% of the 
total CD8+ T-cell population [14, 17]. In most persistently 
infected individuals, the strongest response is directed 
against the Latency III EBNA3 antigens [19] though there is 
some variability depending on HLA background [14, 17]. As 
infection progresses, EBV downregulates both lytic and 
latent antigen expression. Subsequently, antigen stimulation 
decreases, and the bulk of CD8+ T cells reactive to these 
antigens undergoes apoptosis. In long-term asymptomatic 
carriers, MHC (major histocompatibility complex) class I 
tetramer analyses have shown that 0.2–2% of CD8+ T cells 
are specific for lytic antigens, versus 0.05–1% for latent anti-
gens [14, 17]. In the carrier state, the majority of T cells have 
a resting phenotype, as compared to the activated phenotype 
seen in early primary infection.

In addition to progressive downregulation of antigen 
expression, EBV employs several strategies to evade 
CD8+ T-cell detection. As examples, the EBV lytic protein 
BNLF2A binds to the transporter associated with antigen 
processing (TAP) and thereby inhibits MHC class I 
antigen processing [73, 74]. Lytic proteins BGLF5 and 
BILF1 also function to reduce cell surface HLA I levels 
by, respectively, reducing new HLA antigen expression 
and impairing export of new MHC I complexes [75–77]. 
EBV miRNAs also inhibit TAP expression and 
downregulate the expression of cytokines that aid in EBV-
specific CD8+ T-cell antigen recognition [78, 79]. Latent 
antigens LMP1 and EBNA1 have also devised strategies 
to decrease the efficacy by which they are presented on 
HLA class I molecules [80–82]. Notably, as EBV infection 
progresses from the acute to the persistent state, the EBV-
specific T-cell repertoire becomes less skewed toward 
early lytic antigens and also encompasses late lytic 
antigens [83]. This phenomenon suggests that the 
aforementioned MHC class I immune evasion strategies 
may have evolved to allow viral replication in the acute 

phase and to facilitate the establishment of persistent 
EBV infection [83].

 CD4+ T-cell Immunity

The CD4+ T-cell expansion in acute EBV infection appears to 
be at least tenfold less than that of CD8+ T cells [14, 17, 60]. 
The hierarchy of immunodominant epitopes is less well 
studied in the CD4+ than in the CD8+ T-cell population, 
though the available data suggests CD4+ T-cell responses are 
more often directed at latent antigens. Among CD4+ T-cell 
responses directed at lytic antigens, there is a more uniform 
distribution across the immediate early, early, and late lytic 
antigens [17, 84]. In contrast to the CD8+ T-cell response, the 
EBV-specific CD4+ T-cell response is lower in magnitude, 
and the role of CD4+ T cells is less well defined. However, 
CD4+ T-cell responses are likely important, as evidenced by 
the high frequency of EBV-associated lymphomas that arise 
with waning CD4+ T-cell count in patients with HIV. In vitro, 
EBV-specific CD4+ T-cell clones exert cytotoxic function and 
prevent the proliferation of newly EBV- infected B cells [84, 
85]. Virus-specific CD4+ T cells may also be necessary for the 
persistence of adoptively transferred CD8+ T cells in 
immunotherapy products used for the treatment of PTLD [86].

Several EBV proteins interfere with MHC II antigen pre-
sentation and subsequent CD4+ T-cell activation. As exam-
ples, BZLF1, an immediate-early lytic protein, downregulates 
CD74 expression, a chaperone for MHC II dimers [87], and 
may also reduce surface class II expression by downregulat-
ing the class II transactivator, CIITA [88]. BZLF2 also 
 subverts CD4+ T-cell activation by obstructing MHC II and 
T-cell receptor interactions [89]. The EBV lytic protein 
BCRF1 encodes an interleukin-10 (IL-10) homolog, which 
blocks many interferon-gamma-mediated functions, such as 
upregulated expression of MHC II and other costimulatory 
molecules needed for CD4+ T-cell activation. Unlike the 
human IL-10 homolog, viral IL-10 has a reduced ability to 
stimulate T cells [90].

 Humoral Immunity

The humoral response to acute infection is characterized by 
polyclonal B-cell activation and marked immunoglobulin 
response to both lytic and latent viral antigens [91]. 
Antibodies to glycoprotein 350 (gp350), one of the major 
outer envelope glycoproteins, have been shown to have neu-
tralizing effects [92–94]; generation of antibodies to gp350 
is impaired during acute infectious mononucleosis [95]. 
These features support gp350’s use in vaccine strategies. The 
pattern of antibody development to viral antigens and hetero-
phile antibodies have long been used to diagnose EBV 
infection and are further reviewed below.
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 Epidemiology

EBV is ubiquitous and infects over 90% of the world’s popula-
tion [1]. A large portion of the population will acquire infection 
during youth. Higher rates of acquisition in early childhood are 
seen in developing nations, where over three quarters of chil-
dren acquire EBV infection by age 6 [96]. By contrast, in devel-
oped nations, EBV infection is detected in less than half of 
school-aged children [96, 97]. Prevalence increases with age, 
and by late adulthood, 89–100% of the population harbors 
latent EBV infection [97–103]. These numbers suggest that a 
substantial number of pediatric and young adult transplant 
recipients will be seronegative for EBV at the time of 
transplantation and thus susceptible to primary infection as 
well as PTLD.  Humans are the only natural host for EBV 
infection. The major vehicles for transmission to the non-
transplant host are saliva and oropharyngeal secretions. Most 
infected individuals will shed virus in saliva near continuously 
over their lifetimes, and this appears to be the major reservoir 
for transmission from one individual to another [5]. Thus, 
contact with an acutely infected individual is not necessary for 
EBV spread. However, the degree of contact does play a role. 
Casual household contact appears to be largely insufficient for 
transmission [60, 104]. More intimate contact including 
kissing, mouth-to-mouth transfer of food, or transmission via 
saliva-contaminated toys, cups, or other fomites as occurs in 
daycare settings is likely required [105]. In a single study 
undertaken in the daycare setting, the rate of EBV seroconversion 
was 9% per month; the likelihood of acquiring infection was 
proportional to the duration of time spent in daycare [106]. This 
may have important implications for the pediatric EBV- 
seronegative transplant host as the likelihood of acquiring 
primary EBV infection in certain settings is not small.

Several reports of EBV shedding in genital secretions 
exist [107–110], and the risk of EBV seropositivity increases 
proportionally with number of sexual partners [111], sug-
gesting that the virus may also be sexually transmitted. 
However, definitive evidence is lacking. Rare cases of pri-
mary EBV infection being transmitted via blood transfusion 
have also been reported [112]. Leukoreduction significantly 
reduces the number of B cells in packed red blood cells [113] 
but may not completely eliminate B cells from packed red 
blood cell products [114, 115], making blood transfusion a 
biologically plausible but unlikely source of transmission. 
One of the major sources of transmission in the transplant 
recipient is the transplanted organ. Higher rates of PTLD are 
reported in organ transplants in which a large reservoir of 
lymphoid cells are transplanted with the organ, such as with 
intestinal transplantation [116]. However, it is unclear 
whether this increased prevalence is due to the transfer of an 
increased number of allogeneic EBV-infected B cells, the 
higher degree of immunosuppression that often accompanies 
such transplantation, or the interplay of these two factors.

There are two major EBV strains, type 1 (or A) and type 
2 (or B) [117]. An important difference between the two 

strains is their differential growth-transforming capacity. 
Type 1 EBV has greater growth-transforming efficiency than 
the type 2 strain [118, 119]. Type 1 is the more prevalent 
strain, although there is some suggestion that type 2 EBV 
may preferentially infect immunocompromised hosts [120]. 
To date, studies that have addressed whether PTLD is 
associated with type 1 or 2 have predominantly detected type 
1 EBV in PTLD tumor tissue [121, 122].

 EBV Diagnostics

An overview of the serologic and virologic assays used to 
diagnose EBV infection is presented below. As humoral 
immunity may be impaired in the transplant population, 
serologic testing may be less reliable in these hosts. 
Transfusion of blood or immunoglobulin may also result in 
false-positive serologic testing in the population [123].

 Heterophile Antibody Testing

Heterophile antibodies are a group of antibodies, primarily of 
the IgM class [124], that are produced in acute EBV infec-
tion. The precise nature of the antigen, termed the  Paul- Bunnel 
antigen, is not known, but it is believed to be an infection-
induced cell membrane glycoconjugate [124]. Heterophile 
antibodies have the ability to agglutinate sheep and horse 
erythrocytes and are adsorbed by cattle erythrocytes. The 
most common clinical heterophile antibody test is the mono-
spot assay, which tests for the presence of antibodies in sera 
that agglutinate purified bovine antigen bound to latex parti-
cles. The reported sensitivity of the test ranges from 81% to 
95% and the specificity from 94% to 100% in the setting of 
symptoms of AIM [125, 126]. Heterophile antibodies are 
positive in 75% of patients during the first week of symptoms 
and in 90–95% of patients during weeks 2–5 and then decline 
rapidly thereafter; in some, heterophile antibodies may per-
sist for years [126–128]. The sensitivity of the heterophile 
assay appears to be reduced in young children [129, 130]. 
Although the specificity of the test is high, false- positive het-
erophile antibody testing has been reported in patients with 
leukemia, lymphoma, systemic lupus erythematosus, viral 
hepatitis, and acute HIV infection [127, 131–134].

 Virus-Specific Antibodies

The humoral response to EBV is composed of a vast number 
of antibodies to both lytic and latent cycle antigens. Three of 
these antibodies are routinely used for diagnostic purposes 
and can distinguish acute from prior infection. Antibodies 
expressed during lytic viral infection develop during acute 
infection; antibodies expressed during latent infection 
develop thereafter.

B. E. Gewurz et al.



649

 Antibodies to Lytic Cycle Antigens

The VCA consists of several viral proteins that comprise 
EBV’s capsomers. VCA IgM is a marker of recent EBV 
infection. It is typically present at the time of AIM symptom 
onset and then disappears within a few weeks. VCA IgG is 
frequently detected at the time of presentation or shortly 
thereafter, peaks, and then declines to a steady state. As 
VCA IgG persists for life and the assay is relatively 
sensitive, testing for VCA IgG alone is an appropriate 
pretransplant screening test for the detection of prior EBV 
infection.

The early antigen (EA) complex is expressed early in 
EBV’s lytic life cycle. There are two patterns of anti-EA 
antibodies, diffuse (D) and restricted (R). These designations 
refer to the pattern of immunofluorescence (IF) observed 
when these antibodies were first detected [135]. The EA-D 
IgG arises at the onset of symptoms and typically decreases 
3–4 weeks after illness. However, in some the antibody may 
persist for years. EA-D antibodies have also been detected in 
10–20% of the healthy population [136]. Thus, although 
EA-D IgG arises early in acute EBV infection, it is not a 
clear indicator of primary EBV infection. The EA-R IgG is 
detected in only a small subset of patient with AIM and may 
correlate with severe disease [135].

 Antibodies to Latent Cycle Antigens

Anti-EBNA antibody arises 1–3  months following acute 
infection and persists for life. EBNA1 is the primary antigen 
targeted by anti-EBNA antibody. Approximately 5% of 
those infected with EBV will not develop the anti-EBNA 
antibody [137].

Traditionally, the above EBV-specific antibodies have been 
detected by indirect IF assays. Though IF assays are more 
specific, they are technically demanding, and most clinical 
laboratories are now using enzyme-linked immunosorbent 
assays (ELISA) in their place. Avidity assays had been used to 
help distinguish acute primary infection versus prior infection 
in the past, but their accuracy is uncertain [138].

 Viral Load Testing

EBV DNA viral loads are routinely monitored by quantita-
tive polymerase chain reaction (PCR) in patients at risk for 
the development of PTLD.  Presently, there is no FDA- 
approved assay for the quantitation of EBV DNA.  Each 
assay is developed and validated by each individual labora-
tory and subject to its standards. Use of the World Health 
Organization (WHO) International Standard for EBV viral 
loading testing can help mitigate some of the variability 
among laboratories [139, 140]. However, specimen han-
dling, DNA extraction methods, primers, probes, and gene 

targets may all vary between laboratories. Consequently, the 
upper and lower limits of quantitation, linear range, preci-
sion, accuracy, and reported units may also differ. These dif-
ferences preclude comparison of test results and cutoff 
values between laboratories. Interpreting viral load results, 
thus, requires knowledge of the performance characteristics 
of the specific assay used.

The type of specimen assayed will also affect results. 
Most commercial laboratories perform viral load testing on 
either whole blood or plasma. Whole blood-based assays 
detect intracellular DNA as well as cell-free DNA, which 
may include both DNA released during lytic viral replication 
and from dying tumor cells. By contrast, plasma-based 
assays measure only cell-free DNA. Consistent with the fact 
that whole blood-based assays detect both intracellular and 
cell-free DNA, viral loads from whole blood tend to be 
higher than those from plasma [141–145]. While whole 
blood-based assays may be more sensitive for the detection 
of EBV DNA, the significance of viremia depends upon the 
clinical setting.

EBV DNA is typically not detectable in the plasma of 
healthy individuals but may be detectable in whole blood at 
low levels as approximately 0.0001% of circulating 
leukocytes are estimated to harbor latent EBV infection 
[141, 143, 146]. In asymptomatic primary infection or AIM, 
viral loads in plasma may be undetectable or quickly decline 
after the onset of symptoms [141, 143]. By contrast, virus is 
frequently detected in whole blood in patients with infectious 
mononucleosis, and viral loads may remain elevated up to 
180 days [141, 143]. It should be stressed that serologies are 
the preferred diagnostic for acute primary EBV infection and 
that viral load assay is not licensed for the diagnosis of 
AIM. However in the immunocompromised host, serologies 
may be unreliable and a whole blood-based PCR assay may 
be a useful alternative assay.

The optimal specimen type for PTLD screening has not 
been determined, though several studies have addressed this 
issue [141–143, 147–150]. While viremia may be more 
frequently detected from whole blood, it may not be the test 
of choice. In a prospective trial by Tsai et al., the sensitivity 
of both whole blood- and plasma-based assays for the 
detection of PTLD was similar. However, the plasma-based 
assay had greater specificity and positive predictive value 
for diagnosing PTLD.  Higher false-positive rates were 
found with the whole blood assay [142]. Of note, false-
negative test results have been reported for patients with 
CNS PTLD with both whole blood- and plasma-based 
assays [151, 152]. Some researchers advocate that testing 
both plasma and whole blood viral loads concurrently may 
have the greatest predictive value [150]. Finally, because of 
the lack of standardization of EBV viral load testing, 
following viral load treads in patients over time using a 
single assay from a single laboratory may have greater value 
than attempting to interpret a specific result at a single time 
point.
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 Posttransplant Lymphoproliferative Disease

EBV-seronegative solid-organ transplantation (SOT) or 
hematopoietic stem cell transplantation (HSCT) recipi-
ents are at high risk from primary EBV infection. As in the 
immunocompetent host, primary infection may be asymp-
tomatic or may present with features of AIM, such as fever, 
pharyngitis and lymphadenopathy, or other systemic symp-
toms. More severe complications of primary EBV infection 
include hepatitis, aseptic meningitis, encephalitis, and more 
rarely cerebellar ataxia and transverse myelitis. Review of 
the literature at this point in time does not suggest that these 
complications are more frequent in transplant recipients. The 
most serious and common clinical manifestation of EBV 
infection following transplantation is PTLD (Fig. 38.1).

PTLD refers to any abnormal proliferation of lympho-
cytes that occurs following HSCT or SOT. The spectrum of 
disease ranges from a benign and self-limited expansion of 
lymphocytes to fulminant, fatal lymphoma. The majority of 
PTLD is of B-cell origin, though T-cell disease also occurs.

 Incidence

Estimated incidences of PTLD vary among institutions, with 
the type of transplantation and with the degree of 
immunosuppression. The true incidence of PTLD is difficult to 
ascertain, as the disorder itself is heterogenous and approaches 
to diagnosis differ between institutions. A review of 100,000 
adult SOT recipients in the United States found PTLD to be the 
most common posttransplantation malignancy in kidney and 
liver transplant recipients with rates of 1.6% and 2.4%, 
respectively [153]. PTLD was the third most common 
malignancy in heart transplantation recipients with a frequency 
of 2.2%. The highest rates for PTLD were reported in lung 
transplantation recipients at 5.7%, though the incidence of lung 
cancers still exceeded that of PTLD in this population. Equally 
comprehensive data is not available in the pediatric SOT 
recipient population; however, reported PTLD rates are often 
substantially higher in this population, ranging from 1% to 
19% depending on the type of organ transplanted [154–160].

The frequency of PTLD in the allogeneic HSCT popula-
tion at large is approximately 1% [161], though this varies 

a b

c d

Fig. 38.1 Posttransplant lymphoproliferative disease: (a) CT scan of a 
right lower lobe lung nodule in HSCT recipient. (b) The nodule is 
composed of a sheet-like infiltrate of a relatively monotonous population 
of lymphocytes. (c) Higher-power image of medium to large lymphoid 

cells with marked nuclear atypia, consistent with DLBCL. (d) In situ 
hybridization for EBER, the dark blue nuclear stain, is positive 
confirming the presence of EBV in the tumor tissue. (Photos courtesy 
of Leona Doyle)
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with the type of transplant and conditioning regimen. Higher 
rates have been reported in the setting of allograft T-cell 
depletion by in vitro selection or by in vivo treatment with 
T-cell-depleting antibody preparations [162, 163]. Within the 
allogeneic stem cell transplantation populations, the umbili-
cal cord blood transplantation (UCBT) population appears to 
be at particularly high risk, with reported rates as high as 
21% [164–166]. This may not be unexpected, as the majority 
of UCBT recipients are EBV-seropositive and the trans-
planted immune system is by nature EBV-naïve. At present, 
there is not sufficient data to suggest that PTLD rates are 
higher in pediatric allogeneic HSCT recipients compared 
with adults. The incidence of PTLD among recipients of 
autologous HSCT is extremely low.

The majority of PTLD is associated with EBV [167]. This 
association is strengthened in early-onset PTLD (i.e., PTLD 
occurring within the first year posttransplant) and in pediatric 
transplant recipients [168, 169]. Early-onset PTLD is 
associated with EBV and younger age, while late-onset PTLD 
appears to be associated with both younger (<20 years of age) 
and older age (>50 years of age) [168]. The diminished EBV 
association and increased risk in older age groups suggest 
that the pathogenesis of late-onset PTLD may be distinct 
from early-onset disease and more akin to lymphomagenesis 
in the general population. Late-onset PTLD tends to have a 
worse prognosis than early disease [170].

 Pathogenesis

The oncogenic potential of the virus may best be illustrated by 
its in vitro activity. The growth of EBV-transformed B cells 
can be inhibited in tissue culture by the addition of autologous 
T cells from EBV-seropositive hosts [171–173]. In healthy 
humans with persistent EBV infection, approximately 0.2–3% 
of circulating CD8+ T cells are devoted to continually 
controlling EBV infection [14, 17, 174]. Thus, in the setting of 
T-cell immunodeficiency, control of the virus- infected B cells 
may be lost. As detailed above, several EBV proteins inhibit 
apoptosis, which may further contribute to the outgrowth of 
EBV-infected B cells in PTLD.  Early in the process, this 
outgrowth may be polymorphic, polyclonal, and largely driven 
by EBV’s latent genes. However, as growth persists, the 
likelihood of acquiring mutations increases, and monomorphic, 
monoclonal lymphomas may arise.

Most PTLD lesions exhibit a Latency III growth pattern, 
though more restricted as well as heterogeneous patterns of 
latency have also been reported [175–178]. As PTLD arises in 
the setting of T-cell immunodeficiency and can be controlled 
by the adoptive transfer of EBV-specific T cells, it is clear that 
inadequate T-cell immunity plays a significant pathogenic 
role. However, the events that initiate the development of 
PTLD have not been fully elucidated, and this remains an area 
of active investigation. In particular, the role of lytic infection 

in pathogenesis is poorly defined. PTLD has been reported to 
arise in both cells of donor and recipient origin [175, 179]. In 
support of an intervening period of lytic replication, PTLD can 
arise in recipient B cells in hosts who were EBV-seronegative 
at the time of transplantation and who received organs from 
EBV-seropositive donors [179]. Further, strain typing 
demonstrates that EBV-seronegative transplant recipients 
often acquire EBV from their donor [175].

 Risk Factors

Risk factors for the development of PTLD mirror its patho-
genesis and may be broadly categorized into three groups: 
(1) agents that disrupt T-cell immunity, such as antithymo-
cyte globulin (ATG), OKT3, or calcineurin inhibitors; (2) 
interventions that either donate or leave behind a reservoir of 
EBV-infected B cells, such as receipt of an organ from an 
EBV-seropositive donor or receipt of nonmyeloablative 
transplantation; and (3) lack of underlying EBV-specific 
immunity, as is frequently seen in the pediatric SOT 
recipients or with receipt of UCBT.

The most clearly defined risk factor for the development 
of PTLD in SOT recipients is EBV seronegativity at the time 
of transplantation [154, 159, 168, 180]; the highest risk is 
conferred in EBV-seronegative recipients who receive organs 
from EBV-seropositive donors [159]. Multiple studies also 
describe young age as a risk factor for the development of 
PTLD in SOT recipients [168, 181–183], though this asso-
ciation often weakens in multivariate analyses, suggesting 
that young age may be a reflection of EBV seronegativity 
[168]. Intense T-cell immunosuppression is also a commonly 
reported risk factor for PTLD [184–189], and for all organs, 
risk seems to be greatest during the first 12 months following 
transplantation when immunosuppression is at its peak 
[189]. Though there is little evidence to implicate one induc-
tion or maintenance immunosuppressive drug or regimen 
over another, an increased risk of PTLD with a predilection 
for CNS disease in EBV-seronegative SOT recipients was 
reported in Phase III trials of belatacept, a T-cell costimula-
tory blocker, suggesting that this drug carries particular risk 
in the EBV-seronegative population [190–192].

In a survey of 235 transplant centers, which included over 
18,000 HSCT recipients worldwide, risk factors for the 
development of PTLD in the first year following transplant 
included (1) unrelated or HLA-mismatched donors, (2) 
in  vitro T-cell depletion, and (3) the use of ATG or CD3 
monoclonal antibodies for the treatment of graft rejection 
and/or graft versus host disease (GVHD) [161]. Subsequent 
studies found nonmyeloablative conditioning regimens, 
especially those containing ATG, to confer risk [163, 193]. 
Each of these risk factors is consistent with the central role T 
cells play in controlling the proliferation of latent EBV- 
infected B cells. To further illustrate this point, methods of 
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T-cell depletion that selectively target T-cell or T- and 
NK-cell populations impart greater risk than those that 
deplete both T and B cells, such as anti-CD52 monoclonal 
antibodies (e.g., alemtuzumab) [161, 193, 194]. The 
importance of maintaining balanced T- and B-cell populations 
has also been found in the UCBT population, where rates of 
PTLD are as low as 2% in those who receive myeloablative 
conditioning regimens [165, 195] but rise to as high as 21% 
in those who receive nonmyeloablative conditioning 
regimens and ATG [165].

 Clinical Presentation

The clinical manifestations of PTLD are protean. Thus, 
maintaining a high index of clinical suspicion and knowl-
edge of predisposing factors are critical to making the diag-
nosis. Patients may be asymptomatic or may present with 
systemic signs that range from fever to frank systemic 
inflammatory response syndrome. Mononucleosis-type syn-
dromes are not infrequently reported. Symptoms associated 
with the site or sites of disease may also be present.

As with lymphoma, PTLD may present in lymph nodes or 
in the lymphoid tissue of other organs. In SOTs, PTLD has a 
propensity to arise in the transplanted organ [179, 196]; 
therefore, graft dysfunction should raise suspicion for 
PTLD. The incidence of localization to the allograft dimin-
ishes with time and is significantly less likely beyond the first 
year after transplantation [197]. The gastrointestinal tract is 
another common site of involvement, though virtually any 
organ can be involved [197]. Compared to lymphomas within 
the general populations, PTLD seems to have a greater 
propensity to involve the CNS [198].

The majority of PTLD arises in the first year posttrans-
plantation [189] and has been reported to occur as early as 
15  days following transplantation. PTLD occurring in the 
first year following transplantation is termed early 
PTLD.  PTLD occurring thereafter is termed late 
PTLD. Greater than 90% of early PTLD is associated with 
EBV, whereas only about half of late PTLD is associated 
with EBV [199], indicating that a subset of late PTLD may 
be a distinct disorder.

 Pretransplant Screening and Posttransplant 
Surveillance

Prior to transplantation, both donor and recipient should be 
screened by serologic testing for EBV infection to assess risk 
status. Following transplantation, peripheral blood viral load 
monitoring is commonly used to monitor for elevated levels 
of EBV DNA. The intent of monitoring is to identify patients 
who are at higher risk for developing PTLD and afford 

enough time to intervene by adjusting immunosuppressive 
regimens and/or by preemptively treating to avert progres-
sion to PTLD.  Approaches to surveillance differ among 
transplant centers and society guidelines [200–207].

Conflicting data exist on what constitutes a significantly 
elevated viral load and to what extent the height of elevation 
correlates with risk for PTLD [208–212]. Patients with 
PTLD tend to have higher EBV viral loads than those without 
[144]. However, many patients with detectable viremia will 
not progress to PTLD [213, 214]. Sustained high-level 
viremia without progression to PTLD is particularly 
prominent in the pediatric population [215–217]. Which 
populations require routine monitoring is also a matter of 
debate. Some transplantation centers will monitor all 
transplant recipients, while others will limit routine 
monitoring to high- risk groups (e.g., UCBT recipients, 
in vitro T-cell depletion).

The frequency with which viral loads should be moni-
tored is also unclear and may depend on the risk status of 
the patient and the type of transplant received. As an exam-
ple, a renal transplant work group recommended that high-
risk renal transplant recipients be monitored once during 
the first week after transplant, monthly for 3–6  months, 
and then every 3  months for the first year. Monitoring 
should then be reinstituted if T-cell immunosuppression 
for acute rejection is needed [218]. By contrast, another 
renal transplant work group found that there is insufficient 
data to suggest that patient outcomes differ with routine 
monitoring and recommended that testing be individual-
ized [205]. Recommendations from a leukemia working 
group were for weekly monitoring for a minimum of 
3  months in high-risk HSCT recipients [200]. The 2013 
American Society of Transplantation guidelines and the 
2017 National Cancer Care Network guidelines make no 
definitive recommendation on whom to monitor and with 
what frequency [206, 207].

Until standardized approaches are developed through pro-
spective trials, many of the above questions may remain unan-
swered. Importantly, preemptive viral load testing alone is not 
100% effective at predicting disease. In order to augment the 
positive predictive value of viral load testing, various adjunct 
assays have been investigated, including measuring specific 
peripheral blood B- and T-cell subsets, interferon-gamma 
release to EBV antigens, and cytokine expression levels [219–
230], though none are routinely employed in the clinical set-
ting. As PTLD is likely a consequence of impaired cellular 
immunity, most adjunct assays focus on measuring T-cell 
number, function, or phenotype. Several studies have used 
MHC I tetramers for the detection of EBV-specific CD8+ cells 
in conjunction with viral load monitoring in both SOT and 
HSCT recipients [231–235]. Though most studies are limited 
by small sample sizes, many have found that expansion of 
EBV-specific T cells may indicate appropriate immune control 
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and predict a lack of progression to PTLD despite elevated 
EBV viral load [231, 232]. Conversely, lack of expansion of 
EBV-specific T cells in response to elevated viral load corre-
lates with the development of PTLD [234, 235]. A major dis-
advantage with MHC class I tetramer monitoring is that the 
reagent is HLA- specific. Therefore, it is only applicable to 
patients with common HLA alleles. At present, this diagnostic 
is not available outside the research setting.

 Prevention of EBV-Associated Disease

Several studies have addressed the use of antiviral medica-
tions for the prevention of PTLD. Available antiviral medica-
tions target lytic cycle replication. It is plausible that lytic 
cycle replication contributes to the pathogenesis of PTLD; 
though as described above, the disorder is largely a result of 
latent gene effects on B-cell growth and survival. The greatest 
role for antivirals may, therefore, be in the prevention of pri-
mary infection (i.e., transmission from an EBV-infected 
organ or from another infected person) in EBV-seronegative 
transplant recipients and possibly the mitigation of severe 
AIM in immunocompromised individuals.

EBV encodes its own DNA polymerase, which replicates 
viral DNA as linear concatemers. The EBV DNA polymerase 
is only expressed during lytic replication. In latently infected 
cells, the host cell DNA polymerase replicates the EBV epi-
some. Thus, available antiviral agents, such as acyclovir, 
ganciclovir, and foscarnet, each block EBV lytic but not 
latent replication. Acyclovir and ganciclovir are guanine 
nucleoside analogues that are converted into nucleotides by 
the EBV-encoded protein thymidine kinase [236]. The 
monophosphorylated form is then incorporated into viral 
DNA and terminates viral DNA chain synthesis.

Acyclovir is the most well-studied drug for the prevention 
of PTLD. The results of these studies have been mixed [237–
243]. Notably, in most cases, the study populations included 
both EBV-seronegative and EBV-seropositive patients. The 
effect of acyclovir on prevention of primary infection in the 
seronegative population may have been obscured. Further, 
800 mg of oral acyclovir was used in most of these studies, 
and the peak serum concentration of this dosage may not be 
consistently greater than the half maximal inhibitory concen-
tration (IC50) for EBV replication [236, 244]. Valacyclovir, 
the esterified form of acyclovir, has greater bioavailability, 
and its peak serum concentration with the commonly used 
1000 mg dose exceeds EBV’s IC50 [236]. Valacyclovir’s use 
has nonetheless not yet been as rigorously studied for the 
prevention of PTLD in the transplant population.

Ganciclovir may be more effective than acyclovir in 
treating or preventing EBV lytic infection. Both peak serum 
concentrations of the oral form of ganciclovir and the esteri-
fied form, valganciclovir, exceed the IC50 of the virus by 

4- to 20-fold [236, 245]. Two studies have evaluated the use 
of ganciclovir or valganciclovir in high-risk EBV-
seronegative pediatric SOT recipients. The first found a sig-
nificant reduction in the incidence of PTLD in high-risk 
patients treated with 100 days of IV ganciclovir, when com-
pared to historic controls. However, this finding may have 
been confounded by concurrent intense viral load monitor-
ing with a reduction of immunosuppression for viremia in 
the treatment group [240]. A small prospective cohort study 
found that primary EBV infection was significantly 
decreased in patients who received ganciclovir or valganci-
clovir compared to those who received no prophylaxis (45% 
versus 100%, p < 0.0001) [246].

Results from some of these trials were included in a meta- 
analysis of 31 studies, largely observational in nature; no 
significant difference in rate of EBV-associated PTLD in 
SOT recipients was observed among those who received pro-
phylaxis (acyclovir, valacyclovir, ganciclovir, valganciclo-
vir) compared with those who did not receive prophylaxis 
[247]. Overall, use of antiviral prophylaxis remains a contro-
versial area, and as ganciclovir and its derivatives are not 
without toxicity, further research is needed.

 Preemptive Therapy

EBV viral load monitoring has become routine in many trans-
plant centers. However, how to best manage subclinical EBV 
viremia detected by routine screening remains a major quan-
dary. Present approaches include reduction in immunosuppres-
sion and/or treatment with anti-CD20 monoclonal antibodies, 
such as rituximab. Numerous studies have evaluated the role of 
rituximab in preemptive treatment, where rituximab is given 
for EBV reactivation or primary infection with a goal of 
destroying infected B cells before clinical PTLD can develop. 
This strategy may be particularly effective in HSCT recipients 
[217, 248, 249], although not every patient with EBV viremia 
will progress to PTLD. Thus, this strategy comes at the cost of 
additional humoral immune deficits in an already immuno-
compromised population. Adoptive transfer of EBV-specific T 
cells has also been shown to be effective prophylaxis [250–
253], but its use has historically been limited by the technical 
difficulty of generating an individualized product for each 
transplant recipient. Each of these management strategies is 
further detailed below.

 Diagnosis

The accurate diagnosis of PTLD requires tissue biopsy. 
When safe and clinically feasible, excisional biopsy is 
preferred over needle core biopsy or fine needle aspiration. 
Elevated or rising EBV viral load within the peripheral blood 
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or sterile fluid, such as cerebrospinal fluid, raises the 
likelihood of disease, but it is not diagnostic. Likewise, 
radiographic evidence of PET (positron emission 
tomography)-avid lesions increases the likelihood of disease, 
but again is not diagnostic of PTLD. As with lymphomas in 
the non- transplant population, CT (computed tomography)/
PET imaging should be used to stage disease at diagnosis 
and may be used to assess for interval change with treatment. 
Of note, CNS PTLD is less likely to present with an elevated 
peripheral blood viral load [151, 152]. Tissue biopsy remains 
the gold standard for diagnosis of CNS PTLD.  However, 
diagnosis may be inferred from the presence of malignant 
lymphocytes in the cerebrospinal fluid if biopsy cannot be 
performed [237].

In situ hybridization for EBERs is the gold standard for 
confirming the presence of EBV in tumor tissue. EBER1 
and EBER2 are noncoding RNAs that are expressed at 
roughly one million transcripts per latently infected cell 
making them readily amenable hybridization targets [254]. 
Immunohistochemical detection of EBNA1, EBNA2, 
LMP1, LMP2, and BZLF1 can also be used to confirm the 
presence of EBV in tumor tissue, as well as to distinguish 
EBV latency patterns. However, these assays are typically 
less sensitive and are also prone to cross reaction with human 
proteins [240, 254]. Further, it is not typically necessary to 
distinguish the latency pattern when diagnosing PTLD.

 Pathology

The pathologic diagnosis of PTLD is based on the WHO 
classification [255]. There are four major categories: (1) 
early lesions, (2) polymorphic PTLD, (3) monomorphic 
PTLD, and (4) classical Hodgkin lymphoma-like PTLD (see 
Table 38.2). Early lesions typically arise in the first year fol-
lowing transplantation. A variety of B-cell types can become 

malignant in early lesions, though the underlying tissue 
architecture tends to be preserved in this type of PTLD. There 
are two subtypes of early lesions, plasmacytic hyperplasia 
and infectious mononucleosis-type PTLD, though some 
morphological overlap occurs between the two. Both the 
abnormal B cells and the latent EBV strain tend to be oligo-
clonal or polyclonal, and chromosomal karyotypes are typi-
cally normal in early lesions [204, 255]. By contrast, in 
polymorphic PTLD, the underlying tissue architecture is 
effaced by an expansion of B cells in various stages of dif-
ferentiation. Additionally, there may be a higher degree of 
nuclear atypia, mitosis, and necrosis [204]. Both B cells and 
EBV tend to be clonal in polymorphic PTLD, and chromo-
somal karyotypes are commonly abnormal [146, 204].

Monomorphic PTLD is the most commonly detected 
form of PTLD and refers to a heterogenous group of mono-
clonal malignancies of B- or T-cell origin. The most common 
form of monomorphic PTLD is DLBCL [255]. Monomorphic 
PTLD may also take the form of Burkitt lymphoma. As in 
the sporadic form of Burkitt lymphoma, proliferation rates 
are high and MYC mutations are common. Rarely, monomor-
phic PTLD manifests as a plasma cell neoplasm. Like their 
counterparts in the non-transplant population, monoclonal 
immunoglobulins may be found in the serum or urine in 
patients with this form of PTLD [204].

Up to 15% of PTLD may be of T-cell origin. The associa-
tion with EBV is weaker, with only 30% of T-cell PTLD har-
boring the EBV genome [256]. NK-cell disease is even less 
common than T-cell disease, but the majority of these lesions 
are EBV positive [257]. In the majority of cases of monomor-
phic T-cell PTLD, both the malignant cell and EBV are clonal. 
Classical Hodgkin lymphoma-type PTLD is a rare form of 
PTLD and tends to occur in the late posttransplant course, 
though is often  EBV positive [258]. Notably, while PTLD 
appears morphologically similar to many lymphomas arising 
in the non-transplant population, the gene expression profiles 
of both polymorphic and monoclonal PTLD appear more simi-
lar to one another than to B-cell lymphomas arising in the non-
transplant population [259].

 Management

There are several strategies for treatment of PTLD, ranging 
from reduction of immune suppression, local therapy with 
surgery or radiation, EBV-directed antiviral therapy, ritux-
imab with or without cytotoxic chemotherapy, and adoptive 
T-cell immunotherapy. A general principle of treatment of 
PTLD is to start with the best tolerated therapies and proceed 
to more toxic therapies only if initial management attempts 
prove inadequate. However, with highly aggressive disease, 
rapid disease progression and clinical decline may limit 
attempts at conservative treatment strategies.

Table 38.2 WHO classification of PTLD

Early lesions
  Plasmacytic hyperplasia
  Infectious mononucleosis-like PTLD
Polymorphic PTLD
Monomorphic PTLD
  B-cell neoplasms
   Diffuse large B-cell lymphoma
   Burkitt lymphoma
   Plasma cell myeloma
   Plasmacytoma-like lesion
   Others
  T-cell neoplasms
   Peripheral T-cell lymphoma, not otherwise specified
   Hepatosplenic lymphoma
   Other
Classical Hodgkin lymphoma-type PTLD
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 Reduction of Immune Suppression
The mainstay of initial treatment for PTLD is reduction of 
immunosuppression (RI). The goal of RI is to restore the 
host immune response to EBV infection and, thereby, regain 
control of Latency III B-cell outgrowth. Thus, RI is a more 
effective strategy in SOT recipients or in HSCT recipients 
later in their transplant course once some level of immune 
reconstitution has been achieved. In addition, RI is typically 
more effective in polymorphic PTLD than in monomorphic 
PTLD. As RI can potentially increase the risk of graft rejec-
tion in SOT recipients or graft-versus-host disease in HSCT 
recipients, the risks and benefits must be weighed carefully 
on a patient-by-patient basis. For SOT recipients, graft func-
tion must be monitored closely with RI, especially in recipi-
ents of critical organs such as the heart, liver, and lung, where 
rejection can be fatal.

Although response to RI will vary depending on the 
immunosuppressive regimen, type of transplant, and patho-
logic subtype of PTLD, data suggest that lowering immuno-
suppression as in initial management step can lead to a 
salutary effect on PTLD, and in some cases it is sufficient for 
resolution of disease [260, 261]. In one of the largest study to 
date, 162 SOT recipients with PTLD were analyzed for 
response to RI [262]. Sixty-seven patients were treated with 
RI alone, and an additional 30 were treated with complete 
surgical resection of a localized PTLD lesion followed by 
adjuvant RI. Of the 67 patients receiving RI monotherapy, 
the vast majority had monomorphic PTLD, predominately 
DLBCL-like. RI resulted in an overall response rate (RR) of 
45% and complete response rate (CR) of 37%. Of the 67 
total patients treated with RI, 60% required further systemic 
therapy. However, the relapse rate among complete respond-
ers was only 17%. Additionally, 32% of treated patients 
experienced acute rejection, some leading to loss of allograft. 
Risk factors for lack of response to RI alone included 
advanced age, presence of B symptoms, hepatitis C coinfec-
tion, elevated lactate dehydrogenase, and liver and bone mar-
row involvement. Conversely, the Southwest and Eastern 
Cooperative Oncology Groups published results of a proto-
col starting with a 50% RI for 2 weeks followed by an addi-
tional 50% RI if no response, which resulted in only a single 
partial response among 16 patients [263].

In sum, RI alone is a reasonable initial strategy for patients 
with PTLD who are not early in their transplant course. Risk 
factors, such as markers of poor performance status or 
aggressive disease, have been identified for situations where 
RI alone may not be effective, but these are not universally 
accepted.

 Local Therapies
In rare cases, focal PTLD lesions may be amenable to either 
surgical resection or radiotherapy with a curative goal. Local 
treatments are often followed by adjuvant RI.

 Antiviral Therapy
Available antiviral drugs target viral lytic cycle replication 
and are not appropriate monotherapy for PTLD. However, 
lytic replication can be induced by histone deacetylation 
inhibitors (HDACi) such as arginine butyrate [8]. Using 
HDACi to induce lytic replication followed by treatment 
with high-dose ganciclovir is a novel PTLD treatment strat-
egy. Notably, unlike acyclovir, phosphorylated ganciclovir 
also inhibits the cellular DNA polymerase and induces cell 
death which may also contribute to its effect on PTLD [264, 
265]. In a Phase I/II trial of 15 patients with EBV-associated 
lymphoproliferative disorders refractory to at least 1 prior 
systemic regimen, 10 patients had a response to arginine 
butyrate and standard doses of ganciclovir, with 4 complete 
responses (CR) and 6 partial responses (PR) [266]. Of the six 
transplant recipients (three HSCT, three SOT), two achieved 
a CR and three achieved a PR.  Adverse effects included 
tumor lysis syndrome and reversible CNS depression. 
Although encouraging, there are limited follow-up data; 
arginine butyrate is poorly tolerated, and the combination 
remains an uncommon treatment strategy.

 Rituximab and Cytotoxic Chemotherapy
The monoclonal antibody rituximab targets CD20, a nearly 
pan-B-cell marker that is retained on most PTLD B cells. 
Rituximab given in both a preemptive and initial treatment 
manner has become a mainstay of the treatment of CD20- 
positive PTLD in both HSCT and SOT recipients.

For clinical PTLD as opposed to asymptomatic viremia, 
initial therapy with rituximab either after or with RI (if pos-
sible) is a common and frequently effective treatment strat-
egy. This has been addressed in multiple studies and can be 
curative in a proportion of patients, with most studies falling 
in the 20–40% CR and 20–70% objective response rate 
(ORR) range [267–269]. For example, in a study of 11 SOT 
recipients with CD20-positive PTLD, a regimen of 4 weekly 
doses of rituximab repeated every 6 months for 2 years led to 
a 64% ORR with 54% CR rate [270]. A prospective study of 
43 SOT recipients treated with single-agent rituximab 
 demonstrated an ORR of 44% and CR in 28% with an OS of 
67% at 1 year [271]. Rituximab-related toxicity was mini-
mal, and primary adverse effects include infusional reac-
tions, prolonged immunosuppression due to B-cell 
suppression, and neutropenia.

Chemotherapy remains an option for patients with a suit-
able performance status when other therapies have failed or 
for non-CD20 or non-EBV types of PTLD. Cytotoxic che-
motherapy is best studied in patients with CD20- and EBV- 
positive PTLD, usually of the DLBCL type. Although highly 
effective, chemotherapy in the transplant population can be 
markedly toxic and occasionally fatal. As such, numerous 
studies have examined up-front versus delayed chemother-
apy, most commonly with rituximab plus CHOP (cyclophos-
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phamide, doxorubicin, vincristine, prednisone). A study of 
sequential therapy with 4 weekly doses of rituximab fol-
lowed by 4 cycles of CHOP-21  in 74 SOT recipients with 
CD20-positive PTLD led to an ORR of 90% with 68% CRs 
[272]. There was, however, a CHOP-associated mortality of 
11%. Significant neutropenia and infections developed in 
68% and 41% of patients, respectively. Overall CHOP- 
related mortality was lower in the patients treated with ritux-
imab initially when compared to those who started CHOP 
earlier due to progression on rituximab, suggesting that 
sequential rather than concurrent therapy may lead to 
improved tolerability of CHOP. A smaller study of 11 SOT 
recipients with CD20-positive PTLD examined giving 
CHOP after failure of rituximab and RI alone [273]. Ten 
patients received CHOP, with an ORR of 70% and CR of 
50%, most of which were durable. There was one possible 
CHOP-associated death, and two of the ten patients did not 
tolerate CHOP and had to be changed to less toxic therapy. 
Another study of 26 patients with late PTLD of both B- and 
T-cell types demonstrated a 50% CR and 15% PR rate, with 
a 5-year PFS of 43% [274].

Overall, rituximab monotherapy can be curative in some 
patients with CD20-positive neoplasms and is a reasonable 
initial option with low concomitant toxicity. Many patients 
who fail rituximab monotherapy can be salvaged with subse-
quent CHOP. Additionally, patients who receive sequential 
rather than concurrent R-CHOP may tolerate the CHOP por-
tion better. For patients with unusual subtypes of PTLD such 
as Burkitt lymphoma, HL, or T-cell lymphomas, RI and, if 
needed, standard chemotherapy regimens are the standard of 
care. For example, patients not responding to RI with HL 
should in general receive ABVD (doxorubicin, bleomycin, 
vinblastine, and dacarbazine), patients with T-cell lympho-
mas CHOP, and patients with Burkitt lymphoma a Burkitt- 
type regimen if it can be tolerated or CHOP if it cannot [275].

 Adoptive T-Cell Immunotherapy
Adoptive T-cell immunotherapy is an effective treatment 
option for select patients with EBV-driven PTLD when 
available. The principle of adoptive immunotherapy is to 
restore immunity by transferring T cells from an allogeneic 
donor to a recipient with PTLD.  This was first attempted 
with unmanipulated donor T cells, which can be rapidly 
available in the HSCT population, if the donor is willing and 
available. Treatment with donor lymphocyte infusion (DLI) 
has efficacy rates of up to 70% for the treatment of PTLD, 
but at the substantial risk of severe or even fatal GVHD [276, 
277], likely due to the fact that alloreactive T cells are often 
tenfold higher in number than viral reactive T cells in unma-
nipulated grafts [278].

Another option is EBV-specific T-cell transfer, which dra-
matically reduces the risk of GVHD.  Polyclonal EBV- 
specific T-cell lines comprised of both CD8+ and CD4+ T 

cells can be expanded ex vivo from donor cells and infused 
into patients with PTLD.  These cell lines can be either 
obtained directly from the original allograft donor, which is 
time-consuming and may not be an option for patients with 
rapidly progressive disease or unavailable donor, or obtained 
rapidly from previously banked (“off-the-shelf”), closely 
HLA-matched virus-specific T cells. A seminal study of 33 
patients with refractory EBV-PTLD demonstrated high 
response rates to closely matched EBV-cytotoxic lympho-
cytes (CTL), with ongoing responses of 52% at 6 months, 
including 14 CRs [279]. Patients who had closer HLA 
matches and higher numbers of infused CTLs had better 
response rates. At a minimum of 5-year follow-up of the CR 
patients, 12 were still living, 1 died of relapsed disease, and 
1 died of unrelated infection [280]. All patients with PR or 
no response received alternative PTLD therapy. A more 
recent study examined 49 HSCT recipients with EBV-PTLD 
who were either treatment naïve or had received only ritux-
imab [281]. Patients were given either DLI or EBV-specific 
CTLs. The combined partial and complete response rate for 
DLI was 73% and for EBV-specific CTLs was 68%. 
Seventeen percent of DLI recipients developed reversible 
acute GVHD. Patients with multiorgan involvement of lym-
phoma were less likely to respond, as were patients with 
CTLs that did not expand in vivo.

Avoidance of toxicities associated with cytotoxic chemo-
therapy is one of the major advantages of EBV-specific 
adoptive T-cell immunotherapy. The chief limitation is avail-
ability of donor T cells, either because the initial graft donor 
is not available (cord blood, cadaveric solid organ, or unwill-
ing/unavailable donor), because the time needed for ex vivo 
expansion of T-cell lines is too long, or because of the lim-
ited availability of preformed T-cell products. Thus, adoptive 
immunotherapy at this point is generally limited to recipients 
with living and available donors or to those in transplant cen-
ters with access to protocol-based T-cell grafts. Such cells 
are in practicality only available for HSCT recipients at this 
point, although there are some techniques for obtaining 
autologous EBV-specific T cells in SOT recipients with some 
short-term anti-EBV efficacy. The role of newer agents, 
including antibody drug conjugates or chimeric antigen 
receptor (CAR) T cells against antigens like CD19, in the 
treatment of PTLD remains to be determined.

 EBV Vaccine Development

An EBV vaccine was originally proposed nearly 40  years 
ago by Epstein and Achong [282]. However, the EBV vac-
cine remains an elusive goal. A US National Institutes of 
Health (NIH) meeting noted challenges of EBV vaccine 
development but strongly endorsed ongoing vaccine efforts 
[283]. While prevention of infection would be the ultimate 
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endpoint, the biology of EBV may complicate this goal. For 
instance, in a murine model of the EBV-related gammaher-
pesvirus 68 infection, a single target cell infected by single 
viral particle was sufficient to establish persistent host infec-
tion [284]. Furthermore, an EBV vaccine would face a high 
regulatory hurdle  – since EBV does not generally cause 
severe disease, an approvable EBV vaccine could only have 
minimal side effects. Additionally since EBV is an onco-
genic virus, live-virus vaccines would raise safety concerns. 
Nonetheless, an EBV vaccine that protects against the com-
plications of EBV infection, even without preventing life-
long EBV infection, could still have a substantial public 
health impact. The NIH study group recommended that an 
EBV vaccine should have two major goals: to prevent infec-
tious mononucleosis and to prevent EBV-associated cancers 
[283]. Both of these goals may be attainable without achiev-
ing sterilizing immunity that prevents EBV infection. As an 
example, the attenuated varicella zoster virus (VZV) Oka 
strain vaccine has greatly reduced the burden of VZV- 
associated disease without necessarily preventing infection.

Even prevention of AIM alone would have a tremendous 
public health and economic impact. The major goal would be 
to limit the extent of lytic virus replication and the growth of 
latently infected B cells following primary EBV oropharyn-
geal transmission [7]. Encouragingly, asymptomatic primary 
EBV infection protects against subsequent AIM, and a vac-
cine may be able to capture this benefit. A vaccine-primed 
immune system might be able to better control primary EBV 
infection. For instance, elevated primary infection EBV viral 
loads correlate with AIM severity [101], and AIM is associ-
ated with a 3.4-fold increased risk for the development of 
EBV+ HL [285]. An EBV vaccine that reduces viral loads 
might also reduce the incidence of IM and HL.  Likewise, 
reduction of EBV viral load may lessen the likelihood of 
PTLD development.

The major EBV envelope glycoprotein gp350 is the prin-
cipal target of most EBV vaccines in development. EBV ini-
tiates B-cell infection via gp350 binding to CD21, the B-cell 
receptor for complement component C3d [286, 287]. 
Additional interactions between the EBV glycoprotein gp42 
and the co-receptor HLA class II further promote viral entry 
[288]. EBV also infects CD21-negative cell types such as 
oropharyngeal epithelial cells, mesenchymal cells, and T 
cells, suggesting that additional unidentified receptor(s) 
must exist. Nonetheless, gp350 is an attractive target, since it 
is the most abundant glycoprotein on the surface of EBV and 
EBV-infected cells and is the dominant target of neutralizing 
antibody responses [92, 283, 289].

A recombinant VZV vaccine vector was developed to 
deliver gp350 nearly 25 years ago [290]. However, the first 
randomized, placebo-controlled, multicenter, double-blind 
trial of a gp350-based vaccine to prevent AIM was not 
reported until some 20 years later [291]. The recombinant 

gp350 and alum/monophosphoryl lipid adjuvant vaccine 
induced anti-gp350 antibodies in 98.7% of subjects for at 
least 18  months after administration of the third vaccine 
dose. The vaccine also reduced the proportion of symptom-
atic primary EBV infection over an 18-month observation 
period, from 10% in the control group to 2% in the vaccine 
group. Not surprisingly, the vaccine did not protect against 
asymptomatic EBV infection. An EBV-antibody-seropositive 
study participant developed an oligoarthritis syndrome, rais-
ing potential safety concerns. In a small Phase I trial in chil-
dren with chronic kidney disease awaiting transplantation, 
vaccination with recombinant gp350 plus alum induced IgG 
responses in all 13 evaluable patients [292]. However, neu-
tralizing antibodies were only detectable in four vaccine 
recipients, and anti-gp350 antibody levels rapidly dimin-
ished following completion of the vaccine cycles. More 
recently, the use of self-assembling nanoparticles to display 
gp350 domains elicited potent neutralizing antibody 
responses in mice and nonhuman primate models [293].

The gp350 vaccination can also stimulate cell-mediated 
immunity, a property that was important for prevention of 
EBV-associated lymphomas in an animal model [294]. Since 
many EBV-derived HLA class I epitopes are generated dur-
ing primary infection, a second vaccine approach has been to 
stimulate a CD8+ T-cell response to EBV antigens. Indeed, 
in a small single-blind, randomized, placebo-controlled, 
single- center trial, an EBNA3 CD8+ T-cell peptide-based 
vaccine was administered to 9 HLA B*0801-positive indi-
viduals. Four individuals received a placebo vaccine. In fol-
low- up, none of the four EBNA3 vaccine recipients 
experienced symptomatic AIM with primary EBV infection 
[295]. While exciting and potentially applicable to the pre-
vention and/or treatment of EBV-associated malignancies, 
this approach is complicated by the diversity of HLA mole-
cules across different human populations. Consequently, a 
CD8+ T-cell peptide-based vaccine would need to incorpo-
rate multiple appropriate EBV epitopes. This goal might be 
achievable with the use of recombinant polyepitope protein 
constructs that encode multiple distinct CTL peptide targets 
in tandem. Vaccines might also combine a gp350-based com-
ponent with CD8+ T-cell antigens to further limit virus 
replication and spread [296].

Vaccines to treat EBV-associated malignancies are also 
being developed. Nasopharyngeal carcinoma (NPC) may be 
a particularly attractive candidate, as EBV epitopes are 
detected in most undifferentiated NPC cases. Furthermore, 
in NPC-endemic regions of Southern China, HLA alleles 
such as HLA-A11, A24, and B40 are common, potentially 
simplifying the cocktail of epitopes that may be needed 
[297]. In one promising approach, an adenoviral vector- 
based vaccine has been developed that delivers EBNA1, 
LMP1, and LMP2 epitopes suitable for these HLA alleles. In 
a preclinical study of patients with recurrent and metastatic 
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NPC, the vaccine stimulated EBV-specific T-cell develop-
ment in 72% of patients [297]. T cells were expanded ex vivo 
and then adoptively transferred back to the appropriate NPC 
patient. The median overall survival increased from 220 days, 
without T-cell transfusion, to 523 days with primed T-cell 
transfer.
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 Introduction

Human herpes viruses are a family of eight large double- 
stranded DNA viruses. They are subdivided into 
α-herpesviruses, herpes simplex viruses 1 and 2 (HSV-1 & 
HSV-2) and varicella zoster virus (VZV); β-herpes viruses 
include cytomegalovirus (CMV), human herpesviruses 6 and 
7 (HHV-6 & HHV-7), and γ-herpes viruses are Epstein-Barr 
virus (EBV) and human herpesvirus 8 (HHV-8). All eight 
members share the characteristic property of establishing 
lifelong latency in the host. Latent herpes viruses may reac-
tivate causing opportunistic diseases in individuals with 
compromised immunity such as transplant recipients. 
Control of herpes virus infection and its reactivation is a 
function of cell-mediated immunity. Hence, factors that 
impair cell-mediated immune responses predispose to a 
potentially severe illness caused by these herpes viruses.

All human herpesviruses have been implicated in various 
clinical diseases in solid organ transplant (SOT) and hemato-
poietic stem cell transplant (HSCT) recipients. This chapter 
will review the epidemiology, clinical diseases, diagnosis, 
prevention, and treatment of six of the eight members of the 
human herpesvirus family, including HSV-1, HSV-2, VZV, 
HHV-6A and HHV-6B, HHV-7, and HHV-8 (Table 39.1).

 Herpes Simplex Viruses 1 and 2

 Epidemiology

HSV-1 and HSV-2 are α-herpesviruses that most commonly 
cause mucocutaneous ulcers. HSV-1 infection, which mani-
fests clinically as orolabial herpes, is usually acquired during 

early childhood through adulthood. HSV-1 seroprevalence 
rates in the United States range from 44% in 12–19-year-old 
individuals up to 80% among individuals older than 60 years 
[1]. Seroprevalence rates of HSV-2 infection, which mani-
fests as genital ulcers, increase at the onset of sexual activity, 
from 1.6% among 14–19-year-old individuals to 26.3% 
among 40–49-year-old individuals in the United States [2]. 
After primary infection, HSV-1 and HSV-2 establish latency 
in nerve root ganglia. Periodic HSV reactivations occur 
throughout life, and this could be in the form of subclinical 
shedding or manifested as oral or genital ulcers [3, 4].

Seroprevalence rates of HSV-1 and HSV-2  in transplant 
recipients mirror that of the general population. Up to 80% of 
adult HSCT patients are HSV-seropositive [5]. Because most 
transplant recipients are HSV-seropositive, the majority of 
symptomatic HSV disease and asymptomatic HSV shedding 
after SOT and HSCT results from reactivation of latent virus. 
Compared with immunocompetent persons, transplant recipi-
ents shed HSV-1 and HSV-2 more frequently and they may 
have more severe clinical manifestations [6, 7]. The onset of 
HSV disease occurs during the first 4 weeks after SOT and 
HSCT [5, 8–12]. Without antiviral prophylaxis, the rate of 
HSV reactivation among HSV-seropositive HSCT recipients 
reaches up to 80% [13]. The risk of HSV disease increases 
during periods associated with intense immunosuppression, 
such as with the use of muromonab-CD3 and mycophenolate 
mofetil [14, 15]. Primary HSV-1 and HSV-2 infections may 
occur less commonly, when HSV-seronegative transplant 
recipients are exposed to virus shed in bodily secretions of 
HSV-seropositive individuals. Donor-derived HSV infection, 
transmitted through the allograft, has been reported rarely 
after kidney and liver transplantation [10, 16–18].

 Clinical Disease

The most common clinical manifestation of HSV-1 and 
HSV-2 disease after transplantation, whether this is primary 
or reactivation infection, is orolabial, genital, or perianal 
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 disease [4, 12]. In the HSCT population, HSV mucocutane-
ous disease occurs in the orofacial region in 85–90% of 
cases, while only 10–15% occurs in the anogenital region 
[13, 19]. Up to 10% of HSCT recipients with orolabial HSV 
disease may have esophageal involvement [20]. While orola-
bial disease is classically due to HSV-1 and anogenital dis-
ease is due to HSV-2, there may be an overlap since some 
cases of orolabial disease have been caused by HSV-2, while 
HSV-1 may also be associated with anogenital disease.

Mucocutaneous herpes infections are typically vesicular 
and/or ulcerative and are often localized. In severe cases, 
particularly among highly immunocompromised transplant 
patients, HSV infection may disseminate to visceral organs 
and cause hepatitis, encephalitis, and pneumonitis [12]. 
Fever, leukopenia, and hepatitis are the most common signs 
and symptoms of disseminated HSV disease [12]. Central 
nervous system (CNS) involvement may occur in the form of 
encephalitis and viral meningitis [21]. Ocular involvement 
may occur in the form of keratitis. Bone marrow suppression 
and damage to the transplanted stem cell graft have also been 
reported in association with HSV disease following HSCT.

 Diagnosis

The diagnosis of mucocutaneous HSV disease in transplant 
recipients may be made on clinical grounds alone since the 
symptoms are often typical, with vesicles and ulcers. 
Occasionally, the clinical manifestations may be atypical, 
and other pathogens may be suspected. In HSCT recipient, 

severe mucositis may be due to a number of causes and often 
multifactorial in nature; this further complicates the diagno-
sis of HSV infection based only on clinical presentation. In 
such cases, laboratory confirmation of HSV infection is 
needed. Laboratory tests are also useful in the diagnosis of 
extra-mucocutaneous HSV disease such as CNS disease, ful-
minant hepatitis, and disseminated disease.

The laboratory methods available for the diagnosis of 
HSV infection are (1) direct fluorescent antibody (DFA) test-
ing of mucocutaneous lesions, bronchoalveolar lavage, and 
other clinical samples, (2) histopathology of biopsy speci-
mens, (3) viral culture, and (4) nucleic acid testing (NAT) by 
PCR.  Serology is rarely useful for diagnosing HSV infec-
tions after transplantation since HSV seropositivity is com-
mon, and generation of HSV antibodies may be delayed due 
to underlying immunosuppression.

Detection of HSV antigens on scrapings of ulcerative 
lesions by immunofluorescence assay (IFA) is a useful test 
for diagnosis of HSV disease. Tzanck smear, which demon-
strates viral cytopathic effects, can be performed on scraping 
obtained from herpetic ulcers, although this is not very spe-
cific for HSV.  Histopathology with immunocytochemistry 
for HSV may be used to document tissue-invasive disease 
such as fulminant hepatitis [22]. Culture of the vesicular 
fluid is very specific for diagnosis of HSV disease, although 
this is now replaced by molecular HSV NAT by PCR assay 
as the diagnostic test of choice, especially for cerebrospinal 
fluid (CSF) [23].

HSV NAT provides high sensitivity, high specificity, and 
rapid turn-around time compared to culture and other 

Table 39.1 Human herpesvirus infections in transplant recipients

Virus Clinical disease Diagnosis Prevention Treatment
HSV-1 and 
HSV-2

Oral and genital herpes
Visceral disease (hepatitis)
Disseminated disease
Encephalitis and meningitis
Keratitis

Clinical diagnosis
HSV NAT
Tzanck smear
Histopathology
Viral culture

Acyclovir prophylaxis
Alternatives:
  Valacyclovir
  Famciclovir
  Ganciclovir
  Valganciclovir

Acyclovir (IV or oral)
Valacyclovir
Famciclovir
Foscarnet (resistant cases)
Cidofovir (resistant cases)

VZV Varicella
Zoster (localized or 
disseminated)

Clinical diagnosis
VZV NAT
Viral culture

Avoid exposure
Vaccination
Postexposure prophylaxis
Acyclovir prophylaxis

IV acyclovir
Valacyclovir
Famciclovir

HHV-6 Fever
Rash
Encephalitis
Hepatitis
Pneumonitis

HHV-6 NAT
Histopathology

None IV ganciclovir
Valganciclovir
Foscarnet
Cidofovir

HHV-7 Not well defined
  Fever

HHV-7 NAT None Foscarnet
Cidofovir

HHV-8 Kaposi’s sarcoma
Castleman’s disease
Primary effusion lymphoma
Bone marrow failure

HHV-8 NAT
Histopathology

None
Role of valganciclovir is debated

Reduction in immunosuppression
Role of antivirals debated
Chemotherapy
Surgical debulking
Sirolimus

Notes: HSV herpes simplex virus, VZV varicella zoster virus, HHV human herpesvirus, NAT nucleic acid testing, IV intravenous
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 diagnostic modalities [23]. The molecular assay can be opti-
mized to distinguish HSV-1 from HSV-2 [24]. NAT is espe-
cially useful for identifying HSV in blood or other sterile 
fluids, as viral cultures have poor sensitivity in detecting 
HSV in these samples. If disseminated disease is suspected 
in transplant patients, detection of HSV NAT in the blood 
confirms the clinical suspicion [25]. Quantification of HSV 
viral load in a clinical sample such as CSF or blood may be 
used to assess infection severity and guide efficacy of antivi-
ral therapies.

 Prevention

HSV reactivation occurs most commonly during the first 
month after transplantation. Routine surveillance using viral 
culture or NAT to detect HSV is not recommended. Instead, 
it is standard clinical practice for transplant recipients to 
receive antiviral prophylaxis such as acyclovir during the 
first 4–6 weeks after undergoing SOT [5, 12]. The duration 
may be prolonged in certain situations such as HSCT, espe-
cially if being treated for GVHD, treatment of acute rejec-
tion, or recurrent infections [5]. In a placebo-controlled 
study in HSV-seropositive HSCT recipients, acyclovir abro-
gated HSV reactivation, while culture-proven HSV lesions 
were observed in seven of ten placebo-treated patients [26]. 
Oral acyclovir is preferred, but the intravenous formulation 
may be needed in HSCT patients with severe mucositis. 
Valacyclovir, famciclovir, ganciclovir, and valganciclovir are 
alternative agents. Many SOT recipients receive valganciclo-
vir prophylaxis for CMV prevention after transplantation. 
Since valganciclovir (or ganciclovir) is also effective against 
HSV, no additional HSV prevention (such as acyclovir) is 
necessary in these patients.

 Treatment

Antiviral therapy shortens the duration of HSV shedding and 
disease, facilitates healing, and prevents HSV dissemination 
to visceral sites. In addition to antiviral therapy, cautious 
reduction in immunosuppression should be considered, 
especially those with severe and life-threatening HSV dis-
eases [12].

Limited or mild mucocutaneous HSV disease can be 
treated with oral acyclovir, valacyclovir, or famciclovir for a 
minimum of 5–7  days and until complete healing of the 
lesions. Mucocutaneous HSV disease can also be treated 
with intravenous acyclovir, especially in HSCT patients with 
severe mucositis. Intravenous acyclovir at a higher dose 
(5–10 mg/kg every 8 h) should be considered for dissemi-
nated, cerebral, visceral, or extensive mucocutaneous HSV 
disease. A minimum of 14 days of treatment is recommended 

for severe disease, and others have extended the duration to 
as long as 21 days in cases of pneumonia and encephalitis. 
Some have used HSV NAT to guide the duration of treatment 
of HSV meningoencephalitis [27].

Acyclovir-resistant HSV may occur in less than 5% of 
immunocompromised patients. The most common mecha-
nism of resistance is a genetic mutation that results in dimin-
ished or absent activity thymidine kinase, an enzyme that is 
essential for the activation of acyclovir, valacyclovir, and 
famciclovir. The drug of choice for treatment of acyclovir- 
resistant HSV is foscarnet and cidofovir as the alternative 
agent. There is significant toxicity associated with the use of 
these drugs, most commonly nephrotoxicity. Topical formu-
lations of cidofovir and imiquimod may be used for localized 
mucocutaneous disease [12].

 Varicella Zoster Virus

 Epidemiology and Clinical Disease

VZV is a highly infectious α-herpesvirus that causes vari-
cella commonly known as chickenpox. Infection is acquired 
through direct contact with a skin lesion or airborne spread 
from respiratory droplets. Varicella is manifested by fever, 
constitutional symptoms, and vesicular, pruritic, widely dis-
seminated rash. The distinctive feature of varicella is the 
concurrent appearance of papules, vesicles, and crusted 
lesions that typically spares the palms and soles. Varicella is 
generally a self-limited illness lasting 7–10  days in the 
immunocompetent patients, although it may infrequently 
lead to viral hepatitis, pneumonitis, encephalitis; retinal 
necrosis, and purpura fulminans are uncommon albeit, seri-
ous complication often noted in severely immunosuppressed 
individuals [28].

After primary infection, VZV establishes latency in cra-
nial nerve and dorsal root ganglia. Reactivation of VZV later 
in life is manifested as zoster (shingles), which is character-
ized by grouped vesicular exanthem in 1–3 dermatomal dis-
tribution [29]. Some patients, especially those who are 
immunocompromised such as transplant patients, may 
develop disseminated zoster that mimics primary varicella 
infection. Others may have visceral involvement [29], with 
fulminant hepatitis as one of the severe forms of visceral zos-
ter [30]. Zoster lesions may be secondarily infected with 
bacteria and, in the long term, may be associated with debili-
tating postherpetic neuralgia [29].

Since over 90% of adult transplant recipients are VZV- 
seropositive from prior primary varicella infection, the vast 
majority of VZV infection after transplantation presents as 
zoster. Reactivation VZV, which is manifested most com-
monly as single or multiple dermatomal zoster, occurs in 
approximately 8–11% of SOT recipients [29] and 10–68% 
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among patients undergoing HSCT [5]. The peak incidence of 
herpes zoster occurs during the first 12–14 months after SOT 
[29] or 3–12 months after HSCT with a median of 5 months 
after transplantation [5]. Risk factors after SOT are older 
age, use of mycophenolate mofetil, and recipients of heart 
and lung transplants [31–33]. Older age, severe immunosup-
pression, a myeloablative regimen, severe lymphopenia, 
receipt of cord blood transplant, and chronic GVHD are 
associated with increased risk of VZV after HSCT [5]. While 
the majority of herpes zoster remains localized to one or few 
adjacent dermatomes, severely immunocompromised trans-
plant patients may have poly-dermatomal distribution or 
may have disseminated disease with visceral involvement 
[29], including fulminant VZV hepatitis [34]. Some cases of 
VZV disease may manifest without the classic herpes skin 
lesions and present only with severe pain such as abdominal 
pain in patients with VZV gastritis and hepatitis.

Since the majority of patients are VZV-immune prior to 
transplantation due to prior infection or immunization, pri-
mary varicella is rarely seen after transplantation. Chickenpox 
may still occur in non-vaccinated VZV-seronegative trans-
plant recipients. The clinical manifestation of varicella in 
these patients is typical, with fever and a generalized pruritic 
vesicular rash. The illness may be very severe and devastat-
ing, sometimes with encephalitis, hepatitis, pneumonia, and 
other visceral involvement [29]. VZV-seronegative trans-
plant candidates should therefore be vaccinated prior to 
transplantation.

 Diagnosis

The diagnosis of varicella and zoster is made based on clini-
cal grounds due to their classic presentations. However, trans-
plant patients may present atypically (such as disseminated 
disease without skin rash) or may have disseminated herpes 
that can mimic other disease states. In these cases, laboratory 
testing for VZV is essential to establish the diagnosis.

Rapid diagnostic assays for VZV diagnosis are NAT by 
PCR and direct fluorescent assay (DFA) [5, 35]. DFA is per-
formed on scraping taken from the base of the skin lesion. A 
PCR test to detect and amplify VZV DNA is currently the 
most sensitive test, and this may be used to detect VZV in the 
vesicle fluid, peripheral blood, CSF, and tissues [36]. VZV 
NAT in the blood is used to diagnose visceral zoster in the 
absence of skin manifestations. Most VZV NAT assays are 
qualitative, although many offer quantification [35, 36]. 
Quantitative VZV NAT may be used to assess the severity of 
disease such as higher viral load, which often reflects more 
severe disease, and to guide management strategies, for 
example, a persistently high viral load may require longer 
duration of treatment and a concern for drug-resistant viral 
strain.

Viral culture is a less sensitive assay with slower turn- 
around time [29]. Serologic testing is rarely helpful in the 
diagnosis of varicella and zoster due to high rates of sero-
positivity, and transplant patients have delayed ability to 
mount antibody response [29].

 Prevention

Vaccination is the most effective method for the prevention 
of varicella in transplant recipients, but it should be given 
prior to transplantation. Since the varicella vaccine contains 
a live-attenuated virus, it is contraindicated after transplanta-
tion. Varicella vaccine should be given to VZV-susceptible 
transplant candidates at least 2–4 weeks prior to SOT [29] or 
>4  weeks prior to conditioning regimen for HSCT [5]. 
Giving the live-attenuated virus vaccine within a short-time 
period prior to immunosuppression may risk for clinical ill-
ness due to the vaccine strain. The role of recombinant zoster 
vaccine for VZV prevention in transplant recipients is under 
investigation.

VZV-seronegative transplant recipients should avoid 
exposure to individuals with varicella or zoster or those who 
recently received live virus vaccine. VZV-seronegative trans-
plant recipients who have significant exposure to varicella 
and zoster are at high risk of developing severe primary 
infection and should receive postexposure prophylaxis using 
immunoglobulin within 10 days of exposure. Antiviral pro-
phylaxis with oral acyclovir or valacyclovir may also be used 
for 3–21 days as an adjunct to VZV immunoglobulin pro-
phylaxis or as the primary method for prevention in patients 
unable to receive VZV immunoglobulin [5, 29]. If used, anti-
viral prophylaxis should be given as soon as possible, and 
within 10  days of significant exposure. VZV-seronegative 
transplant recipients with significant exposure to varicella or 
herpes zoster could be considered contagious, and thus, air-
borne precautions should be instituted 7 days after and up to 
21 days exposure or for 28 days after exposure for patients 
who received passive immunization against VZV.

Because of the high risk of zoster, antiviral prophylaxis is 
recommended for VZV-seropositive allogeneic HSCT recip-
ients [5]. This can be in the form of oral acyclovir (800 mg 
PO twice daily) or valacyclovir (500 mg orally once or twice 
daily) for at least 1 year after allogeneic HSCT or longer for 
patients with severe immunosuppression and chronic GVHD 
[5]. Antiviral prophylaxis for autologous HSCT and SOT 
recipients is not currently recommended.

 Treatment

Antiviral treatment for varicella and zoster halts disease pro-
gression, prevents visceral dissemination, reduces the 
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 duration of viral replication, and reduces postherpetic pain 
syndrome. Transplant patients who develop primary vari-
cella infection should be treated as soon as possible with 
intravenous high-dose acyclovir, 10 mg/kg given every 8 h; 
the dose requires adjustment in patients with declining renal 
function. Reduction in immunosuppression should be con-
sidered, as these patients are at risk of developing severe and 
potentially fatal disease. The role of immunoglobulins as 
adjunct to antiviral therapy is debated [29]. Alternative drugs 
are valacyclovir and famciclovir. Intravenous therapy is indi-
cated for severe disease, but this can be tapered to oral treat-
ment once there is sufficient control of the infection [5, 29].

Localized or nonsevere forms of herpes zoster may be 
treated with oral famciclovir and valacyclovir. Treatment 
should be given for at least 7 days but should be continued 
until 2 days after the lesions have crusted. Localized dis-
ease involving vital organs such as herpes zoster ophthal-
micus involving the trigeminal ganglion and herpes zoster 
oticus also known as Ramsay Hunt syndrome should be 
treated with intravenous acyclovir. Disseminated or organ 
invasive herpes zoster should be treated with intravenous 
acyclovir [5, 29].

 Human Herpes Viruses 6A and 6B

 Epidemiology

HHV-6A and HHV-6B are two distinct lymphotropic 
β-herpesviruses that infect the majority of humans [37, 
38]. By age 5, the majority of humans are HHV-6 sero-
positive [38]. In immunocompetent individuals, primary 
HHV-6 infection is often asymptomatic, or it could be 
manifested clinically as a febrile illness associated with 
an exanthem, diarrhea, respiratory symptoms, or seizures 
[37–40]. The classic presentation of primary HHV-6 
infection is roseola infantum also known as sixth disease 
or exanthem subitum. A disease in young children charac-
terized by high fever that lasts for 3–5 days followed by 
erythematous blanching maculopapular rash that starts at 
the neck and trunk spreading to the extremities [39]. 
HHV-6B accounts for the majority of documented pri-
mary HHV-6 infections [38]. In contrast, the epidemiol-
ogy of HHV-6A infection is less defined [41], although it 
is more neurotrophic and thus has been implicated in neu-
rologic disorders.

After primary infection, HHV-6 establishes lifelong 
latency in hosts’ mononuclear cells [39], and frequently 
reactivates later in life, especially in patients with severe 
adaptive immune dysfunction. HHV-6 is unique among 
human herpes viruses because of its ability to integrate into 
the human chromosome known as chromosomally integrated 
HHV-6 (CIHHV-6) [42–45]. Chromosomal integration by 

HHV-6A and HHV-6B occurs in 1% of individuals [42–45], 
and the integrated viral genome is passed to offspring in a 
Mendelian manner [42].

HHV-6 infection after SOT and HSCT occurs either as 
primary or as secondary infection due to reactivation of 
endogenous latent virus or reinfection from donor- transmitted 
HHV-6 virus [37, 46]. Since HHV-6 seroprevalence is over 
90% in adults, most HHV-6 infections are believed to be due 
to reactivation or reinfection [37, 46]. For the minority of 
HHV-6 seronegative transplant recipients, primary HHV-6 
infection may occur in the following manner: acquired from 
the donor allograft, blood and blood product transfusions, or 
natural transmission from close contacts [47, 48]. Pediatric 
transplant recipients, especially those younger than 2 years 
of age, are likely HHV-6 seronegative and at risk of primary 
infection [48].

The incidence of HHV-6 infections has been reported in 
10–60% of SOT [37, 46] and approximately 50% of HSCT 
recipients [49]. The majority is due to HHV-6B and 
detected during the first 2–4  weeks after transplantation 
[37, 46]; in contrast, only 2–3% of HHV-6 infections after 
HSCT are due to HHV-6A. The vast majority of HHV-6 
infections are transient subclinical reactivations with clini-
cal consequences [37, 46]. In contrast, clinical disease 
directly due to HHV-6 occurs in <1% of transplant recipi-
ents [50, 51]. HHV-6B accounts for most cases of clinical 
disease [37, 46]; only a few cases have been associated 
with HHV-6A [47].

 Clinical Disease

HHV-6 disease after transplantation is most commonly man-
ifested as a febrile illness accompanied by bone marrow sup-
pression [52]. HHV-6 encephalitis is one of the most severe 
clinical manifestations, often in the form of limbic encepha-
litis [53, 54]. Encephalitis is particularly seen in HSCT 
recipients, although it has been reported in SOT recipients 
[55, 56]. Clinical manifestations include confusion, 
depressed sensorium, seizures, disorientation, and short- 
term memory loss. HHV-6 is also known to infect hemato-
poietic progenitor cells, and may delay engraftment, 
especially of platelets, after HSCT [57]. HHV-6 has also 
been associated with fever and rash [58], hepatitis [47], gas-
tritis and enteritis [59], colitis [60], pneumonitis [55], pancy-
topenia, hemophagocytosis syndrome, and disseminated 
infection [61].

HHV-6 has several indirect effects in SOT recipients, pos-
sibly as a result of its immunomodulatory effects [37, 46]. 
These indirect effects of HHV-6 infection include the 
increased risk of CMV disease after kidney and liver trans-
plantation [62, 63], higher risk of fungal and other opportu-
nistic infections [64], allograft rejection and dysfunction 
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[65], early fibrosis due to hepatitis C virus recurrence after 
liver transplantation [66], and a higher mortality rate after 
transplantation [67, 68].

The impact of CIHHV-6 in transplant recipients is not 
well defined. Because of the very high levels of HHV-6 DNA 
in the blood, patients with CIHHV-6 have been mistaken to 
have active infection and given unnecessary treatment. The 
clinical impact of CIHHV-6 was recently investigated in a 
cohort of liver and other transplant recipients and was found 
to be associated with a significantly higher risk of bacterial 
infections and allograft rejection [42–45].

 Diagnosis

HHV-6 NAT by PCR is the most commonly used test for the 
diagnosis of HHV-6 infection after transplantation [37, 46, 
69]. HHV-6 PCR is most commonly performed on blood 
samples [52, 70], although it has been used to detect HHV-6 
DNA in CSF and BAL fluid [71, 72]. HHV-6 DNA is dem-
onstrated in the CSF of patients with HHV-6 encephalitis, 
often accompanied by non-specific CSF findings. Only half 
of the patients may have CSF pleiocytosis and elevated pro-
tein. MRI of the brain is sensitive in demonstrating multiple 
non-enhancing low attenuation signals in the temporal lobe 
and the limbic system. Active HHV-6 infection is often indi-
cated by high viral load compared to the low DNA level in 
some cases of latent infection. Quantitative HHV-6 PCR test 
is therefore preferred, as viral load is also used to differenti-
ate severe from mild HHV-6 infection, assess antiviral treat-
ment responses, and guide duration of treatment [37, 69].

In the interpretation of HHV-6 PCR assay results, it is 
critically important to consider the potential detection of 
CIHHV-6 [42–45]. In a consensus statement, detection of 5.5 
logs of HHV-6 in the blood should raise suspicion for chro-
mosomally integrated virus, and this can be confirmed by 
persistently elevated viral load over time and, if needed, 
cytogenetic analysis, hair follicle analysis, and testing of sib-
lings and relatives [42–45].

Histopathology with or without immunohistochemistry is 
preferred for the diagnosis of tissue-invasive HHV-6 disease, 
such as hepatitis and pneumonitis [37]. The other tests for 
the diagnosis of HHV-6 are serology, viral culture, and anti-
genemia [37]. However, these are rarely used in clinical 
practice since they are not widely available.

 Prevention

Ganciclovir, foscarnet, and cidofovir are active against HHV- 6. 
There have been few observational studies to indicate that gan-
ciclovir may reduce the incidence of HHV-6 infection in SOT 
[70] and HSCT recipients [73]. However, HHV-6 reactivation 

is common after HSCT and SOT, and clinical disease occurs 
very rarely [69]. Hence, antiviral prophylaxis and preemptive 
therapy are not recommended after SOT [37] and HSCT [49]. 
There is no clinical benefit in preventing HHV-6, since the 
majority is subclinical, self-limited, and transient [37].

 Treatment

For established HHV-6 disease in SOT and HSCT, antivi-
ral therapy with foscarnet and/or ganciclovir is recom-
mended, and cidofovir is considered as alternative agent 
[37]. The doses recommended follow the guidelines for 
the treatment of CMV disease [37]. Antiviral treatment is 
especially indicated in the setting of HHV-6 encephalitis 
and other tissue- invasive diseases, and it should also be 
considered for other clinical syndromes attributable to 
HHV-6 [37]. In addition to antiviral therapies, SOT recip-
ients with HHV-6 disease should have cautious reduction 
in their pharmacologic immunosuppression [37]. 
Antiviral treatment is generally guided by serial monitor-
ing of HHV-6 viral load, and it is recommended to con-
tinue therapy until the virus is cleared from the blood or 
other sites of infection. It is recommended to rule out the 
existence of CIHHV-6  in the interpretation of HHV-6 
PCR results [42–45].

 Human Herpes Virus 7

 Epidemiology

HHV-7 is a β-herpesvirus that infects humans during the 
first 5 years of life [74]. Primary HHV-7 infection occurs at 
a slightly later age compared to HHV-6 [75], and it presents 
most commonly as an asymptomatic infection or as a 
benign self-limited illness characterized most commonly 
by fever and seizures [76]. Upper respiratory symptoms, 
vomiting, diarrhea, seizures, encephalitis, or a Roseola-like 
illness have been reported in association with HHV-7 infec-
tion [74, 76].

Detection of HHV-7 DNA in blood samples of patients 
is common during the early period after transplantation. 
It has been reported in up to 40% of transplant recipi-
ents. Almost all of these are transient, low level, and not 
associated with any clinical manifestations [37]. Since 
over 95% of individuals are HHV-7 seropositive, the 
detection of HHV-7 DNA in transplant recipients is 
likely a reflection of viral reactivation [37]. HHV-7 reac-
tivation occurs mostly during the first 2–4  weeks after 
transplantation [37, 77]. Reinfection with donor-trans-
mitted virus may also occur, while primary HHV-7 infec-
tion is rare [37].
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 Clinical Disease

Clinical disease due to HHV-7 is rare after transplantation 
[37]. The true incidence of clinical disease is not known but 
likely less than 1% of patients [37, 78]. There have only been 
a few sporadic cases of HHV-7 disease reported. Fever, 
thrombocytopenia, and acute myelitis have been described 
as potentially caused by HHV-7 [52, 78, 79]. Most com-
monly, HHV-7 is detected in the blood of patients with CMV 
disease [52]. HHV-7 has been implicated to have indirect 
effects such as predisposition for CMV disease [63, 80] and 
acute rejection [81].

 Diagnosis

There are no tests recommended for surveillance of HHV-7 in 
SOT recipients [37]. In patients with clinical suspicion for 
HHV-7 infection, nucleic acid testing, serology, culture, and 
histopathology are the tests for diagnosis [37]. The most 
commonly used test is HHV-7 NAT by PCR [37, 52, 82]. 
However, clinical correlation between HHV-7 load and clini-
cal disease has not been established [52]. To document 
tissue- invasive HHV-7 disease, including encephalitis, histo-
pathology is required. Demonstration of HHV-7 proteins is 
preferred over DNA detection in order to confirm the diagno-
sis of HHV-7 disease. A less invasive strategy to diagnose 
HHV-7 encephalitis would be to demonstrate HHV-7 nucleic 
acid in the CSF, although this should be interpreted with cau-
tion since latent virus may be amplified from reactive lym-
phocytes and other leukocytes present in the CSF.

 Prevention and Treatment

Since HHV-7 is not a well-established common cause of 
clinical disease after transplantation, there is no recommen-
dation for its prevention after HSCT [49] and SOT [37, 69]. 
For the rare occurrence of proven HHV-7 disease, treatment 
may be initiated with foscarnet or cidofovir [37]. Ganciclovir 
is not active against HHV-7. Data suggest that HHV-7 is 
resistant to ganciclovir in vitro and may not be inhibited with 
achievable concentrations of ganciclovir [70, 83, 84]. 
Antiviral treatment should be complemented by a reduction 
in the degree of pharmacologic immunosuppression [37].

 Human Herpes Virus 8

 Epidemiology

HHV-8 is a γ-herpesvirus that causes Kaposi’s sarcoma [85]; 
hence, it is also known as Kaposi’s sarcoma-associated her-

pes virus. Unlike other ubiquitous members of the human 
herpesvirus family, HHV-8 is a geographically restricted 
virus [86]. HHV-8 seropositivity is highest in Africa (up to 
50%) [87] and the Mediterranean (up to 35%) [88] and inter-
mediate in South America (up to 16%) [89] and Asia (up to 
24%) [90]. Seroprevalence rates in North America and 
Northern Europe are comparatively lower [86].

Primary HHV-8 infection occurs commonly in children 
[91]. Transmission occurs during close contact, likely 
through transfer of body secretions such as saliva and genital 
secretions [92–94]. Primary HHV-8 infection is associated 
with mild non-specific symptoms of fever and rash [91], and 
it has also been associated with diarrhea, fatigue, and lymph-
adenopathy [95].

HHV-8 infection in transplant recipients may occur either 
as primary infection in HHV-8 seronegative patients who 
receive allograft from HHV-8 seropositive donors [96–101] 
or as secondary reactivation of latent virus [102]. Overall, 
KS and other HHV-8 disease are generally rare in HSCT [49] 
and SOT recipients, although the rates vary depending on the 
geographic area [86]. The reported incidences of KS in SOT 
recipients vary from as low as 0.5% among transplant recipi-
ents from North America, Asia, and Northern Europe to as 
high as 28% among HHV-8 seropositive transplant recipients 
from the Middle East [103–106]. In Saudi Arabia, KS was 
the most common malignancy in kidney recipients, repre-
senting 87.5% of all tumors in these patients [104]. The 
median time to the onset of KS is 30 months after transplan-
tation, although it may occur as early as 3 months to as late 
as 124 months after transplantation [107].

Risk factors for HHV-8-associated disease, specifically 
KS, include older age, male gender, and residence or expo-
sures in HHV-8 endemic area [37, 86]. Certain populations 
in areas of low endemicity may be at higher risk such as the 
men who have sex with men [37, 86]. Both pretransplant 
HHV-8 seronegativity and seropositivity have been associ-
ated with KS, suggesting that both primary HHV-8 infection 
and reactivation, respectively, can result in clinical disease 
[37, 86]. Because control of HHV-8 infection is mediated by 
T cells, the intensity of pharmacologic immunosuppression 
and the use of antilymphocyte agents have been suggested to 
play a role in HHV-8 pathogenesis after transplantation 
[108].

 Clinical Disease

The most common clinical manifestation of HHV-8 infec-
tion is KS, a multicentric neoplasm of lymphatic 
endothelium- derived cells, which manifests as multifocal 
progressive mucocutaneous lesions with dissemination to 
visceral organs [109–112]. More than 95% of transplant 
patients with KS present with a skin lesion characterized by 
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reddish-bluish or purplish discoloration, mainly in extremi-
ties. In 25% of cases, KS has visceral involvement and may 
involve the lymph node, lungs, gastrointestinal tract, and 
liver. The other malignancies associated with HHV-8 are 
body cavity lymphoma also known as primary effusion 
lymphoma (PEL) and Castleman’s disease [96, 107, 113]. 
PEL is a form of non- Hodgkin lymphoma characterized by 
involvement of serosal surfaces such as the peritoneum, 
pericardium, and pleura. Castleman’s disease is an angio-
follicular lymphoproliferative disease characterized by 
high fever, night sweats, and other constitutional manifes-
tations related to overexpression of IL-6. The prognosis of 
Castleman’s disease and PEL is generally poorer compared 
to KS [86]. HHV-8 has also been reported as a cause of 
nonmalignant illnesses presenting with fever, hemophago-
cytosis, myelosuppression, and multiorgan failure in trans-
plant recipients [88, 100, 114, 115].

 Diagnosis

Histopathology is required for diagnosis of KS, Castleman’s 
disease, and PEL [37, 86]. Demonstrating HHV-8 in the tis-
sues can be done through immunohistochemistry using 
monoclonal antibodies against the virus [111].

Active HHV-8 infection may be indicated by seroconver-
sion or IgM response [100, 116, 117]. However, serology has 
limited utility in immunocompromised transplant recipients 
[100, 116, 117]. Active HHV-8 infection can be diagnosed 
using NAT to quantitate HHV-8 load in clinical samples [37, 
86]. Studies conducted using these PCR assays have demon-
strated their potential clinical utility in the surveillance, diag-
nosis, and management of HHV-8 infection and malignant 
disease [37, 86]. HHV-8 quantification has been utilized for 
infection and disease risk surveillance [108, 117, 118] and 
has been used to monitor patients with KS and assess their 
response to therapy [108, 117, 118].

 Prevention and Treatment

Treatment of HHV-8 and its associated malignant disease 
would potentially include (1) reduction in immunosuppres-
sion, (2) surgical debulking, (3) cytotoxic chemotherapy, and 
(4) antiviral therapies [37, 86]. The cornerstone and first-line 
therapy for KS and other malignant HHV-8-associated dis-
eases is the cautious reduction or cessation of immunosup-
pression [37, 86, 119]. Reduction in immunosuppression has 
resulted in complete remission in 25–30% of patients with 
isolated cutaneous KS [86]. Another emerging strategy is to 
switch the immunosuppressive regimens from calcineurin 
inhibitors like cyclosporine to mTOR inhibitor such as siro-
limus or rapamycin [96, 97, 101, 120, 121]. Sirolimus has 
antiproliferative properties that may be useful in the treat-

ment of KS and other angiogenic proliferation diseases. 
Several studies have demonstrated that conversion to siroli-
mus has led to regression of KS lesions in some patients [96, 
97, 101, 120, 121].

Patients whose lesions do no not regress despite reduc-
tion in immunosuppression may require surgical excision, 
radiation therapy, or cytotoxic chemotherapy. The standard 
treatment of Castleman’s disease is surgical resection, 
which is highly curative if this is unicentric and localized 
[122]. The benefits of ganciclovir, foscarnet, and cidofovir 
therapy in transplant recipients with established KS or 
other manifestations of HHV-8 infection are not well 
defined [107].
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Respiratory Viral Infections 
in Transplant Recipients

Catherine Liu, Dora Y. Ho, and Michael Boeckh

 Introduction

Respiratory viral infections (RVIs) are common causes of 
illness in humans. While such infections tend to be mild 
and self-limiting in healthy individuals, severe or even life- 
threatening disease can be seen in immunocompromised 
hosts, as well as the very young and the elderly. In particu-
lar, RVIs are frequently associated with significant morbidity 
following hematopoietic stem cell transplantation (HSCT) or 
solid organ transplantation (SOT). A number of RNA and 
DNA viruses can cause respiratory tract infections. This 
chapter focuses on the epidemiology, clinical manifestations, 
diagnosis, treatment and prevention of respiratory syncytial 
virus (RSV), parainfluenza viruses (PIVs), human meta-
pneumovirus (HMPV), influenza viruses, human coronavi-
ruses (HCoV), and human rhinoviruses (HRV).

The respiratory viruses are associated with a wide range 
of clinical syndromes in the general population, including 
the common cold, pharyngitis, tracheobronchitis, laryngo-
tracheobronchitis (croup), bronchiolitis, and pneumonia. For 
transplant recipients, disease spectrum similarly spans from 
asymptomatic or mild infections to life-threatening lower 
respiratory tract involvement, although severe complica-
tions tend to be more frequent. The severity and outcome of 
infection largely depend on the type of virus as well as host 
factors, including the type of transplantation and the degree 
of immunosuppression at the time of infection. Coinfections 
with other pulmonary pathogens including bacteria or fungi, 

e.g., Aspergillus species, Pneumocystis jiroveci, or other 
viruses like CMV or more than one respiratory viruses, are 
also common and can further complicate treatment and lead 
to poorer outcomes [1–3]. For HSCT recipients, most RVIs 
occur in 1–10% of the patients during the first 100 days post- 
transplantation [1, 4, 5], with cumulative incidence varying 
from a few percent (e.g., HMPV, influenza, RSV, PIVs) to 
11–22% such as HCoV and HRV [5]. Infections with RSV, 
influenza, HMPV, PIVs, and adenovirus have a higher risk 
of progression from upper respiratory tract infection (URTI) 
to lower respiratory tract infection (LRTI) and tend to cause 
the most serious disease, with mortality rate of up to 40–60% 
among those with LRTI [6–9]; HRV and HCoV infections 
tend to be mild, but severe LRTI from these viruses can 
rarely occur [10]. Risk factors for disease progression to 
LRTI include pre-engraftment status, allogeneic transplant, 
myeloablative conditioning, graft-versus host disease, and 
lymphopenia [1, 2, 6, 11–15].

SOT recipients can also suffer from severe disease and 
complications from RVI. Risk factors for disease progression 
are not as well defined, but those with lung and heart- lung 
transplant are particularly vulnerable. Cumulative rates of 
RVIs in lung transplant recipients range from 8% to 21% in 
retrospective studies of 5–7 years [16, 17], and a high inci-
dence of progression to LRTI up to 26% has been reported 
[18]. In contrast, the incidence of RVIs among heart, liver, and 
kidney transplant recipients is similar to that of the general 
population, although complications are more frequent [19].

In addition to direct effects from viral infection, RVIs may 
promote immunologically mediated lung injury in HSCT 
or lung transplant recipients, potentially leading to acute 
allograft rejection in the case of lung transplant recipients 
and/or the development of bronchiolitis obliterans syndrome 
(BOS), which is characterized by progressive circumferen-
tial fibrosis of the small terminal airways histopathologi-
cally, resulting in fixed airflow obstruction [20, 21]. BOS is 
the major limiting factor for long-term survival after lung 
transplantation [22–28]. The reported incidence of BOS 
associated with RVIs ranges from 6% to 42% [17, 23], while 
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the incidence of acute rejection associated with RVIs varies 
from 16% to as high as 82% [25, 28–30]. For HSCT, BOS 
is often observed in the setting of chronic graft-versus-host 
disease, but it has also been associated with RVIs [31–34]. 
Among the respiratory viruses, RSV, PIV, HMPV, and influ-
enza have all been associated with BOS [30, 35, 36], and 
mortality associated with these viruses can be up to 20% 
in lung transplant patients [37]. For heart, liver, or kidney 
transplantation, no relationship between RVI and rejection 
has been noted [19].

 Paramyxoviruses

RSV, PIVs, and HMPV are members of the Paramyxoviridae 
family. The epidemiology, clinical manifestations, and treat-
ment of each of these viruses are discussed separately.

 Respiratory Syncytial Virus (RSV)

 Epidemiology and Clinical Manifestations
RSV has two subtypes, A and B, with the former typically 
causing more severe disease. While both subtypes can 
simultaneously circulate during outbreaks, a few distinct 
genotypes of each subtype can predominate within a com-
munity. The dominant strains can also shift yearly. This 
shifting of viral strains, along with the waning protective 
immunity from natural infection, might account for frequent 
re- infections throughout life [38].

RSV usually causes mild and self-limited URTI in healthy 
older children and nonelderly adults, but certain patient 
populations are at risk for developing severe RSV infection, 
including premature or very young infants, elderly patients 
with comorbidities, or immunocompromised hosts [39–41]. 
RSV has been associated with apnea in young or preterm 
infants [42] and can cause severe LRTI in children including 
bronchiolitis, pneumonia, and acute respiratory failure [42]. 
Among adults infected with RSV, more than 80% are symp-
tomatic, and lower respiratory tract signs and symptoms 
can occur in a quarter of the patients [43]. Signs of URTI 
include cough, rhinorrhea, and conjunctivitis, and compared 
to influenza, RSV is more frequently associated with nasal 
congestion, ear and sinus involvement, productive cough, 
and longer duration of illness [43].

 RSV Infection in Transplantation
For transplant patients, RSV is a leading cause of viral respi-
ratory tract infections [44, 45]. Among HSCT recipients, 
the incidence may be as high as 10% during winter months 
[6]. URTI precedes pneumonia in 80–90% of patients, and 
approximately 30–40% of patients with URTI progress to 
pneumonia after a median of 7 days [46]. Attributable mor-

tality among HSCT patients ranges from 7% to 83% [47, 
48], with more recent studies showing mortality rates of 
about 20–35% [49–54]. Risk factors for the development of 
LRTI include allogeneic transplant, mismatched or unrelated 
transplant, presence of graft versus host disease, myeloab-
lative regimens, advanced age, prolonged lymphopenia, 
relapse of malignancy, and lack of engraftment [1, 6, 8, 9, 
12, 13, 15, 55, 56].

For SOT recipients, RSV-associated mortality rate is 
significantly lower than that experienced in HSCT [57] 
although mortality rates among lung transplant patients of 
up to 20% have been reported [17, 37]. While there have 
been some reports of favorable outcomes in lung transplant 
recipients even in the absence of specific antiviral treatment 
[58], other studies suggest that up to 33% of RSV-infected 
patients develop long-term pulmonary dysfunction [23, 24, 
37] and up to 60% have worsening of BOS stage [58].

 Treatment of RSV

Available Agents for RSV Treatment
Treatment modalities for RSV are limited to ribavirin with 
or without the addition of immunomodulatory agents and/
or corticosteroids. Currently, the only Food and Drug 
Administration (FDA)-approved therapy for RSV is aero-
solized ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3- 
carboximide), which was licensed in 1986 for the treatment 
of RSV LRTI in hospitalized high-risk infants and young 
children [59]. Ribavirin is a synthetic nucleoside analog with 
a broad spectrum of activities against many RNA and DNA 
viruses in vitro and in vivo. It competitively inhibits inosine 
monophosphate dehydrogenase and can be incorporated into 
the viral genome, leading to lethal mutagenesis [60]. The 
drug also has immunomodulatory properties that might con-
tribute to its efficacy in vivo [61, 62].

The standard regimen of aerosolized ribavirin consists of 
a daily dose of 6 g delivered at a concentration of 20 mg/ml 
of sterile water for 18 h/day. Due to potential teratogenicity, 
the drug is usually administered to patients within a scaveng-
ing tent and preferably in a negative pressure room to pre-
vent environmental contamination. After administration, the 
room needs to be cleaned to minimize secondary exposure to 
health care workers and visitors [48]. Women of childbearing 
potential should not care for or visit patients receiving aero-
solized ribavirin. For ease of administration and improved 
compliance, the drug is often delivered with an intermittent 
dosing schedule at 2 g administered for 2–3 h every 8 h [63, 
64]. In a randomized trial of 50 subjects, patients receiving 
intermittent vs continuous dosing had a lower incidence of 
progression from URTI to LRTI [65]. The reported duration 
of treatment is variable in the literature; the 4th European 
Conference on Infections in Leukaemia (ECIL-4) guidelines 
recommend a duration of 7–10 days [66].
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Side effects of aerosolized ribavirin treatment include 
cough, dyspnea, bronchospasm, rash, nausea, headache, and 
conjunctival irritation. Patients can also experience claustro-
phobia and deterioration of pulmonary function. Ribavirin 
can also be administered intravenously or orally, with major 
side effects including hemolytic anemia, leukopenia, and 
hyperbilirubinemia [47].

Intravenous RSV-specific immunoglobulin (RSV-IVIG 
and palivizumab [PVZ]) were licensed initially for preven-
tion of serious complications from RSV infection in high- 
risk children (refer to section “Immunoprophylaxis”) [67], 
but they have also been employed for RSV treatment [68–
72]. Intravenous immunoglobulin (IVIG) is also frequently 
used for the treatment of RSV and other severe viral infec-
tions in transplant recipients. The efficacy of these agents for 
prophylaxis or treatment among transplant patients has not 
been evaluated in randomized controlled trials although in an 
observational study of HSCT patients with RSV LRTI, mul-
tivariate analysis did not find any effect of antibody-based 
therapies on treatment outcomes [73].

Treatment of RSV in HSCT
The evaluation of any treatment modalities for RSV, or any 
other respiratory viruses, has been limited by the fact that 
most published studies are small observational studies which 
lack standardized definitions of URTI and LRTI, use different 
dosages and duration of therapy, and are subject to selection 
and publication bias. Among dozens of reports on the treat-
ment of RSV in HSCT patients, there have only been two 
small randomized clinical trials. One study of aerosolized 
ribavirin was discontinued due to slow accrual, after enroll-
ment of 14 patients in 5 years [69]. The other trial enrolled 
50 patients and found that an intermittent dosing schedule of 
aerosolized ribavirin for treatment of RSV URTI was more 
effective than a continuous dosing schedule for prevention of 
progression to LRTI [64].

Two pooled analyses of published studies between 1980 
and 2010 suggest that treatment of RSV URTI and LRTI with 
aerosolized ribavirin and IVIG reduces the risk of progres-
sion to LRTI in individuals with URTI and reduces mortality 
[47, 48]. When compared to no treatment, aerosolized riba-
virin decreased the rate of progression to LRTI and mortality 
with the greatest impact observed when aerosolized riba-
virin was given in combination with an immunomodulator. 
Specifically, when comparing aerosolized ribavirin treatment 
alone with no treatment, progression to LRTI was decreased 
from 47% to 25% and the mortality rate was reduced from 
89% to 50% [47]. The addition of immunomodulators such 
as PVZ, IVIG, and/or RSV-IVIG to ribavirin compared to 
no treatment decreased progression to LTRI from 45% to 
12% and mortality rate from 77% to 24%. There are pau-
city of reports on the use of intravenous or oral ribavirin, but 
the combined data suggest a benefit compared to no treat-

ment. It is important to recognize that neither of these sys-
tematic reviews represented formal meta-analyses; there was 
no adjustment for confounders, and thus, results should be 
interpreted with caution. The only trial to date that evaluated 
PVZ as monotherapy for the treatment of RSV infection in 
HSCT recipients showed no benefit in prevention of progres-
sion to LRTI or mortality [74].

Overall, these analyses show a trend toward improved 
outcomes with regard to progression to LRTI and mortality 
among HSCT recipients treated with a combination of aero-
solized ribavirin and immunomodulators than those treated 
with aerosolized ribavirin alone or with intravenous/oral 
ribavirin, or those given no treatment. However, the use of 
aerosolized ribavirin is cumbersome and very costly with the 
price increase in 2015 to $30,000 per day [75]. In addition, 
the aerosolized form of ribavirin is not available in all coun-
tries, and the intravenous form is not commercially available 
in the United States. The experience with oral ribavirin in 
HSCT is limited and warrants further evaluation, but some 
studies suggest that it may be a safe and effective alterna-
tive to aerosolized ribavirin for the treatment of RSV [51, 
76–78]. In a retrospective study of 124 HSCT recipients with 
RSV infection, there was no difference in rates of progres-
sion to LRTI and mortality among patients receiving oral 
compared to aerosolized ribavirin [51]. The optimal dose of 
oral ribavirin for treatment of RSV is unclear and quite vari-
able in the literature [79]. Commonly described dosing strat-
egies include a fixed dose of 600–800 mg two or three times 
a day or a loading dose of 10 mg/kg followed by 20 mg/kg/
day divided into three doses, adjusted for renal failure [51, 
77, 79].

Treatment of RSV in SOT
Similar to the HSCT population, the mainstay of treatment 
for paramyxoviral infections in SOT populations has been 
aerosolized ribavirin [37, 80]. In an observational study, a 
combination of aerosolized ribavirin, IVIG, and corticoste-
roids was found to be safe and effective in preserving lung 
function in lung transplant recipients after RSV or PIV 
infections 29. Few studies have examined the role of oral 
ribavirin. Pelaez et  al. [81] reported treatment of five lung 
transplant patients with RSV infection using oral ribavirin in 
combination with methylprednisolone and found this regi-
men well tolerated and effective with mean forced expiratory 
volume in 1 s (FEV1) returning to baseline with treatment. In 
a prospective observational study, oral ribavirin treatment in 
38 patients with RSV, PIV, or HMPV infection was associ-
ated with earlier recovery of graft function and prevention of 
BOS as compared to 29 patients with only supportive care 
including corticosteroids [82]. In one study that evaluated 
lung transplant patients who received either aerosolized or 
oral ribavirin for RSV infection, no significant differences 
in 6-month outcomes were noted between the two groups, 
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but variations in their adjunctive therapies, e.g., use of cor-
ticosteroids, IVIG, and/or montelukast, might have altered 
the patients’ clinical response [83]. Intravenous ribavirin was 
also found to be a safe and cost-effective treatment among 18 
patients with RSV after lung transplantation [84].

Overall, these studies support the use of ribavirin in 
treating RSV infection among SOT recipients although it is 
important to recognize that the evidence is limited to small, 
uncontrolled studies. There are significant variabilities 
among these studies regarding the dose and duration of treat-
ment as well as the use of immunomodulating agents such as 
corticosteroids, IVIG, or PVZ as adjunctive measures.

More recently, a new agent presatovir (GS-5806), an 
orally bioavailable antiviral agent that inhibits fusion of RSV 
with host cell membranes, is being developed for treatment 
of RSV infection. Phase II clinical trials studying HSCT and 
lung transplant recipients were completed, and the data on 
lung transplant recipients has been published [85]. In this 
Phase 2b randomized controlled trial that enrolled a total of 
61 lung transplant patients with RSV, presatovir was appar-
ently well tolerated, but its use did not result in improved 
viral or clinical or outcomes.

 Parainfluenza Viruses (PIVs)

 Epidemiology and Clinical Manifestations
There are four distinct serotypes of PIVs, namely, PIV-1 to 
-4. These viruses can circulate throughout the year in most 
communities, although PIV-3, the dominant serotype affect-
ing transplant populations, seems to have the highest preva-
lence during spring and summer seasons [38]. PIVs cause 
a spectrum of respiratory tract infections similar to RSV, 
but most are URTIs and result in fewer hospitalizations. 
PIV-1 and, to a lesser extent, PIV-2 are the principal caus-
ative agents of croup or laryngotracheobronchitis, primarily 
in children between the ages of 6 and 48 months. PIV-3 is 
most frequently associated with pneumonia and bronchi-
olitis; neonates, immunocompromised, and the elderly are 
at particular risk for severe disease. PIV-4 is infrequently 
detected and is thought to cause mostly asymptomatic or 
mild infections.

 PIV Infection in Transplantation
Symptomatic PIV infection affects about 3–7% of HSCT 
recipients [2, 64, 86, 87] and approximately 3–5% of lung 
transplant recipients [28, 88]. LRTI can develop in up to 50% 
of PIV-infected HSCT patients, with associated mortality 
rate ranging from 12% to 57% [2, 8, 64, 86, 87, 89, 90]. Two 
large retrospective studies have evaluated PIV infections 
in HSCT and found that most patients (70–87%) presented 
with URTI, but 13–24% subsequently progressed to LRTI 
[2, 64]. Among those with LRTI, overall mortality at 30 days 

was 17–35% [2, 64]. Independent risk factors for progres-
sion to LRTI included receipt of corticosteroids at the time 
of URTI diagnosis, neutropenia, an APACHE II score >15, 
and respiratory coinfections. Independent predictors of death 
included relapsed or refractory underlying cancer, APACHE 
II score  >15, and high-dose corticosteroid use considered 
in patients given cumulative dose of prednisolone >600 mg 
within 4 weeks of PIV diagnosis [2, 14]. Whether steroids 
are still important if adjusted for lymphopenia requires 
further study. While RSV infections are always symptom-
atic, asymptomatic shedding is present in about 1/3 of PIV- 
infected HSCT patients [91]. In a surveillance study of lung 
transplant recipients, asymptomatic PIV infection was pres-
ent in 70% of patients [28].

PIV LRTI has also been associated with a significantly 
increased risk of severe airflow decline after HSCT when 
compared to RSV 31. For lung transplant patients, PIV has 
been associated with acute rejection and BOS [18, 28, 88, 
92, 93].

 Treatment of PIV
A number of studies reported treatment of PIV with ribavi-
rin (see section “Treatment of RSV”), but most are limited 
to case reports or small series. For HSCT, both aerosolized 
[2, 86, 87, 94, 95] and oral ribavirin [96, 97] have been 
employed, although some patients received intravenous 
ribavirin when they did not respond to aerosolized or oral 
treatment [86, 98]. In a series that included 55 patients with 
PIV-3 LRTI, 31 were treated with aerosolized ribavirin with 
or without IVIG in a nonrandomized fashion. Such therapy 
did not appear to alter mortality from PIV-3 pneumonia or 
decrease the duration of viral shedding [2]. A more recent 
retrospective study evaluated 173 HSCT recipients with PIV 
infection [90]. Forty-one patients with LRTI were treated 
with aerosolized ribavirin with or without IVIG, but 100-day 
mortality of this group was similar to those with LRTI not 
treated with ribavirin. Overall, there is no convincing evi-
dence that ribavirin is effective for treatment of PIV upper or 
lower tract disease in HCT recipients. Effective prophylaxis 
and treatment for PIV in HSCT population are desperately 
needed.

Successful treatment of PIV LRTI has been reported in 
heart transplant recipients with aerosolized ribavirin or with 
intravenous ribavirin plus methylprednisolone [99, 100] as 
well as in a kidney transplant recipients with aerosolized 
ribavirin and IVIG [101] although none of these studies 
included controls.

DAS181 is a novel sialidase fusion protein with activities 
against multiple strains of influenza and PIVs. It has been 
used for PIV treatment in a small number of HSCT and lung 
transplant recipients. The drug was found effective in most 
of these cases and was well tolerated [102–106]. A phase 
II, randomized, double-blind, placebo-controlled study to 
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examine the effects of DAS181 in immunocompromised 
hosts with LRTI by PIV has been completed, but no results 
have been published to date.

 Human Metapneumovirus (HMPV)

 Epidemiology and Clinical Manifestations
HMPV was first described in 2001 among Dutch children 
with bronchitis [107], although serological studies indi-
cate that it has been a cause of human infection since 1958 
[108]. There are two subgroups of HMPV, A and B, and each 
with two clades, A1, A2, B1, and B2. All four subtypes co- 
circulate, while a single subtype tends to dominate each year 
[109]. HMPV has a worldwide distribution; it circulates in 
late winter to early spring in temperate climates and in late 
spring to summer in tropical regions [108].

HMPV may contribute to 12–20% of all previously 
virus- negative LRTI [110]. When compared to RSV, infec-
tion with HMPV tends to occur in slightly older children 
and cause milder symptoms, but severe disease can occur 
among small children, elderly, and those with immuno-
suppression or chronic medical conditions [111]. Clinical 
manifestations range from mild URTIs to severe pneumonia. 
Elderly patients are much more likely to experience dyspnea 
and wheezing than young adults, and hoarseness is a more 
common complaint when compared to other paramyxovi-
ruses [112]. Among hospitalized patients and recipients of 
HSCT, wheezing is prominent and noted in up to 80–90% of 
patients [113, 114].

 HMPV Infection in Transplantation
For patients with hematologic malignancies or HSCT, 
HMPV is responsible for approximately 3–14% of RVIs 
[114–117]. A systematic review of HMPV infections among 
HSCT recipients and hematologic malignancy patients 
found that despite lack of directed antiviral therapy, over-
all mortality rates are low (6%) unless patients progress to 
LRTI (27%) [118]. Approximately one-third of patients with 
HMPV URTI develop LRTI [119].

In lung transplant recipients, HMPV is responsible for 
14–30% of RVIs with a similar morbidity when compared 
to other community-acquired respiratory viruses [3, 35, 
36, 120]. Acute HPMV infection has been associated with 
allograft rejection [36]. In a study [120] of 89 lung trans-
plant patients who presented with RVIs, HMPV and RSV 
were equally prevalent and had similar clinical manifesta-
tions, although severe bronchospasm was less common 
with HMPV.  A significant number of patients with either 
HMPV or RSV infection developed graft dysfunction (63% 
and 72%, respectively), but onset or progression of BOS 
occurred only in patients with RSV (38%) at 6 months and 
in none with HMPV.  Another study of 60 lung transplant 

patients also showed that HMPV infection increased the risk 
of acute graft rejection without associated chronic rejection 
or BOS [3, 120].

 Treatment of HMPV
Treatment for HMPV is largely supportive, as there is cur-
rently no antiviral therapy licensed for this virus. Ribavirin 
is active against HMPV in vitro and in animal models [121, 
122]. In clinical settings, there have been scattered reports 
in the literature describing HMPV cases treated successfully 
using aerosolized, oral, or intravenous ribavirin given with 
or without IVIG [3, 120, 123–126]. However, these studies 
did not include any untreated control groups, and the effi-
cacy of these regimens cannot be determined. Some have 
suggested that ribavirin with IVIG may be considered as a 
treatment option for patients with severe disease [125], but 
this approach is not routinely used.

Several new approaches for treatment of HMPV are in 
development, including monoclonal antibodies against the 
fusion protein [127, 128] or synthetic peptides with antiviral 
activities [129]. Their efficacies against HMPV have been 
demonstrated in vitro and in animal models, but studies in 
human have not been reported.

 Diagnosis of Paramyxoviruses

 Radiographic Evaluation
LRTI by respiratory viruses produces a spectrum of imaging 
findings; with the most common high-resolution chest com-
puted tomography (HRCT) scan, observations include small, 
poorly defined centrilobular nodules or tree-in-bud opacities, 
ground-glass opacities, bronchial wall thickening, and air- 
space consolidations, which may be difficult to differentiate 
from other causes of pulmonary consolidation [130–137]. 
There is considerable overlap in the imaging appearance of 
viral, bacterial, mycobacterial, and fungal respiratory tract 
infections in transplant population. The findings such as tree- 
in- bud opacities, bronchial wall thickening, and peribronchi-
olar consolidation may suggest a viral etiology [138]. HRCT 
findings between immunocompetent and immunocompro-
mised patients are relatively similar [139], but infection 
with co-pathogens is common among transplant recipients, 
thus complicating interpretation of radiographic findings. 
Correlation with patient immune status, recent treatment, 
and exposure history, as well as epidemiologic factors, are 
essential to help narrow the list of possible etiologies both 
infectious and noninfectious and to guide diagnostic testing 
and appropriate therapy [130].

 Laboratory Diagnosis of Paramyxoviruses
Laboratory diagnosis of respiratory viruses is usually 
made by analysis of respiratory secretions. Samples can 
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be obtained as a nasal wash, nasopharyngeal or throat 
swab, bronchoalveolar lavage, or, for those incubated, tra-
cheal aspirate. Detection of the virus in the respiratory 
samples can be performed by cell culture, antigen testing, 
and PCR.

Viral isolation by cell culture used to be the gold stan-
dard for diagnosis but has largely been replaced by molecu-
lar studies. Reverse transcriptase (RT)–PCR is now routinely 
used for respiratory viral diagnosis for the detection of RNA 
viruses in respiratory secretions [140] and has higher sen-
sitivity than either viral culture or antigen detection assays, 
particularly in immunocompromised patients [91, 140]. 
Compared with culture, the sensitivity and specificity of 
RT-PCR techniques can reach 100% and 95–98%, respec-
tively [141–143]. PCR-based tests for respiratory viral 
detection are often designed as part of a multiplex PCR assay 
that can allow detection of multiple respiratory pathogens 
simultaneously [144], and rapid point-of-care tests are being 
developed as well [145, 146].

 Transmission and Prevention of Paramyxovirus 
Infection

The modes of transmission of PIVs and HMPV are not as 
well studied as RSV, but these respiratory viruses are mostly 
transmitted by direct person-to-person contact, through 
exposure to nasopharyngeal secretions from infected indi-
viduals such as respiratory droplets or by self-inoculation 
after touching contaminated surfaces has also been described 
[147, 148]. Outbreaks of RSV, PIVs, or HMPV have been 
reported in outpatient clinics, in long-term care facilities, 
and in hospitals, including hematology and HSCT units [94, 
149–153]. To prevent transmission of respiratory viruses in 
health care setting, policies and procedures regarding patients 
with respiratory viruses should be formulated; in particular, 
compliance with proper hand hygiene and contact precau-
tions are of paramount importance. Other infection control 
measures include isolating infected patients in private room, 
cohorting patients, and/or limiting transport of patients from 
their rooms. During a nosocomial outbreak, personnel car-
ing for infected patients should be restricted from caring for 
uninfected high-risk patients if possible [154–156].

 Immunoprophylaxis
PVZ is a RSV-specific humanized monoclonal antibody 
directed against the F glycoprotein of RSV and is FDA 
approved for immunoprophylaxis against RSV in high-risk 
children. Data for its use in immunocompromised adult 
patients are limited [48, 68], with only one uncontrolled 
study in the literature reporting the use of PVZ as immu-

noprophylaxis during an RSV outbreak in an adult HSCT 
unit [150]. RSV-IVIG prophylaxis has also been studied 
in high- risk adult HSCT recipients; an increase in anti-
body titers against RSV was demonstrated, but the study 
was underpowered to evaluate its efficacy [157]. There 
are several monoclonal antibodies against RSV under 
development.

 Vaccines
Despite the major clinical importance of paramyxoviruses, 
there is currently no vaccine approved for these viruses in 
humans. Using various strategies for vaccine development, 
those tested in animal models include live-attenuated virus 
vaccines including chimeric and recombinant variety, inac-
tivated virus vaccines, and subunit vaccines. A number of 
them are currently in phase I–II clinical trials [158–161].

 Other Strategies
In a retrospective study of 37 HSCT patients with pretrans-
plant RSV URTI, 34 patients had their transplant delayed 
or conditioning aborted [162]. Overall, RSV pneumonia 
occurred in 1 of 34 patients for whom HSCT was delayed, 
compared with two of three patients for whom there was no 
delay. This study suggested that for HSCT candidates with 
pretransplant RSV URTI, a delay of HSCT might reduce 
the risk of developing RSV pneumonia. Thus, the strategy 
of delaying transplantation to prevent progression of a viral 
URTI to LRTI is recommended unless precluded by progres-
sion of underlying malignancy. There are limited data for 
other respiratory viruses [66, 147] although some proposed 
guidance is available (Table 40.1) [163].

 Orthomyxovirus: Influenza

Influenza belongs to the family Orthomyxoviridae with 
three types, influenza A, influenza, B, and influenza C virus. 
Influenza A viruses are further classified into subtypes based 
on their hemagglutinins (HA) and neuraminidases (NA). 
One of the unique features of influenza virus is the frequency 
by which antigenic variation occurs which is the reason that 
influenza continues to be a cause of major epidemics. Annual 
variation of the influenza virus is due to relatively minor 
antigenic changes within the HA and/or NA and is known as 
antigenic drift. Major changes in HA or NA through genetic 
reassortment or a major mutation are known as antigenic 
shift and occur once every 10–30 years. This results in an 
entirely novel strain to which the population has no immu-
nity, leading to an unhindered global spread; the last pan-
demic occurred in 2009 with the emergence of a novel strain 
of influenza A/H1N1.
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 Epidemiology

Influenza is a significant cause of morbidity and mor-
tality in transplant patients. In recipients of solid organ 
transplantation, up to 42% of URTIs and 48% of LRTIs 
may be due to influenza infection and the annual between 
1% and 4% [164]. During the 2009 H1N1 pandemic, 
mortality rates ranged from 0 to 8% in most case series 
[4] although one study reported a mortality rate of 21% 
among lung transplant recipients [165]. Of the organ 
transplants, lung transplant recipients appear to be at the 
highest risk; in one study, the incidence of influenza was 
10–15 times higher in recipients of lung transplantation 
compared with recipients of other solid organs such as 
kidney or liver [166].

The incidence of influenza among HSCT ranges between 
1% and 4% with 7–44% of such patients may develop LRTI. 
Death rates associated with influenza in HSCT recipients 
are higher than in SOT.  Among patients with LRTI, mor-
tality rates ranged from 15% to 28% and case fatality rates 
during the 2009 H1N1 pandemic ranged from 0 to 38% [4]. 
The main risk factor for disease progression to LRTI was 
lymphopenia; allogeneic HSCT, infection during early post- 
transplant period, presence of graft-versus-host disease, 
myeloablative preparatory regimen, and delayed initiation of 
antiviral therapy were other risk factors [1, 11, 12, 167]. Of 
interest, concomitant corticosteroid use has not been associ-

ated with an increased risk for progression to LRTI, a need 
for mechanical ventilation, or infection associated death; 
however, patients given systemic higher doses (≥1 mg/kg) 
of corticosteroids may be predisposed to prolonged viral 
shedding [11, 168]. The potential role of corticosteroids in 
influencing risk of progression to LRTI and mortality of 
influenza and other respiratory viral infections is summa-
rized in Table 40.2 [163].

 Clinical Manifestations

Clinical manifestations of influenza are similar to those in 
immunocompetent patients. In a multicenter cohort study 
of 242 organ transplant patients during the 2009 H1N1 
pandemic, the most common presenting symptoms were 
cough (91%), fever (85%), myalgias (51%), gastrointes-
tinal symptoms (44%), rhinorrhea (43%), and sore throat 
(43%) [169]. In a multicenter cohort study of 286 HSCT 
recipients during the 2009 H1N1 pandemic, the most com-
mon presenting symptoms were cough (85%), fever (81%), 
rhinorrhea (49%), myalgias (29%), and sore throat (23%) 
[170]. However, atypical presentations may occur in those 
with significant immunosuppression, which may include 
fever as the only presenting symptom or afebrile patient 
with rhinorrhea alone. It is speculated that corticosteroid 
use and blunting of the cytokine response associated with 

Table 40.1 Recommendations for respiratory viral infections prior to hematopoietic stem cell transplantation

Virus Recommendation for URTI Recommendation for LRTI
RSV Delay transplant if possible

If not possible to delay, consider oral ribavirin
Delay transplant; consider ribavirin if delay is not feasible 
(anecdotal data)

Influenza virus Delay transplant if possible and treat
If not possible to delay, treat

Delay transplant and treat

Parainfluenza virus Delay transplant if possible
If not possible to delay, supportive care

Delay transplant; consider ribavirin if delay is not feasible 
(anecdotal data)

Metapneumovirus Delay transplant if possible Delay transplant; no data on ribavirin
Rhinovirus No delay needed for URTI Delay transplant for allogeneic transplant if feasible
Coronavirus No data No data
Bocavirus No data No data

Adapted from Waghmare et al. [163]

Table 40.2 Role of corticosteroid treatment in progression of respiratory viral illnesses

Progression Mortality
Virus Steroid dose per day HR (95% CI) P-value Steroid dose per day HR (95% CI) P-value
RSV >2 mg/kg + 1.4 (0.4–5.2) 0.193 >2 mg/kg + + + 3.3 (1.7–6.3) <0.00111

Influenza ≥1 mg/kg +/− 0.8 (0.2–2.4) 0.6046 ≥1 mg/kg +/− 1.1 (0.3–3.5) 0.8746

PIV >2 mg/kg + + + 4.6 (1.2–17.0) 0.0274 >2 mg/kg + + + 3.2 (1.5–7.2) 0.00413

HMPV or RSV No data Any steroid + + + 5.0 (1.8–14) 0.00216

≥1 mg/kg + + + + 7.1 (2.3–22) <0.00116

Adapted from Waghmare et al. [163]
RSV respiratory syncytial virus, PIV parainfluenza virus, HMPV human metapneumovirus, HR hazard ratio
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acute influenza infection in these patients may contribute to 
the reduction or absence of systemic symptoms in selected 
patients.

The primary complication of influenza infection in trans-
plant patients is progression from URTI to LRTI which can 
lead to acute lung injury and death. Morbidity and mortality 
appear to be greatest among HSCT and lung transplant recip-
ients. While diffuse or peribronchial ground-glass opacity is 
the typical radiographic appearance in patients with LRTI, 
centrilobular nodules and frank lower lobe consolidation can 
also be observed [171]. Coinfection with other viral, bac-
terial, or fungal pathogens may occur and was reported in 
29% of patients in a multicenter study of SOT recipients with 
pandemic influenza A/H1N1 [172]. Compared to those with 
viral co-pathogens, patients with bacterial or fungal coinfec-
tions had worse outcomes [11, 172]. Although uncommon, 
influenza can also a cause a variety of extrapulmonary com-
plications including myocarditis, myositis, encephalopathy, 
renal failure, severe diarrhea, and pneumomediastinum [166, 
173, 174]. Virus-associated hemophagocytic syndrome has 
been reported as a severe complication of pandemic H1N1 
leading to multiorgan failure [175]. As discussed previously, 
several studies suggest an association between RVIs includ-
ing influenza and allograft rejection/BOS in the case of lung 
transplants, while others have not; a prospective study is 
needed to better characterize the impact of these infections 
on long-term sequelae [19, 44, 172, 176].

In healthy adults, seasonal influenza virus shedding 
ranges from 5 to 7 days and may extend beyond 1 week in 
hospitalized patients [177, 178] and even longer in trans-
plant recipients. The median duration of viral shedding 
among allogeneic HSCT recipients was between 11 and 
12  days compared to 1  week among recipients of autolo-
gous  transplants [11, 179]. Prolonged viral shedding beyond 
2 weeks and, in some cases, for months has been described 
in HSCT recipient. Risk factors for prolonged viral shedding 
include the use of corticosteroids at dosages ≥1 mg/kg per 
day and use of bone marrow and cord blood versus periph-
eral blood stem cell.

 Diagnosis

There are several methods available for detection of influ-
enza including rapid antigen, direct immunofluorescence 
antibody (DFA), viral culture, and PCR. As for other respira-
tory viruses, molecular tests have largely replaced these other 
testing modalities. In a study evaluating test characteristics 
of four different diagnostic assays during the 2009 H1N1 
pandemic, PCR was found to have the greatest sensitivity 
and specificity. Given their improved sensitivity and speci-
ficity over other methods, PCR or other nucleic acid- based 
detection assays are preferred for the diagnosis of influenza 

infection in this susceptible patient population. Multiplex 
PCRs have the added advantage of identifying other causes 
of respiratory viral infections as well.

 Treatment

Currently, there are two major classes of antiviral agents with 
activity against influenza: adamantanes which block the viral 
M2 protein ion channel, thereby preventing fusion of the 
virus with host cell membranes, and neuraminidase inhibi-
tors which prevent the release of progeny virus from infected 
cells. While the adamantanes, amantadine, and rimanta-
dine are only active against influenza A, the neuraminidase 
inhibitors oseltamivir and zanamivir are active against both 
influenza A and B viruses, although reduced effectiveness of 
oseltamivir has occasionally been reported for influenza B 
virus [180]. The development of resistance to the adaman-
tanes among influenza A virus has substantially limited their 
utility in clinical practice. Although 2008–2009 seasonal 
H1N1 remained susceptible to the adamantanes, resistance 
emerged among seasonal H3N2 in 2003 and was widespread 
among 2009 pandemic H1N1 viruses. Oseltamivir resis-
tance first emerged in 2007 among seasonal H1N1 viruses 
and was described during the 2009 H1N1 pandemic [181]. 
Oseltamivir resistance is primarily conferred by the H275Y 
mutation which does not result in cross- resistance to zanami-
vir. PCR testing is available for the detection of the H275Y 
mutation. In 2010, the S247  N mutation was detected in 
strains of 2009 pandemic H1N1 collected in Asia and was 
found to confer low to moderate oseltamivir and zanamivir 
resistance [182]. Otherwise, there has been very little zana-
mivir resistance reported to date, and thus, it is recommended 
for the treatment of oseltamivir- resistant influenza infection.

Because resistance patterns evolve over time, clinicians 
should become familiar with local patterns of influenza circu-
lation in their communities throughout each influenza season 
and refer to the Centers for Disease Control and Prevention 
(CDC) influenza website (http://www.cdc.gov/flu) [183] for 
updated information regarding antiviral resistance and rec-
ommendations regarding antiviral use. In addition, antiviral 
resistance appears to occur more commonly among severely 
immunocompromised patients likely due to prolonged viral 
shedding [184, 185]. During the 2009 H1N1 pandemic, the 
majority of patients with oseltamivir-resistant virus reported 
to the CDC were HSCT recipients or patients who had a 
hematologic malignancy receiving chemo- or immunosup-
pressive therapy [186].

There have been no randomized clinical trials of antivi-
ral therapy for influenza in transplant patients. All random-
ized trials have included healthy adult outpatients who were 
treated within 48  h after symptom onset and, in aggregate, 
demonstrate a reduction in duration of symptoms by ~1 day 
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and time to return to normal activity [180]. Although further 
study is needed regarding the role of antiviral therapy >48 h 
of symptom onset, the 2009 IDSA guidelines for management 
of seasonal influenza suggest that antiviral therapy initiated 
>48 h after symptom onset may be beneficial in hospitalized 
patients based on a prospective cohort study [167, 180, 187]. 
Observational studies suggest that early antiviral therapy of 
HSCT recipients with influenza URTI is effective in pre-
venting progression to LRTI [8, 11, 168, 179, 188]. Among 
SOT recipients, a multicenter study found that early antiviral 
therapy was associated with a lower incidence of hospitaliza-
tion and likelihood of ICU admission as compared to delayed 
(>48 h after symptom onset) therapy [169]. Although antivi-
ral therapy may have its greatest value when initiated early, it 
is felt that symptomatic transplant patients may benefit even 
beyond 48 h if they have evidence of viral replication, and in 
general, treatment of all symptomatic transplant patients is rec-
ommended regardless of the duration of symptoms [189–191].

The optimal dose and duration of antiviral therapy in 
transplant patients has not been established. Oseltamivir has 
been studied at doses of 75  mg or 150  mg twice daily in 
immunocompetent patients with seasonal influenza; there 
was no significant advantage of the higher dose although 
a slightly higher rate of adverse effects was observed [192, 
193]. However, due to concerns over higher viral loads, pro-
longed viral shedding, and uncertain drug absorption par-
ticularly in those patients undergoing chemotherapy or with 
gastrointestinal graft-versus-host disease, some experts sug-
gest using the higher dose in transplant patients particularly 
if absorption is uncertain, in those patients with severe LRTI 
or who are critically ill [189–191]. Based on clinical stud-
ies in healthy adults, the recommended duration of treatment 
of influenza in immunocompetent patients is 5 days [180]. 

However, transplant patients may need longer durations of 
therapy due to prolonged viral shedding. Some experts rec-
ommend treating all SOT recipients until viral replication 
has ceased; authors recommend checking PCR once a week 
and treat until negative [190, 191]. Others have suggested 
a 10-day course for HSCT recipients and extending treat-
ment in those patients with pneumonia, ongoing symptoms, 
or viral shedding [189]. Resistance testing should be consid-
ered in those patients with persistent viral shedding or who 
progress despite antiviral therapy.

While most literature in transplant recipients has focused 
on oseltamivir, inhaled zanamivir appears to be a reasonable 
alternative. IV zanamivir is currently available for compas-
sionate use, and there is limited published experience among 
transplant recipients where it has been used with some ben-
efit among patients with oseltamivir-resistant influenza or 
severe disease [194].

Peramivir, a parenteral neuraminidase inhibitor, was FDA 
approved in 2014 for the treatment of uncomplicated influ-
enza infection in adults who have been ill for ≤2 days. There 
are limited data regarding the use of peramivir in transplant 
recipients. Of note, the H275Y mutation which confers osel-
tamivir resistance also confers cross-resistance to peramivir.

There are currently no data that indicates a clear clini-
cal benefit of combination antiviral therapy over single drug 
therapy. A randomized, double-blind, multicenter phase 2 
trial found that combination antiviral therapy with oseltami-
vir, amantadine and ribavirin reduced day 3 viral shedding 
compared to oseltamivir monotherapy, but there was no dif-
ference in clinical outcomes including resolution of symp-
toms or fever or time to recovery after illness [195].

Table 40.3 summarizes antiviral options for treatment of 
influenza.

Table 40.3 Antiviral options for the treatment of influenza

Antiviral 
agent Dose

Parenteral 
formulation? Side effects Remarks

Oseltamivir 75 mg PO 
twice daily

Yes, investigational Gastrointestinal: nausea, vomiting, 
diarrhea
Neurologic: confusion, delirium, 
depressed consciousness (mostly reported 
among Japanese adolescents and adults)

Some experts recommend higher doses 
(150 mg PO BID) in transplant patients 
who are critically ill with LRTI

Zanamivir 2 puffs 
(10 mg) 
inhaled twice 
daily

Yes, investigational Bronchospasm, cough, headache, 
dizziness, sinusitis, nausea, diarrhea

Little cross-resistance with oseltamivir

Peramivir 600 mg IV 
once daily

Yes (only available as 
parenteral 
formulation)

Gastrointestinal: nausea, vomiting, 
diarrhea
Neutropenia

Cross-resistance with oseltamivir exists.

Amantadine 100 mg PO 
twice daily

No Neurologic: insomnia, lethargy, inability 
to concentrate, dizziness
Gastrointestinal: nausea

No longer routinely recommended due to 
high incidence of resistant influenza unless 
circulating strain known to be susceptible

Rimantadine 100 mg PO 
twice daily

No Gastrointestinal
Neurologic (less common than 
amantadine): lightheadedness, insomnia, 
inability to concentrate, nervousness

No longer routinely recommended due to 
high incidence of resistant influenza unless 
circulating strain known to be susceptible
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 Prevention

Annual influenza vaccination is a key component of infec-
tion prevention among HSCT and SOT recipients. There are 
several types of influenza vaccines: standard-dose inacti-
vated influenza vaccines (IIV), available either as a trivalent 
or quadrivalent injection, high-dose IIV (available as a tri-
valent injection), live attenuated influenza vaccine (LAIV), 
intradermal IIV, and recombinant egg-free IIV. All vaccines 
are modified annually based on the anticipated circulating 
strains during the upcoming influenza season. The LAIV is 
contraindicated in immunocompromised patients and should 
not be used in transplant recipients. The intradermal IIV has 
not been evaluated in transplant recipients.

For HSCT recipients, influenza vaccination is recom-
mended ≥6 months post-transplant and beginning 4 months 
following transplant if there is a community influenza 
outbreak [196]. If the vaccine is administered earlier than 
6 months after HSCT, a second dose should be considered. 
The timing of vaccine administration appears to predict 
response with one study demonstrating that influenza immu-
nization at least 6 months after HCT was 80% effective in 
preventing influenza [197]. The high-dose trivalent IIV is 
FDA approved for individuals ≥65  years of age and was 
found in a multicenter randomized clinical trial to induce 
higher antibody responses and improved protection against 
influenza compared to standard dose IIV [198]. In a phase I 
trial, HSCT recipients randomized to receive high-dose triva-
lent IIV had evidence of greater immunogenicity when com-
pared to those receiving standard-dose trivalent IIV [199]. 
There was a higher frequency of injection site reactions, but 
most were mild. There are ongoing studies to further evalu-
ate the role of high-dose IIV in HSCT.

For SOT recipients, influenza vaccination is recom-
mended 3–6  months after transplant [164]. The immuno-
genicity of influenza vaccine following SOT is variable 
depending on the type of transplant, time from transplant, 
and immunosuppressive regimens. Among SOT recipients, 
overall responses based on seroprotection or seroconver-
sion have ranged from 15% to 93% with greater responses 
observed several years after kidney transplant and lower 
responses seen in lung transplant [164]. Although there is 
a theoretical concern that influenza immunization may be 
associated with early allograft rejection or allosensitiza-
tion of patients after transplant, this has not been observed 
in clinical trials [200]. In a randomized, double-blind 
trial of 172 SOT recipients, high-dose influenza vaccine 
 demonstrated significantly better immunogenicity than the 
standard- dose vaccine [201]; no increased risk of rejec-
tion was reported although the study was not powered to 
address this outcome.

Immunization of health care workers and household 
contacts of transplant recipients is a critical component of 

influenza prevention and is strongly recommended in pub-
lished guidelines [147, 164]. A systematic review suggests 
that vaccination of healthcare workers reduces influenza-
like illness and all-cause mortality in the elderly [202]. Due 
to the theoretical risk of transmission of LAIV, the CDC 
recommends that IIV not be used for household mem-
bers and health care workers who have close contact with 
severely immunosuppressed patients such as recipient of 
hematopoietic stem cell allograft transplantation during 
those periods in which the patient requires care in a protec-
tive environment. Those persons who receive LAIV should 
avoid providing care for and contact with such patients for 
7 days after vaccination.

Although influenza vaccination is the primary tool for 
influenza prevention, antiviral chemoprophylaxis may be 
considered as a prevention strategy in selected situations. 
The 2009 IDSA Guidelines for Management of Seasonal 
Influenza recommends consideration of antiviral chemo-
prophylaxis in high-risk patients during the 2  weeks after 
vaccination before an adequate immune response develops 
if influenza is circulating in the community [180]. It should 
also be considered among transplant recipients following 
exposure within the previous 48  h to an individual with 
influenza, particularly among those for whom the vaccine is 
contraindicated, unavailable, or expected to have low effec-
tiveness such as patients with severe immune suppression. 
The choice of chemoprophylactic agent depends on the sus-
ceptibility pattern of the circulating influenza strain.

 Human Coronaviruses (HCoV) and Human 
Rhinoviruses (HRV)

 Epidemiology

HRVs and HCoVs are also common causes of RVIs in 
human, classified into the Picornaviridiae family (genus 
Enterovirus) and the Coronaviriae family, respectively. 
Approximately 100 serotypes of HRV have been identified. 
In comparison, HCoV-229E and HCoV-OC43 were the only 
two known HCoVs for >40 years. In 2004, a new HCoV was 
identified as the causative agent of the outbreak of Severe 
Acute Respiratory Syndrome (SARS) and was named 
SARS- CoV.  Subsequently, two other new HCoVs, NL63 
and HKU1, were discovered in 2004 and 2005, respectively. 
In the latter part of 2012, another novel CoV was identi-
fied as the cause of severe respiratory illness in two adults 
from the Middle East [203] and was termed Middle East 
respiratory syndrome coronavirus (MERS-CoV). Similar to 
SARS-CoV, this virus can also cause severe, life-threaten-
ing disease. The ability of these emerging HCoVs to cause 
major outbreaks can be a potential threat to global public 
health and economy [204].
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 HCoV and HRV in Transplantation

In immunocompetent hosts, HRVs and HCoVs usually cause 
URTIs, but HCoVs can also cause croup, wheezing, as well 
as pneumonia, which can be severe with significant mortal-
ity, as in the case of SARS. The significance of HRV and 
HCoV in transplant populations has not been well estab-
lished. According to a prospective study of HSCT recipi-
ents [5], infection with these viruses appears common in 
the first 100 days after allogeneic transplant, with day 100 
cumulative incidence estimated as 22% for HRV and 11% 
for HCoV. HRV infection was associated with URTI signs 
and symptoms, but HCoV infection was asymptomatic. 
More than half of the infected patients had prolonged viral 
shedding for more than 3 weeks, and about 13% shed virus 
for more than 3 months [5]; only a few patients developed 
LRTI in that study. Fatal pneumonia associated with HRV 
and HCoV have been reported among HSCT recipients 
[205–207]. Recent studies suggested that HRV and HCoV 
LRTI with viral detection in the BAL are associated with 
mortality rates similar to those seen with RSV, PIV, or influ-
enza viruses [10, 208].

For SOT, HRV and HCoV are frequently isolated among 
lung transplant patients [23, 25, 28], but a majority of these 
patients can be asymptomatic, according to a prospective 
surveillance study [28]. As discussed previously, RVI can 
increase the risk for developing acute rejection and/or BOS 
even with asymptomatic infections [23, 25, 28], but whether 
HRV or HCoV infection confer the same level of risk as 
compared to the paramyxoviruses or influenza cannot be 
delineated from these studies.

Currently, there are no specific agents licensed for the 
treatment of HRV and HCoV, but antiviral therapy for entero-
viruses is under intense research.

 Conclusions and Future Directions

Respiratory viral infections are common and associated with 
significant morbidity and mortality among patients undergo-
ing hematopoietic stem cells and solid organ transplantation. 
The optimal management of these infections is limited by 
insufficient randomized treatment data as well as a limited 
new and novel antiviral drugs being investigated for poten-
tial clinical use. Large, preferably multicenter prospective, 
randomized trials are essential to (1) assess preferred therapy 
for life-threatening infections such as RSV, (2) define the 
role of combination antivirals for influenza virus infections, 
and (3) determine the use of adjunctive immunomodulatory 
therapy and/or corticosteroids in the management of these 
infections among the highly susceptible transplant popula-
tion. The evaluation of novel long-lasting potent monoclonal 
antibodies for prevention may be warranted.
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Hepatitis A, B, and C
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 Introduction

Inflammation in the liver secondary to viral infection defines 
viral hepatitis. Infections may manifest with acute pathol-
ogy but may also take on a more indolent, chronic form. The 
five most common hepatitis viral infections are unrelated and 
classified as hepatitis A, B, C, D, and E. The former three 
viruses are commonly considered and managed in transplant 
population and are the focus of this chapter. Hepatitis A is 
an RNA virus acquired enterally that often manifests as an 
acute, self-limited illness. It can be prevented with vaccina-
tion and is treated supportively. Hepatitis B is a DNA virus 
that directly integrates into the host genome following infec-
tion by blood or sexual transmission. In addition to an initial 
acute infection, it may result in an indolent, chronic inflam-
matory disease following an initial acute infection occur-
ring by blood or sexual transmission. While preventable by 
vaccination, hepatitis B may be treated with direct antiviral 
therapy but confers a significant risk of developing hepato-
cellular carcinoma despite complete response to treatment. 
Hepatitis C, also acquired through blood-borne transmis-
sion, is an RNA virus that often results in a chronic, sub-
clinical inflammation. Chronic infection may at times lead 
to cirrhosis, and new direct antiviral therapies have recently 
become available with high rates of cure. While the hepato-
tropic nature of these viruses unites these pathogens, preven-

tion, treatment, and post-treatment surveillance vary widely 
between them and are described in this chapter.

 Hepatitis A

Hepatitis A virus (HAV) is an enteric picornavirus that har-
bors a single-stranded 7.5 kilobase RNA genome of positive- 
strand polarity. The genomic sequence encodes for multiple 
proteins that are processed to give rise to several viral pro-
teins including VP-1, VP-2, and VP-3. Predominantly trans-
mitted by the fecal-oral route, HAV is often acquired from 
contaminated food and water sources or close contact with 
infected individuals. Infection is most common in develop-
ing regions, with an annual 1.5 million cases reported world-
wide, although reported cases likely underestimate the true 
incidence of global HAV infection [1].

In immunocompetent individuals, HAV typically causes 
a self-limited illness characterized by fever, anorexia, right 
upper quadrant abdominal pain, and jaundice that follows 
a 4-week viral incubation period [2]. The severity of acute 
illness is closely related to age, as symptomatic infection 
is more common in older adults while acute infection in 
children is typically asymptomatic [3]. Laboratory find-
ings typically demonstrate the presence of anti-HAV IgM 
in patients’ serum and detection of virus in stool prior to 
the onset of clinical illness, whereas elevation in serum 
hepatic transaminases appears to coincide with the devel-
opment of clinical symptoms. In patients with recent HAV 
exposure, a single- antigen vaccine or immune globu-
lin can be given within 2 weeks for prevention of symp-
tomatic hepatitis [4]. Supportive care is the mainstay of 
treatment in most cases [5]. In patients with severe acute 
hepatitis A associated liver injury, early treatment with 
N-acetylcysteine has been shown to provide benefit and 
potential for recovery [6].

A subset of patients (1–12%) experience relapsing HAV 
cholestatic hepatitis. This is characterized by jaundice 
and cholestasis, 1–3  months after resolution of the initial 
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symptoms of acute hepatitis A infection [2]. In such cases, 
treatment is predominantly supportive, as the infection com-
monly spontaneously resolves within 6  months, although 
the use of oral corticosteroids may be considered in patients 
with severe cholestasis [7]. Additionally, treatment with 
 ursodeoxycholic acid has been demonstrated to improve bio-
chemical indices in cases of relapsing hepatitis [8].

In rare cases (~0.2%), HAV infection can lead to acute 
liver failure (ALF), particularly in elderly patients or those 
with chronic liver disease [9]. Mortality rates in such cases 
approaches 40–50%, leaving emergency liver transplanta-
tion as the only lifesaving measure for a considerable num-
ber of patients with HAV ALF [10]. Severe HAV infection is 
responsible for a small proportion (3%) of cases of fulminant 
acute hepatic failure requiring liver transplantation [11].

Transplant recipients on immunosuppressive medica-
tions are particularly susceptible to acute HAV infection 
[12]. Cases of intractable recurrent HAV infection requir-
ing re- transplantation after initial liver transplantation 
procedure have been reported [13, 14]. All patients under-
going transplant evaluation should be screened for hepati-
tis A IgG and vaccinated if not immune. Two doses of the 
Hepatitis A vaccine, given 6  months apart, successfully 
induced seroconversion in 95% of patients with compen-
sated liver disease [15]. The development of liver failure 
is closely associated with a lack of response to the HAV 
vaccine [16]. Due to pre- transplant screening and vacci-
nation for susceptible individuals, post-transplant acute 
hepatitis A infection is rare. If there is suspicion for an 
acute infection, the patient should be tested for serum IgM 
antibodies [17].

Reinfection of allografts after liver transplantation in 
patients with fulminant hepatic failure associated with HAV 
hepatitis is rare. Recurrent hepatitis A infection presents as 
acute graft dysfunction and may be misinterpreted as an epi-
sode of allograft. Routine measurements of anti-HAV IgM 
and viral RNA in peripheral blood during the early post- 
transplant period in HAV-associated liver transplant recipi-
ents may differentiate reinfection from an episode of acute 
cellular rejection [14]. Detection of genomic HAV RNA by 
RT-PCR in serum and stool at the time of graft dysfunction 
is diagnostic of recurrent HAV infection [13].

Hepatitis A vaccination is less effective in patients after 
transplantation. In a retrospective review of children fol-
lowing liver transplantation, vaccine antibody responses 
developed in only 7 of 18 individuals (39%), and only 25% 
developed an antibody response after undergoing heart 
transplantation [18]. In addition, a significant proportion of 
patients with detectable protective antibodies before liver 
transplantation can lose immunity following transplanta-
tion: 18% and 29%, first and second year after undergoing 
transplantation, respectively [12]. In liver and kidney trans-
plant recipients with satisfactory seroconversion rate after 

complete immunization, there is a rapid decline in antibody 
levels compared with controls; 59% of liver and 26% of 
renal transplant seroconverters showed titers above the 
cutoff level considered protective against HAV infection 
[19]. Based on the above observations, it is recommended 
that patients with chronic liver disease undergo vaccina-
tion early in the course of their disease and that patients on 
immunosuppressive antirejection therapy be re-immunized 
[19, 20].

 Hepatitis B

Hepatitis B virus (HBV) is a DNA virus that integrates into 
the host genome and replicates by reverse transcription [21]. 
HBV infection is a major cause of hepatic cirrhosis and liver- 
related mortality evidenced by the roughly 250 million peo-
ple chronically infected worldwide. HBV is attributable to 
over half of all hepatocellular cancers [22, 23]. In the United 
States, HBV represents the second most common viral 
infection after hepatitis C virus leading to liver transplanta-
tion. The proportion of liver transplants for HBV have been 
decreasing in the United States from 4% in 1994 to about 2% 
in 2009, primarily due to advances in treatment for infection 
and HBV-related liver disease [24, 25].

HBV is often acquired through intravenous drug use and 
sexual transmission in Western countries, while transmission 
in high-prevalence areas is often through perinatal trans-
mission [26]. In the United States, vaccination is routinely 
performed in infancy. Screening is recommended in persons 
from high prevalence areas and those with high-risk expo-
sures [27]. Testing includes serologic tests for Hepatitis B 
surface antigen as well as surface and core antibodies. The 
presence of core antigen or the presence of core antibody 
in the absence of surface antibody indicates HBV exposure, 
while the co-presence of core and surface antibodies occurs 
in those immune following vaccination.

Chronic HBV infection occurs in less than 5% of adults 
but in over 95% of infected infants [28, 29]. Such infections 
are often subclinical until advanced cirrhosis develops. An 
annual rate of 0.5–1% of hepatocellular carcinoma is esti-
mated for non-cirrhotic HBV patients and 2–3% among 
those with cirrhosis [30].

Early results of liver transplantation in patients with 
chronic HBV infection showed recurrence rates of greater 
than 80% and 5-year survival rates of 40–60% [31]. 
Subsequently, HBV infection was initially viewed to be a 
contraindication to liver transplant. Liver transplantation 
in HBsAg-positive patients remained controversial until 
1993 when studies demonstrated that long-term passive 
immunoprophylaxis with hepatitis B immune globulin 
(HBIG) could be used to prevent graft reinfection and 
reduce the rate of recurrence from 75% to about 36%, 
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thus improving patient survival [32]. The absence of HBV 
DNA in serum prior to transplantation was also found to 
be an independent predictor of lower risk of HBV recur-
rence after transplantation [32]. With the use of long-term 
HBIG prophylaxis, survival significantly improved from 
53% in the period of 1987–1991, to 69% between 1992 
and 1996, to 76% in the period of 1997–2002 [33]. The 
main limitations to long-term HBIG prophylaxis is its 
limited supply and its cost of up to $100,000 in the first 
year and $40,000–50,000 each year thereafter. The com-
bination of HBIG and lamivudine achieves significantly 
lower HBV recurrence rates in comparison with HBIG or 
lamivudine monoprophylaxis, more potent nucleos(t)ide 
analogues may lead to substantial reduction in HBIG dos-
age or even eliminate the need for HBIG after the initial 
postoperative period [34, 35].

Nucleos(t)ide analogues (NUCs) inhibit viral replication 
by targeting the HBV reverse transcriptase in competitively 
incorporating into the viral DNA and preventing transcrip-
tional elongation and are capable of altering the natural his-
tory of HBV pre-transplant and enabling most patients to 
safely undergo transplantation with outcomes similar, if not 
better, than those achieved for other liver transplant indica-
tions [36, 37]. Currently available drugs for the treatment 
of chronic HBV infection target HBV DNA polymerase 
and include the nucleoside antagonists lamivudine (LAM), 
entecavir (ETV), and telbivudine (TBV) and the nucleotide 
antagonists adefovir (ADV) and tenofovir (TDF). These 
antiviral medications have been shown to delay disease 
progression and even reverse hepatic decompensation, as 
well as reverse histologic changes such as hepatic inflam-
mation and fibrosis [38, 39]. Until recently, tenofovir diso-
proxil fumarate and entecavir were used as first-line agents 
due to resistance profiles [40]. Although not yet studied in 
the transplant setting, tenofovir is now available as the pro-
drug tenofovir alafenamide, which is capable of delivery to 
target cells more efficiently at a lower dose and, as a result, 
is associated with a more favorable renal and bone safety 
profile [41].

Antiviral prophylaxis is also an important consider-
ation for prevention of de novo HBV infection in hepatitis 
B surface antigen (HBsAg)-negative recipients receiv-
ing liver transplantation of hepatitis B core antibody 
(HBcAb)-positive donors. The use of HBcAb (+) grafts is 
associated with a 25–95% risk of de novo HBV transmis-
sion without the use of antiviral agents and immunopro-
phylaxis, which can lead to severe hepatitis and graft loss 
[42]. Both lamivudine monotherapy and HBIG + lamivu-
dine have been shown to significantly decrease the risk of 
de novo infections to about 3%, with viral breakthrough 
infection frequently related to medication noncompli-
ance. While risk of developing lamivudine resistance with 
long-term use is likely less in the population because of 

significantly less or undetectable viral loads, other new 
and more potent nucleos(t)ide analogues with lower resis-
tance profiles such as tenofovir and entecavir are prefer-
able over lamivudine [43].

 Non-liver Transplant Recipients

 Kidney Transplant Recipients

Kidney Transplant Recipients
The prevalence of HBV infection in dialyzed patients var-
ies by regions; it is estimated to be between 0% and 10% in 
industrialized countries and 2–20% in the developing regions 
of the world [44]. Over the last 20 years, the prevalence of 
HBV infection has declined dramatically due to improved 
screening, hygiene, and preventative measures such as vac-
cination. Prior to the advent of effective antiviral agents, 
patients with chronic HBV infection were excluded from 
kidney and other organ transplantation due to the risk of 
severe viral recurrence and progression of disease. Fornairon 
et al. reported in a large cohort study of 151 HBsAg-positive 
renal transplant recipients a high rate of persistent viral 
replication (50%) and reactivation (30%) [45]. Histologic 
deterioration was observed in 85.3% of 101 patients who 
underwent serial liver biopsies, and liver disease was the 
leading cause of death. Among renal transplant recipients, 
reactivation was reported in patients with prior exposure and 
clearance of HBV infection [46]; with the widespread avail-
ability of new-generation antiviral drugs, it is important to 
note that renal transplantation can be safely performed in 
patients with chronic HBV kidney transplant recipient infec-
tion and end-stage kidney disease in need of long-term renal 
replacement therapy.

The impact on positive HbsAg on mortality and survival 
in renal transplant recipients has been controversial. Earlier 
studies failed to show a difference in 5-year survival between 
HBsAg-positive and HBsAg-negative patients [47, 48, 49]. 
However, subsequent studies of larger populations with lon-
ger follow-up indicated worse graft and patient survival [50, 
51, 52]. A meta-analysis including 6050 patients performed 
by Fabrizi et al. found that HBsAg was an independent risk 
factor for death after transplantation [51]. However, the study 
included recipients transplanted between 1972 and 1999, 
prior to the widespread use of effective antiviral agents. In 
a more recent analysis of 1346 HBsAg-positive renal trans-
plant recipients in the period between 2001 and 2007 in the 
United States, patient and graft survivals in HBsAg-positive 
recipients were comparable to HBV-negative recipients, even 
though HBsAg-positive recipients were at increased kidney 
transplant recipient risk of developing liver disease [53].

The rates of HCC were higher in renal transplant recipi-
ents prior to the use of antiviral therapy, likely secondary 
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to antirejection drug-induced immunosuppression [50, 54]. 
The utilization of antiviral therapy has changed the clinical 
course of liver disease after transplantation, presumably by 
reducing the risk for development of HCC; however, fur-
ther larger prospective trials are needed to investigate the 
 long- term outcomes of transplant recipients receiving anti-
viral therapy. It is recommended that transplant recipients 
with HBV and/or HCV infection to kidney transplant recipi-
ents receive early screening for HCC with abdominal ultra-
sound every 3 months for patients with cirrhosis and every 
6–12 months for those without evidence of cirrhosis [55].

The current recommendation is that all HBsAg-positive 
patients who are candidates for solid organ transplantation be 
treated with nucleos(t)ide analogues. While immunosuppres-
sive therapy lasts, patients should receive preemptive therapy 
regardless of HBV DNA levels. Anti-HBc-positive HBsAg-
negative patients with undetectable HBV DNA may also be 
at risk for reactivation and should be followed up closely with 
HBV DNA and serum ALT testing every 3 months and treated 
with antiviral therapy if reactivation occurs. The most experi-
ence has been with lamivudine, the first nucleos(t)ide agent 
approved in 1998. Studies have shown that HBsAg-positive 
renal transplant recipients treated with lamivudine have simi-
lar 10-year survival rates as HBsAg-negative patients (85% 
vs. 88%) [56, 57]. However, the high rate of developing drug 
resistance and subsequent breakthrough viral reactivation is 
a concern with the use of lamivudine. Althoug lamivudine 
improves short-term (50 month) reactivation-free survival, it 
is nor effective in preventing HBV reactivation or improv-
ing long-term survival after transplantation suggested that 
although the use of lamivudine improved reactivation-free 
survival in the short term (first 50 months), it was not effec-
tive in the prevention of HBV reactivation or improvement in 
long-term survival after transplantation [58]. Newer agents 
such as entecavir and tenofovir are preferable to lamivudine 
because of lower risk of development of post-exposure viral 
kidney transplant recipient mutation resulting in de novo drug 
resistance [59, 60].

 Heart Transplant Recipients
Similar to renal transplantation, chronic HBV can often 
progress aggressively after heart transplantation.

In early studies among cardiac transplant recipients, 
chronic HBV after transplantation was seen frequently. 
Reports in 1980s had attributed this to iatrogenic acquisi-
tion of HBV infection during the post-transplant endomyo-
cardial biopsies; sporadic standards for infection prevention 
and equipment contamination were regarded as a potential 
source for such infections [61]. In a study, 56% of patients 
with de novo HBV infection after heart transplantation 
developed severe fibrosis or cirrhosis within a mean dura-
tion of 7.4  years [62] . Long-term follow-up of HBsAg-
positive patients also showed significantly reduced survival 

when compared with HBV non-infected controls, often as 
a result of liver-related deaths (32% vs. 62%, respectively) 
[62]. As with the experience in the recipients of renal trans-
plants, long-term antiviral therapy has been shown to be 
well- tolerated and efficacious, preventing progression of 
liver disease and potential for hepatic decompensation [63]. 
Observational studies have also shown that HBsAg-positive 
donor hearts can be safely transplanted into HBsAb-positive 
recipients; however, HBsAg-positive donors should only be 
considered for high-risk situations [64].

 Bone-Marrow Transplant Recipients
The risk of HBV reactivation is most significant among 
patients undergoing allogenic bone marrow transplantation 
and can often have serious, life-threatening consequences. 
Due to severity of hosts’ immune dysregulation following 
myeloablative allogeneic HSCT preparatory condition-
ing regimens, reactivation of hepatitis B viral infection in 
HBsAg-positive patients is near-universal [65]. HBV reverse 
seroconversion in patients with serologic evidence of past 
HBV infection (HBsAg negative, HBcAb positive) has also 
been frequently reported [66, 67]. Because of fatal conse-
quences of reverse seroconversion and viral reactivation, all 
potential bone marrow recipients are tested for HBV bio-
markers and receive antiviral prophylaxis if there is evidence 
of past HBV infection. Reactivation often develops during 
late HSCT period, between 1 and 3 years after undergoing 
transplantation, so long-term, if not lifelong, antiviral treat-
ment is often recommended [68, 69, 70].

 Pre-transplant Evaluation

All patients undergoing a transplant evaluation should be 
evaluated for exposure and/or active infection with hepati-
tis B with HBsAg, HBsAb, and HBcAb. Level of viremia 
with HBV DNA viral load should be assessed in all patients. 
Occasionally, patients will have occult HBV infection (OBI), 
in which low viral replication is present without detection of 
HBsAg. The prevalence of OBI depends on both the sensi-
tivity of testing available as well as the prevalence of HBV 
infection in the population. In low HBV prevalence countries 
such as the United States, OBI has been reported in 0.1–2.4% 
of HBsAg-negative, HBcAb-positive blood donors, with or 
without the evidence of HBsAb positivity. In the regions 
with high HBV endemicity, the risk of OBI may be as high 
as 15% [71, 72, 73]. The clinical significance of OBI is con-
troversial, with some case reports describing HBV reactiva-
tion in allogeneic HSCT and solid organ transplant recipients 
with OBI receiving post-transplant immunosuppression [74, 
75]. Other studies have found that OBIs have not been asso-
ciated with increased risk of acute rejection or development 
of de novo hepatitis B virus infection [76]. There is, however, 
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significant evidence that OBI is a risk factor for HCC devel-
opment [77].

For patients without evidence of previous exposure, vac-
cination should be provided prior to transplantation due to 
suboptimum vaccine response noted after undergoing allo-
geneic transplantation. In prior nonresponders to hepatitis B 
virus vaccine, revaccination with a double dose may be more 
effective [78]. In hemodialysis patients, who have impaired 
response to hepatitis B vaccines, double dose revaccination 
and repeated booster doses are often necessary to achieve 
prolonged seroconversion [79]. There is also evidence that 
combined HAV/HBV vaccination may enhance vaccination 
response to HBV [80].

 Hepatitis C

Hepatitis C virus (HCV) is a small 30–60-nm-diameter, 
enveloped, positive-sense, single-stranded RNA virus 
belonging to Flaviviridae family [81]. It possesses a 9.6 kb 
genome that encodes ten proteins as well as two glycopro-
teins, E1 and E2, which possess two hypervariable regions 
that are prone to extensive mutation and antigenic variability 
[82]. Six major HCV genotypes have been identified, differ-
ing in their nucleotide sequence by approximately 30% [83]. 
The major genotypes differ in geographic location and thera-
peutic options. Genotype 1a is most prevalent in the United 
States and Northern Europe [83].

There are approximately 160 million human carriers of 
HCV worldwide and over 4 million or 1.6% of the popula-
tion in the United States [84, 85]. The highest prevalence 
of 15% is reported from Egypt’s Nile Delta, whereas preva-
lence in Europe, the Americas, Southeast Asia, and Africa 
ranges from 1% to 5% [84]. HCV is predominantly trans-
mitted through percutaneous exposure to infected blood and 
less commonly via unprotected sexual intercourse and verti-
cal transmission [86, 87]. Populations at highest risk include 
intravenous drug users, tattoo recipients, and health care 
workers. Prior to 1992, recipients of blood and blood prod-
ucts and patients who underwent solid organ transplantation 
were at increased risk for HCV infection, due to less sensi-
tive HCV screening assays [88].

HCV has historically carried a significant disease burden 
in industrialized countries as the leading cause for liver fail-
ure and the most frequent indication for liver transplanta-
tion [89]. The approval of direct antiviral agents in 2011 has 
dramatically altered the treatment landscape in providing a 
near-complete virologic response rate in most cases [90]. 
This stands in contrast to traditional treatment strategies 
based on pegylated interferon and ribavirin, which achieved 
virologic response rates of <50% in patients with HCV geno-
types 1 and 4 infection and up to 80% in HCV genotypes 
2 and 3 infection [90]. Direct-acting antivirals may also 

now be used safely in patients with advanced liver disease, 
who can be treated prior to undergoing liver transplantation, 
substantially reducing the risk for HCV recurrence during 
post- transplant period. HCV eradication in cirrhotic patients 
leads to improvements in MELD score and portal hyperten-
sion, albeit, such viral eradication may heighten the risk of 
progression of hepatocellular carcinoma. Patients with HCV 
infection who have received a liver transplant may also now 
be safely treated with the new effective direct anti-HCV 
drugs, although the choice of regimen should be tailored to 
minimize interactions with immunosuppressive medications. 
New areas of controversy have been ushered in by the use 
of direct antiviral agents, as the ability to utilize of HCV- 
positive organs and treat patients effectively following trans-
plantation had led to careful consideration regarding timing 
of treatment that can on one hand hinder disease progres-
sion but may also limit access to HCV-positive organ grafts. 
Direct-acting antivirals can be utilized to eradicate HCV 
infection in non-liver transplant patients; however, despite 
effective anti-HCV therapy, the accompanying risks of cir-
rhosis and hepatocellular carcinoma remain.

 Hepatitis C-Mediated Liver Disease

 Acute Hepatitis C
The majority of acute HCV infections are asymptomatic 
and subclinical. Symptomatic HCV infection manifests 
with nonspecific flu-like symptoms, including fatigue, nau-
sea, abdominal pain, loss of appetite, mild fever, and pru-
ritus [91]. HCV RNA may be detected in the serum within 
1–3 weeks following the initial exposure to the virus [92]. 
Viral detection is followed by a rise in bilirubin as well as an 
increase in serum transaminase levels frequently to values 
of more than ten times the upper limit of normal, indicat-
ing active hepatocellular injury [92]. HCV-induced fulmi-
nant hepatic failure (FHF) is uncommon, with occurrence in 
10% of patients presenting with acute HCV infection [93]. 
Coinfection with hepatitis B virus is an important risk factor 
for developing HCV-induced FHF and carries a survival rate 
of 20–30% [93, 94].

 Chronic Hepatitis C
Disease progression and risk of development of cirrhosis 
is variable in patients with HCV infection. End-stage liver 
cirrhosis develops in 4–24% of patients with chronic HCV 
infection within 20 years [95–97]. Host, viral, and external 
interactions influence the time frame between initial HCV 
infection and the development of cirrhosis. The progression 
of HCV-induced fibrosis is closely related to the age at the 
time of initial infection; older individuals appear to progress 
to cirrhosis at a much more rapid rate compared with those in 
whom the infection is acquired at a younger age [98].
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Factors known to promote hepatic inflammation augment 
disease progression in HCV-infected patients. Increased 
hepatic iron promotes increased inflammation in the liver 
and fibrosis in patients with chronic HCV infection [99, 100]. 
Ongoing steatohepatitis is associated with more rapid pro-
gression in liver fibrosis and may increase the risk for HCC 
by nearly threefold [101]. Excessive alcohol  consumption is 
an independent risk factor for the development of cirrhosis 
[98]. Alcohol intake of >50 g daily has been shown to mark-
edly increase the progression of liver fibrosis [102]. Viral fac-
tors such as infection with HCV genotype 3 result in greater 
progression of liver disease and risk of death [103, 104].

HCV coinfection with HBV significantly enhances risk 
of death compared to patients with chronic HCV infection 
alone [105]. The frequency of hepatic failure appears to be 
eightfold higher among the 35 million people coinfected 
with HBV and HCV [93]. Nearly 30% of HIV-infected 
patients are coinfected with HCV in the United States [106]. 
Coinfection in this population is associated with greater risk 
of cirrhosis-related complications compared to HCV infec-
tion without HIV [106].

Complications associated with hepatic decompensation 
include ascites, variceal bleeding, and severe bacterial infec-
tions. The annual rate of these severe complications is approx-
imately 2–9% among cirrhotic patients [107]. Following the 
first episode of hepatic decompensation, a 1-year mortality 
rate ranges between 15% and 20%; furthermore, a 10-year 
patient survival rate declines below 50% [108].

In patients with chronic HCV infection, hepatocellular 
carcinoma typically develops in the context of liver cirrho-
sis with an annual risk ranging between 2% and 4% [109]. 
Surveillance is not recommended for all HCV-infected 
patients, but it is recommended for all HCV-infected patients 
with cirrhosis [110]. Overall, hepatitis C virus is responsible 
for 25% of hepatocellular carcinomas worldwide [111].

 Treatment of Hepatitis C in the Liver Transplant 
Setting

Effective antiviral treatment prevents the progression of liver 
disease at all stages and leads to improvement in hepatic his-
topathology and degree of fibrosis [112, 113]. Among cir-
rhotic patients who achieve a sustained virologic response, 
64% of such patients demonstrate regression in hepatic cir-
rhosis [113]. Treatment with a sustained virologic response 
(SVR) in cirrhotic patients is associated with improvement 
in portal hypertension, prevention of varices, and hepatic 
decompensation. It is important to emphasize that SVR 
following interferon-based therapy was associated with a 
10–20% rate of hepatocellular carcinoma [114].

Until the approval of direct antiviral, interferon-free ther-
apy (DAA)  in 2011, treatment of HCV infection in both the 

pre- and post-transplant periods was highly problematic due to 
low efficacy and high treatment-related toxicity [90]. Cirrhotic 
patients were often ineligible to receive pegylated- interferon 
and ribavirin-based regimen due to risk of further decompen-
sation, development of bacterial sepsis, or the occurrence of 
potentially life-threatening myelosuppression evident by leu-
kopenia and/or thrombocytopenia. Ribavirin- induced anemia 
posed a significant challenge in cirrhotic patients with pre-
existing spur cell hemolytic anemia and those with gastroin-
testinal bleeding. Psychiatric comorbidities may be intensified 
due to interferon-associated neuropsychiatric adverse events, 
particularly depression [115]. In the post-transplant setting, 
HCV recurrence after interferon- based therapy was associated 
with high morbidity, especially hematologic toxicity that may 
be accentuated in patients with renal insufficiency and concur-
rent treatment with antirejection drugs or anti-GVHD therapy; 
SVR rate ranged from 8% to 50%.

With the advent of DAA, the treatment of hepatitis C 
virus infection in the transplant setting was immediately 
transformed. In cirrhotic patients, effective therapy is associ-
ated with improvement in liver function as evidenced by a 
decline in MELD score as well as diminished in hepatic por-
tal venous pressures and esophageal varices [116, 117]. With 
the population of HCV-positive patients diminishing due to 
successful antiviral treatment prior to liver transplantation, 
and the availability of effective post-transplant treatment 
(see below), the burden and clinical significance of post- 
transplant HCV recurrence have greatly diminished.

 Timing of Direct-Acting Antiviral Therapy
Controversy exists as to the optimum timing and most clini-
cal benefit of DAA during pre-transplant period. In contrast to 
patients with decompensated hepatitis B cirrhosis, in whom 
up to 60% demonstrate a dramatic clinical and biochemi-
cal response to effective anti-HBV therapy, patients treated 
for HCV cirrhosis frequently improve biochemically with 
decrease in MELD and CTP scores but may not exhibit clini-
cal improvement [118]. Although pre-transplant treatment 
improves MELD score and diminishes the risk of death and 
need for transplantation, it may also render a patient with more 
advanced cirrhosis with a poor quality of life and nonprogres-
sive liver disease with diminished priority for liver transplant. 
Opting for post-transplant treatment also enables access to 
HCV-positive allografts. Recently, this approach has been 
taken one step further with transplantation of HCV- positive 
allografts into HCV-negative recipients followed by DAA 
therapy given after transplantation [119]. As a result, there is 
currently a debate as to the optimal timing of DAA therapy. 
Although recent analyses have found pre-transplant treatment 
to be more cost-effective, both options are now commonly 
a focal point of patient-physician decision- making. Finally, 
DAA therapy has recently been reported to be possibly associ-
ated with the increased risk of aggressive and early recurrence 
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of hepatocellular carcinoma. Protective anti-HCV endogenous 
interferon release, critical for maintaining effective tumor sur-
veillance by hindering tumor proliferation and angiogenesis, 
may be downregulated following DAA therapy [120]. These 
observations have led some clinicians to monitor cirrhotic 
patients closely during and after treatment for malignancy 
and consider deferral of therapy in patients with active and 
recently treated hepatocellular cancer.

 Direct-Acting Antiviral Therapy  
in the Pre- transplant Setting
Essentially all patients with advanced liver disease can be 
safely treated for HCV with a high degree of expectation and 
probability for achieving a durable SVR. Treatment of hepa-
titis C prior to liver transplantation is associated with rare 
post-transplant HCV recurrence, especially for those who 
are HCV RNA negative for at least 1 month prior to under-
going transplantation [121]. Fatty liver disease is common 
among HCV-positive patients, and progression of fibrosis in 
patients achieving an SVR may progress due to nonalcoholic 
steatohepatitis [122]. Moreover, the risk for hepatocellular 
carcinoma persists, particularly in patients with HCV geno-
type 3 [123].

Treatment options are based on the HCV genotype and 
involve combinations of agents directed at two or three spe-
cific viral targets, including the RNA polymerase, protease, 
and NS5a. Due to rapidly expanding options, the American 
Association for the Study of Liver Diseases (AASLD) main-
tains a web-based consensus statement that permits frequent 
updates [124]. As a result, specific therapies will not be dis-
cussed. As a general guideline, however, the patient with 
advanced cirrhosis who is commonly treatment experienced 
requires a longer duration of therapy and occasionally with 
the concomitant use of ribavirin to achieve comparable treat-
ment results to those with less advanced disease. In addi-
tion, the use of protease inhibitors is usually avoided due to 
the risk of drug-induced hepatotoxicity with the potential for 
rapid and progressive liver failure leading to death.

 Direct-Acting Antiviral Therapy  
in the Post- transplant Setting
The treatment options for post-transplant hepatitis C virus 
are, for the most part, similar to those applied during the 
pretransplant period with a minor difference in effective-
ness despite the concomitant use of immunosuppression; 
the reader is referred to the AASLD guidelines that are 
regularly updated [124] Special considerations for patients 
after allograft transplantation include drug-drug interactions 
with tacrolimus and cyclosporine with several of the regi-
mens requiring calcineurin inhibitor (CNI) dose adjustment 
or altogether CNI avoidance, with a possible need for pro-
longed therapy and/or concomitant use of ribavirin. Patients 
may also need an increased immunosuppressant dose after 

HCV virologic clearance and its potential adverse effect on 
hosts’ antiviral immune surveillance.

 Recurrent Hepatitis C After Liver 
Transplantation

Hepatitis C infection following transplantation is nearly uni-
versal for those with active viremia prior to transplantation 
[125]. Until recently, recurrent hepatitis C infection was a 
major cause of graft failure and risk of death. Recurrent HCV 
infection is associated with a more rapid rate of progression 
of liver fibrosis compared to immunocompetent patients, and 
up to 30% of patients develop cirrhosis within 5 years com-
pared with cirrhosis that took 20–30 years to develop in the 
immunocompetent population [126]. Recurrence of HCV-
related cirrhosis was until recently the main cause of allograft 
dysfunction or graft loss and significantly curtailed patient 
survival as compared to non-HCV controls undergoing liver 
transplantation [127, 128] In addition, approximately 5–10% 
of patients developed a severe form of recurrent HCV known 
as fibrosing cholestatic hepatitis, characterized by very high 
HCV RNA levels, cholestatic laboratory patterns with bili-
rubin levels >6  mg/dL, and alkaline phosphatase >5-fold 
normal values; ballooning hepatocytes, sinusoidal fibrosis, 
cholestasis, and a low level of tissue inflammation despite 
bile duct proliferation on liver biopsy were prominent histo-
logic features of FCH in this setting [129, 130]. High viral 
load, older recipient age, non- Caucasian race, female gender, 
insulin resistance and diabetes mellitus, high-dose cortico-
steroid treatment for acute cellular graft rejection, donor age 
greater than 55 years, and HIV coinfection were significant 
risk factors for more severe HCV recurrence following liver 
transplantation.

 Hepatitis C and Non-liver Transplantation

 Kidney Transplantation

Hepatitis C and End-Stage Kidney Disease
Chronic hepatitis C is common in the kidney transplant pop-
ulation, with the prevalence of HCV seropositivity ranging 
from 7% to 40% in developed countries [131–133]. Several 
factors account for this high prevalence. Firstly, HCV is 
a possible factor in the development of the renal disease. 
Chronic HCV infection may induce a mixed cryoglobuline-
mia and a systemic vasculitis, leading to glomerulonephritis 
and renal failure [134–136]. Chronic HCV infection is also 
associated with a high rate of insulin resistance and type 
2 diabetes mellitus [137]. In addition, de novo acquisition 
of hepatitis C among patients on hemodialysis occurs with 
high frequency. In patients receiving routine hemodialysis, 
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HCV seroprevalence (8–10%) and acquisition rate (1–3% 
annually) was higher compared to patients on peritoneal 
dialysis (3–5% and <1% annually, respectively) [138–140]. 
Nosocomial HCV transmission has been described in 
several reports and can be averted by strict adherence to 
standard HCV precautions [141, 142]. Mortality rates are 
higher in dialysis patients with HCV infection as compared 
to uninfected individuals [143]. While there is a higher 
incidence of liver disease in HCV-infected patients, car-
diovascular causes are the most frequent cause of death, 
and the presence of diabetes mellitus and the duration of 
dialysis are the two factors associated most closely with 
mortality [144].

Hepatitis C and Kidney Transplantation
HCV-positive renal transplant recipients have better survival 
than matched HCV-positive patients awaiting transplant 
[145]. Although the presence of HCV infection is not a con-
traindication to kidney transplantation, a complete evaluation 
of the infection and its impact on liver function and presence 
of portal hypertension should be noted [146]. The natural 
progression of chronic hepatitis C in the kidney transplant 
patient and impact of accelerated liver fibrosis during the 
post-transplant periods were concerns historically, although 
are much less so now with the availability of effective post-
transplant DAA therapy.

 Evaluation of the Kidney Transplant Patient

Given the high incidence and a significant effect of 
HCV infection on survival in ESRD patients, screening 
is routinely recommended for patients undergoing rou-
tine hemodialysis [131]. Although traditional ELISA are 
a useful screening tool for the presence of HCV infec-
tion, it is important to note that HCV viremia in anti-HCV 
Ab-negative HD patients may occur and ranges between 
1% and 15% [147, 148]. While it has been suggested that 
immunologic alterations in this population may account 
for negative anti-HCV antibodies, newly available com-
mercial third-generation assays have been demonstrated 
to be more effective and sensitive as HCV PCR in 
detecting infection in this patient population [149, 150]. 
Additionally, in the HCV population, the presence of nor-
mal liver enzymes is more common among uremic patients 
compared to non-uremic patients, and normal aminotrans-
ferase levels do not exclude the presence of significant 
hepatic pathology [151]. Historically, staging of fibrosis 
with liver biopsy of elasticity was recommended in all 
HCV-positive patients undergoing pre-transplant screen-
ing, as aminotransferase levels are not reliable in deter-
mining HCV disease activity [152]. However, noninvasive 
elastography is now widely used during pre-transplant 
evaluation.

 Natural History of Hepatitis C in the Kidney 
Transplant Patient

The natural history of the kidney transplant patient with 
chronic hepatitis C is highly variable. It has been reported 
that HCV-postive renal transplant recipients matched with 
individuals without renal failure have a significantly lower 
annual rate of fibrosis progression in the transplanted 
group (0.05–0.18) compared to patients without renal 
failure (0.13–0.26) observed on 37-month follow-up liver 
biopsy [153]. HCV infection after renal transplantation in 
most patients did not adversely affect liver histology in the 
extended follow-up. In fact, liver fibrosis might regress after 
transplantation in some patients, especially in those with 
an initial mild fibrosis score [154]. While the presence of 
cirrhosis on pre-transplant liver biopsy has been reported 
to be associated with a 26% 10-year survival, renal trans-
plantation may still be considered in this population [153]. 
Acquisition of acute hepatitis C infection at the time of 
kidney transplantation or during the post-transplantation 
period, however, is characterized by a rapid progression of 
hepatic fibrosis, development of cholestatic syndrome, and 
high mortality rate [155].

Renal transplantation among HCV-infected individuals 
undergoing renal transplantation have decreased mortality 
and cardiovascular events and improved qualitiy of life com-
pared to those maintained on long-term renal replacement 
therapy [145, 156]. Overall survival is improved following 
kidney transplantation for the HCV-infected individual; 
however, long-term patient and graft survivals are reduced 
in HCV-infected patients compared with uninfected trans-
planted controls, with a reported relative risk of 1.6 12 years 
after undergoing transplantation [157, 158]. Additionally, 
increased burden due to liver disease, new-onset diabetes 
mellitus, post-transplant glomerulonephritis, and sepsis was 
observed notably more frequently among HCV-positive 
patients [158, 159].

Successful treatment of HCV in patients with end-stage 
renal disease is associated with a lower incidence of HCV- 
related post-transplant glomerulonephritis [160]. Due to the 
potential for interferon treatment-induced acute allograft 
rejection, post-transplant HCV treatment was previously 
regarded as a contraindication. The strong efficacy of DAA 
now renders all HCV patients potential treatment candidates 
after kidney transplantation.

 Source of Allograft

The use of HCV-positive donors in HCV-positive recipients 
is commonly employed to mitigate the shortage of organs 
in the face of increasing waitlist times. The prevalence of 
 post- transplant liver disease and graft and patient survival 
in the HCV-positive population was similar after an aver-
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age of 26–30-month follow-up regardless of donor HCV 
status [161]. A subsequent large retrospective study dem-
onstrated that longer-term survival was favorable among 
HCV-negative donors, and in HCV-positive donor kidney 
transplant, survival improved compared with such patients 
who remained on hemodialysis [162]. Due to effectiveness 
of post- transplant treatment, a clinical trial of transplantation 
of HCV-positive allografts into HCV-negative recipients is 
currently underway [163].

 Heart and Lung Transplantation

Among heart transplant recipients, the presence of HCV 
ranges from 7% to 18% [164, 165]. In a retrospective study 
of 96 patients with and without pre-existing HCV infection, 
no difference in mortality rates was observed, although liver- 
related deaths were more common among HCV infected 
patients (39%) compared with those without HCV infection 
(2%) [166]. Several subsequent studies with follow-up peri-
ods of 5 years have found a significantly higher mortality in 
HCV-seropositive individuals [167, 168].

Unlike liver and kidney allograft transplants, which are 
known viral reservoirs, the reported rate of HCV transmis-
sion from HCV-seropositive donor heart transplants has 
been lower, ranging between 25% and up to 82% [169, 170]. 
Although satisfactory outcomes of allocating HCV-positive 
hearts to elderly recipients have been reported, recent studies 
have reported an increased mortality in recipients of HCV- 
infected donor hearts [171].

Heart transplantation recipients should be carefully evalu-
ated for antiviral treatment. Interferon may exacerbate heart 
failure or arrhythmias, and ribavirin-induced anemia may 
precipitate coronary ischemia and should be used with cau-
tion in such patients. Direct-acting antiviral treatments with 
improved side effect profiles have demonstrated successful 
eradication of HCV and may therefore become more widely 
utilized in this population [172].

The prevalence of HCV-seropositive lung transplant 
recipients in the period 2000–2007 was 1–2% [173]. Rapidly 
progressive hepatic fibrosis largely accounts for the high mor-
tality rate following lung transplantation [174]. Most cen-
ters defer lung transplantation in HCV-seropositive patients. 
However, a survey report published in 2011 indicated that 19 
centers that considered HCV-seropositive patients for lung 
transplantation had a 5-year post-transplant survival rate 
of 51% compared with 49% observed in HCV- Ab- negative 
recipients [173]. Although the study was encouraging, it had 
many important limitations as it did not distinguish the viro-
logic status of HCV-seropositive lung transplant recipients 
by the level of HCV viremia and pre- transplant liver histopa-
thology in HCV-seropositive candidates. Based on data from 
a few single-center reports with small numbers, guidelines 
from the American Society for Transplant Physicians and 

International Society for Heart and Lung Transplantation 
indicate that “Hepatitis C with biopsy-proven histologic 
evidence of liver disease” is a contraindication for lung 
transplantation [173–175]. Finally, combined liver/heart 
transplantation for patients with decompensated cirrhosis 
has been proposed [176].

 Hepatitis C in Bone Marrow Transplantation

Hepatitis C is an important pathogen in patients undergoing 
HSCT.  Recent epidemiologic and molecular observations 
have linked HCV to the development of mostly non-Hodgkin 
B-cell lymphomas following allogenic stem cell transplanta-
tion. Studies from Italy and Japan, where HCV prevalence 
in the general population ranges between 2% and 10%, 
demonstrated an increased risk for B-cell lymphoma (odds 
ratio from 2 to 4) in individuals with chronic HCV infection 
[177, 178, 179]. Although the precise molecular basis for 
HCV- induced B-cell proliferation remains to be determined, 
possible mechanisms include chronic antigen stimulation of 
B-cell subpopulation through B-cell surface receptors and 
complex cell immortalization and proliferation via a variety 
of pathways currently under investigation [180, 181, 182]. 
Antiviral therapy for the treatment of chronic HCV infec-
tion in patients with potential HCV-related B-cell neoplastic 
processes is without effect.

The prevalence of HCV infection was nearly 6% in HSCT 
recipients [183]. HCV infection poses unique challenges in 
this population during early and late post-transplant period. 
In the early transplant period, HCV infection has been asso-
ciated with a higher risk for veno-occlusive disease and 
acute graft-versus-host disease involving the liver [184, 
185]. Patients after HSCT may have five- to tenfold increase 
in the serum alanine aminotransferase level; distinguishing 
between acute hepatic GVHD vs. acute viral or drug-induced 
hepatitis becomes difficult [184]. In the late transplant period, 
patients with chronic HCV infection may have a higher rate 
of liver-related mortality. Eleven to twenty-four percent of 
long-term HSCT survivors (20 years) may develop cirrhosis 
of the liver [186, 187]. In one series, HCV genotype 3 was 
determined to be a risk factor for the development of cirrho-
sis, and the median time to cirrhosis in 96 HCV- seropositive 
allogeneic HSCT recipients was 18 years as compared with 
40 years in 158 HCV-infected controls who did not receive 
transplants [187].

Because of the increased risk of complications, deter-
mination of the stage of HCV disease prior to stem cell 
transplantation is essential. Presence of severe hepatic 
fibrosis and cirrhosis increases the risk for fatal sinusoidal 
 obstruction syndrome (SOS) following certain myeloab-
lative preparatory regimens, and in such patients, highly 
immunosuppressive conditioning regimens are contrain-
dicated. While the presence of hepatitis C infection is not 
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an absolute  contraindication to undergo allogeneic HSCT, 
patients should be selected based on the potential risk for 
complications during the post-transplant period. Liver 
biopsy may be considered in certain high-risk individuals 
before transplantation. There is limited literature describing 
the optimal approach to treatment of hepatitis C following 
blood and bone marrow stem cell transplantation. However, 
because of higher risk of earlier cirrhosis, it is recom-
mended to repeat histological liver evaluation in all patients 
to evaluate the degree of fibrosis and grade of necrosis and 
inflammation. Interferon and ribavirin treatment in patients 
with hematologic malignancies posed a serious challenge 
due to the increased risk of drug toxicity [184]. Nearly 30% 
of patients cannot be treated because of contraindications 
[188]. In patients who can tolerate therapy, 20–40% may 
demonstrate a sustained virological response after bone mar-
row transplantation with combination treatment, reducing 
the risk for severe HCV-related complications [186, 187]. 
While direct-acting antivirals have prospects for improving 
treatment efficacy in this population, they have not to date 
been rigorously evaluated in the setting of allogeneic blood 
and bone marrow transplantation.
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 Introduction

Enteroviruses are single-stranded RNA viruses with a small 
genome that, as their name suggests, are typically spread by the 
fecal-oral route and replicate in the gastrointestinal (GI) tract. 
Most enteroviral infections are asymptomatic, but may spread 
to secondary sites outside of the GI tract. Such infections may 
present as mild upper respiratory tract illness; epidemic hand, 
foot, and mouth disease; or more serious diseases such as myo-
carditis, meningitis, and acute flaccid paralysis [1]. It is not 
unexpected that enteroviral infections lead to potentially more 
serious illness in the immunocompromised host.

 Virology

The Picornaviridae family includes clinically significant 
genera like Rhinovirus, Hepatovirus (hepatitis A virus), 
and Enterovirus; viruses belonging to Picornaviridae are 

common cause of viral infection in humans [2]. Poliovirus, 
the best-studied member of the Enterovirus genus, was 
one of the first viruses to be completely sequenced, allow-
ing for mapping of viral proteins and a better understand-
ing of the viral replication process [3]. The non-enveloped 
enterovirus virion is small and consists of an icosahedral 
capsid of approximately 300 angstroms in diameter 
enclosing a positive strand of RNA of 7.4 kilobases [4]. 
The viral RNA codes for a 250 kD polyprotein which is 
then cleaved into P1, P2, and P3 proteins [5]. Protein P1 
is processed by viral proteases into capsid proteins VP1, 
VP2, VP3, and VP4, while proteins P2 and P3 undergo 
subsequent processing to generate the viral RNA poly-
merase (protein 3D), viral protease (protein 3C), and other 
proteins necessary for viral replication [6, 7]. Like other 
RNA viruses, the high mutation rate during genome repli-
cation coupled with short replication times and a large 
number of daughter viruses per infected cell can give rise 
to heterogeneous viral populations in the course of a sin-
gle infection [8].

The lack of a lipid envelope makes these viruses resis-
tant to alcohol; Enteroviridae are stable at a wide range of 
pH [9]. They are vulnerable to drying, ultraviolet radia-
tion, extreme heat, as well as sodium hypochlorite and 
glutaraldehyde [10].

 Nomenclature

The nomenclature of the subgenera can be confusing, as it 
has changed over time based on enhanced genome sequenc-
ing data. The traditional classification divided the 
Enteroviridae into four main groups. Poliovirus (PV), the 
causative agent of poliomyelitis, was the first subgenera to 
be identified [11]. Subsequently coxsackievirus was isolated 
in 1948 from the stool of children in Coxsackie, New York, 
with evidence of myelitis or meningitis and no evidence of 
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poliovirus [12]. Initial classification was based on the results 
in a newborn mouse model of neurologic disease, as injec-
tion of what came to be known as the group A coxsackievi-
ruses (CVA) associated with milder disease with flaccid 
limb paralysis. Group B coxsackieviruses (CVB) caused 
spastic paralysis and widespread tissue destruction. The so-
called echoviruses (enteric cytopathic human orphan 
viruses) were initially isolated from the stool of asymptom-
atic individuals and were initially thought to cause no dis-
cernable clinical disease [13]. Over 60 human serotypes 
were described that were distinguished by cross-reactivity 
of serum from clinical isolates and were given sequential 
notations, for example, CVA9 or CVB1. The newer entero-
viruses (EV) were assigned numbers, for example, EV71 
[3]. Some gaps in the numbering exist due to changes in 
classification because some serotypes were subsequently 
found to be identical to other viral subtype [14]. Limitations 
of this classification system include (1) difficulty in cultur-
ing some enteroviruses, (2) limited availability of antisera 
for serotyping, and (3) serotyping procedures which are 
technically challenging [15].

An alternate method for enterovirus typing based on 
molecular genetic techniques has been developed which relies 
on sequencing of the P1 region that encodes the capsid pro-
teins. The current viral taxonomy divides the enteroviruses 
into groups A through D based on sequence homologies. 
There are data that suggest a stronger association with clinical 
syndromes when this typing method is used as compared with 
the previous classification [16]. The assignment of the classi-
cal subtypes and new genetic subtypes is shown in Table 42.1. 
Many members of species human enterovirus A and human 
enterovirus B have now been sequenced [2, 17].

An interesting insight from the mass sequencing of the 
enteroviruses has been the discovery of the frequent recom-
bination events between genetic material outside of the cap-
sid protein-encoding region [18]. Recombination typically 
occurs within species, and interestingly, sequence similarity 

between strains has been found to mirror previously 
described antigenic cross-reactivity [17].

Although there remains much overlap in clinical syn-
dromes among the species classifications, in general human 
enterovirus A (HEV-A) has been associated with hand, foot, 
and mouth disease and CNS infections; human enterovirus B 
(HEV-B) with pleurodynia, myocarditis, meningitis, and 
encephalitis; human enterovirus C (HEV-C) with poliomy-
elitis, meningitis, and hemorrhagic conjunctivitis; and 
human enterovirus D (HEV-D) with respiratory tract infec-
tion [14, 16].

Enterovirus 71 (EV71) in the HEV-A species is also nota-
ble for its appearance in several epidemics in Asia, causing 
an especially large and severe outbreak in Sarawak, Malaysia, 
which was associated with high mortality [19]. Other coun-
tries in Asian such as Taiwan, Singapore, Malaysia, and 
Japan had reported similar infections [20]. Hand, foot, and 
mouth disease and herpangina are common illnesses due to 
this virus; EV71-related encephalitis and acute flaccid paral-
ysis are a concerning complication noted with the emergence 
of this virus, mostly described in outbreaks in Asia [21]. 
Some studies have suggested that virologic differences may 
exist between strains isolated from patients with herpangina 
compared with neurotropic strains causing encephalitis [22].

 Pathogenesis

The reservoirs for human enterovirus infection are humans; 
nonhuman primates may be experimentally infected with 
human enteroviruses; they are not the source of virus in natu-
rally occurring infection [13]. The standard model for patho-
genesis is that of the poliovirus, where the process begins 
with the initial infection of host cells in the oropharynx and/
or intestinal mucosa. From there, the virus can gain access to 
the cervical and mesenteric lymph nodes resulting in tran-
sient viremia (Fig. 42.1) [11]. Although fecal-oral transmis-
sion is the most common, infection via the respiratory route 
may also occur. At this point infection may be asymptomatic 
or may cause nonspecific symptoms such as fever, malaise, 
and sore throat. One study showed that the presence of intes-
tinal bacteria may promote replication of enteroviruses in the 
gut as mice treated with antibiotics had a 50% decrease in 
mortality compared with untreated mice, and the reintroduc-
tion of bacteria in this model enhanced poliovirus disease 
[23]. Central nervous system (CNS) access may be gained 
either directly from the blood or by axonal transport.

Enteroviruses gain entry into epithelial and lymphoid 
cells via binding to specific cell surface receptors, which var-
ies by subtype. Poliovirus binds to the poliovirus receptor 
(CD155), a cell surface molecule whose physiologic func-
tion is still uncertain [24]. The coxsackievirus A group 
 utilizes intercellular adhesion molecule 1 (ICAM-1 or CD54) 

Table 42.1 Classification of the enteroviruses [14]

Current 
taxonomy Traditional taxonomy
HEV-A CAV2–8, CAV10, CAV12, CAV14, CAV16; EV71, 

EV76, EV89, EV90, EV91
HEV-B CAV9; CBV1–6; E1–7, E9, E11–21, E24–27, 

E29–33; EV69, EV73–75, EV77–78, EV79–88, 
EV100–101

HEV-C CAV1, CAV11, CAV13, CAV17, CAV19–22, 
CAV24, PV1–3

HEV-D EV68, EV70

Adapted from the CDC report on enterovirus surveillance Khetsuriani 
et al. [14]
HEV-A human enterovirus A, HEV-B human enterovirus B, HEV-C 
human enterovirus C, HEV-D human enterovirus D, CAV coxsackie A 
virus, EV enterovirus, CBV coxsackie B virus, E echovirus
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that functions as an integrin receptor to gain entry into host 
cells; rhinovirus also uses ICAM-1 for this purpose [25]. The 
coxsackievirus B group can bind to either decay-accelerating 
factor (DAF or CD55) or coxsackievirus-adenovirus recep-
tor (CAR), another immunoglobulin superfamily member, 
with the latter thought to be the dominant receptor [26]. 
Many of the enterovirus and host receptor protein crystal 
structures are now known [27]. For some of these cell sur-
face receptors, it has been postulated that the level of expres-
sion in the host may determine susceptibility to viral 
infection. For example, children have high levels of CAR 
expression in the heart and may exhibit a heightened suscep-
tibility to myocarditis [28]. Other host factors that may play 
a role in susceptibility to enteroviral diseases such as polio-
myelitis and myocarditis include malnutrition, pregnancy, 
and exhaustion from strenuous exercise [1, 28].

For specific disease entities, the details of pathogenesis 
vary by the organ type involved. For poliomyelitis, when the 
virus enters the CNS either via blood or via axonal transport, 
the replication in motor neurons within the spinal cord, 
brainstem, or motor cortex leads to cellular damage and mus-
cle paralysis [11].

CNS disease due to EV71 reflects viruses’ high propensity 
for neurotropism, with the brainstem being the major target of 
infection [29]. Axonal pathway spread similar to poliovirus 
has been suggested. In a study among children in Taiwan with 
this infection, there was correlation with the levels of cyto-
kines IL-6 and interferon-gamma in the CNS with more 
severe cases of brainstem encephalitis presenting with auto-
nomic system dysregulation and pulmonary edema [30].

In myocarditis, the pathogenesis of disease includes both 
direct cellular damage from the viral infection and secondary 
damage due to the elicit hosts’ immune response. 
Coxsackievirus proteases can inhibit cell protein synthesis 
machinery by protease cleavage of eukaryotic initiation fac-
tor, and these proteases can also cleave dystrophin, affecting 
the integrity of the sarcolemma membrane [28]. The antiviral 
immune response can be beneficial in limiting the extent of 
viral replication but can also lead to increased cellular destruc-
tion and clinical disease [31]. Cellular damage is irreparable 
in organs such as the heart and brain with  terminally differen-
tiated cells. Persistence of enterovirus RNA in the heart after 
acute infection has also been associated with worsened clini-
cal outcome in patients with enteroviral myocarditis [32].

extraneural
tissue

viremia

lymph
node

motor end plate

retrograde

motor neuron

spinal cordmucosal
surface

Fig. 42.1 Hypothetical scheme of poliovirus pathogenesis based on 
experimental findings in humans, monkeys, chimpanzees, and trans-
genic mice. Ingested virus initially replicates in the oropharyngeal and 
intestinal mucosa. Virus replication at these sites reaches the blood 
through the lymph nodes, resulting in a primary viremia. Invasion of 
virus into the central nervous system may occur either directly from the 
blood or by retrograde axonal transport when the virus enters the neu-
romuscular junction. It is believed that invasion of the brain or spinal 
cord must be preceded by viral multiplication in extraneural tissues, 

which leads to a sustained viremia. These extraneural tissues may 
include the skeletal muscle and brown fat. Virus is spread most fre-
quently by the fecal-oral route. Shedding of virus from the nasopharynx 
may lead to transmission of infection by the respiratory route, which 
occurs in developed countries with high standards of sanitation [11]. 
(Reprinted from Virology, Vol. 344/Issue 1, Racaniello VR, One hun-
dred years of poliovirus pathogenesis, pages 344:9–16, © 2006, https://
www.sciencedirect.com/science/article/pii/S0042682205005830, 
with permission from Elsevier)
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 Immune Response

The response to enterovirus infection involves both innate 
and adaptive immunity. One important experimental model 
has been transgenic mice expressing CD155, the poliovirus 
receptor. The use of this model has demonstrated the impor-
tance of type I interferons as mice deficient in the interferon- 
alpha receptor demonstrate viral replication in many tissues 
that are not normal targets of poliovirus such as the liver and 
spleen [33]. Not surprisingly, the Toll-like receptors (TLR) 
have also been shown to be important in the control of viral 
infection as TLR7 detects viral single-stranded RNA and 
TLR3 viral double-stranded RNA, which is an intermediate 
in the replication pathway. In a mouse model of poliovirus 
infection, knockout mice lacking TLR3 had much higher 
viral loads in nonneural tissues and high mortality [34]. The 
importance of TLR3 has also been shown in a myocarditis 
model of coxsackie B virus infection [35]. In addition, both 
NK cells and macrophages have been thought to play an 
important role in the control of infection [36].

It has been observed that both humoral and cellular immu-
nity are important for the control of infection for all species 
of enteroviruses [37]. The crucial role of neutralizing anti-
bodies for the control of viral infection is highlighted by the 
observation that patients with agammaglobulinemia are very 
vulnerable to chronic enterovirus infections [38]. This is fur-
ther supported by the strong antibody response generated by 
poliovirus vaccination, which is also seen in mouse models 
of infection [37]. B cells, however, may also play a role in 
viral dissemination as mice deficient in B cells have lower 
viral titers on day 1 postinfection compared with normal 
mice [39]. It has also been postulated that the virus gains 
access to these immune cells by binding to cell surface pro-
teins at tight junctions between epithelial cells, allowing for 
virus tagged along the migratory immune cells to sites of 
injury or inflammation. This may represent a mechanism for 
spread throughout the body as well as evading neutralizing 
antibody response [40].

Early studies in mice demonstrated the importance of T 
cells in the control of enterovirus replication as longer virus 
persistence was seen in athymic nude mice in the myocardi-
tis model [41]. Similarly, in a mouse model of poliomyelitis, 
administration of antithymocyte globulin led to longer per-
sistence of virus in the CNS with associated increased rates 
of CNS disease and death [42]. The effect of inflammatory 
cells such as T cells is important for clearance of infection 
but may cause additional cell-mediated injury and necrosis 
[28]. This CD8+ T-cell role, however, appears to be indepen-
dent of perforin in the mouse model as perforin knockout 
mice were able to clear infection at similar rates to wild type 
but had less myocarditis and subsequent fibrosis [43]. CD4+ 
T cells are also thought to play a role in inflammation as 
transfer of naïve cells exacerbated myocarditis in a mouse 

model, while transfer of CD4 + CD25+ Tregs protected mice 
from early mortality with decreased viral load and inflamma-
tion [44].

The role of autoimmunity has also been posited in myo-
carditis, either through molecular mimicry where sequence 
similarities between viral and host antigens lead to autoim-
munity, through the release of autoantigenic host cell pro-
teins released from dying cells, or possibly via nonspecific 
upregulation of the immune system with increased CD40 
expression and TLR stimulation creating a permissive atmo-
sphere for autoimmunity to develop leading to cardiomyopa-
thy [45]. A large volume of literature also exists exploring 
the likely connection between enterovirus infection of the 
pancreas and the development of type 1 diabetes [46]. Both 
the genetic predisposition of the host and the age at which 
one is exposed to enterovirus infection, with delayed expo-
sure now common in the developed world due to improving 
standards of hygiene over the past 50 years, may play a role 
in the propensity to develop diabetes after infection.

 Epidemiology

In the USA, enterovirus infections are tracked by the National 
Enterovirus Surveillance System as well as the National 
Respiratory and Enteric Virus Surveillance System, two lab-
oratory surveillance systems that rely on voluntary reporting. 
The peak of enterovirus activity in temperate climates is in 
the summer and fall, with 70% of reported detections in the 
2006–2008 period occurring between July and October [47]. 
The five most common serotypes in that period were CVA9, 
CVB1, E6, E9, and E18 and accounted for over 50% of total 
serotyped detection. In over 1600 cases reported, the mean 
age was 9 years and median age 2 years [47]. These findings 
regarding the time of onset, age range, and serotypes are 
similar to previous trends described in the USA [14]. 
Enterovirus is endemic worldwide; epidemics can also occur, 
observed in underdeveloped regions with suboptimum 
hygiene [46]. Viral spread has also been reported from recre-
ational water exposure [48].

The epidemiology of poliovirus charts an incredible 
chronicle of public health response to infection, with a 
groundbreaking vaccination campaign launched in response 
to a surge of cases in the 1940s and 1950s in the USA [49] 
resulting in eradication of this public menace in the USA in 
1979. A greater than 99% reduction in the incidence of new 
polio cases worldwide as of the year 2000 through the use of 
oral poliovirus vaccine (OPV) and inactivated poliovirus 
vaccine (IVP) was encouraging [50]. However, over the past 
decade, the struggles continue in preventing the remaining 
1% of polio cases due to under-immunization in developing 
regions such as Africa, where vulnerable population remains 
susceptible to the reimportations of wild-type poliovirus in 
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previously polio-free regions [50, 51]. As of 2013, there are 
three remaining countries where endemic wild-type poliovi-
rus continues to exist; these include Pakistan, Afghanistan, 
and Nigeria [52].

In addition to naturally occurring poliovirus disease, the 
use of OPV, a live-attenuated virus, has led to circulation of 
vaccine-strain viruses, and in some instances, vaccine- 
derived polioviruses have acquired neurovirulence resulting 
in clinical disease even in immunocompetent hosts [53, 54]. 
Due to this concern, IPV has been exclusively used in the 
USA since the year 2000 [55]. Worldwide, new outbreaks of 
vaccine-derived poliovirus continue to occur with new out-
breaks since 2009 in Afghanistan, Ethiopia, and India [56].

 Clinical Syndromes

 Poliovirus

Although poliovirus is best known for causing paralytic 
poliomyelitis, like other enteroviruses, it manifests a range 
of clinical entities ranging from asymptomatic illness to mild 
gastrointestinal disease to severe paralysis and death [49]. 
Nearly 5% of patients who do develop symptoms after expo-
sure most experience “minor illness” or “abortive poliomy-
elitis” with fever, malaise, headache, sore throat, and GI 
complaints without neurologic findings [13]. Poliovirus can 
also cause an aseptic meningitis, known as “nonparalytic 
poliomyelitis.”

Paralytic poliomyelitis can present initially similar to the 
aforementioned minor clinical illness; resolution of these 
nonspecific symptoms may be followed by meningitis with 
recurrence of fever, malaise, meningismus, and muscle pain 
followed by motor weakness and paralysis [13]. The so- 
called provocation poliomyelitis can be seen when an intra-
muscular injection is given after poliovirus exposure and 
paralysis begins or is most severe in the extremity where the 
injection occurred [49]. Patients can experience severity of 
illness ranging from weakness of a single muscle to com-
plete quadriplegia, with an asymmetric distribution of flaccid 
paralysis, and rarely paralysis of muscles innervated by cra-
nial nerves possibly leading to airway obstruction. The dif-
ferential diagnosis would include other enteroviral infection 
including EV71 as well as West Nile virus. Guillain-Barré is 
more symmetrical in presentation and is associated with loss 
of sensation, which is very rarely described in poliomyelitis. 
Paralytic poliomyelitis leads to permanent weakness in two- 
thirds of patients [57].

Vaccine-derived poliovirus can also cause disease, espe-
cially in population with poor immune coverage. OPV recip-
ients without previous poliovirus immunity can shed vaccine 
virus in their feces for 1–6 weeks and in the oropharynx for 
1–3 weeks.

There are several different clinical scenarios that can 
occur with OPV vaccine strains. Rarely, OPV vaccinees can 
develop vaccine-associated paralytic poliomyelitis; fre-
quency of this dreaded complication is estimated at one to 
two cases per million OPV immunizations [58]. Family 
members or other individuals in close contact with vaccinees 
are also exposed to the altered vaccine strain with disease- 
causing potential and at risk of such, albeit, exceedingly rare 
complications [58]. Finally, these reverted vaccine strains 
can enter the community; immunocompromised transplant 
recipients may rarely encounter these infections via casual 
person-to-person contact resulting in clinical disease and an 
unwitting reservoir for such infections due to prolonged peri-
ods of viral shedding [56].

 Non-poliovirus

Most non-poliovirus enterovirus infections are asymptom-
atic; over 90% of patients are either asymptomatic or exhibit 
mild symptoms such as nonspecific fever or upper respira-
tory infection symptoms [13]. In every infection, there is an 
approximate 3- to 5-day incubation period during which 
viral shedding occurs without clinical symptoms.

Aseptic meningitis is one of the most common clini-
cally diagnosed manifestations of enteroviruses, often 
seen with the HEV-B species such as CVB and echovi-
ruses [14]. In review of cases with aseptic meningitis in 
whom CSF PCR testing was routinely performed, entero-
viruses were identified in 20–40% of such cases reported 
from Sweden, Finland, Greece, and the USA [59–62]. 
Many patients initially presented with fever and upper 
respiratory infection-like symptoms, which temporarily 
abate followed by the appearance of headache and reap-
pearance of fever.

Encephalitis or meningoencephalitis may be the primary 
clinical presentation of infection due to enteroviruses. 
Clinical presentation includes depressed or altered state of 
consciousness, presence of focal neurologic signs, and new- 
onset seizures [13]. In fact, enteroviruses make up a sub-
stantial portion of known causes of such illnesses; in a case 
series using PCR for viral diagnosis, enteroviruses were 
second in frequency to herpes simplex virus in patients with 
central nervous system viral infections [59]. EV71 can 
cause a severe form of brainstem encephalitis presenting 
with symptoms such as truncal ataxia, myoclonus, inten-
tion tremor, and altered mental status [29]. For enterovi-
rus CNS  infections in children, deaths are often due to 
pulmonary edema, which is hypothesized to have resulted 
from neurogenic sympathetic overactivation. Patients 
undergoing transplantation with severe immune dysregula-
tion are considered at additional risk for enteroviral encepha-
litis or meningoencephalitis.

42 Enterovirus Infection in Immunocompromised Hosts
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A syndrome of flaccid paralysis can also be seen second-
ary to the non-poliovirus enteroviruses that are often difficult 
to differentiate from poliovirus infection as well as other 
viral CNS infections due to flaviviruses and rabies [19]. 
Flaccid paralysis is described in patients with HEV-B, EV68, 
and EV71 infections [14, 29].

One of the best-known enterovirus manifestations is viral 
exanthem including hand, foot, and mouth disease (HFMD). 
In the USA, HEV-A species is the prominent cause of HFMD 
and CAV16 the most common serotype isolated with such 
infections [63]. Children are most commonly affected. The 
presentation includes mild fever with skin rash on palms and 
soles along with shallow ulcers in the oral cavity. The rash is 
classically vesicular-papular and can also involve the but-
tocks; less commonly it may be seen with a maculopapular 
rash on palms and soles with or without oral ulcers [64]. 
Herpangina is another relatively benign manifestation of 
enterovirus and presents with fever and painful ulcers over 
the tonsillar pillars [64]. HFMD and herpangina are caused 
by the HEV-A species including EV71 as well as the HEV-B 
species [14, 19]. It is unclear if such infections are more 
severe in transplant recipients.

Acute hemorrhagic conjunctivitis is another syndrome 
caused by enteroviruses that is highly contagious resulting in 
often large epidemics around the world, mostly in individu-
als residing in tropics and subtropical regions [65]. This syn-
drome is clinically indistinguishable from 
adenovirus-associated conjunctivitis and is typically caused 
by HEV-C, typically CAV24 [14]. To our understanding, 
transplant patients do not have high susceptibility for acute 
enteroviral hemorrhagic conjunctivitis compared with the 
general population.

Myositis can also be seen with enterovirus infection and 
most commonly manifests as pleurodynia, a syndrome char-
acterized by fever and sharp, spasmodic chest or upper abdo-
men pain [66]. Although it is a benign disease, patients may 
experience severe anxiety due to splinting and resultant dif-
ficulty in breathing. It was originally reported as “acute rheu-
matism spread by contagion” in Norway; more recent 
epidemics are reported in Asia [66]. It is commonly associ-
ated with HEV-B species CVB1, whereas EV71 is associated 
with myositis [14, 19].

Myocarditis due to enteroviruses is a major cause of acute 
and chronic heart disease; its exact incidence in the general 
population is unknown; however, autopsies in children have 
reported a frequency of 2% [67], with an estimated range 
between 6% and 29% among children dying with idiopathic 
cardiomyopathy thought to be viral in origin [68]. Among 
the known causes of myocarditis, enteroviruses, notably 
CVB3 of HEV-B species, accounted for 50% of all cases [31, 
69]. Other important viruses associated with myocarditis 
include adenovirus and cytomegalovirus infections and may 
be of concern in transplant recipients with severe adaptive 

T-cell dysfunction [70]. Presentation of viral myocarditis, 
which often involves myopericarditis, is sharp anterior chest 
pain, accompanied with cardiac arrhythmias, and dyspnea 
and acute pulmonary edema have been described and so are 
cases of unexplained sudden cardiac arrest [68]. In addition 
to causing acute-onset heart failure, enteroviral infections 
have also been implicated in playing a role in patients with 
chronic cardiomyopathy. PCR studies in autopsy cases and 
explanted hearts demonstrated persistence of enterovirus 
RNA and protein in such myocardial tissue [71].

 Infections in Immunocompromised Hosts

The classic enterovirus disease associated with impaired 
immunity is chronic meningoencephalitis, a persistent CNS 
infection due to enteroviral infections. Patients with B-cell 
immunodeficiencies such as X-linked agammaglobulinemia 
are susceptible, and such infections are often fatal [38]. 
Patients typically present with symptoms of encephalitis, 
weakness, lethargy, depressed consciousness, ataxia, and 
seizures. Additional manifestations of clinical viral infection 
with a diffuse skin rash or acute viral hepatitis may also be 
present in some individuals. This syndrome is often due to 
echoviruses in HEV-B species, also seen in neonates [38]. 
Maintenance therapy with intravenous immunoglobulin 
(IVIG) has shown to reduce the risk for this complication in 
such patients [72]. This syndrome has also been described 
secondary to vaccine-derived poliovirus in patients with 
hypogammaglobulinemia or those with common variable 
immunodeficiency (CVID) syndrome; in one report viral 
persistence for 22  years despite treatment attempts under-
scores patients’ vulnerability with profound defects in 
mounting a sustained and robust humoral antiviral response 
[73, 74].

There are many case reports of vaccine-derived poliomy-
elitis secondary to vaccination with OPV in patients with 
CVID and other causes of hypo- or agammaglobulinemia 
prior to the switch to IPV [75]. This disease has also been 
described in immunocompromised children who did not 
receive vaccine but reside in communities where OPV is in 
use. For example, a fatal case of meningoencephalitis was 
seen in Japan in an infant with hypogammaglobulinemia 
who had not been vaccinated; cultures grew a revertant neu-
rovirulent strain of attenuated OPV [76]. Case reports as well 
as the fact that, even without causing clinical disease, OPV 
viral strains can replicate for years in patients with severe 
immune deficiency should alert caregivers for the transplant 
patients for this potential complication in these highly sus-
ceptible populations [56].

Although common in the community, the literature on 
enteroviral infections in immunocompromised hosts is rela-
tively sparse with a limited number of case reports described 
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in patients undergoing hematopoietic stem cell transplant 
(HSCT) or antineoplastic chemotherapy [77]. PCR-based 
studies of stool and oropharyngeal samples in recipients of 
T-cell-depleted HSCT in the UK revealed a 10% incidence 
of enteroviral infection, unrelated donor graft being the 
prominent risk factor for such infections [78]. Most infec-
tions in these patients were symptomatic; upper respiratory 
tract illness was common, although persistent pneumonia 
with CVB and CMV and protracted weakness, fatigue, and 
myalgia were observed in one patient each. A study in chil-
dren receiving chemotherapy revealed a high incidence of 
enteroviral infection. Over 50% of children undergoing 
treatment for acute leukemia developed a symptomatic infec-
tion detected by PCR testing. It was not surprising that inci-
dence and seasonal variation reflected those of the 
surrounding community [79]. These infections often lead to 
severe clinical disease, and 15% died from complications of 
such infections including encephalitis and myocarditis.

Typical enteroviral infections such as hand, foot, and 
mouth disease have also been reported in immunocompro-
mised hosts, with case reports of patients with lymphopenia 
experiencing prolonged periods of new crops of rash appear-
ing over a duration of several weeks [80]. There was an 
additional report of disseminated enterovirus infection 
resulting in conjunctivitis, nephritis, and persistent diarrhea 
in a patient with lymphopenia following alemtuzumab ther-
apy [81]. Some investigators have hypothesized that increas-
ing use of B-cell-depleting agents such as anti-CD20, 
rituximab, and anti-CD52, alemtuzumab, may lead to higher 
rates of enterovirus infections [82]. Finally, a fatal case of 
disseminated enterovirus infection was reported in autolo-
gous HSCT recipient with an extensive prior history of anti-
neoplastic therapy for Hodgkin’s disease; the virus was 
demonstrated to have involved the heart, lung, liver, and 
spleen in this patient [83].

Similar to non-immunosuppressed patients, enteroviral 
CNS infection in the immunocompromised patients 
includes encephalitis and myelitis. Two children following 
HSCT in Austria presented with fever, lethargy, and sei-
zures, diagnosis of enterovirus infection was made, and 
both patients made full recovery [84]. Whereas a patient 
with heavily treated relapsed lymphoma and known stable 
chronic enterovirus meningitis underwent HSCT, 40 days 
after transplantation, a rapidly progressive enterovirus 
encephalitis was fatal [82]. Several cases of enterovirus 
meningoencephalitis in patients given rituximab have been 
described including those undergoing combination chemo-
therapy such as R-CHOP for non-Hodgkin’s B-cell lym-
phoma [85]. Enterovirus 71 encephalitis has been observed 
to result in more severe disease in patients with primary 
immunodeficiency and those with agammaglobulinemia. 
Similarly, cancer patients with treatment-induced leukope-
nia and those undergoing treatment with rituximab have 

also demonstrated a high disease severity due to enterovi-
rus 71 infection. In immunosuppressed patients, diagnostic 
workup should include PCR analysis of CSF and skin 
lesions, when present [77, 86]. A report from Italy described 
severe myelitis in a patient receiving interferon therapy for 
chronic HBV hepatitis; this patient presented with lower 
limb paraplegia, and diagnosis was confirmed by PCR on 
CSF sample [87].

Pneumonia and other respiratory tract infections due to 
enterovirus are well described in immunocompromised 
hosts. A case series from Spain in patients undergoing treat-
ment and HSCT for hematologic malignancies showed 33% 
had enterovirus respiratory tract infections detected by 
immunofluorescence and viral culture [88]. Among these 
patients presence of lymphopenia was noted as an important 
risk factor for enterovirus infection compared with a compa-
rable cohort of patients diagnosed with rhinovirus lower 
respiratory tract disease [88]. The mortality rate approached 
30%, especially in patients with concurrent and/or superim-
posed infections due to bacteria, Aspergillus spp., or 
CMV.  Others have reported 75% mortality in enteroviral 
lung infection among HSCT recipients, even in the absence 
of concurrent infection due to other pathogen(s) [89]. Fatal 
cases of enteroviral pneumonia have also been described in 
pediatric recipients of hematopoietic stem cell allografts 
[82]. Enteroviral respiratory infections have been described 
after lung transplantation; enterovirus was detected in respi-
ratory secretions from symptomatic and asymptomatic lung 
transplant recipients in PCR screening studies for potential 
viral pathogens [90, 91].

Gastroenteritis in patients undergoing allograft hemato-
poietic stem cell transplantation showed approximately 10% 
of cases were due to enterovirus infection [92]. Another 
interesting study in HSCT recipients identified an increased 
frequency of enterovirus isolation in the recipients of unre-
lated donor grafts; such patients also tested positive for other 
intestinal pathogens [93].

Hemophagocytic syndrome secondary to enterovirus 
infection has also been described in children with malig-
nancy. In a study from Greece, 5% of patients admitted to a 
hospital with enterovirus infection had evidence of infection- 
associated hemophagocytic syndrome; diagnosis was con-
firmed by PCR in bone marrow biopsy samples along with 
immune staining illustrating the presence of enteroviruses 
and exclusion of other potential pathogens [94].

Viral myocarditis is not well described in immunocom-
promised hosts, although it has a strong correlation with 
transplant-induced immune suppression and clinical 
 presentation such as idiopathic cardiomyopathy. A study 
from Germany in heart transplant recipients reported 60%, 
of mostly young donors, had PCR presence of enteroviral 
nucleic acid in the heart tissue; not unexpected that CVB was 
the prominent viral strain identified [95]. This observation 
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suggests a significant risk for graft-transmitted viral infec-
tion in patients undergoing heart transplantation, especially 
from a young donor. In fact, there have been suggestions that 
enterovirus or adenovirus infection of the transplanted car-
diac graft in children attributed toward the subsequent risk 
for allograft loss [96].

Given the increased morbidity and mortality associated 
with enteroviral infections among the immunocompromised 
host, high prevalence of asymptomatic or mild clinical ill-
ness in the general population including household contacts 
of patients undergoing allograft hematopoietic stem cell or 
solid organ transplantation remains a cause for concern. 
Such patients should be instructed to take precautions regard-
ing contact with any individual with a viral illness including 
diarrheal illness, especially in infants, children, and young 
adults. Table 42.2 shows some clinical syndromes caused by 
enteroviruses.

 Diagnosis

As can be appreciated from the diverse clinical syndromes 
associated with enteroviruses that often present with a sig-
nificant overlap in various disease manifestations, the key 
approach tends to be a presumption for such infections. For 
CNS disease including poliomyelitis, examination of the 
CSF includes pleocytosis, classically described as with a 
neutrophil predominance early in infection followed by 
prominent lymphocytes during the post-acute phase of infec-
tion. CSF proteins may be modestly elevated as seen with 
other cases of viral meningitis [49]. Enteroviral meningitis in 
children recently challenged the dogma of late appearance of 
lymphocytes in the course of such infections [97].

Cell culture is the traditional method for diagnosis. 
Enteroviruses grow ex  vivo in a variety of commercially 
available cell lines. The observation of cytopathic effects, fol-
lowed by evaluation of serotype either by testing with antisera 
or using commercially available monoclonal antibodies for 
florescent staining, is used for species and subtype confirma-
tion [98]. Tissue samples, pericardial fluid, CSF, blood, and 
feces can be used for laboratory cell culture analysis.

RT-PCR which targets the conserved 5′ noncoding region of 
the enterovirus genome is a newer technique that allows for 
quicker and more sensitive test results compared with culture- 
based identification methods [98]. PCR assay on CSF samples 
now plays an important role in the accurate diagnosis of entero-
viral meningitis in children presenting with nonspecific febrile 
illness [99]. CSF, throat swabs, stool, urine, serum, and endo-
myocardial biopsy material are suitable samples for PCR analy-
sis. Newer methodologies aimed at EV71 utilize real-time 
RT-PCR allowing for a more rapid and accurate diagnosis of 
both enteroviral infection and diagnosis of specific EV71 viral 
strain [100]. Serology testing of the blood using neutralization 
type-specific immunoassays is often used for outbreak investi-
gations and prevalence analysis of enteroviral infections [13].

In patients with CNS disease, MRI examination is now 
considered as the gold standard for evaluation of patients with 
flaccid paralysis due to enterovirus; characteristic lesions in 
the anterior horns of the spinal cord are considered highly 
suggestive for such infections [101]. A series of patients with 
enterovirus 71 encephalitis revealed hyperintensity in the 
posterior portion of the brainstem on T2-weighted and FLAIR 
images; however, less typical lesions including leptomenin-
geal enhancement have also been observed in other patients 
with EV71 encephalitis [102].

 Prevention

Prevention against poliovirus infection and disease has a long 
history [1] and continues to be part of the CDC’s Advisory 
Committee on Immunization Practices “Recommended 

Table 42.2 Clinical syndromes caused by enteroviruses [14, 72, 94]

Clinical syndrome
Predominant enterovirus species 
(serotype(s))

Hand, foot, and mouth disease HEV-A (CAV16, EV71), HEV-B 
(CVB5)

Herpangina HEV-A (EV71), HEV-B (CVB3, 
CVB5, E30)

Gastroenteritis HEV-B (E6, E7, E13)
Respiratory infections HEV-A (EV71), HEV-B (E30), 

HEV-D (EV68)
Myositis/pleurodynia HEV-B (CVB1)
Myocarditis HEV-A (CAV16), HEV-B (CVB3, 

CVB5)
Acute hemorrhagic 
conjunctivitis

HEV-C (CAV24)

Aseptic meningitis HEV-A (EV71), HEV-B (CVB5, E9, 
E30)

Encephalitis HEV-A (EV71), HEV-B (CVB5, E9, 
E30)

Chronic meningoencephalitis HEV-B (E3, E11, E24)
Myelitis/flaccid paralysis HEV-A (EV71), HEV-B (CVB5, E7, 

E9)
Poliomyelitis HEV-C (PV1, PV2, PV3)
Vaccine-derived poliovirus 
disease

OPV

Hemophagocytic syndrome HEV-B (CVB3)
Systemic infection HEV-B (CVB3, CVB5)

Adapted from the CDC report on enterovirus surveillance Khetsuriani 
et al. [14] plus other selected references [72, 94].
HEV-A human enterovirus A, HEV-B human enterovirus B, HEV-C 
human enterovirus C, HEV-D human enterovirus D, CAV coxsackie A 
virus, EV enterovirus, CBV coxsackie B virus, E echovirus, OPV oral 
poliovirus vaccine
The most common etiologies of each clinical syndrome are listed based 
primarily on US epidemiologic studies; the indicated species are not 
meant to be a complete list of possible enteroviral causes of each syn-
drome. Serotypes are listed alphabetically/numerically, not in the order 
of frequency
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Immunization Schedule for Persons Aged 0 Through 18 
Years.” New developments in vaccines have spurred the rising 
frequency of reported enterovirus outbreaks, especially 
EV71, in many parts of Asia, leading to increasing calls for a 
public health vaccination approach [21, 103]. A multicenter, 
randomized trial conducted in China including more than 
10,000 children demonstrated vaccine safety and efficacy of 
90% in the prevention of hand, foot, and mouth disease and 
80% efficacy in the prevention of EV71-associated herpan-
gina and neurological complications [104]. Other EV71 vac-
cine trials have shown improved immunogenicity with higher 
vaccine doses that may persist for up to 12 months after vac-
cination [105].

 Treatment

There is hope for significant future progress in the treatment 
of severe enteroviral disease although specific antiviral drug 
treatment is still not available. In the early days of poliomy-
elitis, strict bed rest was found to reduce the extension of 
paralysis [49]. For bulbar involvement, the “iron lung” was 
the supportive treatment of choice. In the modern era, 
patients presenting with hypoxia and inability to control 
secretions may require endotracheal intubation for airway 
protection. Once progression of paralysis has ceased, physi-
cal therapy can begin [49].

IVIG is considered as the mainstay of treatment for both 
enteroviral myocarditis and encephalitis. A Cochrane review 
of IVIG therapy for viral myocarditis illustrated favorable 
response with IVIG therapy in both adult and pediatric popu-
lation; this treatment approach is also recommended for 
patients with suspected enteroviral disease [106]. In a ran-
domized controlled trial, IVIG daily dose of 1 g per kg body 
weight given for 2 consecutive days was regarded as benefi-
cial [107].

For CNS disease, a formal review of IVIG effectiveness 
has not been performed. Several case reports in patients with 
severe meningoencephalitis due to HEV-B and EV71 in chil-
dren with hematologic and other neoplastic diseases had a 
favorable response to IVIG therapy [77, 108]. A more recent 
randomized controlled trial from India in children with 
severe enteroviral encephalitis, myocarditis, or both, showed 
a reduced mortality in patients given IVIG; mortality was 4% 
in the treatment group compared with 23% in patients in 
whom IVIG was not given [109]. In this study, daily IVIG 
dose was 400 mg per kg body weight given for 5 consecutive 
days. A study from Taiwan among children with severe 
EV71 brainstem encephalitis showed that plasma levels of 
interferon- gamma, IL-6, IL-8, IL-10, and IL-13 were signifi-
cantly reduced after IVIG administration, which may reflect 
a potential mechanism for IVIG-mediated modification in 
enteroviral CNS disease via modulation of hosts’ immune 

inflammatory response [110]. This is underscored by the 
observation that in patients with hypogammaglobulinemia 
and persistent vaccine-derived poliovirus infection, IVIG 
therapy has not been shown to successfully eradicate chronic 
enteroviral infection [74].

In cases of chronic meningoencephalitis, treatment with 
IVIG and intraventricular immunoglobulin administration 
via reservoir devices have resulted in favorable response 
[38]. However, this treatment is not universally successful, 
and patients have died with this disease despite salvage intra-
ventricular immunoglobulin and ribavirin treatment in the 
setting of X-linked agammaglobulinemia [72].

Milrinone, a cyclic nucleotide phosphodiesterase typi-
cally used for heart failure, has also been used for treatment 
of severe EV71 infection presenting with severe encephalitis 
and pulmonary edema. The antiviral or disease-ameliorative 
mechanism for this drug in life-threatening enteroviral infec-
tion remains unknown [111].

Pleconaril is an antiviral compound which is thought to 
work by inhibiting the uncoating of the viral capsid in all 
enteroviruses, preventing the virus from undergoing RNA 
replication; it has antiviral activity against both enteroviruses 
and rhinoviruses [112]. The initial use of pleconaril on com-
passionate release for treatment of severe enteroviral infec-
tions was encouraging, yielding a favorable clinical response 
up to 80% [113]. Other case series also suggested efficacy in 
the treatment of viral myocarditis as well as systemic entero-
viral infection in immunocompromised hosts [112]. 
However, as phase 1 and 2 studies in previously healthy 
adults and children with enteroviral encephalitis showed 
only marginal improvement in symptom duration compared 
with patients given placebo, this compound did not receive 
FDA licensing, and production was abandoned in 2003. 
Interest in pleconaril has rekindled after Schering-Plough 
acquired the compound from ViroPharma. A phase 2 clinical 
trial of pleconaril nasal spray for the treatment of rhinovirus 
cold symptoms and asthma exacerbations is now completed; 
results are pending [114]. Another trial of pleconaril for 
treatment of enteroviral sepsis syndrome in infants spon-
sored by NIAID is listed as “ongoing, but not recruiting par-
ticipants” [115].

There are other capsid targeting antiviral compounds 
under development including pirodavir (BTA-798) and 
V-073 that are being targeted for human respiratory viruses 
and poliovirus, respectively [114]. One concern, however, 
with any single-drug approach is the ability of RNA viruses 
to develop mutations, increasing the chances for develop-
ment of de novo drug resistance. With this in mind, for-profit 
and research laboratories are investigating compounds that 
target a variety of antiviral targets such as protease, helicase, 
and RNA polymerase [114].

Another therapeutic approach under development is RNA 
interference. This approach appears promising against a 
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range of enteroviruses including poliovirus, coxsackievirus, 
and EV71 in in vitro models as well as in a murine model of 
myocarditis [116]. These and other new drugs under investi-
gation are expected to provide much-needed treatment option 
for immunocompromised patients undergoing transplanta-
tion with severe, potentially life-threatening enteroviral 
infections.

 Summary

As for all community-onset infections that are transmitted 
via casual person-to-person contact, enteroviral infections 
pose a risk to transplant recipients. The risk is further 
enhanced by the ease of infection transmission from an 
unsuspected, asymptomatic individual or those with clini-
cally subtle disease, and infection may be transmitted by 
saliva, respiratory secretions, and fecal contamination. As 
most enteroviral infections are difficult to clinically differ-
entiate from other viral illnesses, and present with a wide 
range of clinical presentations, a low threshold of suspicion 
should be maintained, especially during the summer and 
fall months when these viruses have high seasonal presence 
in most communities. Humoral immune defects and lym-
phopenia are known risk factors for potentially life-threat-
ening systemic enteroviral disease including viral 
pneumonitis and encephalitis in recipients of allogeneic 
HSCT [89, 117]. OPV should never be given to transplant 
recipients. Furthermore, these patients are at risk for vac-
cine-derived disease for close contacts in countries where 
OPV vaccination is prevalent [58]. IVIG is important for 
prevention of serious enteroviral infections in individuals 
with hypogammaglobulinemia. IVIG therapy has been suc-
cessful in some patients with serious lung, heart, and CNS 
acute enteroviral disease [72]. The future developments in 
(1) novel antiviral therapies, (2) advances in rapid and 
accurate diagnostic tests, and (3) better understanding of 
host susceptibility for such infections and proclivity for 
various end-organ diseases remain an encouraging pros-
pect, especially in the care for highly susceptible transplant 
population.
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Parvovirus B19

Morgan Hakki and Lynne Strasfeld

 Introduction

The family Parvoviridae encompasses two subfamilies, 
Parvovirinae and Densovirinae [1]. The Parvovirinae are 
further divided into five genera, of which parvovirus B19 
(B19) is a member of the genus Erythrovirus [1]. Three dis-
tinct phylogenetic clusters (genotypes 1–3) of B19 are recog-
nized based on 13–14% sequence divergence at the nucleotide 
level, with B19 representing the prototype of genotype 1 
[2–5]. However, sequence variability does not account for 
the various clinical manifestations of B19 infection, as the 
clinical spectrum of illness caused by the three genotypes 
tends to overlap [6].

B19 was discovered in 1975 during screening of blood for 
the hepatitis B virus [7], and the first reports linking B19 
infection to human disease appeared in 1981 with the 
description of cases of aplastic crisis in patients with sickle 
cell disease [8, 9]. The first published report of B19 infection 
after transplantation, in 1986, described persistent anemia in 
a renal transplant recipient [10]. Since then, B19 infection 
has come to be a recognized infectious complication of solid 
organ (SOT) and hematopoietic cell transplantation (HCT). 
While typically a benign, self-limited infection in immuno-
competent hosts, B19 can have serious sequelae in SOT and 
HCT recipients.

 The B19 Genome and Proteins

B19 is a relatively small (18–25 nm) unenveloped virus [1]. 
The genome consists of plus- or minus-sense single-stranded 
linear DNA of 5.6 kilobases (kb) characterized by an internal 
unique region flanked by inverted terminal hairpin repeats. It 

is thought that DNA replication initiates at the terminal hair-
pins, with the hairpin formed by the 3′ repeat serving as a 
primer for DNA synthesis [11]. A series of linear duplex 
monomeric and dimeric intermediate forms leads to a tem-
plate for DNA synthesis, and the resulting plus- and minus- 
sense single-stranded DNA is packaged in the virion with 
equal frequency [1].

Five proteins are translated from nine mRNA forms tran-
scribed from a single promoter, p6 [12, 13].

The 77 kilodalton (kD) nonstructural protein (NS1) is 
encoded by the single nonspliced transcript located near the 
5′ end of the genome [14–16]. NS1 is a polyfunctional pro-
tein that is required for B19 replication [17]. NS1 regulates 
activity of the p6 promoter [18, 19], and sequence analysis 
has shown that NS1 contains motifs for nucleoside triphos-
phate (NTP) binding and hydrolysis [20] associated with 
helicase activity, suggesting a role of NS1 in B19 DNA rep-
lication. NS1 induces caspase-dependent apoptosis [21, 22] 
and regulates the activity of the E2F family of transcription 
factors to promote cell cycle arrest in G1 and G2 phases 
[23–25].

Two proteins, the 83 kD VP1 and the 58 kD VP2, make up 
the B19 capsid. Because the sequences of VP1 and VP2 are 
collinear, VP2 is identical to the carboxy-terminus of VP1, 
while the amino-terminal 227 amino acids of VP1 are unique 
(VP1u) [13]. VP2 is the major capsid protein, comprising 
95% of the capsid [15]. VP2 functions in viral entry by bind-
ing directly to blood group P antigen (globoside), the cellular 
receptor of B19 virus [26]. VP1 is the minor capsid protein, 
accounting for the remaining 5% of the capsid protein con-
tent [15]. The main neutralizing epitopes of B19 are in VP1u, 
which is located on the outside of the capsid [27–29]. VP1u 
also contains a conserved phospholipase A2-like motif 
(HDXXY), and mutation of this motif attenuates the infec-
tivity of B19, indicative of a role for VP1 phospholipase 
activity in the B19 life cycle [30, 31].

Two other smaller nonstructural proteins, 7.5 kD and 
11  kD, have been detected during B19V infection [32, 
33]. The 11 kDa protein has been shown to have a role in 
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virion production and trafficking in infected cells and 
induces apoptosis by activation of caspase-10 in primary 
erythroid progenitor cells (EPCs) [34, 35]. The role of 
the 7.5  kDa protein during B19 infection, if any, is 
unknown.

 Infection and Pathogenesis

Humans are the only known host for B19 infection, and the 
consequent lack of animal models, coupled with the diffi-
culty in culturing B19 in vitro, has posed obstacles to stud-
ies of B19 infection and pathogenesis. Culture systems 
utilizing bone marrow cells [36], megakaryoblastoid cells 
[24, 37], erythroid leukemia cells [38], and ex vivo expanded 
EPCs [22, 39, 40] have been developed, but each system is 
marked by limitations inherent to in  vitro models. As a 
result, fundamental aspects of the virus-host interaction 
remain poorly understood, and more research is needed in 
this area.

During acute infection, viremia is typically detectable by 
5–6 days post-infection, peaks at 6–12 days post-infection, 
and clears by days 15–20 [41]. However, using more sensi-
tive modern diagnostic techniques such as polymerase chain 
reaction (PCR), it is now known that many immunocompe-
tent persons exhibit low-level persistent viremia for months 
after initial detection [42].

The primary sites of B19 replication are erythroid pro-
genitor cells (EPCs) found in bone marrow and peripheral 
blood, due in part to the limited expression of P antigen [26]. 
While P antigen expression is necessary for B19 infection 
[26, 43], it does not appear to be sufficient, as some cell lines 
are resistant to transduction by a B19 vector despite P anti-
gen expression [44]. Thus, it is possible that a co-receptor(s), 
such as beta-integrins [45], may contribute to viral entry. P 
antigen is also expressed on other tissues, including placen-
tal villous trophoblast cells during the first and second tri-
mesters of pregnancy [46], potentially accounting for B19 
transmission during pregnancy.

Viral entry by endocytosis is followed by release of the 
viral capsid into the perinuclear cytoplasm, nuclear trans-
port, and release of genomic DNA [1, 26]. The mechanisms 
governing the latter two processes are not precisely defined. 
Unlike Parvoviridae such as adeno-associated virus, B19 is 
autonomous in that it can replicate in the absence of a helper 
virus. However, since B19 does not encode a DNA poly-
merase, genome replication is dependent on host cell pro-
teins, and efficient replication requires the infected cell to 
pass through S phase of the cell cycle [1].

Ultimately, induction of host cell apoptosis, particularly 
of primary EPCs and megakaryoblastoid cell lines, results in 
the severe disease manifestations (hydrops, aplastic crisis) of 
B19 infection [21, 22, 34, 47, 48].

 Immunology

The development of IgM antibodies directed against confor-
mational and linear epitopes of VP1 and VP2 occurs 
7–10 days post-infection and correlates with virus clearance 
[41, 49, 50]. Symptoms of fifth disease, such as rash and 
arthralgias, as well as post-infectious polyarthropathies in 
adults with acute B19 infection, develop during this phase of 
illness, consistent with a role for immune complex deposi-
tion in the pathogenesis of these disease manifestations [41]. 
An IgG response, directed primarily against conformational 
epitopes of VP1 and VP2, develops soon thereafter and con-
fers lifelong protection from reinfection [51–56]. The suc-
cessful use of immune globulin to control viremia and the 
association of persistent B19 infection with a deficient anti-
body response support the role of antibodies in providing 
immunity to B19 [57–60]. Additionally, VP1 and VP2 can 
elicit neutralizing antibodies when administered together as 
a recombinant vaccine [61]. Antibodies directed against epi-
topes present on NS1 have been found and may be useful as 
a tool to diagnose recent (<6 weeks) infection [62–65].

B19-specific CD4+ and CD8+ T-cell responses have been 
detected against VP1, VP2, and NS1 [66–71], although the 
role that CD4+ and CD8+ responses play in B19 protective 
immunity or in the pathogenesis of post-infectious syn-
dromes is not clear.

 Epidemiology

The seroprevalence of B19 increases with age, and by adult-
hood approximately 70–90% of persons are seropositive [52, 
72]. The annual seroconversion rate among women of child-
bearing age has been estimated to be 1.5% [73]. The primary 
mechanism of B19 transmission is incompletely understood. 
The finding of viral DNA in respiratory specimens during 
viremia indicates that community-acquired B19 infection 
may result from transmission of virus excreted in the naso-
pharynx and upper airway [41, 74, 75]. Whether transmis-
sion occurs by close contact, droplet, aerosol, or fomites is 
not clear. B19, like most parvoviruses, is relatively stable in 
the environment, suggesting that contaminated surfaces may 
contribute to transmission [76]. While secondary attack rates 
ranging from 20% to 50% during school outbreaks and at 
home [74, 75, 77] indicate efficient transmission, the precise 
probability of transmission via various routes (i.e., droplet, 
aerosol, fomite) has not been conclusively established.

Transmission via whole blood or blood products, such as 
factor VIII and factor IX concentrates, is a well-documented 
but rare event [78, 79]. The prevalence of B19 DNA varies 
from 0.003% to 1.07% in blood donor samples, the variabil-
ity likely due to differences in the sensitivity of the assay 
being used as well as the population and seasonality [78, 
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80–83]. Screening of whole blood components intended for 
individual patient transfusions is not currently routinely per-
formed in the United States [42]. However, plasma deriva-
tives have been screened for B19 by PCR since 2002 [84].

Transmission of B19 from donor to recipient via solid 
organ transplant has been suspected on occasion due to fac-
tors such as time of onset of infection after transplant and the 
finding of B19  in non-transplanted donor tissue [85, 86]. 
However, these findings must be interpreted with caution, 
and B19 transmission in this manner has not been defini-
tively proven by documenting the genetic relatedness of a 
B19 strain present in the donor and recipient.

 Clinical Presentation

 Manifestations in the Non-transplant Host

There are five well-established clinical syndromes associ-
ated with B19 infection that are largely dependent on host 
age and immune status (Table  43.1). Most seropositive, 
immunocompetent individuals do not recall specific symp-
toms of infection. Roughly 25% of infections will be entirely 
asymptomatic, 50% will have nonspecific flu-like symptoms, 
and the remaining 25% will present with more classic symp-
toms, including arthralgias and rash [87, 88]. B19 infection 
is self-limited in nonpregnant immunocompetent individu-
als, with severe or complicated disease a rare exception [89].

B19 infection in immunocompetent children manifests 
most commonly as erythema infectiosum, frequently 
referred to as “fifth disease” [90]. The illness is typified by 
a nonspecific viral prodrome, followed 2–5 days later by a 
characteristic erythematous malar rash (“slapped cheek 
rash”) with circumoral pallor. The facial rash is often fol-
lowed by a lacey rash involving the trunk and extremities. 
The characteristic rash is reported more often in children, 
whereas arthralgias and myalgia are seen more commonly 
in immunocompetent adults, particularly in women [88, 91, 

92]. A nondestructive polyarthropathy, often symmetric and 
most frequently involving the small joints of the hands, 
wrists, knees, and feet, may occur. Both the rash and joint 
symptoms typically occur soon after B19 antibody response 
is detectable, suggesting these phenomena are immunologi-
cally mediated. In pregnancy, complications of infection 
include nonimmune hydrops fetalis, intrauterine fetal death, 
or miscarriage [93]. Transient aplastic crisis (TAC), charac-
terized by severe anemia and a dramatic decrease or even 
absence of measurable reticulocytes, may occur with B19 
infection in patients with chronic hemolytic disorders (e.g., 
sickle cell anemia) [8].

 Clinical Manifestations in the Transplant 
Recipient

The classic presentation of B19 infection in transplant recip-
ients and other immunosuppressed hosts (HIV with advanced 
immunodeficiency, congenital immunodeficiencies, etc.) is 
chronic infection with pure red cell aplasia. Although most 
reported cases of B19-associated pure red cell aplasia have 
occurred within the first year posttransplant [85, 94–97], 
when immunosuppression is maximal, there are numerous 
reports of late-onset disease as well [98, 99]. B19 DNA was 
demonstrated in serum in 23% of 48 kidney transplant recip-
ients presenting with anemia compared with 5% of the con-
trols [95]. In a prospective single-center study of kidney 
transplant recipients with erythropoietin-resistant anemia 
over a 3-month period, three of eight (38%) patients screened 
had B19 infection [99]. Therefore, testing for B19 should be 
strongly considered in transplant recipients with otherwise 
unexplained anemia.

The largest published review to date of B19 infection after 
SOT or HCT summarized 98 cases, of which 7 were seen at 
the Mayo Clinic over a 16-year period and the remainder 
found by review of the medical literature [96]. In this study, 
the median time to diagnosis posttransplant was 7  weeks 
(range, 1 week to 96 months). Not surprising given the tro-
pism of B19 for EPCs, anemia was present in the vast major-
ity (99%). However, other cell lines were often affected as 
well, with leukopenia occurring in 38% and thrombocytope-
nia in 21%. Fever and flu-like symptoms occurred in 26%, 
and, perhaps due to impaired immune responses, rash (13%) 
and arthralgia (6%) were less common. Proven or suspected 
accompanying organ-invasive disease occurred in 11%, 
including myocarditis, pneumonitis, hepatitis, and glomeru-
lonephritis. Allograft loss or dysfunction was observed at the 
time of B19 infection in 10%. Death attributable to B19 dis-
ease occurred in three patients, all a result of cardiogenic 
shock related to myocarditis.

While anemia is the hallmark of B19 infection, other 
manifestations have been described in transplant recipients. 

Table 43.1 Clinical presentation of parvovirus B19, based on host 
immune status and age

Patient population Clinical presentation
Immunocompetent 
hosts
Children Erythema infectiosum (“fifth disease”)
Pregnant women Hydrops fetalis
Adults (women > men) Polyarthropathy syndrome
Patients with red cell 
disorders

Transient aplastic crisis

Immunocompromised 
hosts

Pure red cell aplasia
Other less common manifestations: rash, 
leukopenia, thrombocytopenia, hepatitis, 
myocarditis, pneumonitis, encephalitis
Allograft dysfunction
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Myocarditis is perhaps the most common, and the cardiotro-
pism of B19 has been demonstrated in transplant as well as 
in immunocompetent patient populations [96, 100–103]. 
Hepatitis [96, 104], encephalitis [97], pneumonia [94, 96], 
rash [105], hemophagocytic lymphohistiocytosis with 
thrombotic microangiopathy [98], and multi-organ system 
failure [106] have also been reported.

There is evidence to suggest that B19 may play a role in 
chronic allograft injury. Numerous studies have reported on 
the association of allograft dysfunction with B19 infection, 
documented by detecting the presence of the viral genome 
in graft tissue [85, 100, 107]. In a study of 69 kidney trans-
plant recipients with allograft dysfunction, B19 DNA was 
found in nearly two-thirds (35/57) of baseline biopsies, and 
intrarenal persistence of B19 DNA was a risk factor for the 
development of acute rejection [107]. B19 DNA was 
detected on endomyocardial biopsy in 35 of 99 consecutive 
pediatric cardiac transplant recipients, on 14% of 700 biop-
sies performed [100]. In this series, B19 was the most com-
mon viral genome amplified, more common than 
cytomegalovirus, Epstein- Barr virus, adenovirus, and 
enterovirus. While the presence of B19 DNA in the myocar-
dium was not associated with cellular rejection, patients 
with chronic infection had significantly increased risk for 
early development of advanced transplant coronary artery 
disease (TCAD), the leading long- term cause of death in 
pediatric heart transplant recipients. It has been speculated 
that because virus is detected in endothelial cells of the vas-
culature [108], rather than in cardiomyocytes, that B19 may 
be involved in the endothelial cell dysfunction associated 
with TCAD.

 Incidence of B19 Infection After SOT and HCT

The incidence of posttransplant B19 infection ranges widely 
in the literature and is generally poorly characterized. The 
variability is due in part to screening parameters (symptom-
atic vs. universal screening, serial vs. episodic screening), 
along with heterogeneity of host immune status and diagnos-
tic test performance characteristics.

In a retrospective study of 137 SOT and 75 HCT recipi-
ents, the incidence of infection was 1.4% (3/212), with only 
1 patient (<1%), a liver transplant recipient, presenting with 
clinically overt disease as manifested by anemia [109]. On 
molecular surveillance throughout the first year posttrans-
plant in a mixed group with 47 transplant recipients (32 SOT 
and 15 allogeneic HCT recipients), none were found to be 
positive for B19 by PCR testing of serum [96]. Thus, serial 
screening for B19 by PCR in all-comers posttransplant is 
low yield. Risk factors for B19 infection and disease after 
transplant are not well described.

 Diagnostics

Diagnosis of B19 infection typically rests on detection of 
viral DNA in clinical samples coupled with histopathologic 
assessment of bone marrow if cytopenias are present and/or 
serologic testing for B19-specific IgM and IgG. B19 is not 
easily cultured in vitro, and therefore culture-based methods 
are not routinely used to diagnose B19 infection. 
Classification of B19 disease entails diagnosis of infection, 
along with anemia and/or organ-specific findings.

The diagnostic test of choice depends on host immune sta-
tus. In immunocompetent individuals, serology is the preferred 
methodology, with detection of B19-specific IgM consistent 
with acute or recent infection and IgG with previous infection. 
In a large study of B19 infection in transplant recipients, how-
ever, 29% had negative IgM at disease onset [96].

Given that serology is often unreliable in the immunosup-
pressed host [59], PCR testing to detect B19 DNA, or nucleic 
acid amplification testing (NAAT), is the recommended 
diagnostic approach. PCR testing is routinely performed on 
serum, plasma, and bone marrow [96, 110], with reports 
describing B19 DNA detection in various other body fluids 
[94, 106, 111, 112] and tissue specimens [94, 103, 107]. 
PCR-based B19 assays can provide a quantitative assess-
ment of viral load in addition to a simple qualitative result. 
Although there is some evidence that higher viral loads are 
more likely to be associated with symptomatic infection in 
transplant recipients [113], it has yet to be determined what 
the clinically significant level of B19 DNA is. Given the lack 
of specificity for active or acute disease, PCR-based testing 
requires careful clinical interpretation. The value of follow-
ing PCR to monitor response to treatment is unclear, noting 
that viremia can persist for months despite appropriate clini-
cal response [114].

Bone marrow examination may reveal giant, multinucle-
ated erythroblasts and pronormoblasts, with near-complete 
absence of late normoblasts [115]. Confirmation of B19 is 
provided by PCR testing for B19 DNA and in situ hybridiza-
tion or immunohistochemical staining for B19.

 Treatment

There are no antiviral drugs available for the treatment of 
B19 infection. As infection is chiefly self-limited in immu-
nocompetent individuals, care is supportive. The cornerstone 
of therapy for symptomatic B19 infection in transplant recip-
ients and other immunosuppressed hosts is intravenous 
immunoglobulin, based largely on the observation that spe-
cific antibodies neutralize the activity of virus in vitro [116]. 
Since the first description of the use of immune globulin for 
treatment of B19-associated red cell aplasia [58], there have 
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been numerous reports on the application of such therapy in 
transplant recipients and other immunocompromised hosts 
[96, 99, 117–119]. Moreover, the observation that B19 dis-
ease is not seen in cohorts of HCT recipients who are receiv-
ing prophylactic immune globulin for other reasons is 
supportive of the utility of this therapy [120].

The optimal dosing regimen and duration of therapy with 
immune globulin are not well established. Based largely on 
expert opinion and accepted standard practice, 400 mg/kg/
day of intravenous immune globulin for 5 days is the usual 
approach [99, 110]. Following treatment with immune glob-
ulin, relapse of infection, defined by the reappearance of 
signs and symptoms of infection after completion of treat-
ment, was observed in 27.6% of SOT and 9.5% of HCT 
recipients in one study [96]. Interestingly, the rate of relapse 
did not differ significantly among patients according to the 
total dose of immune globulin (when stratified by >2 g/kg or 
<2 g/kg) [96]. Relapses can be treated with a second course 
of immune globulin [110]. However, it should be noted that 
immune globulin therapy was associated with nephrotoxicity 
in 11.6% of SOT recipients [96], and therefore this interven-
tion should be undertaken with care, balancing the risk of 
treatment with the potential benefit to be derived.

While immune globulin is the accepted approach to B19 
disease in transplant recipients, there are reports of patients 
who have cleared infection solely with reduction in immuno-
suppression [96]. Therefore, reduction of immunosuppres-
sion, as an adjunct to immune globulin therapy, should be 
considered at the time of diagnosis. The key role of host 
immune response in clearing infection is perhaps best exem-
plified by reports of HIV-positive patients with B19- 
associated chronic red cell aplasia who have had resolution 
of anemia following initiation of antiretroviral therapy alone 
[121–123].

 Prevention

 Vaccine Development

The ability of the capsid proteins VP1 and VP2 to elicit pro-
tective antibody responses during natural infection makes 
them natural proteins to include in vaccine development. A 
phase I study evaluated a recombinant B19 vaccine consist-
ing of ~25% VP1 and ~75% VP2 conjugated to a surfactant- 
stabilized emulsion conjugate (MF59C.1) given to 
B19-seronegative adults at 0, 1, and 6 months [61]. Subjects 
received either 2.5 or 25 μg of vaccine, and all subjects in 
both groups developed virus-neutralizing antibodies that 
persisted for at least 6 months after the third dose, although 
titers were higher in the 25 μg group. A third trial comparing 
the safety and immunogenicity of three doses of a 25 μg dose 

of B19 recombinant capsid to 2.5 and 25 μg doses of the 
recombinant capsid plus MF59C.1 and saline placebo was 
then performed in healthy adults [124]. The study was halted 
before any subject could receive the third scheduled dose due 
to the occurrence of three unexplained cutaneous events. 
After two doses, neutralizing antibodies developed in 11.1%, 
37.5%, and 42.9% of persons who received 2.5 μg + adju-
vant, 25 μg + adjuvant, and 25 μg without adjuvant, respec-
tively. Ultimately, it was decided by the Safety Monitoring 
Committee and the Food and Drug Administration that the 
potential benefits of the vaccine to those affected most 
severely by B19 infection would outweigh the adverse events 
encountered in the study, and therefore the study could be 
resumed [124]. By the time this decision was reached, re- 
enrollment of a new group of volunteers and preparation of 
new batches of vaccine and adjuvant were required [124]. 
Thus, efforts to develop and test a safe and effective B19 vac-
cine continue.

 Hospital Infection Control

B19 is most commonly transmitted by the respiratory route, 
through close person-to-person contact, fomites, and respira-
tory secretions or saliva [41]. Contagion coincides with vire-
mia, and so immunocompetent individuals are infectious 
before, but typically not after, the onset of B19-associated 
rash or arthritis. B19-viremic patients with TAC or red cell 
aplasia represent a potential risk for transmission in the 
healthcare setting, with reports of nosocomial transmission 
and infection among hospital staff associated with contact 
with TAC patients [125–127]. To prevent healthcare- 
associated infection, droplet and standard precautions should 
be implemented for patients with TAC and for immunosup-
pressed hosts with chronic infection [128].

 Conclusions

B19 infection remains a relatively rare but potentially seri-
ous infection following SOT or HCT.  Suspicion for B19 
infection should be heightened in transplant recipients pre-
senting with unexplained anemia, particularly red cell apla-
sia, with or without other cytopenias. Diagnosis depends 
primarily on detection of B19 DNA by PCR in serum and/or 
tissue, or the finding of characteristic bone marrow changes 
by histopathology, in the appropriate clinical setting. 
Treatment is largely supportive, although intravenous 
immune globulin may be beneficial in severe cases. 
Continued effort may lead to the development of a safe and 
effective vaccine for populations at risk for severe sequelae 
of B19 infection.
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Abbreviations

AFP Acute flaccid paralysis
CDC Center for Disease Control and Prevention
CNS Central nervous system
CSF Cerebrospinal fluid
ELISA Enzyme-linked immunosorbent assay
HSCT Hematopoietic stem cell transplantation
IFN Interferon
IVIG Intravenous immunoglobulin
MAC-ELISA IgM antibody capture enzyme-linked 

immunosorbent assay
NAAT Nucleic acid amplification testing
PRNT Plaque reduction neutralization test
SOT  Solid organ transplantation
TLR Toll-like receptor
WNE West Nile encephalitis
WNF West Nile fever
WNND West Nile virus neuroinvasive disease
WNV West Nile virus

 Introduction

West Nile virus (WNV) is an emerging pathogen endemic in 
Africa and Europe. Recent events demonstrate the speed 
with which a vector-borne pathogen, such as WNV, can dis-

seminate when introduced into a susceptible, pathogen-naïve 
population, where competent reservoir and vectors are pres-
ent. Since the arrival of WNV to the North American conti-
nent in 1999, it is estimated that 2–4  million people have 
been infected in the USA alone [1, 2]. It has special relevance 
to the immunocompromised host populations because of the 
possibility of WNV transmission through organ transplanta-
tion and the increased risk of neuroinvasive disease in immu-
nocompromised patients. Here we present epidemiology, 
clinical manifestations, as well as avenues for diagnosis, 
treatment, and prevention of this viral pathogen, with empha-
sis on transplant recipients.

 Virus and Reservoir

WNV is a member of genus Flavivirus in the family 
Flaviviridae. The genus Flavivirus has >70 members and 
includes other important human pathogens such as dengue, 
yellow fever, Zika, St. Louis encephalitis, and Japanese 
encephalitis viruses. WNV is an enveloped, single-stranded, 
positive-sense RNA virus, of about 11 kilobase genome size. 
The single open reading frame is translated into a polyprot-
ein, which is further cleaved into ten proteins by cellular and 
viral proteases. The three structural proteins include a capsid 
protein (C), an envelope protein (E), and a transmembrane 
protein (prM). The seven nonstructural proteins, i.e., NS1, 
NS2A, NS2B, NS3, NS4A, NS4B, and NS5, form the viral 
replication machinery and also modulate the host immune 
response [3, 4]. Natural transmission of WNV is mosquito- 
borne with the principal vectors being Culex spp., although 
at least 43 other mosquito species, including Aedes and 
Anopheles, have been found to harbor the virus [5–8]. 
Susceptible birds, especially corvids such as crows and jays, 
are principal vertebrate reservoirs, and humans appear to be 
incidental host. Many animal species, including humans, 
horses, squirrels, and even alligators, can become infected 
with WNV and present with clinical disease, but they do not 
develop sufficiently prolonged or high-level  viremia to play 
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a significant role in WNV amplification and transmission [7, 
9–11] (Fig. 44.1).

Although WNV has a single serotype, it exhibits consider-
able genetic variation and a large variety of strains have been 
described worldwide. Based on their genetic differences, they 
are classified into at least eight lineages [12]. The two major 
lineages, 1 and 2, are responsible for outbreaks in humans and 
equines. Dramatic differences in the virulence and neuroinva-
sion properties have been observed between lineage 1 and lin-
eage 2 strains [13]. Lineage 1 strains have been responsible for 
most human outbreaks since the 1950s. However, since the 
beginning of this century, lineage 2 strains have emerged to 
cause recent outbreaks in various European countries, includ-
ing Greece (2013) and Italy (2014) [14, 15].

 Epidemiology

WNV was first isolated in 1937 from a febrile patient in 
Uganda [6]. Prior to 1996, there were several documented 
epidemics in the Old World, but most cases were asymptom-
atic or mild, and severe neurological manifestations were 
rare. Since the mid-1990s, there was an increased frequency 
and scale of outbreaks in humans and horses, including large 
outbreaks in Romania (1996), Volgograd region of Russia 
(1999), Northeastern USA (1999), and Israel (2000) [6, 8, 
16–19]. There was also worsened disease severity in humans, 
including neurological complications and death [20]. WNV 
entered the USA in August 1999 and was identified in an 
unusual cluster of cases of meningoencephalitis in New York 

City. Concurrent to these clinical cases were extensive mor-
tality in crows as well as deaths of several exotic birds at a 
zoological park was noted in the same area. The initial epide-
miologic and environmental investigations suggested an 
arboviral etiology [17], and sequence analyses of viral iso-
lates from dead birds, mosquitoes, and two fatal human cases 
identified WNV as the causative agent [21, 22]. This out-
break represented the first time WNV was detected in the 
Western Hemisphere [17]. The WNV strain from the 1999 
New  York outbreak showed a close phylogenetic relation-
ship to an isolate obtained from a goose in Israel in 1998 [21, 
22]. Although the specifics of how WNV was introduced in 
the USA was not known, it is conceivable that infected mos-
quitoes or birds could have been carried to New York City on 
an incoming flight or ship [20]. Alternatively, a viremic per-
son might have been the carrier.

Since the initial 1999 outbreak in New York, the virus has 
spread, like a slow wave, across the continental USA from East 
to West, likely representing movement between the mosquito 
and the presumed avian reservoir (Table 44.1) [20]. By 2006, 
WNV has spread to all 48 states of the US continent. A marked 
increase in the total number of cases was observed between 
2002 and 2003 and was likely due to the request of Center for 
Disease Control and Prevention (CDC) to include West Nile 
Fever (WNF) cases as reportable to ArboNET (the national sur-
veillance system for arboviral diseases in the USA) and wider 
availability of testing for suspected cases. From 1999 to 
December of 2017, more than 48,000 cases have been reported 
in the USA, including 22,999 cases of neuroinvasive disease 
and 2,163 deaths [23]. However, most WNV infections are 
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asymptomatic and therefore, not reported. It is estimated that 
2–4 million people in the USA have been infected by this virus, 
resulting in 0.4–1 million cases of viral illness [1]. Since its 
peak incidence of 1.02 cases/100,000 US population in 2003, 
the annual incidence rate up to 2011 was in a continued decline, 
with an incidence of 0.4/100,000 in 2004–2007, 0.2/100,000 in 
2008, and down to 0.13/100,000 in 2009 [24]. However, after a 
period of low-level activities from 2008 to 2011, a resurgence 
of WNV cases was noted in 2012, with a total of 5,674 human 
cases reported to the CDC, including 2,873 cases of neuroinva-
sive disease and 286 deaths. The fluctuation of WNV activities 
might be attributed to a number of factors including variation in 
population of vectors and susceptible vertebrate host, immu-
nity or the lack of avian amplifying host, human behavior such 
as the use of insect repellents and protective clothing, commu-
nity-level interventions, reporting practices, and environmental 
factors, such as warming temperature and rainfall [1, 25]. 
Importantly, the 2012 resurgence of WNV cases suggests that 
the USA can expect periodic epidemics of WNV infection and 
highlights the importance of continued research and prepared-
ness for future outbreaks [26].

In the USA, about 85% of human infections occur in the 
late summer, peaking around August and September. This 
reflects the seasonal activity of its major vector Culex mos-
quitoes as well as the virus’ amplification in the late spring 
and early summer in its avian hosts. In fact, the magnitude of 
birds dying from WNV in early summer often predicts the 

severity of subsequent human or equine disease in the area 
[7]. In warmer areas, transmission might be year-round. 
During an epidemic, the seroconversion rate in a human pop-
ulation is estimated at about 3–4% [19, 27].

Other than natural transmission through mosquito bites, 
WNV infections in human have also been acquired through 
transfusion of blood products [28, 29], breast-feeding [30], 
transplacental transmission [31], occupational exposure in 
laboratory workers [32], as well as infected solid organ 
allograft transplantation (SOT; see below). In 2002, 23 patients 
were confirmed to have acquired WNV infection through 
transfusion of blood products in the USA [33]. These cases led 
to the development and implementation of nucleic acid ampli-
fication testing (NAAT) of pooled or individual samples of 
blood products. Since then, transmission of WNV by transfu-
sion has largely been prevented [34]. WNV transmission 
through tissue transplantation, e.g., cornea, is also theoreti-
cally possible as demonstrated in animal experiments [35, 36], 
although no human cases via this mechanism have been 
reported, thus far.

 Pathogenesis and Immune Response

Much of our current knowledge on WNV pathogenesis and 
its host immune response has stemmed from experiments in 
animals [37]. After a mosquito bite, WNV first infects kera-
tinocytes and Langerhans cells, which then migrate to 
regional lymph nodes [38]. Replication in these cells results 
in primary viremia and seeding of other visceral organs, such 
as the kidney and spleen. A second round of replication then 
ensues. The level of viremia appears to correlate with subse-
quent risk for central nervous system (CNS) disease, although 
the mechanisms by which WNV enters the CNS remain 
unclear. Several mechanisms have been proposed, including 
infection or passive transport through the endothelium or 
choroid plexus epithelial cells, infection of olfactory neurons 
and spread to the olfactory bulb, transport by infected 
immune cells trafficking to the CNS, as well as direct axonal 
retrograde transport from infected peripheral neurons [37–
39]. A number of host proteins or cytokines, e.g., TNF-α, 
Drak2, ICAM-1, MIF, and MMP-9, have been implicated in 
altering blood-brain barrier permeability during WNV infec-
tion [3, 40] and might facilitate WNV entry into the 
CNS. However, the disruption of the blood-brain barrier may 
not be the primary mechanism of WNV invasion into the 
CNS. Instead, it is possibly a multistep process employing 
different mechanisms as the infection progresses [41].

Since most WNV human infections are asymptomatic and 
only about 1 in 150 develops CNS disease, it is thought that 
subclinical infection presumably reflects peripheral clear-
ance of the virus by the immune response before neuroinva-
sion or before neuronal damage occurs. The innate immune 

Table 44.1 1999–2017 West Nile virus human infections in the United 
States [23]

Year
Neuroinvasive 
cases

Non-neuroinvasive 
cases

Total 
cases

Total 
deaths

1999 59 3 62 7
2000 19 2 21 2
2001 64 2 66 10
2002 2946 1210 4156 284
2003a 2866 6996 9862 264
2004 1148 1391 2539 100
2005 1309 1691 3000 119
2006 1495 2774 4269 177
2007 1227 2403 3630 124
2008 689 667 1356 44
2009 386 334 720 32
2010 629 392 1021 57
2011 486 226 712 43
2012 2873 2801 5674 286
2013 1267 1202 2469 119
2014 1347 858 2205 97
2015 1455 720 2175 146
2016 1309 840 2149 106
2017 1425 672 2097 146
Cumulative 22,999 25,184 48,183 2163

aCDC requested WNV cases be reported to ArboNET in 2003, resulting 
in a change of case definition
Data adapted from CDC website https://www.cdc.gov/westnile/stats-
maps/cummapsdata.html
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system appears to be important for viral clearance [42]. For 
instance, type I interferons (IFNs) IFN-α and IFN-β inhibit 
WNV replication in  vitro; IFN-α/β receptor- deficient mice 
infected with WNV showed uncontrolled viral replication, 
rapid dissemination to the CNS, as well as increased mortal-
ity [43]. Type II IFN (IFN-γ) can also prevent viral dissemi-
nation to the CNS; mice deficient in IFN-γ or its receptor had 
higher peripheral viral burden, earlier viral entry into CNS, 
and higher lethality [44].

The complement system also protects against WNV 
infection and limits viral infection by stimulating the adap-
tive immune response (reviewed in [45]). Complement acti-
vation augments antibody-mediated neutralization of 
viruses, including WNV [46]. Mice deficient in comple-
ment C3 or complement receptor 1 and 2 showed increased 
mortality after lethal WNV challenge [46]. Deficiencies in 
C1q, C4, factor B, or factor D also led to increased mortal-
ity in WNV- infected mice [47]. These observations suggest 
that many components of the complement activation path-
ways seem to orchestrate protection against WNV [47, 48]. 
The RIG-I-like receptors, Toll-like receptors especially 
TLR3 and TLR7, and Nod-like receptors have been impli-
cated in modulating the innate immune response against 
WNV infection as well [49, 50]. γδ T cells and NK cells are 
also crucial components of the host innate immune system. 
However, while animal studies have demonstrated protec-
tive effects of γδ T cells against WNV infection, the role of 
NK cells remains controversial, with reports suggesting 
active suppression of the virus to no effect on viral replica-
tion at all [51]. Overall, the innate immune response plays 
a crucial role in orchestrating various arms of the immune 
system, including the humoral and cell-mediated immuni-
ties to control WNV replication and to limit the virus-
induced pathology [37, 50].

For the adaptive immune response, WNV appears to be 
more susceptible to antibody-mediated than cell-mediated 
immunity [52, 53]. The humoral immune response plays a 
key role in the pathogenesis of WNV infection [54]. B-cell- 
deficient mice uniformly died after WNV infection but 
were protected by passive transfer of immune sera [51, 55]. 
In particular, induction of a specific, neutralizing IgM 
response early in the course of WNV infection is crucial in 
limiting viremia and dissemination into the CNS, as well as 
protecting against lethal infection [38, 56]. T cells are also 
essential [57] as the absence of functional CD4 or CD8 T 
cells results in the failure of clearing WNV from the CNS 
[51]. In rodent models, CD4 T cells provide help for anti-
body responses and sustain WNV-specific CD8 T-cell 
responses in the CNS, which then enable viral clearance 
[58, 59]. Regulatory T cells may also play a modulatory 
role during acute WNV infection. In one study, symptom-
atic patients were found to have fewer regulatory T cells 
than asymptomatic patients, suggesting that regulatory 

T-cell responses might exert a protective effect by dampen-
ing the WNV immune response and inflammation [60].

Chemokines have important roles in the host response to 
WNV infection. Early neutrophil recruitment to the infection 
site was associated with CXCR2, and leukocyte movement 
from the blood to brain was affected by CXCR 4, CXCR 3, 
CXCL10, and CCR5 [61]. In particular, individuals geneti-
cally deficient in CCR5 have increased risk of symptomatic 
disease once infected [62, 63]. Another human gene, OAS1 
(2′-5′-oligoadenylate synthetase 1b), has also been impli-
cated in playing a role in the susceptibility to WNV infection 
[64]. OAS1 is a member of the type I IFN-regulated OAS 
gene family involved in viral RNA degradation. A single 
nucleotide polymorphism in OAS1 was found associated 
with increased risk for WNV encephalitis and paralysis in 
human [65]. SNPs in IRF3 and MX1 have been identified as 
susceptibility loci to WNV infection as well [65].

While an intact immune system is essential for the control 
of WNV infection, the inflammatory response to infection 
may play a role in disease pathology. WNV infection can 
cause neuronal death directly by inducing apoptosis and the 
process appears to be caspase-3 dependent [66]. Pro- 
inflammatory markers IL-1β, IL-6, IL-8, and TNF-α also 
play a role in mediating neuronal death in response to WNV 
infection in vitro [67]. Both neurons and microglial cells are 
potential sources of such pro-inflammatory cytokines [68].

Collectively, in  vitro and in  vivo studies have demon-
strated the importance of innate, humoral, and cellular 
immunity in controlling WNV infection, but the inflamma-
tory response may contribute to the pathogenesis of the 
disease.

 Clinical Syndromes

Incubation period from the initial exposure to WNV and 
onset of clinical illness is between 2 and 14 days. Among 
those infected, about 80% are asymptomatic [27, 69], while 
20–30% develops a mild infection called WNF.  WNF in 
most cases is self-limiting, but some cases might be severe. 
During the 2002 Illinois outbreak [70], 38% of patients with 
WNF required hospitalization, although there might be a 
bias toward diagnosing and reporting WNF in persons with 
more severe illness [70].

Common symptoms of WNF include fever, malaise, 
lymphadenopathy, periocular pain, gastrointestinal symp-
toms such as nausea, vomiting, and abdominal pain; myal-
gia, and headache. A maculopapular rash, when present is 
more frequently seen in younger patients [71]. While some 
symptoms, such as fever, typically resolve in a 1 week or so, 
others can persist for weeks. In a case series studying the 
symptoms and outcome of 98 patients with WNF in Illinois, 
63% of respondents continued to have symptoms 30  days 
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after the onset of illness, and 96% had fatigue for a median 
of 36  days [72]. Non-neurologic manifestations of WNV 
infection include myocarditis, myositis, orchitis, and pancre-
atitis [73–76], but these complications are rare. In contrast, 
retinopathy associated with WNV has been noted in about 
one fourth of patients with a history of WNV infection and is 
more frequently observed among those with severe neuro-
logical complications [77].

For the general population, the risk for developing WNV 
neuroinvasive disease (WNND) was estimated to be less than 
1% [27]. Clinical syndromes of WNND include meningitis, 
encephalitis, and acute flaccid paralysis (AFP). Risk factors 
for the development of WNND have been examined after 
several outbreaks [19, 78–80], and advanced age was noted 
as a major risk factor [70]. Other independent risk factors 
associated with developing WNND include male sex, hyper-
tension, diabetes mellitus, immunosuppressing conditions, 
and cardiovascular disease [81, 82].

Similar to other forms of viral encephalitis, symptoms of 
WNV encephalitis (WNE) are non-specific, but most patients 
have fever (70–100%), headache (50–100%), and altered 
mental status (50–100%) [24]. Vomiting (30–75%), diarrhea 
(15–35%), and rash (5–50%) are also seen, but a prominent 
finding of WNE is muscle weakness with flaccid paralysis 
and hyporeflexia, in up to 30–50% patients. Other neurologic 
findings include cranial neuropathies, e.g., peripheral sev-
enth nerve palsy, optic neuritis, and ataxia. Movement disor-
ders including postural or kinetic tremor, myoclonus, and 
Parkinsonian features such as rigidity or postural instability 
are also common [24, 83]. Seizures, increased intracranial 

pressure and cerebral edema are infrequent events [83]. An 
example of clinical characteristics in patients with WNV 
meningitis and encephalitis during the 2002 Illinois outbreak 
is illustrated in Table  44.2 [70]. Among those with severe 
illness due to WNV, the overall case-fatality rates range from 
3% to 15% and are highest among the elderly [84].

AFP occurs in 5–15% of patients with clinically apparent 
neuroinvasive disease and can present as a poliomyelitis or 
Guillain-Barré-like syndrome [20, 85]. The Guillain-Barré 
form is rare and likely results from a peripheral demyelinat-
ing polyneuropathy [86]. Saad et  al. reviewed 56 cases of 
AFP from the literature and summarized the clinical charac-
teristics of these patients [87]. Notably, the spectrum of clini-
cal presentations ranged from single extremity paralysis to 
flaccid quadriplegia with cranial nerve involvement. 
Respiratory failure and bladder dysfunction were also com-
mon, observed in 54% and 22% of patients, respectively 
[87]. AFP was found more common in younger patients, but 
elderly patients had a higher mortality with an overall mor-
tality up to 22%, and the survivors were left with persistent 
neurologic impairment [87, 88].

After symptomatic WNV infection, more than half of 
the patients experience persistent symptoms for more than 
6 months [89]. While patients with WNND can be left with 
persistent cognitive or physical deficits, even those with 
mild WNF may have long-lasting subjective or somatic 
complaints [90], including tremor, abnormalities in motor 
skills, and executive functions [91]. For instance, Klee 
et  al. studied the recovery of New  York City residents 
infected during the 1999 WNV outbreak and reported that 

Table 44.2 Clinical characteristics in patients reported with confirmed or probable West Nile virus meningitis and encephalitis and overall cases 
in Illinois in 2002

Characteristic
Total cases (n = 884) 
number/total number (%)

Total neurologic (aseptic meningitis 
and encephalitis) cases (n = 543) 
number/total number (%)

Aseptic meningitis (n = 232)  
number/total number (%)

Encephalitis (n = 311)  
number/total number (%)

Fever 764/816 (94) 495/521 (95) 212/220 (96) 283/301 (94)
Headache 636/764 (83) 390/473 (83) 205/217 (95) 185/256 (72)
Rash 301/654 (46) 151/390 (39) 83/174 (48) 68/216 (32)
Stiff neck 291/632 (49) 198/402 (49) 105/176 (60) 93/226 (41)
Altered mental status/
change in consciousness

264/627 (42) 249/424 (59) 0/142 (0) 249/282 (88)

Photophobia 155/583 (27) 101/369 (19) 57/165 (35) 44/204 (22)
Weaknessa 201/884 (23) 120/543 (22) 30/232 (13) 90/311 (29)
Tremor 103/543 (19) 76/339 (22) 6/142 (4) 70/197 (36)
Vomitinga 154/884 (17) 124/543 (23) 65/232 (28) 59/311 (19)
Coma/stupor 78/550 (14) 74/356 (21) 0/141 (0) 74/215 (34)
Paresis/paralysis 56/572 (10) 46/361 (9) 3/144 (2) 43/217 (20)
Kernig/Brudzinski sign 31/496 (6) 25/302 (8) 12/130 (9) 13/172 (8)
Seizures 28/557 (5) 26/355 (7) 2/144 (1) 24/211 (11)
Cranial nerve palsies 18/519 (4) 14/327 (3) 2/139 (1) 12/188 (6)

Republished with permission of American Society of Tropical Medicine and Hygiene, American Journal of Tropical Medicine and Hygiene, from 
The emergence of west nile virus during a large outbreak in Illinois in 2002, Huhn et al. [70], © 2005, permission conveyed through Copyright 
Clearance Center, Inc.
aWritten in as “other” symptom on case report form
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only 37% achieved a full recovery by 1 year [92]. Another 
study followed 56 cases of WNV, including 48 patients 
with meningitis or encephalitis, which occurred in 
Tennessee 2002. One year later, 12 of 22 (55%) persons 
still reported lack of complete recovery, with symptoms 
including fatigue, weakness, difficulty ambulating, and 
memory problems [93]. More recently, Weather et  al. 
reported an observational study [94] which studied the 
long-term neurological outcomes of WNV- infected 
patients. Neurological examinations were conducted 1–2 
and 8–11 years following acute WNV infection. Depending 
on the severity of their initial illness, e.g., WNF vs. WNE, 
27–86% of patients had abnormal neurological exam at the 
first assessment at 1–2  years postinfection. Among those 
available for the second assessment at 8–11 years postin-
fection, many had persistent neurological deficits, and 
some were noted to have developed new neurological 
complications.

Other than physical symptoms, a significant proportion of 
patients may experience neuropsychiatric disturbances, with 
about one-thirds of patients reported new-onset depression in 
a study [95]. During the 1999 WNV outbreak in New York 
City, 38% of patients reported depression 1  year after the 
onset of infection. Similarly, a study conducted after a WNV 
outbreak in Louisiana reported that 23% of patient still had 
depression and anxiety at 1-year follow-up [96]. Thus, 
 physicians should be aware of the neuropsychiatric conse-
quences of WNV in patients.

The possibility of persistent WNV infection has been sug-
gested. Several investigators have reported the persistence of 
WNV viral RNA for months or years in animal models as 
well as in human [20, 97–99]. In particular, WNV RNA was 
demonstrated in urine samples from convalescent patients up 
to >6 years after the initial infection, suggestive of a persis-
tent renal infection [99]. The same group of researchers also 
linked WNV infection to the development of chronic kidney 
disease [100]. The association between WNV and chronic 
kidney disease remains inconclusive, but whether WNV can 
establish any significant chronic infections in human war-
rants further investigation.

In conclusion, other than acute morbidity and mortality, 
WNV infection can lead to significant long-term physical, 
cognitive, and functional sequelae, as reviewed systemically 
by Patel et  al. [101]. An understanding of these complica-
tions and their risk factors can allow early diagnosis, preven-
tive measures, and improved patient care.

 Laboratory and Imaging Findings

For patients with WNV infection, total leukocyte counts in 
peripheral blood are mostly normal or elevated, but lympho-
cytopenia and anemia can also occur [17, 102]. Hyponatremia 

can be seen, especially in patients with encephalitis. Studies 
of cerebrospinal fluid (CSF) in general show pleocytosis 
with lymphocytic dominance generally <500 cells/μL, but a 
predominance of neutrophils has also been reported [103]. 
Protein levels are usually elevated (<150 mg/dL), while glu-
cose levels remain normal.

The MR imaging findings of WNV encephalitis are non- 
specific and share similarities with many other inflammatory 
and infectious processes, including those of St. Louis 
encephalitis and Japanese encephalitis. Patients with WNND 
can have normal neuroimaging studies, but abnormalities, 
when present, are primarily seen in areas of the basal gan-
glia, thalamus, cerebellum, and brainstem [104]. Some 
patients may also have involvement of the mesial temporal 
structures. For patients with extremity weakness, abnormali-
ties can be seen in the gray matter of the spinal cord, more 
pronounced in the ventral horns, as well as the conus medul-
laris and the cauda equina. Abnormalities seen by MRI might 
be progressive, transient and/or migratory, and the transient 
nature of the imaging abnormalities might explain the nega-
tive studies in some patients [105]. Overall, although imag-
ing results of WNV are non-specific, certain MRI findings, 
such as deep gray matter or mesial temporal lobe involve-
ment, should prompt inclusion of WNV on the differential 
diagnosis, especially if the clinical picture, epidemiologic 
factors, and mosquito exposures are taken into account.

 WNV Infection in Transplant Recipients

For transplant recipients, the most likely mode of transmis-
sion is still through mosquito bites, the natural route of WNV 
transmission. However, transmissions through blood transfu-
sion and organ transplantation have also been well docu-
mented. In a review of 23 past reports of transfusion-transmitted 
infections in SOT [106], six reports described WNV trans-
mission through blood transfusion, resulting in infection of 
nine organ recipients. All nine patients developed severe 
neurological complications, and two subsequently died. 
While most of these cases involved transfusion of infectious 
blood products into organ recipients, rarely, the organ donor 
was the one to receive the infectious unit just prior to trans-
plantation resulting in graft-transmitted WNV infection the 
recipient [107].

 Graft Transmitted WNV Infection

Transmission through SOT was first described in 2002 
[107]. Fever and mental status changes developed in four 
organ recipients from a common donor. Subsequent investi-
gation identified WNV infection in the organ donor and in 
all four organ recipients. Three recipients developed enceph-
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alitis with one death and one developed a febrile illness. The 
organ donor was thought to have required WNV through 
blood transfusion. In 2005, three cases of WNV infection 
were reported among four patients who received organs 
from a single donor. Two recipients developed WNE. The 
donor’s infection was likely mosquito-borne [108]. In 2008, 
a patient developed WNE shortly after heart transplantation, 
and the donor was thought to be infected through blood 
transfusion [109].

In 2009, a patient developed fever and neurological symp-
toms approximately 2 weeks after undergoing liver allograft 
transplant surgery. CSF showed pleocytosis. The patient was 
treated empirically with intravenous immunoglobulin (IVIG) 
for possible WNV encephalitis, with prompt clinical 
improvement. Both CSF and serum of the recipient were 
positive for WNV IgM.  The organ was procured from a 
53-year-old man who died from brainstem herniation sec-
ondary to an intracranial hemorrhage during a hypertensive 
crisis. His blood was negative for WNV IgM but positive by 
NAAT.  The route of WNV transmission to the donor was 
unclear, but presumably he may have acquired mosquito-
borne WNV shortly before death, as he had not received 
blood transfusion [110]. There are two other clusters of 
WNV transmission in the USA that occurred in 2009 and 
2010, and both resulted in encephalitis in one of the two kid-
ney recipients, but the details of these cases were not reported 
(Table 44.3) [111].

The first case of WNV transmission through organ trans-
plant in Europe was reported in 2010 [112]. The donor died 
from cerebral hemorrhage, and her liver was harvested and 
transplanted into a 25-year-old woman. As the local public 
health authority in the Emilia Romagna region, Italy, man-
dated NAAT for WNV in blood and organ donations from all 
subjects in WNV risk areas, the donor’s blood sample was 
tested the day after the harvest and was found positive. On 
the third postoperative day, the recipient was tested positive 
for WNV by NAAT, before the development of any clinical 
evidence of WNV infection. Her immunosuppressive ther-
apy was promptly reduced to a minimum, and she was treated 
with WNV hyperimmune plasma and gamma globulin. Her 
posttransplant course was complicated by two episodes of 
rejection, but she did not develop any clinical WNV 
disease.

Despite the mandate by the Italian National Transplant 
Network to perform NAAT within 72 h of donation on all 
donors living in the WNV endemic areas, four cases of WNV 
transmission from a single multi-organ donor was reported 
in August 2011 [113]. The donor’s death was not related to a 
transmissible disease, and the donor’s blood sample were 
tested negative by NAAT within 72 h of organ procurement. 
However, about 10 days after transplant, the two recipients 
of kidneys from this donor developed fever and symptoms of 
encephalitis. The liver and heart recipients remained in good 

health, while the lung recipient developed neurological 
symptoms, which was ascribed to immunosuppressive ther-
apy toxicity. WNV transmission was confirmed in the recipi-
ents of kidney, liver, and lung, whereas, liver and lung 
recipients did not develop clinical WNV disease. Repeat 
testing of the donor materials confirmed a negative test result 
by NAAT, however, serological tests showed the presence of 
IgM and IgG. The donor likely had very low level of viremia, 
which was insufficient for detection by the NAAT 
technique.

The most recent known cluster of WNV transmission 
through organ transplantation occurred in the fall of 2011 
and was reviewed by Winston et al. [114]. A patient with a 
recent kidney transplant from a deceased donor was diag-
nosed with WNV encephalitis, which led to an urgent inves-
tigation by the local Department of Public Health and CDC 
[115]. Three other organ recipients from the same donor 
were identified. The donor was a 56-year-old man with a his-
tory of cerebral palsy, developmental cognitive delay, blind-
ness, and seizures [35, 114] and had outdoor exposure in a 
region of with known WNV activity. He presented to the 
emergency room of a local hospital with acute onset of fever, 
muscle weakness, and an altered mental status and was sent 
home on an antibiotic for a possible urinary tract infection. 
Three days later, he was found unresponsive at home and in 
cardiopulmonary arrest. After resuscitation and intubation, 
he was brought to another local hospital by paramedics and 
was admitted to the intensive care unit. However, he remained 
unresponsive and an electroencephalogram showed no corti-
cal activity consistent with brain death. His death was ini-
tially attributed to culture negative sepsis, but his serum was 
subsequently found positive for WNV IgM. WNV RNA was 
detected in samples from his spleen/lymph node, skin, and 
fat associated with the tibia bone, as well as some of the 
muscle, tendon, and bone marrow specimens, but not in 
serum [35]. All four organ recipients had WNV RNA in 
serum and CSF.  Three developed WNE, while the liver 
recipient had no neurological symptoms. The recipients were 
treated with various modalities, including IVIG, fresh frozen 
plasma containing WNV IgG, IFN, ribavirin, and/or reduced 
immunosuppression, with two deaths resulted.

 Characteristics of WNV Infection in Transplant 
Recipients

Reports of WNND in transplant recipients including SOT or 
hematopoietic stem cell transplant (HSCT) suggest that pro-
drome and symptoms were similar to those reported in the 
immunocompetent patients, including fever, weakness, gas-
trointestinal complaints, and altered mental status. 
Laboratory findings, e.g., CSF profile, as well as imaging 
findings on MRI were also similar [116, 117], although the 
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CSF WBC counts in transplant patients with WNE are mini-
mally elevated as compared to immunocompetent patients 
(mean CSF WBC counts were 86 cells/mm3 versus 227 cells/
mm3, respectively) [114]. Due to their immunocompro-
mised status, transplant recipients might have longer incu-
bation periods and prolonged phase of viremia [112]. The 
incubation period for WNV is generally thought to range 
from 2 to 14 days, but for the patients that acquired WNV 
through SOT, symptoms began 5–37  days after the trans-
plantation, with a median of 13  days [114]. Studying 23 
patients that acquired WNV through blood transfusion, 
Pealer et  al. also reported a median incubation time of 
13.5 days for transplant recipients versus 8 days for those 
without any immunosuppressing conditions [33]. The dura-
tion of viremia can last for about 4 weeks, as compared to 
approximately ≤2 weeks of viremia in immunocompetent 
hosts [112]. The development of antibody might also be 
delayed [116]. For instance, the liver recipient reported by 
Morelli et  al. [112] developed a WNV IgM antibody 
response by day 26 posttransplant but did not develop IgG 
seroconversion to WNV for more than 4 months after trans-
plantation. In comparison, IgM and IgG seroconversion was 
noted within the first 1–2 weeks in normal hosts [118].

A seroprevalence study previously reported that asymp-
tomatic WNV infection is as common among immunocom-
promised SOT patients as in non-immunocompromised 
controls and the incidence of WNND is low in the SOT pop-
ulation, comparable to the <1% estimated rate in the general 
population [119]. However, most studies support an increased 
risk of neuroinvasive disease and suggest a higher mortality 
among immunocompromised patients. During the epidemic 
in Israel in 2000, immunocompromised patients were noted 
to have a mortality rate at 31%, as compared to 13% among 
those not immunocompromised [120]. A case series of 11 
transplant patients with mosquito-borne WNV reported a 
mortality rate of 18% [116]. For the 2002 outbreak in 
Toronto, Canada, the risk of WNND in a transplant patient 
infected with WNV was estimated at 40% as compared to 
1% in the general population [121]. These reports studied 
naturally transmitted WNV infection in transplant patients, 
in whom infection occurred months to years after transplan-
tation. SOT patients that acquired WNV through donor- 
organ transmission might have even higher rates of morbidity 
and mortality, as the level of immunosuppression is likely 
higher during the immediately posttransplant period. Of the 
26 transplant recipients exposed to WNV through SOT 
(Table 44.3), infection was confirmed in 22 patients and 14 
(64%) developed WNV encephalitis, resulting in high mor-
bidity and mortality. The high level of immunosuppression 
routinely given in posttransplant period may also alter the 
“expected” clinical and laboratory findings. For instance, 
Winslow et  al. noted that although 70% of patients that 
acquired WNV through SOT eventually developed encepha-

litis, only 33% had neurological symptoms at the initial pre-
sentation [114]. For the case series of naturally acquired 
WNV encephalitis in transplant patients reported by 
Klenishcmidr-DeMasters [116], pleocytosis was present in 
all cases and ranged between 5 and 540 cells/mm3 with a 
mean cell count of 89 ± 152 cells/mm3. In contrast, among 
the 14 patients with organ graft-transmitted WNE, CSF data 
were available for nine patients, and three did not have any 
pleocytosis (Table  44.3). For HSCT recipients, morbidity 
and mortality are likely increased as well. Among seven such 
patients reported in the literature, five died shortly after pre-
sentation [122].

In summary, the diagnosis of WNV infection in transplant 
recipients requires a high index of clinical suspicions, when 
the patient presents with unexplained fever, with or without 
neurological manifestations, and, in particular, when there is 
known WNV activity in the region. Furthermore, the possi-
bility of donor- or transfusion-derived WNV infection must 
be considered during the early posttransplant period.

 Diagnosis

Laboratory diagnosis of WNV is typically made by detecting 
the presence of either antibodies specifically IgM against the 
virus or the viral nucleic acid in blood or CSF. The dynamics 
of viremia and IgM and IgG seroconversion during the early 
stages of WNV infection have been described (Fig.  44.2) 
[118]. WNV-specific IgM antibodies are usually detectable 
3–8 days after disease onset [123]. WNV IgM in serum or 
CSF is routinely detected by IgM antibody capture enzyme- 
linked immunosorbent assay (MAC-ELISA). The test is 
available commercially but can also be obtained with the state 
or county public health departments. A lateral-flow rapid IgM 
strip assay, which has a 98.8% sensitivity and a 95.3% speci-
ficity as compared to two commercially available MAC-
ELISA tests and two public health-developed WNV IgM 
tests, was also approved [124]. Since IgM does not cross the 
blood-brain barrier, its presence in CSF is indicative of CNS 
involvement. However, the finding of IgM in serum must be 
interpreted with caution, as IgM can persist for months or 
even >1 year [118, 125]. In those cases, correlation with clini-
cal picture and exposure history would be crucial. IgG can 
also be detected by ELISA, but the presence of IgG alone 
may represent past infection only and is difficult to use in 
isolation to diagnosis acute infection. Past exposure to or vac-
cination against other flaviviruses can lead to false-positive 
serological results due to cross-reactivity. Thus, a careful 
assessment of the patient’s prior travel, exposure, and vacci-
nation history is important. Definitive serological diagnosis 
would require the use of different flaviviral antigens or a com-
parison of neutralization activity against related flaviviruses. 
Confirmation of WNV infection can be obtained using the 
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plaque reduction neutralization test (PRNT), which is more 
specific for WNV. A rising titer by PRNT can also be used to 
confirm an acute WNV infection, when the presence of IgM 
alone cannot provide any certainty of the diagnosis. However, 
this test usually takes several days to perform and is not rou-
tinely used to confirm all WNV cases.

NAAT can be used to detect WNV in CSF, tissues, or 
other body fluids. Although NAAT has high specificity, due 
to the transient nature of viremia lasting only 2–15  days 
[118], sensitivity is relatively low. However, NAAT may aid 
in diagnosis among immunocompromised patients, with 
whom viremia can be prolonged and antibody response to 
infections may be delayed or inadequate. Isolation of the 
virus by culture techniques or detection of viral antigen can 
also be performed, but these methods are less sensitive than 
NAAT and are not routinely employed for diagnostic pur-
pose. Furthermore, isolation of the virus by culture requires 
a Biosafety Level 3 laboratory and is limited to facilities with 
this capability. It is important to note that transplant patients 
may be seronegative, especially early in the course of infec-
tion. Therefore, both serologic assays and NAAT should be 
considered in transplant recipients with the clinical suspicion 
of WNV infection [126].

 Treatment

Treatment of WNV is mostly supportive, and there is no spe-
cific accepted antiviral therapy. However, several modalities 
of treatment have been tested or employed in animal studies 
and human cases [127].

 IVIG

IVIG is a preparation of human IgG obtained from pooled 
plasma from thousands of healthy blood donors and contains 
antibodies directed against a broad spectrum of microbes. 
However, the activity against any specific pathogen depends 
on the prior exposure of the donors to the microbes in their 
environment as well as immunity obtained through vaccina-
tion. Different lots of IVIG from different areas or countries 
can have substantial variability in WNV neutralizing capac-
ity [128], but overall, preparations from areas endemic for 
WNV show higher titers to WNV.  Plasma obtained from 
blood donors with anti-WNV antibodies can be further 
pooled to develop preparations with greater potency than 
those from regular donors [129]. Besides the neutralizing 
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activities against WNV, the non-specific anti- inflammatory 
and immunomodulating properties of IVIG may also play an 
important role in its protective effects against WNV infec-
tion [130].

The successful use of IVIG to treat WNV infection was 
first reported in 2001, when a woman with chronic lympho-
cytic leukemia became comatose from WNE and recovered 
with IVIG treatment [131]. Successful outcome associated 
with IVIG treatment for WNE has also been reported in 
organ transplant recipients, including those of lung [132], 
kidney [133], and liver [110] transplantation. In all these 
cases, the patients had severe neuroinvasive disease from 
WNV but recovered fully after prompt administration of 
IVIG. IVIG has also been used to treat AFP caused by WNV 
successfully [134]. However, there might be a reporting bias 
and cases of failure have been noted [135].

A phase I/II randomized, placebo-controlled trial that 
evaluated the safety and efficacy of hyperimmune IVIG 
(Omr-IgG-am) in the treatment of patients with or at high 
risk for progression to WNV encephalitis was completed in 
2007 [ClinicalTrials.gov: NCT00069316]. The timing of 
IVIG administration appears to be critical, as most patients 
that responded to IVIG therapy had received treatment early 
in the course of infection, especially prior to developing neu-
rological symptoms [108, 136]. In 2005, when four patients 
received organ transplantation from a WNV-infected donor, 
all four patients received Omr-IgG-am. While the two 
asymptomatic patients that received Omr-IgG-am as a pro-
phylactic measure remained well, the other two patients 
received Omr-IgG-am 10 days after the development of neu-
rological symptoms and did not respond [108]. Makhoul 
et al. also reported a case series of eight patients with WNE 
treated with high dose of hyperimmune IVIG; those patients 
who received early treatment showed significant improve-
ment [136]. Together, these cases argue that the timing of 
IVIG administration may be critical to its efficacy [110].

Animal studies also support early treatment of WNV with 
IVIG. A number of animal models demonstrated clear protec-
tion by IVIG when the animals are treated during the viremic 
phase, before or shortly after inoculation with WNV [52, 137]. 
After infection by flaviviruses, invasion of the CNS may occur 
in a few days. Using a murine model, Roehrig et al. showed 
that the window for successful application of prophylactic 
antibody to prevent flaviviral encephalitis closes at about 
4–6 days postinfection concomitant with viral invasion of the 
brain [138]. In fact, when most patients present, they are no 
longer viremic [139, 140] and, therefore, may not respond to 
IVIG treatment. Other than the timing of starting IVIG, the 
route of administration may be important as well [135]. IgG 
enters the blood-brain barrier at only low level and might 
explain the relative ineffectiveness of IVIG treatment when 
CNS involvement is already evident. Intraventricular or intra-
thecal administration can deliver higher levels of immuno-

globulins into the CNS.  This approach has been used 
successfully in a few cases of enterovirus encephalitis in chil-
dren with hypogammaglobulinemia [141] although this 
approach has not been reported for treatment of Flavivirus- 
associated CNS disease. However, if CNS infection might 
have an immunopathological component, then administration 
of IVIG, especially via intraventricular or intrathecal route, 
could potentially exacerbate the clinical disease [142]. There 
is also a theoretical concern for “antibody-dependent enhance-
ment” of infection, during which subneutralizing concentra-
tions of antibodies bound to Flavivirus can enhance infection 
by facilitating uptake into Fc-receptor-bearing cells [143].

Humanized monoclonal antibodies against WNV were 
developed [127]. A humanized monoclonal antibody against 
WNV E protein (MGAWN1) was found to be safe and gen-
erally well-tolerated in healthy human subjects in a phase I 
clinical trial [144]. A phase II study to evaluate the safety and 
efficacy of MGAWN1 in patients with WNV infection was 
initiated in 2009, however the clinical trial was terminated 
due to inability to enroll study subjects [ClinicalTrials.gov: 
NCT000927953].

 Interferon Therapy

IFN play important role in defense against viral infections. 
IFN-α was studied in several clinical trials against flaviviral 
disease. A small pilot study showed efficacy of IFN-α-2b 
against meningoencephalitis due to St. Louis encephalitis 
virus [145], but a larger randomized double-blind placebo-
controlled trial of IFN-α-2a for Japanese encephalitis did not 
show an improved outcome [146]. For WNV, only case 
reports exist, and experiences of both success [147, 148] and 
failure [149]. Kalil et  al. [147] reported two patients with 
WNE who showed significant improvement of neurological 
function with IFN-α treatment. Lewis and Amsden [148] 
also described successful treatment of an 83-year-old man 
with WNE, even though IFN was given 3  weeks after the 
onset of clinical disease. In contrast, Chan-Tack and Forrest 
[149] reported failure of IFN-α-2b in the treatment of a 
72-year-old man with WNE and AFP. As pointed out by the 
authors, the failure of treatment in this case may be due to the 
patient’s advanced age, severity of CNS disease, and delay in 
starting treatment, 17  days after the onset of symptoms. 
Similar to IVIG, failure of IFN in treatment of WNV CNS 
disease may also be under-reported due to potential for pub-
lication basis.

There are concerns that IFN therapy may induce an immu-
noreactive state and promote the risk of graft rejection in 
patients following solid organ allograft transplantation [150]. 
For instance, long-term use of IFN-α-2b has been associated 
with an increased risk of acute rejection in renal transplant 
recipients [151]. In contrast, four renal transplant recipients 
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with WNE in a single cohort received short courses of IFN 
given between 4 and 17 days; none of these patients had dem-
onstrated significant deterioration in renal graft function [116].

 Ribavirin

Ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3- carboximide) 
is a synthetic nucleoside analog with in  vitro and in  vivo 
activities against a number of DNA and RNA viruses. It 
competitively inhibits inosine monophosphate dehydroge-
nase and can be incorporated into the viral genome, leading 
to lethal mutagenesis [152]. It also has immunomodulatory 
properties that may contribute to its efficacy against viral 
infections [153, 154].

Ribavirin has inhibitory activity again WNV in cell culture, 
but only at high drug concentrations (EC50 of 60–100 μM) 
[127, 155]. To approximate the in vitro EC50, high ribavirin 
doses would need to be given intravenously, increasing the 
risk for drug toxicity [156]. Animal studies showed little effect 
of ribavirin on CNS viral infections; in fact, ribavirin treat-
ment increased mortality in a hamsters with experimental 
WNV infection [157]. During the 2000 WNF outbreak in 
Israel, the use of enteral ribavirin was associated with increased 
mortality, although this was likely due to the fact that oral riba-
virin was offered to the sicker patients and later in the course 
of illness [78]. Its lack of efficacy in treating CNS infections 
appears to be attributed to its low lipid solubility, resulting in 
ineffective drug passage through the blood brain barrier [155].

 Other Strategies

RNA interference-based intervention were shown to protect 
mice against lethal encephalitis from WNV and Japanese 
encephalitis [158], but the experience with this strategy is 
limited to in vitro and animal models. Antisense technology 
has also been used to protect mice against WNV infection 
[159]. A phase I/II randomized-blinded study in human was 
initiated in 2004 to evaluate the safety and efficacy of an 
antisense compound, AVI-4020 targeting WNV 
[ClinicalTrials.gov: NCT00091845]. However, the study 
was terminated due to limited pool of eligible WNV patients.

In recent years, high-throughput screens with small mol-
ecule libraries have been used to identify potential therapeu-
tic compounds against various pathogens. Several groups 
have identified small molecules that have anti-WNV activi-
ties in vitro, but there are only scant reports using these com-
pounds in animal models [127].

As pointed out by Diamond [127], regardless of the type 
of treatment used, a major challenge is to effectively admin-
ister the drug before extensive and/or irreversible end organ 
(CNS) damage occurs. Ideally, the anti-WNV agent should 

be able to cross the blood-brain barrier, as intracranial drug 
administration might not be feasible in severely ill patients 
following allograft transplantation.

 Prevention

For natural WNV infection through mosquitoes, preventive 
strategies, such as avoiding outside activities at dawn and 
dusk when it is prime mosquito feeding time, application of 
insect-repellents; (e.g., N,N-diethyl-m-toluamide, DEET), 
and elimination of stagnant waters as breeding sites, may 
reduce this route of transmission. Screening of blood donors 
can also help reduce acquisition of WNV through transfu-
sion of blood products [160].

The Organ Procurement and Transplant Network in the 
USA currently does not require WNV laboratory testing of 
organ donors. Instead, organ procurement organizations are 
advised to exclude deceased donors with encephalitis, men-
ingitis, or acute flaccid paralysis of undetermined etiology 
from regions with reported WNV activity [111]. The impact 
of this decision was examined in 2004 by Kiberd et al. [160]. 
It was concluded that since most positive test results would 
be false positive, annual screening could result in the loss of 
potentially 452.4 life years. However, this report was based 
on an assumption of WNV prevalence among donors at 
0.024%. In the USA, the prevalence of WNV might be sub-
stantially higher in certain counties, especially during the 
peak seasons of transmission. Furthermore, this report 
assumed the baseline screening test specificity and sensitiv-
ity to be 99.5% and 95%, respectively. Current assays have 
improved performance, e.g., Procleix WNV assay reportedly 
has a specificity of >99.9%, although actual test performance 
might differ among various laboratories.

A 3-year experience of donor screening for WNV by 
NAAT in Alberta, Canada [161], showed no false-positive 
results and no solid organs lost due to WNV testing. It was 
concluded that such WNV screening can be implemented 
without compromising availability of donors. Of note, there 
were no confirmed positive donors in this study, and a direct 
benefit could not be demonstrated either, but screening of 
donors in highly endemic areas should be considered. 
Recommendations for identification of potentially WNV- 
infected SOT donors have been outlined by Singh and Levi 
(Table 44.4) [162].

As most people infected with WNV remain asymptom-
atic, prevention of WNV transmission through organ trans-
plantation relies on the exclusion of donors with viremia. 
However, among the nine clusters of organ-transmitted 
WNV, screening by NAAT alone would have only identified 
five donors as acutely infected with WNV (Table 44.3). This 
certainly underscores the fact that current methodologies for 
donor screening for WNV are imperfect. Clinicians evaluat-
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ing donors for organ transplantation or taking care of trans-
plant recipients need to carry a high index of suspicion for 
WNV infection when the patient presents with a febrile ill-
ness and neurological symptoms, especially during the peak 
season of transmission in endemic areas.

 Vaccines

Currently, several WNV vaccines have been licensed for use in 
horses, but none is available for human use. Various strategies 
have been employed to develop WNV vaccines and several 
human vaccine candidates have entered or completed phase I 
and/or phase II clinical trials. For example, a live, attenuated 
chimeric vaccine, ChimeriVax-WN02, was tested in a phase II 
randomized, double-blind, placebo-controlled trial. This vac-
cine was produced by insertion of the WNV genes encoding 
proteins prM and E in a yellow fever vector and was found to 
be highly immunogenic and generally well-tolerated [163–
165]. A DNA vaccine encoding prM and E was also tested in 
a phase I clinical trial. It was generally well-tolerated and able 
to elicit T-cell response in healthy human subjects [166]. Other 
than attenuated chimeric vaccines and DNA vaccines, other 
approaches include vector- based vaccines, such as canarypox 
or vesicular stomatitis virus vectors that express prM and E, as 
well as live-attenuated WNV vaccines [167]. Universal WNV 
vaccination in the USA is not likely to be cost-effective, given 
the sporadic nature of WNV infection. However, certain high-
risk patients, such as those with immunodeficiency and/or 
residence in endemic areas, may benefit from a safe and effec-
tive WNV vaccine.

 Conclusion

WNV remains an important threat to public health, whereas 
effective treatment and vaccines for this virus are currently not 
available. While sporadic cases and outbreaks of WNV disease 
features interplay of multiple factors that are often unpredict-
able, surveillance systems at national level such as ArboNET; 
state, and local levels are expected to play a vital role in moni-
toring WNV disease activity. This in turn heightens public 
awareness and allows appropriate public health responses to be 
administered in a timely manner. Physicians need to be aware of 
the local WNV activities and become familiar with the clinical 
syndromes of WNV disease, in particular, the lack of easily rec-
ognizable signs and symptoms of infection in the immunocom-
promised patients undergoing transplantation.
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 Introduction

An emerging infectious disease, as defined by the Institute of 
Medicine and adopted by the CDC, is an infectious disease 
whose incidence in the human population has increased in 
the preceding two decades or threatens to increase in the near 
future [1, 2]. Viral diseases account for a large proportion of 
such infections, and the emerging viruses are typically 
divided into two groups: (1) newly identified viruses and (2) 
previously recognized viruses with an apparent increase in 
disease incidence [3, 4]. When applied to the transplant pop-
ulation, this second category can include agents with no rec-
ognized pathogenicity in the immunocompetent patient and 
those that result in atypical, more frequent, or more severe 
disease presentations in the immunocompromised host [5].

In this chapter, we will begin by discussing viral diagnos-
tics and the rapidly evolving field of viral discovery, which 
has increased the speed of virus identification but has brought 
along new challenges for clinicians and researchers. Our 
focus then shifts to discussing specific emerging and re- 

emerging viral pathogens in the transplant community (see 
Tables 45.1 and 45.2). A number of emerging viral patho-
gens in the transplant population are discussed in detail in 
other chapters throughout this text (human herpes virus 7, 
human metapneumovirus, hepatitis E virus (HEV), novel 
polyomaviruses, and non-SARS coronaviruses) and will not 
be covered further here. Recent reviews in the literature have 
also discussed the topics of emerging viral infections in 
transplant recipients generally [4–10], as well as in solid 
organ transplant (SOT) [11] and hematopoietic stem cell 
transplant (HSCT) recipients specifically [12].

Following the discussion of emerging viral pathogens 
identified in the transplant community, we will briefly dis-
cuss global emerging viral pathogens, including flaviviruses, 
alphaviruses, bunyaviruses, and filoviruses. Given the nature 
of many of these pathogens, including their endemic ranges 
or relatively recent identification, few, if any, reports exist on 
their presentation in transplant recipients. Finally, we discuss 
the special situation of xenotransplantation and the reporting 
of suspected emerging viral diseases.

Table 45.1 Rare and emerging viral infections in the transplant population: case series or multiple cases reported [10]

Species Virus family Transplant Clinical manifestations Comments
HTLV-1 Retroviridae SOT and HSCT; 

donor-derived 
infections reported

Adult T-cell leukemia and HTLV-1 
associated myelopathy

Associated with lower survival after HSCT from 
HTLV-1+ donor

Rabies Rhabdoviridae SOT, ileac artery 
graft, cornea 
transplants; all cases 
donor-derived

Fatal encephalitis; cornea 
transplants present with pain  
in eye with graft

Survivors reported: cornea transplant with 
immediate PEP; liver transplant 20 years after 
vaccination; two exposed cornea transplants, 
grafts negative by RT-PCR

LCMV and 
a novel 
arenavirus

Arenaviridae SOT; all reported 
cases donor-derived

Fever, abdominal pain, nausea, 
vomiting, diarrhea, altered mental 
status; often peri-incisional rash 
and tenderness

14 of 17 patients died; ribavirin employed but 
effect unclear; three cornea transplants 
unaffected; evidence of LCMV in donor rarely 
found

Measles Paramyxoviridae SOT and HSCT Occasional clinical measles;  
SME (afebrile, altered mental 
status, intractable seizures); 
interstitial pneumonia

SME fatal in 4/6 transplant patients; case series 
suggest severe measles represents minority of 
cases in transplant patients

Mumps Paramyxoviridae SOT and HSCT Parotitis, orchitis, vestibular 
neuronitis, and renal allograft 
involvement (SOT); fatal 
encephalitis (HSCT)

Three cases in SOT, all renal transplant patients 
and all survived; single case in HSCT

Dengue Flaviviridae SOT and HSCT Dengue fever, severe dengue 
including hemorrhagic fever and 
shock; single case of colitis 
reported

Dengue shock associated with high mortality; 
rates of severe dengue differ in case series

Orf Poxviridae SOT; infected from 
contact with infected 
sheep

Giant and recurrent skin  
lesions on hands and forearms

Often misdiagnosed and treated with excision or 
amputation; case reports document responses to 
cryotherapy, cidofovir cream, or imiquimod

Bocavirus Parvoviridae SOT and HSCT Associated with LRTI in young 
children; disseminated infection in 
transplant patients documented

Clinical significance of infection or reactivation 
in the immunocompromised patient remains 
unclear; no treatment available

Parvovirus 4 Parvoviridae SOT Associated with “viral syndrome” 
or early HIV; detected in renal and 
lung transplant recipients

Clinical significance in the immunocompromised 
patient remains unclear, thus far not associated 
with disease

Reprinted from Waggoner et al. [10], by permission of Oxford University Press
HSCT hematopoietic stem cell transplant, HTLV-1 human T-cell leukemia virus 1, IVDU intravenous drug users, LCMV lymphocytic choriomen-
ingitis virus, LRTI lower respiratory tract infection, PEP postexposure prophylaxis, SME subacute measles encephalitis, SOT solid organ 
transplant

S. K. Tan et al.



755

 Methods

The body of literature referenced in this chapter is no doubt 
fraught with bias as it is largely based on case reports and 
small case series. Our understanding of most of these emerg-
ing viral infections, including their incidence, clinical mani-
festations, diagnosis, and management, in the 
immunocompromised host is limited, and larger, prospective 
studies in endemic areas are necessary. With the increasing 
number of transplants, both SOT and HSCT, performed 
globally, any description of emerging viral infections in this 
population will require frequent monitoring and updating. 
For the purposes of this chapter, we performed searches of 
the medical literature in PubMed, limited to studies reported 
in English. Searches were performed through May of 2016, 
using the name of the virus family, genus, or species of inter-
est matched with the search terms “transplant,” “transplant*,” 
and “immunocompromised.” We also performed general 
searches for emerging viruses and transplant recipients to 
identify case reports of novel or rare pathogens causing dis-
ease in transplant recipients. Finally, we included pertinent 
references from the publications identified during our search. 
With rare exceptions, we excluded reports involving only 
patients with HIV or AIDS.

 Viral Discovery and Disease Association

Clinical virology laboratories affiliated with transplant cen-
ters typically employ a range of techniques for the diagnosis 
of viral infections from patient samples as well as for the 
quantitation and resistance testing of certain viruses. These 
techniques include, but are not limited to, viral culture, serol-
ogy, antigen detection, direct fluorescent antibody staining 
(DFA), polymerase chain reaction (PCR) and reverse- 
transcription PCR (RT-PCR), and sequencing of certain 
pathogens (particularly HIV). While viral diagnostics are 
discussed in detail elsewhere in the text, we will briefly dis-

cuss these tests in the context of emerging viral infections 
followed by a discussion of newer technologies employed in 
viral discovery.

Viral culture provides a semi-unbiased technique for virus 
identification from patient samples, though this is a labor- 
intensive process and often requires days to weeks to detect 
viral growth. Many viral pathogens do not grow well, or do 
not grow at all, in cell culture, and viral detection is limited 
by the range of cells on which a given virus will grow and the 
number of cell lines a given lab can maintain. Even when 
cytopathic effect develops in a cell monolayer, the virus has 
to be identified by other means (often DFA or PCR). The 
majority of the viruses discussed in this chapter are diag-
nosed by other means, though agents such as lymphocytic 
choriomeningitis virus (LCMV) and dengue can be grown in 
culture as well [13, 14].

The other testing modalities routinely offered in a clinical 
virology lab, or even specialized tests performed at state and 
national reference laboratories, utilize conserved sequences 
(in the case of PCR or RT-PCR) or specific antigens or anti-
bodies to detect the causative virus in patient samples. Hence, 
pathogen detection is limited by the knowledge and judg-
ment of the ordering clinician or the available tests. The 
increasing use of multiplex testing for clinical syndromes, 
particularly for respiratory tract infections, will allow for a 
less biased approach to viral diagnosis but still faces limita-
tions in identifying rare or emerging pathogens [15]. It 
should be noted that in very rare situations, as in the case of 
Usutu virus (USUV) discussed below, an unusual or novel 
pathogen may be detected by testing for known pathogens. 
In this case, a woman presented with USUV viremia, which 
gave a low-positive result by WNV PCR and was eventually 
identified by sequencing [16].

Viral discovery has typically relied on the replication of a 
new virus in cell culture. Despite the aforementioned 
 limitations of viral culture, this technique remains useful, as 
indicated by the identification of two novel bunyaviruses, 
Huaiyangshan virus (HYSV, also known as severe fever with 

Table 45.2 Rare and emerging infections in the transplant population: single cases reported [10]

Species Virus family Transplant Clinical manifestations Comments
APMV-1 Paramyxoviridae HSCT Fatal pneumonia; no other pathogens 

identified
Known pathogen in birds; tested in virotherapy for 
certain malignancies

Chikungunya Togaviridae SOT Fever, headache, abdominal pain; no 
arthritis or arthralgia; recovered fully

Identified in four corneal grafts during Reunion 
outbreak, no transplant cases reported

Monkeypox Poxviridae HSCT Fever and headache followed by 
characteristic rash (similar to smallpox)

Clinical course not reported as severe, patient 
recovered, though full details not reported

Usutu virus Flaviviridae SOT Fever and headache; recovered but required 
prolonged rehabilitation

Viremic prior to developing liver failure and 
receiving liver transplant

Hantavirus Bunyaviridae SOT Fever, headache, arthralgia, oliguric renal 
failure

Dobrava-Belgrade virus isolated (mild HFRS), no 
cases of HPS reported

Reprinted from Waggoner et al. [10], by permission of Oxford University Press
APMV-1 avian paramyxovirus 1, HFRS hemorrhagic fever with renal syndrome, HPS hantavirus pulmonary syndrome, HSCT hematopoietic stem 
cell transplant, SOT solid organ transplant
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thrombocytopenia syndrome virus, SFTSV) in China and 
Heartland virus [17, 18] A number of more rapid molecular 
methods are now being employed in viral discovery; how-
ever, these are typically categorized as sequence-dependent 
(such as the pan-viral microarray or PCR based on conserved 
sequences) or sequence-independent techniques [19]. The 
pan-viral microarray (Virochip) is an array spotted with oli-
gonucleotide sequences representing all known viral patho-
gens. Novel viruses can also be identified if there is sufficient 
similarity between sequences in the new virus and those 
included on the array. Amplicons can be then be recovered 
from the array, cloned, and sequenced [20]. This technology 
has been used in the identification of the SARS coronavirus, 
XMRV, and was also tested as a means to rapidly identify the 
2009 pandemic influenza strain (H1N1) [19, 21]. PCR based 
on conserved sequences is possible but generally has limited 
applicability in viral diagnostics, as viruses do not contain 
highly conserved sequences analogous to the 16s ribosomal 
sequences utilized in bacterial identification [22]. One exam-
ple of this is the performance of PCR using primer sets that 
amplify members of a virus family followed by sequencing, 
as reported in the identification of USUV from patient sam-
ples using a pan-flavivirus RT-PCR [16, 23].

The sequence-independent amplification and sequencing 
of nucleic acids in biological fluids or environmental samples 
has been termed viral metagenomics [19, 24]. Sequence- 
independent approaches include subtractive hybridization or 
representation difference analysis (RDA), sequence- 
independent single–primer amplification (SISPA), rolling cir-
cle amplification, and next-generation sequencing. Subtractive 
hybridization or representational difference analysis (RDA) 
uses infected and uninfected samples from an individual 
patient. Viral nucleic acid is selectively concentrated by 
repeated rounds of hybridization and purification of the un-
hybridized, single-stranded nucleic acid molecules, which are 
then subcloned and sequenced. These techniques have been 
used in the identification of human herpes virus 8 (HHV-8) 
and the torque teno viruses (TTV), but they require large 
amounts of starting material as well as relatively high virus 
levels [19, 22, 25]. SISPA circumvents the need for large 
amounts of viral genomic material. This technique, introduced 
in 1991, and its derivations involve the attachment of a linker/
primer to blunt-ended nucleic acid and the subsequent ampli-
fication of all nucleic acid present, followed by cDNA library 
creation and sequencing [26]. SISPA was utilized in the iden-
tification of HEV, Norwalk virus, and Parvovirus 4 [22, 27]. 
Rolling circle amplification involves the use of the PhiX29 
polymerase primed with random primers to amplify circular 
viral genomes or cloned fragments. It was used in the identifi-
cation of human bocavirus (HBoV) among others [19, 28].

Viral metagenomics has been aided in the last few years 
by the development of a number of new sequencing plat-
forms. Termed “next-generation sequencing” or “deep- 

sequencing,” such technologies allow for the rapid and 
parallel generation of one million to over one billion 
sequences per run. Most of the current technologies rely on 
the non-specific amplification of DNA or RNA molecules 
followed by sequencing by synthesis using different tech-
nologies to detect base incorporation [22, 24, 29, 30]. 
Recently, single-molecule sequencing has become available, 
and this technology continues to develop, resulting in a 
greater number of reads (i.e., deeper sequencing) and longer 
read lengths [30]. These technologies are able to detect viral 
copy numbers near the limit of detection for specific quanti-
tative PCR assays and have been shown to be more sensitive 
than microarray analysis (2 per 106 versus 1 per 105 sequences 
in one study) [31, 32]. Next-generation sequencing has been 
utilized to identify novel viruses in patient samples (see are-
naviruses below) and determine the cause of fevers of 
unknown origin [32–35]. The potential utility of direct 
sequencing in the outbreak setting has also been shown fol-
lowing the 2009 influenza pandemic [21].

Deep sequencing, to the extent that it is sensitive and 
sequence-independent, has a great ability to detect both 
known and previously unknown (divergent) viruses as well 
as provide phylogenetic information. What it cannot do, 
however, is demonstrate causation. For many of these 
viruses, classical Koch’s postulates cannot be applied, and as 
recently demonstrated in the cases of TTV, GB virus C, and 
human bocavirus (HBoV), establishing a causative role for 
many of these agents can be difficult [22, 25, 36]. Mokili and 
colleagues have instead proposed an approach they call 
“Metagenomic Koch’s Postulates,” but whether they are suf-
ficient remains a matter for discussion [22].

At this time (and for the near future), next-generation 
sequencing remains a tool for research purposes rather than 
clinical diagnostics. Sequencing reactions take a good deal 
of time to set up and perform, with run times between 12 h 
and 14 days [29]. These runs also generate massive amounts 
of data that must be filtered to remove human and low- 
complexity sequence prior to analysis using various align-
ment programs designed to handle the large numbers of short 
reads [29, 32]. Finally, results must be interpreted carefully, 
as contaminants from the laboratory and even from commer-
cial reagents, such as Moloney murine leukemia virus 
(MMLV, from polymerase preparations), are often identified 
[21, 32]. Confirming the presence of a virus identified with 
small numbers of sequences can also be difficult. In the study 
of metagenomics following the 2009 influenza pandemic, 
one patient from British Columbia was found to have two 
sequences matching an Ebola Sudan isolate, and during the 
evaluation of children in Nicaragua with fevers of unknown 
origin, a child had sequence similar to African swine fever 
virus [21, 32]. Run-time and data management and analysis 
will need to be streamlined before such technology will be 
applicable for relatively routine use in a clinical laboratory.
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 Emerging and Re-emerging Pathogens

 Human T-Cell Leukemia Virus Type 1

Human T-cell leukemia virus type 1 (HTLV-1) infection is 
endemic in Japan, West Africa, South America, the Middle 
East, and the Caribbean with seroprevalence ranging approx-
imately from 3% to 30%, while in western countries <1% are 
infected [37]. Most of the millions who are affected acquired 
their infections vertically via breast milk, but this retrovirus 
may also be transmitted by blood transfusion, sharing of 
needles, and organ transplantation. A number of complica-
tions are associated with chronic HTLV-1 infection, most 
frequently adult T-cell leukemia (ATL) and HTLV-associated 
myelopathy (HAM), which occur in 5% or fewer of those 
infected. Immunosuppression administered to transplant 
recipients who are HTLV-1 carriers may trigger progression 
to these known complications of the infection (for a brief 
summary, see Table 45.1) [38–40]. Numerous reports docu-
ment the devastating clinical impact of ATL and HAM from 
HTLV-1 infection in solid organ transplant recipients [38, 
41, 42]. The majority of these cases are from Spain and 
Japan, though additional reports in the United States have 
surfaced in recent years involving donors and recipients with 
expected epidemiologic risk factors (i.e., residence in 
endemic regions) [43, 44].

Complications from HTLV-1 can be a result of reactiva-
tion disease in HTLV-1/2 seropositive recipients, de novo 
primary infection, and donor-derived infection in organ 
transplant recipients. In a nationwide survey in Japan, 
Yoshizumi et  al. identified 82 living donor liver transplant 
recipients who were HTLV-1 positive prior to transplanta-
tion. ATL developed in 5 of these 26 (15.4%) after intervals 
of 181–1315  days after transplantation. All five died, four 
due to ATL and one due to rejection after reduction in immu-
nosuppressive therapy. In a compelling case series of donor- 
derived HTLV-1 infection, liver and two kidney recipients 
from HTLV-1 seropositive donor were acutely infected with 
HTLV-1 with rapid dissemination early in the posttransplant 
period. HTLV-1 provirus was detected by PCR on days 
16–23 and increased by 2–3 logs by day 38–45, after which 
steady state was reached. HTLV-1 antibodies were first 
detected between 16 and 39 days following transplantation. 
Alignment of the HTLV-1 5′ LTR of the donor and the three 
recipients showed 100% sequence identity consistent with a 
common viral source of infection. Though no cases of early 
onset or rapid progression of HAM were observed in this 
series, in another case series, all three HLTV-1-negative 
recipients of organs from a single HTLV-1-positive donor 
(two kidney transplants and a liver transplant) developed 
antibodies to the retrovirus and developed HAM within the 
2 years of transplantation. HTLV-1 isolates from these three 
recipients were homologous to the donor isolate by DNA 

sequencing [45, 46]. Two case reports also document the 
occurrence of HAM in a heart transplant recipient and an 
HSCT recipient who both acquired HTLV-1 through blood 
transfusions [39, 47].

Despite these case examples, clinical disease due to 
HTLV-1 occurs infrequently after solid organ transplanta-
tion, even in endemic regions with high seroprevalence [38, 
41, 42]. Shirai et al. reviewed the courses of nine HTLV-1- 
positive patients who underwent renal transplantation with 
basiliximab (anti-CD25) induction together with corticoste-
roids, mycophenolate mofetil, and cyclosporine or tacroli-
mus. No patient developed ATL or HAM during follow-up of 
approximately 5 years, although one patient died of aspira-
tion pneumonia 17 days after transplantation [48]. A previ-
ous study also found no cases of ATL in 16 HTLV-1-positive 
kidney transplant recipients after up to 10 years of observa-
tion, at which point patient survival was 81%. Patient and 
graft survival were not significantly different from HTLV-1 
negative patients [49]. Smaller reports from western Japan 
(10 patients with up to 17 years of follow-up) and Iran (10 
patients with up to 6 years of follow-up) presented similar 
findings [50, 51].

While screening of donors may prevent the transmission 
of HTLV-1 to recipients, the demand for organs may override 
this concern, even in highly endemic areas such as certain 
regions of Japan. In regions with low rates of infection, 
screening of all donors generates many false positives, result-
ing in delays in transplantation or the loss of potential organs 
for donation. Following the three cases of donor-derived 
HTLV-1 infection in Spain, 2870 potential organ donors and 
recipients were screened for antibodies to HTLV-1, includ-
ing 1079 immigrants. Only five patients tested positive (con-
firmed by Western blot), and all of them were immigrants 
from South America or Africa [52]. The practice of universal 
HTLV-1 screening is no longer recommended by the United 
States Organ Procurement and Transplantation Network 
(OPTN) [37, 53]. However, targeted screening for HTLV-1/2 
seropositivity by organ procurement organizations (OPO) 
may be encouraged in high-risk living and deceased donors 
based on local prevalence data [43, 54].

HSCT has been used in the treatment of ATL in HTLV-1- 
positive patients, but since leukemia is a known complication 
of HTLV-1 infection, it can be asked if HSCT is safe and 
effective in such patients. Near relatives are the preferred 
sources of stem cells for transplantation, but in endemic 
areas, such individuals are also frequently infected with this 
retrovirus. The largest study addressing this question 
involved a retrospective analysis of data from three centers in 
Japan. In this study, 386 patients with ATL underwent allo-
geneic HSCT with a 3-year survival rate of 33%. 
Unfortunately, those who received their transplant from a 
related HTLV-1-positive donor had a higher risk of disease- 
associated mortality relative to those whose related donor 
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was HTLV-1 negative. HSCT recipients in complete remis-
sion at the time of transplantation had a higher rate of sur-
vival compared to patients not in complete remission (51% 
versus 26%). These results likely account for the finding that 
patients who received an HSCT from matched unrelated 
donors did as well as those from matched related donors 
(3-year survival, 39% versus 41%) [55]. No proven effective 
therapy for HAM exists. Some experts suggest antiviral pro-
phylaxis with zidovudine and raltegravir, but antiviral ther-
apy drugs are generally believed to have little effect on 
HTLV-1 because it is a cell-associated virus and proviral 
load is predominantly maintained by cell division of infected 
cells rather than free viral replication. Furthermore, defini-
tive long-term benefits of interferon and corticosteroids have 
yet to be established [43].

 Rabies Virus

Rabies virus is a member of the Rhabdoviridae family of RNA 
viruses and is one of seven species belonging to the genus 
Lyssavirus. All of these viruses except for Lagos bat virus 
have resulted in fatal human disease, but at this time, only 
rabies has been reported in the transplant population [56]. 
Rabies virus is typically acquired in humans through the bite 
of an infected animal. It is estimated that over 55,000 cases 
occur annually, worldwide, and most result from the bite of an 
infected dog [56, 57]. In countries where canine vaccination is 
routine, bites from insectivorous bats have emerged as the 
most common source [57]. Rabies infection results in an 
encephalitis that is nearly universally fatal unless the patient 
has been vaccinated or receives postexposure prophylaxis 
(PEP). Limited data suggest that some individuals can survive 
rabies exposure without intervention, including a single case 
in the United States and serologic data from humans in the 
Peruvian Amazon, but these cases appear to be rare [58, 59].

Sixteen cases of rabies have been reported in transplant 
recipients, and to date, all of these cases have been transmit-
ted through the transplanted tissue or organ (Table  45.1) 
[60–70]. Houff et al. first reported the transmission of rabies 
through a corneal graft in 1979 [66]. Since that time, eight 
other cases of rabies transmission have occurred through 
corneal transplantation. In seven of these nine cases, the cor-
nea recipients presented with neurological symptoms within 
40  days of their surgery and died soon after admission. 
Symptoms often included significant pain involving the eye 
that received the transplant [61, 62, 65–67]. In a case from 
France, reported in 1981, a patient exposed to rabies through 
corneal transplant survived after receiving PEP on the first 
postoperative day [70]. A second corneal transplant recipi-
ent, documented in a report from India, received partial PEP 
but then refused further treatment. He developed rabies 
9 months after transplant and died shortly thereafter [67].

Three clusters of rabies cases have occurred following 
solid organ transplantation. The first four cases occurred in 
Texas in 2004 [63, 64, 69]. Rabies developed following the 
transplantation of the liver, both kidneys, and an iliac artery 
graft from an Arkansas man who died after being diagnosed 
with a subarachnoid hemorrhage. All four patients developed 
encephalitis within 30  days of transplantation and died 
between 7 and 23 days later. The diagnosis was confirmed by 
serology in the three recipients, immunohistochemistry 
(IHC) staining of pathological samples, and viral isolation in 
cell culture. During the follow-up investigation, it was deter-
mined that the donor had been bitten by a bat shortly before 
organ donation [69].

The second cluster of cases occurred in Germany in 2005 
but was not widely published until 2010 [71–73]. Six patients 
were potentially exposed to rabies virus following the death 
of a 26-year-old woman, who died after presenting with 
altered mental status. She had reportedly consumed cocaine, 
amphetamines, and MDMA before her admission, devel-
oped cerebral edema, and was declared brain dead. During a 
contact investigation after the report of cases, it was discov-
ered that she had been bitten by a dog on a recent trip to 
India. PEP was administered to all six transplant recipients 
(lung, liver, kidney, kidney-pancreas, and both corneas), 
though not until at least 45 days after transplantation. The 
recipients of lung, kidney, and kidney-pancreas transplants 
died of rabies. Antiviral treatment was administered (with 
ribavirin and interferon) in these three cases as well as in the 
case of the liver transplant recipient. The lung recipient died 
on posttransplantation day 49 despite the initiation of deep 
sedation with ketamine and midazolam. The kidney trans-
plant recipient died on day 52 despite the addition of aman-
tadine but not deep sedation. The kidney-pancreas recipient 
was also treated with deep sedation starting with midazolam 
followed by ketamine and phenobarbital. Brain death was 
declared after 9 weeks and supportive measures discontin-
ued. The liver transplant recipient had been vaccinated 
against rabies over 20 years before transplantation and never 
developed disease [71, 72]. Both corneal grafts were 
explanted, but rabies virus was not detected in either cornea 
by RT-PCR. It has been suggested that the lack of rabies in 
these corneal grafts was the result of the limited excision 
procedure performed such as subcorneal complex excision 
rather than enucleation and the prolonged storage of the 
grafts prior to transplant for 5 days [72, 73].

In 2013, another case of transplant-transmitted rabies was 
identified in the United States. Signs and symptoms of rabies 
developed in a deceased-donor kidney recipient, a Maryland 
native, 17 months after transplantation, who ultimately died 
from rabies 3 weeks after hospitalization. Given lack of epi-
demiologic risk factors, an exploration of donor transmission 
was sought. In addition to a clinical presentation consistent 
with rabies in the organ donor, a raccoon rabies virus variant 
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more than 99.9% identical across the entire N gene was iden-
tified in both the organ donor and the infected recipient. The 
genetic sequence was also closely associated with a raccoon 
variant circulating in North Carolina, the donor’s state of 
residence [74]. Three unvaccinated recipients of organs (kid-
ney, liver, and heart) from the same donor were asymptom-
atic when rabies was diagnosed in the donor. PEP with rabies 
vaccination and immunoglobulin was initiated in these 
asymptomatic organ transplant recipients, and protective 
neutralizing antibodies developed in all three [75].

As mentioned previously, the management of rabies 
focuses on prevention either with vaccination in high-risk 
patients or PEP following an animal bite. Three individuals 
have apparently recovered from rabies (diagnosed by anti-
body testing) without receiving either intervention. These 
have all been young women (aged 8, 15, and 17), and two 
patients received treatment with what is now called the 
Milwaukee protocol (named after Milwaukee, WI), which 
includes a prolonged therapeutic coma, antiviral therapy, 
management of vasospasm, and avoidance of prophylaxis 
[58, 76, 77]. To date, 30 patients have received the Milwaukee 
protocol, but only one other patient has survived to hospital 
discharge [78, 79]. This patient had received partial PEP, 
however [78]. In two reports (one case report and a case 
series of eight patients), transplant recipients who received 
rabies PEP appeared to mount an adequate response (anti-
body titers of 0.5  IU/mL), though titers were lower than 
those seen in immunocompetent patients [80–82]. Rodriguez- 
Romo et al. reported the case of a kidney transplant recipient 
who received two courses of PEP after being bitten by a 
rabid dog. Following the first course, adequate antibody 
titers developed but then declined. A second PEP course was 
administered along with a reduction in immunosuppression; 
he maintained an adequate antibody level and remained 
asymptomatic [81]. Taken together, these data indicate that 
rabies vaccination can be effective, even after transplanta-
tion, and PEP may be safe and effective in transplant 
recipients.

 Lymphocytic Choriomeningitis Virus 
and the Arenaviridae

Lymphocytic choriomeningitis virus (LCMV) is a member 
of the Old World complex of Arenaviridae, a family of 
viruses that also contains important hemorrhagic fever 
pathogens endemic in Africa and South America. LCMV 
was the first isolated arenavirus, identified in 1933 during an 
outbreak of St. Louis encephalitis [83]. Infection with LCMV 
in the immunocompetent host is often mild or asymptomatic. 
Symptomatic infections present as aseptic meningitis, but 
the mortality in immunocompetent patients is <1%. In the 
largest recorded outbreak, 181 cases were documented in the 

United States associated with pet hamsters. While 46 patients 
were hospitalized, no one died [83–85].

In contrast to the clinical course of infection in immuno-
competent patients, five clusters of cases following LCMV 
transmission through organ transplantation (including 17 
cases and 12 deaths) document the ability of this pathogen to 
cause severe disease in transplant recipients (Table 45.1) [13, 
33, 86–88]. Another cluster of cases involved the transmis-
sion of a newly identified arenavirus in Australia (three 
patients, all of whom died) [33]. As in rabies infections doc-
umented in transplant recipients, all of these cases resulted 
from human-to-human transmission through organ trans-
plantation [13, 33, 86, 87]. At this time, cases acquired fol-
lowing transplant by exposure to rodents and their excreta 
have not been described. Also, cases have not been described 
in the HSCT population.

All five reported case clusters of LCMV infection 
occurred in SOT recipients in the United States (ten kidney, 
four liver, and three lung transplants). The first set of cases 
took place in 2003  in Wisconsin (four cases, four deaths), 
followed by clusters in 2005  in Massachusetts and Rhode 
Island (four cases, three deaths), 2008 in Massachusetts (two 
cases, two deaths), 2011 in Arkansas (four cases, two deaths), 
and 2013 in Iowa [13, 86–88]. Symptoms developed between 
2 and 23 days posttransplant and included fever, abdominal 
pain, nausea, diarrhea, and altered mental status occasionally 
accompanied by seizures. A number of patients also devel-
oped a peri-incisional rash and tenderness. Laboratory find-
ings included increased transaminases and creatinine. Both 
leucopenia and leukocytosis occurred. CSF findings included 
elevated protein (often marked), normal to low glucose, and 
a mild pleocytosis. The diagnosis of LCMV was confirmed 
in all patients using IHC on tissue samples or RT-PCR on 
tissue and serum samples. Serology was performed less fre-
quently and was often negative. Bronchopneumonia or dif-
fuse alveolar damage and hepatic inflammation or necrosis 
were the most common findings at autopsy [13, 86, 87, 89].

Five patients survived LCMV infection following SOT, 
including four kidney transplant recipients and a single liver 
recipient. One kidney transplant patient received treatment 
with ribavirin starting on posttransplant day 26 (2005 clus-
ter) and survived, though a second kidney transplant recipi-
ent was treated with ribavirin (2008 cluster, starting 6 weeks 
posttransplant) and died [13, 86]. Similarly, in the 2013 clus-
ter, all three recipients received ribavirin therapy, and two 
also received intravenous immunoglobulin starting 6 weeks 
posttransplant, with survival in the two kidney recipients and 
death in the liver transplant recipient [88]. The two other sur-
vivors (2011 cluster) recovered without antiviral therapy 
[87]. Ribavirin has been shown to be clinically effective in 
the early treatment of Lassa fever, a related Old World arena-
virus, but data for efficacy in the treatment of LCMV is lack-
ing [90]. Four corneal transplant recipients were also 
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potentially exposed to LCMV in these clusters, though none 
of them developed symptoms or seroconverted (two recipi-
ents in 2005 and a single recipient in 2011). The second cor-
nea removed from the 2011 donor was never transplanted. 
This tissue tested negative for LCMV by IHC and RT-PCR 
[13, 87].

Contact investigation following these cases revealed 
exposure to rodents for two of the donors: a pet hamster 
(2005 donor) and rodent infestation of the home (2011 
donor) [13, 87]. No definitive evidence of rodent exposure 
was discovered for the 2013 donor, although he had spent 
substantial time outside along the Mississippi River. Three of 
the donors also had positive LCMV testing: detectable IgM 
and IgG in archived serum from the day before death (2008 
donor), a positive RT-PCR from a single lymph node (2011 
donor), and a positive RT-PCR from aortic endothelial cells 
(2013 donor) [86–88]. Investigation into the 2003 donor 
revealed no clear exposure history and serology, viral cul-
ture, and IHC performed on other tissues collected at the 
time of donation were all negative [13, 91]. Likewise, all 
diagnostic testing (including RT-PCR) performed on stored 
samples from the 2005 donor was negative, and all further 
testing performed on samples from the 2011 donor was neg-
ative (including other lymph nodes) [13, 87]. It has been 
advised that immunocompromised patients avoid contact 
with rodents, including pets [92, 93]. While this recommen-
dation seems intuitive, this was not the mode of acquisition 
in these outbreaks, and it is unclear to what extent this will 
prevent future LCMV cases in transplant recipients.

An additional cluster of arenavirus cases occurred after 
the transplantation of the kidneys and liver from a single 
donor to three recipients in Australia in 2007. Patients devel-
oped fever, altered mental status, pulmonary infiltrates, and 
graft rejection soon after transplant, and they died between 
29 and 36 days posttransplant. While their clinical course is 
not discussed in great detail, it sounds similar to that 
described for LCMV. The agent was identified by next- 
generation sequencing (Roche, 454 pyrosequencing) as 
Dandenong virus following random primer amplification. 
Sequences were consistent with an arenavirus, though cer-
tain segments were closest to LCMV and others more closely 
resembled Kodoko virus (isolated in African wild mice) [33].

It has been noted that the clinical disease caused by 
LCMV and this newly identified arenavirus are more similar 
to the severe illnesses caused by the other Old World arena-
viruses, Lassa and Lujo viruses, and the New World arenavi-
ruses such as Junin, Machupo, and Guanarito viruses [91]. 
Infection with any of these pathogens can result in a viral 
hemorrhagic fever with varying degrees of encephalopathy 
[83, 90]. Cases of Lassa, Lujo, and New World arenavirus 
infections have not been described in immunocompromised 
patients, however. This absence of reporting may result from 
the relatively defined areas of endemicity for each virus as 

well as the limited number of transplants that are performed 
in those regions. Another possible explanation may stem 
from the unusual mode of transmission that leads to severe 
LCMV infection after SOT.

 Human Bocavirus and Parvovirus 4

Human bocavirus (HBoV) and Parvovirus 4 (PARV4) are 
newly identified members of the Parvoviridae family of 
DNA viruses, subfamily Parvovirnae. Prior to their discov-
ery, the only parvovirus known to infect humans was parvo-
virus B19. Both of these agents were identified in 2005, 
though there is a greater amount of clinical information on 
HBoV currently than PARV4 [27, 28, 94].

HBoV was initially detected in the nasopharyngeal (NP) 
aspirates of children with respiratory tract infections. 
Allander et  al. randomly amplified DNA and RNA from 
these samples, followed by cloning and sequencing. This 
identified sequences similar to members of the genus 
Bocavirus, named for the type species bovine parvovirus and 
canine minute virus. They then showed that 17 pediatric 
patients (of 540 screened) had HBoV detectable by PCR, 
and in 14 of these patients, HBoV was the only pathogen 
detected. All patients had been admitted with respiratory dis-
tress and ten had fevers. The virus was also predominantly 
detected in the winter months (14 of 17) [28].

Since the original study, a number of reports have con-
firmed the association between HBoV detection and respira-
tory tract infections, along with the seasonality of detection 
[95–102]. The establishment of HBoV as a pathogen, how-
ever, has been complicated by the high rates of detection of 
co-pathogens along with HBoV (up to 90%), detection of the 
virus in asymptomatic patients (43% in one study from 
Canada), and significant difference in the study design of 
published reports, including different methods of sample 
collection (NP swab, NP aspirate, or bronchoalveolar lavage) 
and the extent to which other pathogens were excluded [36, 
97, 100]. It does appear that HBoV causes a subset of respi-
ratory tract infections, particularly among infants and young 
children (<2 years of age), and the use of quantitative PCR 
may be a means to identify these patients. A 5.7% prevalence 
of HBoV has been reported from testing over 1800 NP swabs 
from healthy children presenting with a respiratory illness 
over a 3-year period [103]. In a separate study by Allander 
et al., patients with high HBoV viral loads (>104 copies/mL) 
in NP aspirates were more likely to have an isolated HBoV 
infection (though 18 of 28 patients still had another pathogen 
detected) and often had concomitant viremia detectable by 
PCR [95]. One study also reported an association between 
high HBoV viral loads in NP aspirates with longer duration 
of hospitalization in healthy pediatric children presenting 
with a respiratory illness [103]. The detection of HBoV in 
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the blood is not necessarily surprising as other parvoviruses 
(B19 and PARV4) are also detected in this compartment. 
HBoV DNA has also been detected from stool, though its 
potential as a gastrointestinal pathogen is unclear [102].

The incidence and clinical manifestations of HBoV infec-
tions in the immunocompromised host have not been estab-
lished (Table 45.1). In 2007, Schenk et al. reported the case 
of an HSCT recipient with disseminated HBoV infection. 
The patient was a 4-year-old boy who underwent HSCT and 
had a complicated hospital course including persistent fevers, 
which improved but did not completely resolve upon neutro-
phil engraftment, a lower respiratory tract infection, and 
diarrhea. HBoV was detected repeatedly from NP aspirates, 
serum, and stool, though its role in this case is complicated 
by the co-detection of rhinovirus from an NP aspirate, CMV 
reactivation, and grade I GVHD of the skin (no mention of 
path from the GI tract) [104]. In 2011, the same group 
reported on three more cases of immunocompromised 
patients (along with the case from 2007) with repeatedly 
positive tests for HBoV. These patients had virus detectable 
after weeks of isolation, often during the summer months, 
which supports the hypothesis that HBoV may establish 
latency and reactivate in the setting of a coinfection or 
impaired immunity [105]. Severe diarrhea was also reported 
in a 9-year-old transplant recipient (both liver and HSCT) 
associated with detectable HBoV in plasma and stool [106]. 
Other studies evaluating the role of HBoV as a respiratory 
pathogen in immunocompromised adults have detected the 
virus at low levels (or not at all) and have not documented a 
difference in outcomes between immunocompromised 
patients and immunocompetent controls [107–109].

Many significant questions remain regarding the signifi-
cance of HBoV in the transplant population, both pediatric 
and adult. One seroepidemiologic study out of Japan showed 
that between 94% and 100% of individuals have been 
exposed to HBoV by 6 years of age [110]. If this virus estab-
lishes latency, most transplant recipients will be at risk to 
develop reactivation, but whether that results in disease or is 
simply a marker of severe immune suppression has yet to be 
determined. The reporting of HBoV will no doubt increase. 
There are a number of published PCR assays to use for 
detection, and at least one platform for multiplex respiratory 
pathogen detection includes HBoV in a panel of 21 agents 
[36, 111]. There is no specific antiviral treatment for HBoV 
at this time.

Much less clinical information on PARV4 exists. This 
virus was originally identified by SISPA from the serum of 1 
of 25 patients presenting with an unidentified “viral syn-
drome” [27]. The virus has since been detected in a high per-
centage of patients who use IV drugs (30%) and patients 
with HIV-HCV co-infection (95%) [112, 113]. The clinical 
significance of these infections is unclear, though PARV4 
may be associated with symptomatic early HIV infection 

[113]. One report also documents two cases of encephalitis 
of unclear etiology in children (2 and 3 years of age) where 
PARV4 DNA was detected in the CSF [114]. Studies in 
transplant recipients have documented PARV4  in 5 of 164 
renal transplant recipients and 14 of 104 lung transplant 
recipients (Table  45.1). No associations with clinical out-
come have been identified [112, 115].

 Enterovirus D-68

Enterovirus D-68 (EV-D68) belongs to the family 
Picornaviridae and is the causative agent of an outbreak of 
severe respiratory illness in 2014 that began in the United 
States and spread to several countries around the world. EV- 
D68 was first identified in 1962  in four children suffering 
from pneumonia and bronchiolitis and, prior to 2014, 
detected in only a small number of patients [116]. The 2014 
outbreak began concurrently in Kansas City, MO, and 
Chicago, IL, where an increase in hospitalizations for severe 
respiratory illness was noted in pediatric patients. Multiplex 
PCR assays detected an increase in rhinovirus/enterovirus in 
nasopharyngeal specimens. Evaluation by the CDC found 19 
of 22 specimens from Kansas City and 11 of 14 specimens 
from Chicago positive for EV-D68. Of these 30 patients, 29 
(96.7%) were admitted to the ICU and 6 (20.0%) required 
mechanical ventilation [117]. By the end of 2014, over 1100 
cases of respiratory illness caused by EV-D68 had been 
reported in the United States, predominantly among chil-
dren. Subsequently, more than 2000 cases of respiratory ill-
ness were attributed to EV-D68 in 20 countries worldwide 
[118, 119].

Though the manifestations of EV-D68 can be severe, EV- 
D68 more commonly causes an upper respiratory tract infec-
tion that does not require hospitalization. Factors that 
predispose to milder disease are incompletely understood, 
though several studies report asthma as a risk factor for ICU 
admission and need for mechanical ventilation [118, 120]. 
Concurrent with the respiratory outbreak, clusters of chil-
dren with acute flaccid paralysis and severe neurologic dis-
ease were observed in the United States and Europe and 
attributed to EV-D68 given the temporal relationship of 
symptoms and detection of the virus in pharyngeal swabs 
[121]. EV-D68 has since been linked with acute paralytic 
poliomyelitis, encephalitis, myelitis, encephalomyelitis, or 
acute transverse myelitis [119]. As no specific vaccine or 
antiviral for EV-D68 exists, treatment of children with 
EV-D68 is mainly supportive and focused on symptom relief 
for fever and respiratory support if needed.

Few studies have evaluated the extent of EV-D68 infec-
tion in immunocompromised patients. Eight cases of 
EV-D68  in hematologic malignancy or HSCT recipients 
were found in one study, which retrospectively tested for the 
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presence of the virus in respiratory samples (n = 506) that 
had tested positive for human rhinovirus (HRV) or negative 
for all respiratory viruses in a multiplex panel collected over 
a 3-month period. Thirteen (11.5%) cases originally identi-
fied as HRV were subsequently characterized as EV-D68 
with a specific PCR assay, highlighting the limited specific-
ity of HRV primers and the potential for inaccurate diagno-
sis. Furthermore, of the 393 cases initially negative for all 
respiratory viruses, 8 (2%) were presumptive EV-D68. This 
has implications for infection control as patients with nega-
tive tests results would likely be removed from droplet isola-
tion and theoretically could result in person-to-person 
transmission particularly among immunocompromised 
patients. The eight cases of EVD-68 in hematologic malig-
nancy or HSCT recipients (51–1833 days from transplant) 
developed symptoms ranging from mild upper respiratory 
tract infection to respiratory failure [122]. Cases were not 
limited to children, as all were in immunocompromised 
adults aged 22–69 years old. At this time, cases of EV-D68 in 
solid organ transplants have yet to be reported in the 
literature.

 Measles, Mumps, and the Paramyxoviridae

The family Paramyxoviridae contains a number of signifi-
cant human pathogens and is divided into two subfamilies, 
Paramyxovirinae and Pneumovirinae. The major pathogens 
within the Pneumonvirinae, respiratory syncytial virus 
(RSV) and human metapneumovirus (hMPV), are discussed 
in detail elsewhere in this text. Paramyxovirinae contains 
five genera and includes measles (Morbillivirus) and mumps 
(Rubulavirus), the emerging pathogens nipah and hendra 
(Henipavirus), as well as the avian pathogen, avian para-
myxovirus 1 (APMV-1, also known as Newcastle disease 
virus; Avulavirus). Measles and mumps are not typically 
considered emerging pathogens. However, the potential to 
cause severe disease in transplant recipients as well as the 
recent rise in incidence for both agents brings them into con-
sideration here [123–131]. Nipah, hendra, and APMV-1 will 
also be discussed briefly.

Measles and mumps are both vaccine preventable ill-
nesses and following the introduction of the MMR vaccine 
in 1967, there was a marked decrease in the incidence of 
these diseases in developed countries [125]. However, 
immunity can wane over time, even after the recommended 
two dose series in the immunocompetent patient. This 
decline in humoral immunity has been well documented in 
the transplant population, and even following repeat vacci-
nation, response rates are suboptimal [132–135]. Repeat 
MMR vaccination posttransplant appears to be safe, and 
this topic will be covered in detail in a later chapter 
[133–135].

Severe disease in transplant recipients has more often 
been reported as a result of measles infection than mumps. 
The most significant manifestation of measles in this patient 
population is subacute measles encephalitis (SME, also 
reported as immunosuppressive measles encephalitis or 
measles inclusion body encephalitis), but severe cases of 
pneumonia and one case of liver transplant rejection possibly 
resulting from measles have also been reported (Table 45.1) 
[127, 129, 130, 136–142]. SME was originally documented 
in patients immunocompromised from chemotherapy or 
malignancy, and the disease was first reported in a renal 
transplant recipient in 1979 [127]. It has since been reported 
in other renal transplant recipients, though not always con-
firmed by IHC staining or RT-PCR, and a single patient fol-
lowing HSCT [129, 136, 141, 143]. Patients with SME may 
initially present with an illness compatible with measles, 
including fever, conjunctivitis, and a rash, though this is not 
consistent and typically is only recognized as measles in ret-
rospect [127, 136, 139, 141]. Patients typically improve but 
then re-present with altered mental status and seizures 
between 2 weeks and 4 months after their initial illness. In a 
review of the literature, the range was 1–7 months, but this 
included predominantly nontransplant patients [129, 136, 
139, 141]. At the time of admission for seizures, fevers are 
particularly uncommon, and CT imaging and CSF analysis 
are often normal. The first imaging changes are seen by MRI 
with increased signal intensity on FLAIR.  The clinical 
course is one of deteriorating mental status and worsening 
seizures refractory to anti-epileptic drugs [127, 129, 136, 
139]. Four of six transplant cases of SME died. The two sur-
vivors were reported in 2006 by Turner et  al. Both cases 
occurred in pediatric renal transplant recipients, 6 and 
11 years out from transplant. They both received one dose of 
IVIG and a course of IV ribavirin. Both of them survived, 
though both had significant neurological deficits [141]. A 
single case of SME occurred in a previously healthy boy fol-
lowing MMR vaccination, though during admission, he was 
found to have a primary immune deficiency [144].

The incidence of severe measles in transplant recipients is 
unclear as most of the data comes from case reports and 
reviews of the literature. In an attempt to answer this ques-
tion, Machado et al. evaluated 156 HSCT recipients during 
the 1997 outbreak of measles in Sao Paolo. These investiga-
tors identified eight cases among 54 patients deemed to be 
susceptible (based on an IgG ≤ 100 mIU/mL), and notably, 
only one of them had severe disease, manifested as  interstitial 
pneumonia. All eight patients survived [138]. It has been 
noted that the case definition, requiring a serological response 
(appearance of IgM or rise in IgG), may be too restrictive for 
HSCT recipients, resulting in a number of missed cases 
[145]. A second, short report by Lee et al. documented a fatal 
case of pneumonia in an HSCT recipient clinically diag-
nosed with measles during an outbreak in Korea from 2000 
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to 2001. At their center, they presumptively diagnosed 16 
HSCT recipients with measles (methods not specified), with 
this as the only case of severe disease. The patient who died 
of pneumonia never developed detectable IgM or IgG [137]. 
The incidence of measles in SOT and HSCT recipients 
remains unclear, though given the 222 cases of measles in 
the United States and tens of thousands of cases in Europe in 
2011, it is likely under reported [128, 131].

Five cases of posttransplant mumps infection have been 
documented, including three renal transplant recipients and 
two HSCT recipients (Table 45.1) [123, 124, 146–148]. The 
three renal transplant patients developed parotid gland swell-
ing. Two patients showed involvement of their graft: one in a 
patient with a failed graft already on dialysis and the second 
with a previously functioning graft who developed tubuloin-
terstitial nephritis and permanent graft failure. This second 
patient also developed orchitis and vestibular neuronitis with 
persistent vertigo after recovery. All three patients survived 
[123, 146, 147]. Both cases in the HSCT literature document 
fatal encephalitis in young patients with severe combined 
immunodeficiency treated with HSCT. The first patient was 
a 16-month-old infant who developed meningoencephalitis 
and seizures prior to HSCT and deteriorated rapidly after 
transplant. Mumps was isolated in culture from urine, blood, 
and CSF. The infant had been vaccinated for mumps several 
months prior, and the authors suggest the vaccine strain as 
the potential cause of infection [124]. The second patient 
was a 19-year-old who developed subacute encephalomyeli-
tis from a wild-type mumps strain 2  years after 
HSCT. Infection occurred during an outbreak of mumps in 
England and Wales in 2004 and 2005 [148].

APMV-1 causes lethal infections in birds and has been 
tested as a potential agent for virotherapy in certain malignan-
cies [149]. Cases in humans have rarely been documented 
and typically involve an acute, self-limited conjunctivitis, 
often in poultry workers. In 2007, Goebel et  al. reported a 
case of pneumonia in a 42-year-old HSCT recipient where 
APMV-1 was isolated in culture from bronchoalveolar lavage 
fluid, a lung biopsy, stool, and urine (identity confirmed by 
sequencing; Table 45.2). The patient died after 24 days, and 
IHC was consistent with APMV-1 infection. No other patho-
gens were isolated, though the patient was on broad spectrum 
antibiotics at the time of bronchoscopy [150].

Nipah and hendra viruses (and the recently identified 
Cedar virus, which will not be discussed further) comprise 
the genus Henipavirus and were identified in the 1990s as 
causes of encephalitis [151–153]. Old World fruit bats serve 
as the natural host for nipah and hendra, but these pathogens 
are notable among the Paramyxoviridae for their ability to 
infect a wide range of hosts, including pigs, horses, and 
humans. Hendra has been transmitted from horses to their 
handlers, and nipah has been transmitted from pigs and bats 
to humans [152, 154]. Human-to-human spread of nipah has 

also been documented in recent outbreaks [154–156]. 
Infection resulting from either virus can result in severe 
respiratory tract disease, encephalitis, or both. In a series of 
92 cases of encephalitis from Bangladesh, 69% of patients 
also had respiratory difficulty, though this rate was higher 
than that seen in a series from Malaysia (21%) [157, 158]. 
Mortality from encephalitis has ranged from 30% to 70% in 
different series, and residual neurological deficits can persist 
in survivors [157, 158]. An unusual feature of infection with 
either of these viruses is the occurrence of relapsing or late- 
onset encephalitis that has been documented to occur up to 
22 months after initial presentation and still carries a high 
mortality [159]. Treatment remains supportive. In the large 
series reported to date, which involve nipah virus, there have 
not been documented cases involving transplant recipients or 
immunocompromised hosts, though the comorbid illnesses 
of patients included in these series have not been fully 
described [157, 158].

 Poxviridae

Poxviridae is a family of large DNA viruses that includes 
four genera (among many) of viruses with the potential to 
infect humans: Orthopoxvirus (including variola), 
Molluscipoxvirus (including molluscum contagiosum virus), 
Parapoxvirus, and Yatapoxvirus. Molluscum contagiosum is 
widely recognized, and in the immunocompromised patient, 
molluscum contagiosum virus infection can cause an erup-
tion of large and widespread skin lesions. We will not discuss 
this agent further in this chapter.

Orf virus, a Parapoxvirus, is a well-known pathogen in 
sheep, particularly young lambs, and causes papulovesicular 
lesions in the mouth and groin of affected animals [160, 
161]. Orf lesions, also known as ecthyma contagiosum, also 
occur in humans. These lesions tend to be solitary and occur 
on the extremities of individuals who work with infected 
sheep. In the immunocompetent patient, these lesions are 
self-limited and tend to heal over 1–2 months [160, 161]. In 
transplant and immunocompromised patients, however, a 
number of cases of recurrent and giant orf lesions have been 
reported (Table 45.1) [160–164]. These lesions can be 5 cm 
or more in diameter and have been confined to the hand or 
forearm. All patients reported contact with sheep. Patients 
have undergone excision with skin grafting or even 
 amputation when these lesions are not diagnosed correctly, 
but even with such aggressive treatment, lesions tend to recur 
after a few weeks to months [160, 162–164]. A single patient 
also developed a new lesion at the skin-graft donor site [164]. 
While no standard treatment exists, three case-reports docu-
ment responses in renal transplant patients using cryotherapy, 
cidofovir cream, or imiquimod (a single case for each treat-
ment) [161, 163, 164]. The patients treated with cryotherapy 
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and cidofovir required a second course of treatment but again 
responded well [161, 163].

Cases of human monkeypox, an Orthopoxvirus, were first 
recognized in 1970 during the vaccination campaigns to 
eradicate smallpox, though earlier cases may have been diag-
nosed as the clinically similar smallpox [165, 166]. Outbreaks 
of disease continue in the Democratic Republic of the Congo 
and neighboring Sudan, and indeed, the incidence appears to 
be increasing after cessation of routine smallpox vaccination 
over 30 years ago [165–167]. In 2003, the first cases of mon-
keypox outside of Africa occurred in the Midwestern United 
States, with 37 confirmed cases associated with exposure to 
sick pet prairie dogs that in turn had been infected by rodents 
imported from West Africa [152, 166, 168]. Though fatal 
cases of monkeypox in Africa are well described, no fatali-
ties were reported among these 37 patients [167–169]. Nine 
patients were described as having severe disease, including a 
single case each of encephalitis and respiratory distress, and 
five patients were hospitalized. One patient described in the 
series had received an HSCT, but they were not reported 
among the cases of severe disease and appear to have recov-
ered fully (Table 45.2) [152, 166, 168].

A novel orthopoxvirus was recently identified to cause a 
rash illness in a renal transplant recipient who was 26 months 
posttransplantation. The patient developed a tender, ery-
thematous, and indurated rash with development of vesiculo-
pustular lesions on the right lateral chest wall. Multiple 
debridements failed to demonstrate the causative agent and 
were negative for HSV and VZV by IHC straining and acid- 
fast and fungal organisms by special staining. A dense 
inflammatory infiltrate composed of lymphocytes, histio-
cytes, and focal eosinophils extending into the subcutaneous 
adipose tissue was consistently demonstrated on multiple 
specimens. Culture on human epithelial type 2 cells and 
BSC40 cells demonstrated viral cytopathic effects, but could 
not be further identified with standard evaluation. Viral DNA 
was then sequenced by next-generation sequencing. De novo 
assembly of the viral genome and phylogenetic analysis 
revealed a novel poxvirus most closely related to Yoka pox-
virus, which was isolated from mosquitoes in the Central 
African Republic in 1972 during an ecologic survey. The 
patient had no travel outside of his community in upper 
New York state. The epidemiology of this novel pox virus is 
not known at this time; however this case serves as reminder 
that immunocompromised patients are prone to novel infec-
tious diseases [170].

 Global Emerging Pathogens

SOT and HSCT have become the treatments of choice for a 
large number of disease processes. Advancements in immune 
suppression and improvements in the management of oppor-

tunistic infections have allowed a growing number of centers 
worldwide to perform such procedures. According to the 
Global Observatory on Donation and Transplantation, over 
100,000 solid organ transplants were performed in 2013, 
including 80,000 kidney and 25,000 liver transplants. From 
2000 to 2010, the number of countries performing kidney 
transplant increased from 33 to 84. While the number of kid-
ney transplants performed annually in the United States and 
Canada stayed relatively stable from 2005 to 2015 (16,485–
17,878 and 1049–1265, respectively), the total number per-
formed in the Americas region nearly doubled (from 14,512 
to 28,324). Countries that include endemic areas for many 
emerging infectious diseases are now performing a signifi-
cant number of transplants (e.g. Brazil and India, which both 
performed around 5000 kidney transplants in 2010) [171]. In 
the following sections, we will briefly discuss a number of 
different emerging viral pathogens. To date, few of these 
have been documented in transplant recipients. With the 
marked increase in both SOT and HSCT, this will no doubt 
change, and we expect a corresponding increase in emerging 
viral infections in transplant hosts, both from known viruses 
and those yet to be identified.

 Dengue Virus, Zika, and the Flaviviruses

Flaviviruses are single-stranded RNA viruses, and this genus 
contains a number of important human pathogens, including 
dengue virus (DENV), Zika virus (ZIKV), yellow fever virus 
(YFV), Japanese encephalitis virus (JEV), West Nile virus 
(WNV), St. Louis encephalitis virus, and tick-borne enceph-
alitis virus (TBEV), among others. In this section, we will 
focus on DENV but also briefly discuss ZIKV, YFV, and case 
reports of USUV, an emerging avian pathogen in Africa and 
Europe [172]. Cases or case series of other flaviviruses have 
not been reported in the transplant literature, which may be 
partly explained by effective vaccines for both JEV and 
TBEV.

DENV is the most common vector-borne disease world-
wide and has emerged as a significant pathogen in an increas-
ing number of countries over the last 40 years [173]. Four 
serotypes of DENV exist (DENVs 1–4) and are transmitted 
by Aedes aegypti and Aedes albopictus mosquitoes. All have 
the potential to cause a range of clinical illness, from 
 asymptomatic infection to classical dengue fever (DF) to 
severe dengue, including dengue hemorrhagic fever (DHF) 
and dengue shock syndrome (DSS). Infection with one sero-
type (primary infection) results in immunity to that serotype, 
but infection can occur with any of the remaining serotypes 
(secondary infection) [173]. Secondary infection has been 
shown to be a significant risk factor for the development of 
severe dengue, and this appears to result from both disadvan-
tageous humoral and cellular immune responses (termed 
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antibody- dependent enhancement and original antigenic sin, 
respectively) [174, 175]. Other factors are also important, 
such as the order of infection as well as the specific DENV 
strain [176, 177].

A number of reports have documented the occurrence of 
both DF and severe dengue in transplant recipients 
(Table  45.1) [178–187]. Two case series from Brazil (27 
patients) and Singapore (6 cases) present a less severe pic-
ture of DENV infection in renal transplant patients [178, 
182]. In the study from Brazil, eight patients had been hospi-
talized and one died of respiratory failure. Only a single 
patient developed DHF, and this person recovered [178]. The 
six patients in Singapore were identified on presentation to 
the hospital. Though all survived, the mean platelet count 
was 80,000 and 5 patients developed leucopenia. There were 
no cases of DHF or DSS [182]. All 33 patients in these 2 
series had stable graft function.

Severe cases of dengue were reported from India in a 
series of eight renal transplant patients, who were diagnosed 
with DENV on admission to the hospital. Five patients 
developed DHF, and three patients developed DSS. All those 
in the latter group died [186]. Four other case reports in renal 
transplant recipients include three cases of DHF and a single, 
fatal case of DSS [179, 181, 184, 185]. Though these repre-
sent a small number of cases, it is notable that four of the 
patients with severe dengue developed disease within 
1 month of transplantation (two during their initial hospital-
ization), while all of the patients in the series from Brazil and 
Singapore developed their illness 3  months or more after 
transplant. Reports also document a single fatal case of DSS 
occurring in a liver transplant recipient (date of transplant 
not reported) and a fatal case of severe dengue 4 days after 
HSCT [180, 183] Most patients were diagnosed using NS1 
protein detection or rapid IgM and IgG, and RT-PCR was 
less commonly performed. The serotypes, when reported, 
included DENVs 1, 3, and 4 [180, 183–185].

Human-to-human transmission of DENV as a result of 
organ transplantation has been documented. In one case of 
DENV transmission from a living donor to liver transplant 
recipient in India, the donor developed fevers, thrombocyto-
penia, and transaminitis 2 days after liver donation. Donor 
blood was positive for DENV NS1 antigen. The recipient 
developed a similar clinical presentation 5 days after trans-
plantation and was also positive for DENV NS1 antigen. 
Both recipient and donor were treated with supportive mea-
sures and discharged after their full recovery 2–3 weeks after 
transplantation [188]. A case of donor-derived DENV trans-
mission in HSCT has also been reported. In this report from 
Germany, the donor similarly developed clinical symptoms 
of DENV days after donation of peripheral blood stem cells 
to a recipient with acute myeloblastic leukemia and was only 
later noted to have returned from a trip to Sri Lanka. DENV 
NS1 antigen and PCR were positive in the donor. The recipi-

ent was subsequently treated with IVIG; however, the recipi-
ent ultimately developed cardiopulmonary arrest and died 
9 days posttransplant. Blood testing of the recipient also was 
positive by DENV NS1 antigen and PCR.  Sequencing of 
virus showed genotype 1 infection with sequence similarity 
to circulating DEV 1 genotype 1 strains in Sri Lanka [189].

Emergence of ZIKV, another mosquito-borne flavivirus, 
was first reported in 2007  in the Federated States of 
Micronesia where an outbreak of febrile illness occurred that 
was characterized by rash, conjunctivitis, and arthralgias. By 
2015, ZIKV spread throughout the Pacific Islands, continen-
tal South America and into Central America, the Caribbean, 
and Mexico. ZIKV is linked with outbreaks of Guillain- 
Barre syndrome and devastating birth defects, most notably 
fetal microcephaly, from infection during pregnancy. Given 
the recency of the epidemic, the effects of ZIKV infection in 
transplant recipients are currently not known. The potential 
impact of any major viral infection on transplant outcomes 
can be significant with increased morbidity and mortality in 
transplant recipients who develop disease [190]. The full 
influence of ZIKV on transplantation remains to be 
determined.

YFV is closely related to DENV, exists in sub-Saharan 
Africa and South America, and is transmitted by the bite of 
infected Aedes species mosquitoes. To date, no cases of 
YFV have been reported in the transplant literature [191]. 
The YFV vaccine is effective, but it is live-attenuated and 
not currently recommended for transplant recipients. In 
one small study, 19 SOT recipients received the YFV vac-
cine inadvertently during outbreaks in Brazil. No severe 
AEs were reported, and the mean posttransplant time at 
vaccination was over 5  years [192]. Similarly, a patient 
with AML who started chemotherapy just 7  days after 
receiving YFV vaccination did not develop AEs despite 
detection of the 17D attenuated viral strain by RT-PCR in 
plasma samples for 15 days after vaccination. Interestingly, 
protective neutralizing antibodies were detected 1 month 
after the vaccine, indicating that memory B lymphocytes 
may have been preserved despite ablative bone marrow 
suppression [193].

Two case reports exist, both from Italy in 2009, of USUV 
causing encephalitis in immunocompromised patients [16, 
23, 172]. The first report was of a woman with diffuse large 
B-cell lymphoma who presented with fever and a resting 
tremor. CSF was sent for a pan-flavivirus RT-PCR, and 
sequencing was consistent with USUV [23]. The second 
patient had TTP and was admitted with fevers and a head-
ache. She developed fulminant liver failure and received a 
liver transplant (Table 45.2). Plasma drawn just before trans-
plant gave a weak positive signal in a WNV RT-PCR. Flavivirus 
RT-PCR was then performed, and sequencing was consistent 
with USUV [16]. Both patients recovered, though had some 
residual neurological deficits.
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 Alphaviruses

The alphaviruses are a genus of single-stranded, positive- 
sense RNA viruses (within the Togaviridae family) that 
cause either encephalitis such as eastern, western, and 
Venezuelan equine encephalitis viruses or a systemic febrile 
illness with a rash and arthritis including Semliki Forest, 
Sindbis, O’nyong-nyong, Mayaro, Ross River, and 
Chikungunya viruses. In 2004, Chikungunya virus (CHIKV) 
re-emerged in Kenya and spread to countries around the 
Indian Ocean, including Reunion, a French overseas district, 
and India, resulting in millions of cases [194, 195]. 
Autochthonous spread was even detected in Italy in 2007 
[196]. Symptomatic CHIKV infections result in a severe 
arthritis, which can persist for months following resolution 
of the fever and rash [197, 198]. Cases of meningoencepha-
litis and fatalities have been reported [199, 200]. Two cases 
of severe CHIKV infections in immunocompromised 
patients were reported by Kee et al., in 2010, including one 
patient taking an herbal medicine felt to contain steroids and 
a liver transplant recipient (Table 45.2). The liver transplant 
recipient presented with fever, headache, and abdominal 
complaints. IgM was positive for CHIKV, but IgG and serum 
RT-PCR remained negative (lumbar puncture was not per-
formed). He recovered fully. Neither patient developed 
arthritis or arthralgias during the course of their infections 
[201]. A subsequent case of CHIKV infection in an HIV- 
infected kidney transplant recipient who had traveled to the 
Dominican Republic 4 years of transplantation reported an 
episode of arthritis lasting 2 months, which ultimately self- 
resolved [202]. In a second study, investigators tested cor-
neal grafts from patients living in La Reunion during the 
2005–2006 CHIKV outbreak. Twelve of 69 asymptomatic, 
potential donors were found to be viremic (3 patients) or 
IgM positive (11 patients, including 2 patients with viremia), 
and corneal grafts from 4 of these patients (all 3 viremic 
patients) had detectable CHIKV RNA on RT-PCR. While no 
cases of transplant-associated CHIKV transmission have 
been documented, researchers did show that transmission 
can occur by the ocular route in mice [203].

 Bunyaviridae

Bunyaviridae is a family of segmented RNA viruses that 
includes a number of emerging pathogens, including Rift 
Valley fever virus (RVFV), the hantaviruses, Crimean-Congo 
hemorrhagic fever virus, and two newly identified phlebovi-
ruses, HYSV and Heartland virus. Bunyaviruses are vector- 
borne viruses, except for the hantaviruses, which are 
transmitted through aerosols from infected rodents. RVFV is 
an important livestock pathogen in Africa and causes out-
breaks of severe human disease, often following periods of 

heavy rain. Many human infections are asymptomatic or 
result in a self-limited febrile illness, though cases of enceph-
alitis and hemorrhagic fever are reported. Disease severity 
tends to be greater during large outbreaks, and mortality 
rates of up to 30% in symptomatic patients have been seen. 
Recently, this infection was seen for the first time in coun-
tries outside of Africa, causing outbreaks in Saudi Arabia 
and Yemen [204, 205]. To date, there have not been reported 
cases within the transplant community.

HYSV and Heartland virus have been described in the last 
2 years, and clinical experience remains limited. HYSV is a 
tick-borne bunyavirus and was identified in patients in China 
presenting with fevers and thrombocytopenia without an iden-
tified cause [17]. A recent publication on the clinical course of 
49 inpatients with confirmed HYSV documented a mortality of 
16%, which correlated with high viral loads on admission 
[206]. Heartland virus has been isolated from two patients in 
Missouri, United States, who were admitted with fevers, diar-
rhea, and thrombocytopenia. They both improved with sup-
portive care [18]. Both of these viruses were initially isolated in 
cell culture before being further characterized by electron 
microscopy and sequencing, and they appear to be closely 
related members of the genus Phlebovirus [17, 18]. Given their 
recent identification, it is not unexpected that these infections 
have not been characterized in the transplant population.

The Hantavirus genus includes at least 23 related viruses 
that cause hemorrhagic fever with renal syndrome (HFRS) 
or hantavirus pulmonary syndrome (HPS). Three cases of 
hantavirus infection in immunocompromised patients, 
including a single case in a renal transplant recipient, have 
been reported (Table 45.2) [207–209]. All of these cases 
involved Old World hantaviruses that are associated with 
HFRS including Dobrava-Belgrade virus, one case, and 
Puumala virus, two cases. The renal transplant recipient, 
18  months after transplantation, presented with 5  days of 
fevers, headache, and arthralgia. He developed oliguric renal 
failure and required 5 days of dialysis prior to return of nor-
mal urine output. He was treated with steroids for acute 
rejection, but given his presentation, he was also evaluated 
for other causes. IgM returned positive for Dobrava-Belgrade 
virus, and the patient made a full recovery [207]. The two 
cases of Puumala virus infection involved a patient with 
acute leukemia and one receiving anti-TNF therapy. Both 
patients did well, though interestingly, the patient with leu-
kemia was felt to be infected through a platelet transfusion 
[208, 209]. The treatment of hantavirus infections remains 
largely supportive. There is limited data for the use of ribavi-
rin, which decreased mortality in a study of HFRS in China, 
reported in 1991 [210]. A trial of ribavirin in HPS was termi-
nated early due to slow patient accrual. This study showed no 
improvement in the patients given ribavirin, though it was 
underpowered [211]. No benefit was seen in the use of oral 
prednisone in HFRS [212].
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 Filoviridae

Marburg and Ebola viruses are the only members of the 
Filoviridae family and are two of the most virulent human 
pathogens, causing outbreaks of hemorrhagic fever with mor-
tality rates of up to 90%. Except for the first identified out-
break of Marburg virus in 1967, when it was isolated from 
patients in Germany and Yugoslavia who had handled infected 
African green monkeys, these viruses have only caused hem-
orrhagic fever outbreaks in Africa. The largest Ebola outbreak 
recorded began in 2013  in West Africa (predominantly 
Liberia, Sierra Leone, and Guinea) and has resulted in over 
28,000 cases and 11,000 deaths to date and include the trans-
mission from individuals infected in West Africa to health-
care workers in the United States and Europe [213–215].

The incubation period for these viruses is 3–13  days. 
Patients then become acutely ill, developing high fevers and 
other nonspecific complaints such as malaise, nausea, vomit-
ing, and diarrhea. Most patients develop a maculopapular 
rash, and they often develop hemorrhagic manifestations 
from multiple mucosal sites. Laboratory abnormalities are 
not diagnostic but include initial leucopenia, often followed 
by a leukocytosis, thrombocytopenia, increased transami-
nases (typically AST more than ALT), and prolonged pro-
thrombin time [213]. Virus is detectable, using RT-PCR, 
antigen detection, or culture, in the blood and other body 
fluids at the time of presentation [213, 216, 217]. Care at this 
time is supportive along with infection control procedures 
including patient isolation. The majority of patients who die 
as a result of Marburg or Ebola do so within the first 2 weeks, 
and convalescent time for survivors is often prolonged [213]. 
Many long-term complications have been reported in survi-
vors, with rheumatologic and ocular complaints most pre-
dominant. 50–75% of survivors report symmetric, 
polyarthritic arthralgias. Eye pain, conjunctivitis, photopho-
bia, hyperlacrimation, uveitis, and loss of visual acuity also 
seem to be common with reports in as much as half of survi-
vors in certain regions during the West Africa outbreak.

Though Marburg and Ebola infections have not been 
reported in the transplant population, likely due to the barri-
ers to the establishment of robust transplant program in these 
countries, recognition of risk factors for Ebola among poten-
tial donors during outbreak periods may be of importance. 
Symptomatic patients have virus disseminated in multiple 
organs and body fluids, and transmission occurs via contact 
with infected fluids. Donor-derived infection may involve a 
donor who died of unrecognized Ebola or an infected but not 
yet symptomatic donor. Donors who have traveled to areas 
with significant Ebola activity, health-care workers working 
directly with Ebola, and others with direct exposure to a 
patient with proven Ebola infection in the prior 21  days 
should raise caution for possible donor-derived Ebola trans-
mission [217].

 Xenotransplantation

Acellular xenografts have been in use for decades, and por-
cine islet cell transplantation recently entered clinical trials, 
but the xenotransplantation of organs remains experimental 
and beyond the realm of clinical medicine [218]. The scien-
tific and ethical questions surrounding the transplantation of 
organs, cells, and tissues from nonhuman species have gen-
erated an independent body of literature. The handling of 
these questions is beyond the scope of this text, and we will 
only briefly discuss some of the concerns regarding the 
transmission of viral zoonoses to human xenograft 
recipients.

The porcine endogenous retroviruses (so called PERVs) 
are incorporated in swine DNA and genetically acquired 
[218, 219]. These viruses can be found in the genomes of all 
swine, and there is concern that they could infect transplant 
recipients, as human cells have been shown to be susceptible 
in vitro [219–224]. In a study using a pig-to-baboon model 
of SOT, PERV proviral DNA was found in the PBMCs of all 
ten animals, though viral RNA was not detected [223]. In 
studies of recipients of islet cell transplants, PERV transmis-
sion has not been documented, though in these studies, 
patients are rarely immunocompromised [224–226]. PERV 
transmission was not detected in liver allotransplant recipi-
ents who happened to be pig farmers [221]. If these infec-
tions do occur, their clinical significance still remains 
unclear.

Other viruses are also a concern in xenotransplantation. 
These include the porcine herpesviruses, porcine CMV 
(PCMV) and porcine lymphotropic herpesvirus (PLHV); 
HEV, particularly genotypes 3 and 4; and certain parvovi-
ruses [218]. Many of these viral agents can be excluded from 
herds by careful breeding practices and frequent herd moni-
toring. A single study of islet cell transplant to human recipi-
ents did not detect PCMV or PLHV, which were also not 
detected in the herds prior to transplantation [225]. In the 
pig-to-baboon model of SOT, PCMV DNA was detected in 
two recipients and PLHV DNA was detected in six (of ten 
baboons). RNA was not detected for either of these viruses, 
supporting the conclusion that these were not productive 
infections. The outcome of these infections remains unclear, 
however, as the longest surviving recipient after transplanta-
tion was only 179 days [223].

 Prevention and Reporting

The majority of viral infections discussed in this chapter 
appear to occur rarely in transplant recipients, though data 
are insufficient to determine the true incidence of disease. 
Measles, mumps, and yellow fever are vaccine-preventable 
illnesses, though these vaccines are all live-attenuated. Also, 

45 Rare and Emerging Viral Infections in the Transplant Population



768

the response to vaccines in this patient population is lower 
than the response in immunocompetent patients. Donor- 
transmitted rabies carries a dire prognosis, and though lim-
ited data exists, the use of PEP in transplant recipients 
appears safe.

Given their apparent rarity, screening for many of these 
diseases in organ donors cannot be recommended at this time. 
The examples of HTLV-1 and LCMV are illustrative of some 
of the difficulties involved with donor screening. In low-prev-
alence settings, HTLV-1 testing generates a large number of 
false-positive tests, and confirmatory testing can delay trans-
plantation [37, 53]. Hence, this is no longer required by the 
US OPTN [37, 53]. In the outbreak investigations for LCMV, 
only one of four donors had detectable antibodies. Indeed, 
RT-PCR from multiple samples failed to detect LCMV from 
one donor and yielded a positive result in a single lymph node 
(but not other samples) in another [13, 86, 87]. It seems pru-
dent to obtain a comprehensive history of potential organ 
donors, including all recent exposures and travel, though it 
remains unclear how certain findings, such as rodent owner-
ship, should affect one’s status as an organ donor.

Reporting rare or unusual infections in transplant recipi-
ents, though retroactive, will help to identify agents for 
which more research is needed and screening may be war-
ranted. At this time, expectations in the United States are for 
transplant centers to report unexpected potential or proven 
infections discovered after procurement of a donor organ to 
the OPTN Patient Safety System [227]. This remains a pas-
sive reporting system, however, and it is possible that events 
are missed if these infections are underdiagnosed or if symp-
toms are attributed to more common, and potentially coinci-
dent, posttransplant infections.
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 Toxoplasmosis

Toxoplasma gondii infects approximately one-third of the 
world’s population and has the potential to cause significant 
morbidity and mortality in transplant recipients [1]. The term 
“toxoplasmosis” refers to symptomatic patients with ongo-
ing clinical manifestations stemming from a recently 
acquired infection (primary infection) or reactivation of a 
previously acquired infection (chronic or latent infection). In 
contrast, the term “T. gondii infection” should be reserved 
for chronically infected patients without symptoms.

Immunocompromised individuals (including transplant 
recipients) are at higher risk of developing life-threatening 
toxoplasmosis. However, toxoplasmosis can be prevented 
and successfully treated if an early diagnosis is made. 
Toxoplasmosis in transplant patients can be the result of a 
primary infection (acquired orally or via the transplanted 
organ) or reactivation of a latent infection acquired prior to 
transplantation.

It is important to realize that toxoplasmosis should be sus-
pected even in patients who do not appear to have conven-
tional epidemiological risk factors such as cat ownership or 
ingestion of raw meat or history of an illness suggestive of 
toxoplasmosis. Approximately half of individuals infected 

with T. gondii do not recall traditional risk factors for infec-
tion with the parasite or experiencing a clinical illness consis-
tent with toxoplasmosis. In order to determine whether an 
unexplained syndrome like pneumonia, fever, seizures, and/
or brain abscesses in a transplant recipient can be attributed to 
toxoplasmosis, laboratory tests should be performed in the 
pretransplant period to establish the level of risk and need for 
empirical treatment including Toxoplasma serological screen-
ing in all transplant recipient candidates and all organ donors. 
In addition, testing should be performed in the posttransplant 
period in various body fluids or tissues according to the clini-
cal scenario; this may include polymerase chain reaction in 
bronchoalveolar lavage, peripheral blood, cerebrospinal fluid, 
and immunohistochemistry in biopsy specimens.

 The Organism

The infectious forms of T. gondii include the tachyzoite, the 
tissue cyst containing bradyzoites, and the oocyst containing 
sporozoites (Fig. 46.1). The tachyzoite is semilunar in shape, 
is 2–3 μm wide and 5–7 μm long, and is responsible for the 
clinical manifestations observed in patients with 
toxoplasmosis.

The tissue cyst measures up to 100 μm in diameter; it is 
responsible for chronic infection believed to be mostly 
asymptomatic, and establishes latency in organs such as the 
heart, skeletal muscle, eye, brain, liver, and kidney. The tis-
sue cyst can be transmitted to transplant recipients through 
consumption of infected meat or implantation of an infected 
allograft from an infected donor with acute or chronic infec-
tion. Bradyzoites have limited metabolic activity and do not 
replicate but can reactivate and transform into tachyzoites, 
especially when significant impairments in T-cell- mediated 
immunity occur.

Oocysts are shed in soil and water by wild or domestic 
felids, measure 10–12 μm in diameter in the unsporulated 
form, and are responsible for transmission to patients via 
inadvertent oral ingestion of items contaminated by infected 

46

B. G. Blackburn (*) 
Stanford University Medical Center, Stanford, CA, USA 

Division of Infectious Diseases and Geographic Medicine, 
Stanford University School of Medicine, Stanford, CA, USA
e-mail: blackburn@stanford.edu 

J. G. Montoya 
Stanford University Medical Center, Stanford, CA, USA 

Division of Infectious Diseases and Geographic Medicine, 
Stanford University School of Medicine, Stanford, CA, USA 

Palo Alto Medical Foundation Toxoplasma Serology Laboratory, 
National Reference Center for the Study and Diagnosis of 
Toxoplasmosis, Palo Alto, CA, USA
e-mail: gilberto@stanford.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9034-4_46&domain=pdf
mailto:blackburn@stanford.edu
mailto:gilberto@stanford.edu


776

cat feces (e.g., water, vegetables, or other food; contact with 
infected soil or while gardening). As many as ten million 
oocysts can be shed by an infected cat in a single day. 
Sporulation is required for oocysts to become infectious and 
occurs outside the cat within 1–5 days depending on tem-
perature and oxygen availability. Oocysts may remain viable 
for as long as 18 months in moist soil, resulting in an envi-
ronmental reservoir from which incidental hosts may be 
infected.

Although toxoplasmosis is widely distributed across con-
tinents, a clonal expansion of few lineages appears to have 
occurred. Toxoplasma strains can be primarily classified as 
types I, II, III, and atypical. Type II strains appear to pre-
dominate in Europe and types I/III and atypical strains in 
South America. The United States appears to have both 
European-like type II and South American-like strains. In 
Latin America, for example, a more aggressive and lethal 
form of toxoplasmosis has been associated with atypical 
strains rarely found in Europe [2–4]. Pneumonia, dissemi-
nated disease, admission to intensive care units, and even 
death have been observed in immunocompetent individuals 
infected with these strains in South America. These emerg-
ing and more virulent strains have potentially serious impli-

cations for transplant patients who receive organs from 
individuals from those areas or travel to these places.

 Life Cycle and Epidemiology

Humans are incidental hosts of the parasite and acquire 
infection primarily by the oral route. Two important addi-
tional routes of transmission to humans include vertical 
transmission from mother to unborn child and transmission 
via infected allografts during transplantation.

Domestic and feral cats are the definitive hosts of T. gon-
dii. They can be infected with any of the primary infectious 
forms of the parasite including tachyzoites, tissue cysts, or 
oocysts. Once in their small intestine, the parasite undergoes 
asexual or sexual (gametogony) reproduction. Oocysts are 
subsequently excreted via their feces in soil or water.

Humans can acquire the parasite by ingestion of infected 
meat (containing tissue cysts) or other contaminated food or 
water (containing oocysts). Untreated water has been recog-
nized as a major source of infection in community-acquired 
outbreaks of toxoplasmosis [5]. Exposure to contaminated 
cat feces, soil, or soil-related activities not limited to garden-

a

c

b

Fig. 46.1 (a–c). Main forms of T. gondii found in nature (see arrows). Tachyzoites (a), tissue cysts (b) containing bradyzoites, and oocysts (c) 
containing sporozoites
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ing can also result in primary infection. Novel routes of 
transmission to humans have been identified over the past 
few years. Ingestion of raw shellfish like oysters, mussels, 
and clams has been recently recognized as a potential means 
of T. gondii transmission [6].

An epidemiological study in the United States revealed 
that an elevated risk for recent T. gondii infection was associ-
ated with the following factors: eating raw ground beef; eat-
ing rare lamb; eating locally produced cured, dried, or smoked 
meat; eating raw oysters, clams, or mussels; working with 
meat; drinking unpasteurized goat milk; and having three or 
more kittens [6]. However, 48% of the infected individuals 
did not have an identified risk factor for T. gondii infection in 
this study. This is consistent with findings from previous epi-
demiological studies where many infected individuals did not 
have a known epidemiological risk factor [7]. It appears that 
infected individuals are often unaware of their exposure or 
may have difficulty recalling specific risk behaviors.

Donor-derived Toxoplasma infection is a well-known risk 
for recipients of solid organ transplants. Toxoplasma sero-
negative recipients (R−) are at greater risk of developing 
toxoplasmosis when they receive infected organs from sero-
positive donors (D+) and do not receive anti-Toxoplasma 
prophylaxis. In a study performed at Stanford University 
Medical Center, 25% of D+/R− heart transplant recipients 
developed or died from toxoplasmosis in the absence of pro-
phylaxis, whereas none of the D+/R− patients who received 
prophylaxis developed toxoplasmosis [8].

Transmission of T. gondii through hematopoietic stem 
cell transplants (HSCT) or blood transfusion products 
appears to occur but is considered rare. HSCT patients who 
are Toxoplasma seronegative prior to transplantation (R−) 
are at low risk of developing posttransplant toxoplasmosis; 
this has occurred in only a few cases where the recipient was 
seronegative and the HSCT donor was seropositive (D+/
R−). Most HSCT patients who develop toxoplasmosis do so 
from reactivation of a previously acquired infection in the 
recipient (i.e., seropositive prior to transplantation; R+) [9].

The risk of toxoplasmosis in a given transplant center var-
ies by geographic region and the age of donors and recipients 
because the T. gondii seroprevalence varies considerably by 
locale and socioeconomic strata and increases with age [10].

For solid organ transplant programs, patients should be 
screened for T. gondii infection prior to transplant so that 
high risk patients (D+/R−) can be identified prior to trans-
plantation. For instance, at Stanford University Medical 
Center, results of serological testing for Toxoplasma were 
available prior to heart transplant for 575 D/R pairs; of these, 
454 (79%) were D−/R−, 84 (14.6%) D−/R+, 32 (5.6%) D+/
R−, and 5 (0.8%) D+/R+ [8]. Similarly for HSCT programs, 
identification of R+ patients is highly recommended [9]. 
Serological testing following transplantation is often not 
helpful since serologies may rise or change posttransplant 

without necessarily indicating that patients have toxoplas-
mosis. In addition, serologies may not change, become nega-
tive, or remain negative (due to immunosuppression), even in 
the setting of toxoplasmosis [11].

 Immune Response and Genetic Susceptibility 
of the Host

Coordinated innate, humoral, and cellular immune responses 
are required to prevent morbidity and mortality from primary 
infection and reactivation of latent T. gondii infection. A well-
orchestrated and effective systemic immune response results 
in early disappearance of T. gondii from peripheral blood dur-
ing the acute infection limiting parasite burden in target organs 
and successfully maintains latency in chronically infected 
individuals. Immunity in the immunocompetent individual is 
lifelong. Macrophages; dendritic cells; natural killer cells; 
CD4+ and CD8+ T cells; Th1 cytokines (e.g., IFN-γ, IL-12), 
tumor necrosis factor-α (TNF-α); co- stimulatory molecules, 
(e.g., CD28 and CD40 ligand); and, to a lesser degree, immu-
noglobulins, appear to be essential for the effective disappear-
ance of tachyzoites from peripheral blood, their conversion to 
bradyzoites, and subsequent formation of tissue cysts.

 Clinical Manifestations

T. gondii infection can result in symptoms and signs of toxo-
plasmosis in the setting of a primary infection or reactivation 
of a previously acquired latent infection. The parasite has 
coevolved with humans to the point of being capable of caus-
ing asymptomatic primary infections. Therefore, transplant 
donors and recipients may have been infected without their 
knowledge and without recognition of conventional risk fac-
tors for acute infection. The most effective approach for 
early diagnosis and treatment is for high clinical suspicion 
and appropriate laboratory testing.

Toxoplasmosis in the setting of heart transplantation is 
most likely to occur in D+/R− patients. In other solid organ 
transplant recipients, toxoplasmosis can occur as a result of 
D+/R− mismatch as well, or reactivation of a latent infection 
(R+). Toxoplasmosis in the setting of HSCT most commonly 
occurs as a result of reactivation of a chronic infection in the 
recipient (R+).

In autologous HSCT patients, reactivation is rare. In allo-
geneic HSCT patients, reactivation (R+) occurs more fre-
quently in those who have developed graft-versus-host 
disease (GVHD); the median day of onset for toxoplasmosis 
is day 64 (range  =  4–516  days) posttransplant. Although 
reactivation of latent Toxoplasma infection in allogeneic 
HSCT recipients most often occurs in the first six months 
posttransplant (most in the first 30–90 days), late reactivation 
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has been observed and must be considered, especially in 
patients in whom late-onset (beyond six months posttrans-
plant) GVHD occurs [9, 12, 13]. Conversely, an HSCT 
patient who is seronegative for T. gondii pretransplant has a 
very low risk of toxoplasmosis in the first 100  days after 
transplant [9, 12, 13].

 Acute Toxoplasmosis

Although most individuals are asymptomatic, symptomatic 
primary infection may manifest as a painless, nonsuppura-
tive lymphadenopathy. Lymphadenopathy develops more 
commonly in the cervical chain but can occur almost any-
where. A mononucleosis-like syndrome can be the present-
ing illness of the primary infection. Fever, headache, stiff 
neck, fatigue, arthralgia, myalgia, anorexia, skin rash, and 
visual symptoms (with retinal involvement) may also be 
present. When retinochoroiditis occurs, patients can develop 
blurred vision, eye pain, decreased visual acuity, floaters, 
scotoma, photophobia, or epiphora. Less frequently hepati-
tis, myositis, and myocarditis can occur. More aggressive 
disease including pneumonia, brain abscesses, and death has 
been observed in immunocompetent patients in Latin 
America [2]. Patients with these severe manifestations 
require admission to intensive care units and may have been 
infected with atypical strains of the parasite. Transplant 
patients may be at higher risk of developing severe toxoplas-
mosis if infected with these atypical strains. Acute toxoplas-
mosis has been reported when seropositive heart, liver, and 
kidney donors transmitted the parasite to seronegative recipi-
ents via the infected organ. In this setting, syndromes such as 
fever, sepsis, pneumonia, seizures, brain abscesses, and reti-
nochoroiditis have occurred.

 Reactivation of Latent Infection

In most individuals, primary infection is followed by chronic 
latency in which the parasite remains dormant for the life of 
the host. Aside from reactivation in the eye, which can also 
occur in immunocompetent hosts, overt reactivation includ-
ing life-threatening clinical manifestations is only observed 
in patients with significantly impaired cell-mediated immu-
nity. Reactivation in immunocompromised patients can pres-
ent as pneumonia, fever, seizures, diffuse encephalitis, 
space-occupying brain lesions (Fig. 46.2), retinochoroiditis, 
myocarditis, hepatosplenomegaly, lymphadenopathy, and 
rash. Although multiple brain abscesses are commonly 
described in patients with toxoplasmic encephalitis, diffuse 
encephalitis without space-occupying lesions by MRI has 
been reported with a very high case-fatality rate. Fever and/or 
pneumonia can be the sole manifestation(s) of toxoplasmosis 

in immunocompromised patients including solid organ and 
HSCT recipients. Toxoplasmic pneumonitis can present with 
cough, dyspnea, hypoxia, and diffuse bilateral infiltrates, usu-
ally reported as ground glass opacities or localized lung infil-
trates. Fever alone has frequently been described in allogeneic 
HSCT and liver transplant recipients.

 Laboratory Diagnosis

Clinically available laboratory methods for the diagnosis of 
Toxoplasma infection and toxoplasmosis include serological 
tests, polymerase chain reaction (PCR), direct visualization 
of the parasite by Wright-Giemsa or immunoperoxidase 
stains, and parasite isolation (Table 46.1) [14]. It is critical to 
remember that symptoms and/or history of conventional epi-
demiological factors associated with acute Toxoplasma infec-
tion are often absent in patients with acute or chronic 
infection. Thus, all transplant recipients and donors should be 
serologically screened for toxoplasmosis before transplanta-
tion in order to establish their risk for primary infection (D+/
R−) or reactivation (R+). It is important that screening be per-
formed prior to transplantation because these results may not 
be reliable in the posttransplant period [11].

 Diagnosis of Latent T. gondii Infection
Initial serological testing for T. gondii-specific IgG and IgM 
antibodies can be performed at non-reference commercial or 
hospital-based laboratories. Involvement of a reference labo-
ratory, e.g., the Palo Alto Medical Foundation Toxoplasma 
Serology Laboratory (PAMF-TSL) in Palo Alto, CA (www.
pamf.org/serology/ +1-650-853-4828; toxolab@pamf.org), 
is only required when positive or equivocal IgM test results 
are obtained or an equivocal IgG result is observed [15].

Transplant recipients and donors with negative IgG and 
IgM test results do not have serological evidence of prior 
exposure to T. gondii and are at low risk for developing toxo-
plasmosis. Transplant recipients who are Toxoplasma IgG 
positive and IgM negative have been infected for at least 
three months and are at risk for Toxoplasma reactivation if 
they are undergoing HSCT, liver, or kidney transplantation. 
Reactivation in heart, heart-lung, and lung transplant recipi-
ents occurs rarely in this setting. Donors who are seroposi-
tive for T. gondii, however, pose a serious risk to seronegative 
recipients (D+/R− mismatch) in the setting of heart, heart- 
lung, liver, kidney, and kidney-pancreas transplantation.

 Diagnosis of Primary T. gondii Infection 
and Toxoplasmosis
Primary T. gondii infection should be suspected in a transplant 
candidate or donor with positive serum Toxoplasma IgG and 
IgM test results. However, this serum should be sent to a refer-
ence laboratory (e.g., PAMF_TSL) for confirmation, since 
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only 40% of such sera are confirmed to represent an acute 
infection when additional confirmatory testing is performed at 
a reference laboratory. Confirmatory testing of positive IgM 
test results at PAMF-TSL includes repeating the IgG and IgM 
tests, and performing IgA, IgE, differential agglutination (AC/
HS), and IgG avidity assays [14]. If a primary infection is con-
firmed in a transplant candidate at PAMF-TSL, anti- 
Toxoplasma treatment should be promptly initiated in 
consultation with a transplant infectious diseases specialist. If 
a primary infection is confirmed in a potential donor following 
confirmatory testing, consultation with a transplant infectious 
diseases physician is strongly recommended since an evolving 
acute infection in the allograft may preclude utilization of 
these organs for transplantation purposes.

Toxoplasmosis from reactivation in transplant patients 
previously established as R+ is rarely diagnosed by serologi-
cal tests alone. Additional laboratory methods are required 
including nucleic acid amplification such as PCR, stains to 
visualize the tachyzoite, histological methods to identify tis-
sue cysts surrounded by inflammation or characteristic path-
ological findings, and parasite isolation (Table 46.1).

A positive Toxoplasma PCR test on any body fluid (e.g., 
peripheral blood, cerebrospinal fluid, bronchoalveolar lavage 
fluid, vitreous fluid, aqueous humor, and peritoneal, pleural, 
or ascitic fluids) is diagnostic of toxoplasmosis. PCR can 

Table 46.1 Laboratory diagnosis of toxoplasmosis (acute infection or reactivation) in transplant patients

Serological tests
  All transplant candidates and donors should undergo serological testing for T. gondii-specific IgG and IgM antibody tests before the 

transplant procedure or initiation of immunosuppression, whichever is first
  Positive IgM test results should not be interpreted as necessarily indicative of a recently acquired infection. In these cases, serum should be 

sent for confirmatory testing to a reference laboratory specialized in the diagnosis of toxoplasmosis (e.g., the Palo Alto Medical Foundation 
Toxoplasma serology laboratorya)

  Serological test results confirmed by a reference laboratory as consistent with a recently acquired infection (e.g., within 6 months of sera 
sampling) should trigger consideration for treatment of the donor or recipient or postponing the transplant procedure

  Serological tests performed posttransplant may not be accurate
Polymerase chain reaction (by PCR)
  T. gondii DNA amplification by PCR can be performed on any body fluid including peripheral blood; cerebrospinal fluid; bronchoalveolar 

lavage fluid;vitreous fluid; aqueous humor; and peritoneal, pleural or ascitic fluids.
  A positive PCR test result in any body fluid should be interpreted as laboratory confirmation of Toxoplasma reactivation or toxoplasmosis. 

PCR can also be performed in tissues, but positive test results should be interpreted with caution since they may reflect chronic infection
Microscopy (direct visualization of the parasite)
  Tachyzoite
   Wright-Giemsa stain of any body fluid or “touch” preparation slides of any tissue. T. gondii-specific immunoperoxidase stains of biopsy 

specimens. Presence of tachyzoites in any fluid or tissue should be interpreted as laboratory confirmation of Toxoplasma reactivation or 
toxoplasmosis

  Tissue cysts in histopathology samples
   Hematoxylin and eosin or T. gondii-specific immunoperoxidase stains of any tissue or biopsy specimen. Numerous cysts or an associated 

strong inflammatory response is highly suggestive of toxoplasmosis and not simply T. gondii infection
Attempts to isolate the parasite
  Attempts to isolate T. gondii can be performed in tissue culture or the peritoneal cavity of animalsa

Establishing the strain of the parasite may have clinical and prognostic implications
Lymph node histology
  Presence of a characteristic histologic triad in lymph node biopsy specimens can also be used for the diagnosis of toxoplasmosis (a reactive 

follicular hyperplasia; irregular clusters of epithelioid histiocytes encroaching on and blurring the margins of the germinal centers; and focal 
distention of sinuses with monocytoid cells)

aPalo Alto Medical Foundation Toxoplasmosis Serology Laboratory: http://www.pamf.org/serology/; telephone number (650) 853–4828; e-mail, 
toxolab@pamf.org

Fig. 46.2 Brain MRI depicting ring-enhancing brain lesion in an immu-
nocompromised patient. T. gondii-specific immunoperoxidase staining of 
brain biopsy tissue was diagnostic of toxoplasmic encephalitis
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also be performed on tissues, but this method has not been 
standardized, and a positive result cannot be necessarily 
interpreted as diagnostic of toxoplasmosis since the presence 
of tissue cysts in chronically infected individuals can also 
yield positive test results. The two most commonly used 
gene targets are the multi-copy B-1 and 529 genes. For maxi-
mum reliability, clinical samples should be sent to reference 
laboratories experienced in performing this assay.

Visualization of the tachyzoite form in any body fluid or 
tissue is also diagnostic of toxoplasmosis in the setting of 
primary infection or reactivation of a latent infection. In con-
trast, the visualization of tissue cysts in biopsy specimens 
may simply represent chronic infection and does not neces-
sarily indicate that toxoplasmosis is the cause of a symptom-
atic patient’s clinical manifestations since cysts are typically 
present in chronically infected individuals. However, the 
presence of “numerous” cysts surrounded by a prominent 
inflammatory response is suggestive of toxoplasmosis.

Attempts to isolate the parasite from any body fluid or 
tissue, as clinically indicated, can be attempted at reference 
laboratories (e.g., PAMF-TSL). A positive isolation test from 
any body fluid is diagnostic of toxoplasmosis, but tissue 
specimens share the same limitation with regard to specific-

ity as noted above for the PCR test. If positive, strain typing 
and genotyping can be used to further study the emerging 
data which correlates certain strains with more aggressive 
disease. Characteristic lymph node histology can also be 
used to diagnose toxoplasmosis [16].

 Treatment

Anti-Toxoplasma therapy should be initiated immediately in 
any transplant recipient with acute T. gondii infection or 
reactivation of a latent infection regardless of symptoms 
(Table  46.2). High morbidity and mortality is observed in 
transplant recipients if treatment for toxoplasmosis is 
delayed. Treatment is also indicated for transplant candi-
dates and donors with acute infection if transplantation is 
likely to occur within six months of the primary infection.

High doses of anti-Toxoplasma drugs are typically indicated 
for posttransplant immunocompromised patients with toxo-
plasmosis (Table 46.2). Folate antagonists are preferred; mono-
therapy should be avoided. Pyrimethamine is probably the 
most active drug against T. gondii and appears to have the most 
synergy when combined with sulfadiazine. Pyrimethamine in 

Table 46.2 Treatment regimens for immunocompromised patients with toxoplasmosisa

Pyrimethamine (PO) 200 mg loading dose followed by 50 mg (for patient wt. <60 kg) to 75 mg  
(for patient wt. >60 kg)/day

bFolinic acid (PO) 10–20 mg daily (up to 50 mg/day) (during and for one week after completing therapy with 
pyrimethamine)

plus
Sulfadiazine (PO) 1000 mg (for patient wt. <60 kg) to 1500 mg (for patient wt. >60 kg) every 6 h
or
Clindamycin (PO or IV) 600 mg every 6 h (up to 1200 mg every 6 h)
or
Atovaquone (PO) 1500 mg orally twice daily
Trimethoprim/sulfamethoxazole (PO or IV) 10 mg/kg/day (trimethoprim component) in two to three doses (doses as high as 15–20 mg/

kg/day have been used)
Atovaquone (PO) 1500 mg orally twice daily
plus
Sulfadiazine (PO) 1000 (for patient wt.<60 kg) to 1500 mg (for patient wt. >60 kg) every 6 h
Pyrimethamine 200 mg loading dose followed by 50 mg (for patient wt. <60 kg) to 75 mg  

(for patient wt. >60 kg)/day
bFolinic acid 10–20 mg daily (up to 50 mg/day) (during and for one week after completing therapy with 

pyrimethamine)
plus
Clarithromycin (PO) 500 mg every 12 h
or
Dapsone (PO) 100 mg/day
or
Azithromycin (PO) 900–1200 mg/day

aPrefered regimens: pyrimethamine/sulfadiazine/folinic acid or trimethoprim/sulfamethoxazole. Assistance is available for the diagnosis and 
manag ement of patients with toxoplasmosis at the Palo Alto Medical Foundation Toxoplasma Serology Laboratory, PAMF-TSL; Palo Alto, CA; 
www.pamf. org/serology/; +1-650-853-4828; toxolab@pamf.org
bFolinic acid = leucovorin; folic acid must not be used as a substitute for folinic acid
cAfter the successful use of a combination regimen during the acute/primary therapy phase, the same agents at half doses are usually used for 
maintenance or secondary prophylaxis
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combination with clindamycin is an acceptable alternative regi-
men, as is trimethoprim/sulfamethoxazole (TMP/SMX).

 Prevention

 Primary Prophylaxis for Seropositive HSCT 
Recipients and D+/R− SOT Patients
Primary anti-Toxoplasma prophylaxis is indicated in allo-
geneic HSCT patients who are found to be Toxoplasma IgG 
positive before transplant (R+) as well as in solid organ 
transplant patients found to be D+/R−. Trimethoprim/sul-
famethoxazole primarily used by transplant physicians to 
prevent Pneumocystis jirovecii pneumonia (PCP), has been 
successful in the prevention of toxoplasmosis in transplant 
patients. Effective regimens include one single-strength 
TMP/SMX tablet daily and one double-strength TMP/SMX 
tablet three times per week. For patients with allergy or 
intolerance to sulfa drugs, atovaquone 1500 mg daily is an 
alternative. Other drug regimens used to prevent PCP, e.g., 
pentamidine or dapsone alone, are not effective in prevent-
ing toxoplasmosis. Pyrimethamine 25  mg/day has also 
been reported to be effective T. gondii primary prophylaxis 
in D+/R- solid organ transplant patients [8, 17].

The use of TMP/SMX as primary prophylaxis for alloge-
neic or cord blood HSCT (R+) patients is usually delayed 
until after engraftment has been achieved due to the myelo-
suppressive potential of the drug. There are two strategies to 
address this window of vulnerability that can be implemented. 
Atovaquone prophylaxis can be used as the prophylactic drug 
until engraftment allows the use of TMP/SMX in these 
patients or screening for Toxoplasma reactivation can be done 
with the use of weekly PCR in peripheral blood for the first 
100 days after transplant. PCR-positive patients should sub-
sequently be treated with TMP/SMX or atovaquone at treat-
ment doses plus an additional second drug. Of note, a negative 
blood PCR result does not rule out disease in a seropositive 
HSCT recipient who is symptomatic with clinical manifesta-
tions suggestive of toxoplasmosis [13].

 Primary Prevention for Seronegative Transplant 
Candidates, Recipients, and Donors
Transplant candidates and recipients who do not have sero-
logical evidence of prior exposure to T. gondii should be 
aware of the risk factors for acute infection (Table  46.3). 
These same preventive measures also apply to seronegative 
donors prior to the transplant procedure.

 Strongyloidiasis

Strongyloidiasis is caused by the intestinal nematode, 
Strongyloides stercoralis. Primarily transmitted in tropical 

areas, S. stercoralis usually causes a chronic gastrointestinal 
syndrome or can remain asymptomatic for decades [18]. The 
primary medical importance of this parasite in the developed 
world lies in its potential to cause the hyperinfection syn-
drome in immunocompromised patients, wherein larvae may 
disseminate throughout the body, with mortality rates of up 
to 70–80% [19–21].

 The Organism

The life cycle of S. stercoralis is complex, alternating 
between free-living and parasitic cycles, and includes adult 
worms, two different larval stages, and eggs. These cycles 
form the basis for autoinfection and multiplication within the 
host, features relatively unique among helminths to 
Strongyloides [22, 23].

Soil-living adult worms produce eggs, which give rise to 
non-infective rhabditiform larvae. These either continue 
the free-living cycle by maturing into adults or become 
infective filariform larvae. Filariform larvae can penetrate 
intact human skin, after which they migrate to the lungs. 

Table 46.3 Measures suggested for the primary prevention of T. gon-
dii infection in seronegative individualsa

Source Measures
Meat and 
other edibles

Meat should be thoroughly cooked to 63 to 71 °C  
(74 °C for poultry) or to “well done”
Meat should not be pink in the center
Freezing and thawing meat can kill T. gondii tissue 
cysts, freeze meat to −20 °C for at least 48 h
Infected meat that has been smoked, cured in brine, or 
dried may still be infectious
Wash hands thoroughly following contact with raw 
meat
Avoid mucous membrane contact when handling raw 
meat
Wash (wearing gloves) kitchen surfaces and utensils 
that have come in contact with raw meat
Abstain from skinning or butchering animals without 
gloves
Avoid drinking unpasteurized goat milk
Avoid eating raw oysters, clams, or mussels
Thoroughly wash fruits, vegetables, or any organic 
edible

Cat feces 
and soil

Avoid contact with materials potentially contaminated 
exposure with cat feces
Abstain from handling of cat litter or gardening
Wearing gloves is recommended when these activities 
cannot be avoided

Untreated 
water

Avoid drinking untreated water including that from 
wells, ponds, or reservoirs that have not been secured 
from potential contamination with feces of infected 
felids

aUp to 50% of infected individuals are unable to recall behaviors known 
to be associated with T. gondii infection
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From there, they are expectorated, swallowed, and reach 
the small intestine; this journey takes about 3–4 weeks. In 
the intestine, S. stercoralis matures into adult worms, which 
are semitranslucent and about two millimeters long. These 
produce eggs, which hatch and become rhabditiform lar-
vae. Although most of these larvae exit the gastrointestinal 
tract via the stool and subsequently develop into adult 
worms in the soil, a small number develop directly into 
infective (filariform) larvae within the gut and penetrate the 
intestinal mucosa or perianal skin, completing the life cycle 
without leaving the host. This is termed autoinfection and 
differentiates S. stercoralis from nearly all other helminths 
in several ways, including lifelong persistence in a host in 
the absence of treatment, multiplication in the absence of 
exogenous reinfection, and potential person-to-person 
transmission [24].

 Epidemiology

Global estimates of strongyloidiasis prevalence vary widely, 
from 30 to 100 million people infected [21, 22, 25]. S. sterco-
ralis is less common than other major intestinal nematodes 
such as Ascaris, Trichuris, and hookworms [18]. 
Strongyloidiasis is found throughout the tropics and subtrop-
ics and in limited foci of the United States (mostly Appalachia) 
and in Europe [25]. Transmission occurs via skin contact with 
fecal contaminated soil, so transmission is favored where 
poor hygienic conditions are combined with a warm, moist 
climate. Primary prevention involves improving social 
hygiene and universal use of footwear in endemic regions.

Studies based on stool examination in the 1960s and 
1970s demonstrated prevalence rates of 0.5–4.0% in differ-
ing US cohorts, mostly in the Southeast and Appalachia [22, 
25]. Although prevalence has subsequently decreased, 
 infections are still seen in patients from those areas, espe-
cially those that are older than 50 years, institutionalized, of 
low socioeconomic status, or who have lived in rural areas 
[25]. In developing countries, strongyloidiasis prevalence 
rates can be striking in some cohorts, for example 25% in 
Thailand and Nigeria, 28% in Brazil, and 40% in Colombia 
[22, 25]. Because of the superior sensitivity of serology for 
diagnosis, seroepidemiology studies generally report higher 
prevalence rates than those based on parasite detection in 
stool samples; in one Peruvian cohort, 9% tested positive by 
stool examination for S. stercoralis, while 72% were sero-
positive [26]. Prevalence rates in resettled US refugees can 
also be high, where one recent study found 46% of a group 
of resettled Sudanese refugees to be seropositive for S. ster-
coralis [27]. Another study found that 39% of asymptomatic 
refugees in Boston with eosinophilia were S. stercoralis 
seropositive [28]. Given the high prevalence in many tropical 
and subtropical areas and the lifelong persistence of this par-

asite in the absence of treatment, physicians should consider 
strongyloidiasis both in persons with recent exposure to 
endemic areas and immigrant or refugee patients in devel-
oped countries even if they immigrated decades earlier.

 Pathogenesis, Immunity, 
and the Hyperinfection Syndrome

Strongyloides infection is sustained over time in a given host 
by a small, stable number of intestinal adult worms. Although 
these die after a finite lifespan, autoinfection ensures the 
constant production of new worms, perpetuating the cycle 
even in the absence of reinfection [29]. In patients with 
chronic strongyloidiasis, autoinfection is normally well con-
trolled by cell-mediated immunity, and the number of adult 
worms remains low and stable. With immunosuppression, 
more autoinfective larvae complete the cycle, and the popu-
lation of parasitic adult worms increases, causing hyperin-
fection [29]. The large numbers of migrating larvae can 
disseminate, often associated with polymicrobial sepsis, 
pneumonia, and meningitis. Untreated, disseminated stron-
gyloidiasis is usually fatal, and even with treatment, mortal-
ity approaches 25–30% [20, 30].

Both parasite and host factors affect regulation of this 
cycle. The population size of S. stercoralis in a host depends 
in part on secreted parasite hormones that regulate autoinfec-
tion [23, 31]. When the immune response is impaired, larger 
numbers of autoinfective parasites can develop, as reported 
in patients with hematologic malignancies, solid organ trans-
plants (SOTs) and hematopoietic stem cell transplants 
(HSCTs), hypogammaglobulinemia, and those suffering 
from severe malnutrition [32–34]. Interestingly, there has 
been little association between cyclosporine use and hyper-
infection syndrome; some evidence suggests cyclosporine 
may have an antihelminthic effect on S. stercoralis [35]. 
Conversely, tacrolimus does not appear to offer similar pro-
tection against Strongyloides [36].

Among HTLV-infected patients, there is a strong associa-
tion with increased susceptibility to infection with 
Strongyloides, the hyperinfection syndrome, and poor 
response to treatment. Control of S. stercoralis in  vivo is 
most dependent on the Th2 immune response, but the pre-
dominant immune response in HTLV-infected patients shifts 
from Th2 to Th1 [37–39]. There is some suggestion that S. 
stercoralis may hasten the development of leukemia among 
HTLV coinfected patients [40]. In contrast, there have been 
surprisingly few reports of hyperinfection among S. 
stercoralis- infected patients with AIDS. Although dissemi-
nated strongyloidiasis does occasionally occur in AIDS 
patients, this disease was removed from the list of AIDS- 
defining illness by the Centers for Disease Control and 
Prevention (CDC) in 1987 [41, 42].

B. G. Blackburn and J. G. Montoya



783

Corticosteroid use carries a disproportionately high risk 
for disseminated strongyloidiasis compared to other forms of 
immunosuppression [43, 44]. Corticosteroids may upregu-
late growth of S. stercoralis and allow the parasite to develop 
preferentially into autoinfective filariform larvae, in addition 
to suppressing immunity [23, 45, 46]. They may also allow 
nonreproductive adult worms to regain reproductivity [31, 
47]. Patients have developed hyperinfection after only a few 
days of corticosteroid administration [48].

 Clinical Findings

Most patients infected with S. stercoralis are asymptomatic 
or have only mild symptoms. Shortly after infection, some 
patients develop a localized, erythematous, pruritic rash [30, 
49–51]. Pulmonary symptoms and eosinophilia may appear 
several days later; diarrhea and abdominal pain may follow. 
Blood is occasionally detected in the stool, but over 50% of 
infected patients are asymptomatic. Chronic strongyloidiasis 
is not generally associated with pulmonary symptoms. 
Although about 75% of chronically infected patients have 
eosinophilia, it is usually low-grade [22, 52]. Migrating lar-
vae may produce larva currens, a serpiginous, erythematous, 
track-like rash. Some chronically infected patients note epi-
gastric pain, nausea, diarrhea, blood loss, and possibly mal-
absorption. Rarely, heavy infections can cause bowel 
obstruction. The majority of chronically infected patients are 
asymptomatic [43]. There has been an association between 
S. stercoralis infection and biliary cancer, but this observa-
tion requires confirmation [53].

With hyperinfection, the intestines and lungs harbor many 
larvae, and diarrhea is common (Fig. 46.3). When dissemina-
tion occurs, larvae are found widely, sometimes involving the 
central nervous system (CNS). Eosinophilia is usually absent 
during hyperinfection. Other gastrointestinal manifestations 
are common, including abdominal pain, vomiting, and intesti-
nal obstruction. Hemorrhage, peritonitis, or bacteremia can 
occur. Pneumonitis is common, with cough, respiratory fail-
ure, and diffuse interstitial infiltrates or consolidation on 
radiographs; respiratory secretions often contain the parasite 
(Figs. 46.4a–b). CNS invasion may cause meningitis and brain 
abscesses, with larvae in the cerebrospinal fluid or tissue. An 
association with SIADH has been reported [54, 55].

Fig. 46.3 Bronchoscopic biopsy in a patient with Strongyloides hyper-
infection syndrome

a b

Fig. 46.4 (a) Chest radiograph in a patient with Strongyloides hyperinfection syndrome. (b) Chest computed tomographic examination in a 
patient with Strongyloides hyperinfection syndrome
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 Diagnosis

Uncomplicated strongyloidiasis can be diagnosed by find-
ing rhabditiform larvae in microscopic stool examination; 
it is uncommon to find eggs in the stool. Because few lar-
vae are shed, the sensitivity of a single stool examination 
is only about 30%; multiple samples should therefore be 
examined, preferably using concentration techniques. 
Examination of up to seven stool samples can signifi-
cantly increase sensitivity [22, 56]. Sampling of duodenal 
fluid or a small bowel biopsy can increase sensitivity, but 
practical issues limit usefulness [57]. Placing stool sam-
ples on agar plates to observe tracks left by the motile 
larvae may be the most sensitive method among the stool 
examination techniques [58–60]. Although not yet in 
widespread use, PCR assays of stool samples for the diag-
nosis of intestinal strongyloidiasis have recently begun to 
show promise [61, 62].

Because of the difficulty with microscopic diagnosis, 
serologic tests (which are more sensitive) are often 
favored, such as the enzyme-linked immunoassay offered 
by CDC (Atlanta, GA). This assay is about 95% sensitive 
in stool-positive patients, although specificity is lower 
because of cross- reactivity with other helminths [26, 52]. 
The titer of Strongyloides antibodies in infected patients 
generally begins to decline 6–12  months after cure, as 
does the peripheral eosinophil count [52, 63, 64]. In con-
trast to chronic strongyloidiasis, hyperinfection and dis-
seminated strongyloidiasis are easily diagnosed by 
microscopic stool examination (or other samples, such as 
sputum), which typically contain many filariform larvae 
(Figs. 46.5 and 46.6).

 Strongyloidiasis in Transplant Patients
Given the risk of hyperinfection syndrome, identifying stron-
gyloidiasis in transplant patients is critical. Although most 
common in endemic areas, this consideration is also para-
mount in non-endemic areas, given the global increase in 
travel and immigration. One retrospective review at a U.S. 
cancer center found 2.0 S. stercoralis infections per 10,000 
leukemia patients and 0.8 infections per 10,000 cancer 
patients overall; however, systematic screening was not 
done, so these are likely underestimates. Among the infected 
patients, 48% had received systemic corticosteroids, and 
36% had received anti-neoplastic therapy. Fifty-seven per-
cent had diarrhea, 48% eosinophilia, and 24% developed the 
hyperinfection syndrome [65].

Strongyloidiasis has been well described in the posttrans-
plant setting, and has been reported in scores of renal trans-
plant recipients, most of whom developed the Strongyloides 
hyperinfection syndrome [66–68]; about 40% died as a 
result. These patients presented 18 days to over six months 

after their transplant, with most manifesting  at least two 
months after transplant. Strongyloidiasis has also been 
reported in the recipients of over a dozen non-renal SOTs, 
including in heart, liver, lung, pancreas, pancreas-kidney, 
and intestinal transplant recipients [66, 69–71]. These 
patients presented 16 days to nine months after their trans-

Fig. 46.5 Sputum sample from a patient with Strongyloides hyperin-
fection syndrome showing filariform larvae

Fig. 46.6 Bronchoalveolar lavage sample showing filariform S. sterco-
ralis larvae in a patient with hyperinfection syndrome
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plant, with over half occurring at least one month posttrans-
plant. Most of these patients developed the Strongyloides 
hyperinfection syndrome, and over half died as a result. The 
Strongyloides hyperinfection syndrome has also been 
reported in several HSCT recipients (both in autologous and 
allogeneic HSCT recipients) [66, 72–74]. These patients pre-
sented a mean of 87 days after undergoing transplantation 
(range 2–480 days), and almost 90% died.

Almost all of these patients had been to a Strongyloides 
endemic area at some point in their lives, including the 
southeastern United States in half of these cases. In about 
15% of these cases, no exposure history was present and the 
transplanted allograft was therefore suspected to be the 
source of the Strongyloides infection in the recipient 
[66–74].

Only 18 (34%) of the 53 patients for whom data were 
available had eosinophilia prior to their transplant, while 
only 13 (25%) of 51 patients had reported symptoms possi-
bly consistent with chronic strongyloidiasis prior to trans-
plant. Despite the high prevalence of exposure to 
Strongyloides-endemic areas among the recipient popula-
tion, only six (21%) patients among 29 for whom data were 
reported had been screened for Strongyloides infection prior 
to undergoing transplantation, all by stool ova and parasite 
(O&P) examination, and none by serology.

 Treatment

All persons infected with S. stercoralis should be treated. 
The drug of choice for uncomplicated strongyloidiasis is oral 
ivermectin, 200  μg/kg per day for two days, which cures 
70–85% of chronically infected patients. One study demon-
strated a higher cure rate with two-dose ivermectin regimens 
compared to previously used single-dose regimens [75, 76]. 
Alternatives include thiabendazole or albendazole for 
3–7  days, although ivermectin appears more effective; 
 thiabendazole is poorly tolerated, and albendazole has the 
lowest cure rate among these drugs [76–80]. Ivermectin is 
also preferred for hyperinfection/disseminated strongyloidi-
asis. It should be administered daily until symptoms have 
resolved and larvae have not been detected for at least 
two  weeks [21, 43]. Several patients with disseminated 
strongyloidiasis have received veterinary formulations of 
subcutaneous ivermectin. Although still experimental, this is 
an alternative for patients poorly tolerant of oral therapy and 
for those with severe infection [81–84]. Some patients have 
received a combination of ivermectin and albendazole with 
success [85]. If possible, immunosuppressive therapy should 
be stopped (particularly corticosteroids) or at least decreased. 
Some recommend monthly treatment subsequently for 
patients who require continued immunosuppression [19–21]. 

Follow-up stool examinations should be repeated frequently 
to document cure. For long-term follow-up, serology and 
eosinophil counts may offer stronger evidence of treatment 
efficacy. These findings generally begin to normalize 
6–12 months after cure [52, 63].

 Prevention of Hyperinfection

For all patients who are (or will soon become) immunosup-
pressed, examination of stool and preferably serologic evalu-
ation for latent/occult S. stercoralis infestation should be 
undertaken for those who have lived in an endemic area or 
had other possible exposure to S. stercoralis at any time in 
their life, particularly those infected with HTLV-1 or receiv-
ing high-dose systemic corticosteroids [86]. Though most 
important for persons from highly endemic developing coun-
tries, this is also a consideration for patients with potential 
exposure in the southeastern United States, especially older 
persons who lived in these areas during childhood when the 
prevalence of Strongyloides was higher. Such screening 
would be particularly important for those with clinical symp-
toms of strongyloidiasis (e.g., eosinophilia, larva currens, 
and abdominal pain), although as noted above, screening 
should not be limited only to patients with these findings, as 
most infected individuals are asymptomatic. All infected 
patients should be treated promptly, preferably prior to the 
initiation of immunosuppressive therapy.

Although data regarding the cost-effectiveness of routine 
screening remain scarce, transplant programs should con-
sider implementation of such a screening strategy as part of 
their pretransplant evaluation, to reduce the risk of 
Strongyloides hyperinfection syndrome and life-threatening 
dissemination post-transplant. In our opinion, screening 
solely by stool studies during the pretransplant workup is not 
adequate, and we recommend using at minimum the more 
sensitive serological assays for diagnosing of Strongyloides 
infection, with . stool studies added for patients who may not 
be producing antibodies normally. If a patient’s condition 
requires immunosuppression before S. stercoralis diagnos-
tics are available, the risks of empiric antiparasitic therapy 
for strongyloidiasis must be weighed against the risks of dis-
seminated infection [87].

 Other Parasitic Infections of Importance 
in Transplant Recipients

Although T. gondii and S. stercoralis are the most important 
parasitic infections in transplant recipients, others also warrant 
discussion given the increased risk of severe disease due to 
infection with these parasites in immunocompromised hosts.
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Trypanosoma cruzi (Chagas Disease)
T. cruzi is a protozoan endemic to the American tropics and 
subtropics, where it is transmitted primarily by bloodsucking 
triatomine insects, and transmitted occasionally by blood 
transfusion, the oral route, or vertically from mother to 
unborn child [88]. About 8–10 million people are chronically 
infected, 300,000 of whom live in the United States (almost 
all of whom were infected in Latin America) [89]. Acute 
infection is often asymptomatic, but patients occasionally 
suffer systemic symptoms in the weeks following infection 
such as fever, lymphadenopathy, hepatosplenomegaly, myo-
carditis, or meningoencephalitis; the parasite is often detect-
able in the peripheral blood during this phase of infection 
(Fig. 46.7a). Most patients recover and subsequently enter an 
asymptomatic indeterminate phase of infection, during 
which patients usually have only subpatent parasitemia. T. 
cruzi then persists indefinitely, causing end-organ disease in 
20–30%, years to decades later [88]. Chronic heart disease is 
most common (e.g., conduction disease and heart failure), 
with chronic gastrointestinal disease (megaesophagus or 
megacolon) also seen. Diagnosis of chronic infection can 
usually be made serologically, although in immunocompro-
mised hosts seroconversion may not occur.

Infection can also be transmitted by transplantation, as has 
been observed in 18% of kidney transplants involving T. cruzi-
infected donors and in 22–29% of two small liver transplant 
cohorts who had received their organs from T. cruzi-infected 
donors in the United States and Argentina [91, 92]. 
Transmission rates from infected heart donors appears to be 
higher, and known T. cruzi infection of a potential donor is a 
contraindication to heart transplant, although the use of other 
organs from T. cruzi-infected donors might be considered in 
some situations [93]. Importantly, acute infection in transplant 
patients is more likely to be severe and may follow a pro-
longed incubation period (mean onset 112  days after trans-
plantation) [92]. Several cases of SOT-associated transmission 
of T. cruzi have been reported in the United States [92].

A common indication for heart transplantation is chronic 
Chagas heart disease; in Brazil, it is the third most common 
indication for heart transplant [92]. Immunocompromised 
hosts chronically infected with T. cruzi are at increased risk 
for reactivation; this syndrome resembles acute infection but 
can be more severe. It can also resemble rejection, especially 
in heart transplant recipients. In these patients, reactivation 
rates of 20–90% have been reported with cyclophosphamide, 
and corticosteroid-containing regimens have been associated 
with higher rates; mycophenolate mofetil also appears to 
increase the risk of T. cruzi reactivation [92]. Atypical mani-
festations can be seen, including T. cruzi brain abscesses, 
skin lesions, and mucosal involvement [94, 95]. Treatment is 
with either nifurtimox or benznidazole; these drugs are rela-
tively toxic, require 2–3 months of therapy, and in the United 
States are available only through CDC.

No consensus exists regarding an approach for detecting 
T. cruzi infection in U.S. transplant programs, but some form 
of serologic screening should be considered in all centers. 
For programs in areas with high T. cruzi prevalence in the 
population, universal screening could be considered, whereas 
in other areas, selective screening could be done based on 
any history of the donor or recipient living in a T. cruzi- 
endemic area (or being born to a mother that had lived in an 
endemic area). Posttransplant, if either the donor or recipient 
is infected with T. cruzi, guidelines now favor prospective 
monitoring of blood by Giemsa-stained peripheral blood 
smears and PCR, even if treatment had occurred earlier in 
life. Initiation of antiparasitic therapy is then recommended 
if this screening becomes positive [92, 93]. This approach 
detects most reactivation before patients become symptom-
atic while obviating the need for prolonged, toxic antipara-
sitic treatment regimens that most transplant recipients 
would receive if a preemptive, prophylactic treatment 
approach were used universally.

Such monitoring is recommended weekly for two months, 
every two weeks for the third month, and then monthly until 

a b
Fig. 46.7 (a) Trypanosoma 
cruzi trypomastigote in a thin 
blood smear. (b) 
Trypanosoma cruzi 
amastigotes in heart tissue 
[90]. (Courtesy Division of 
Parasitic Diseases and 
Malaria/Centers for Disease 
Control and Prevention, 
DPDx – Laboratory 
Identification of Parasites of 
Public Health Concern, 
https://www.cdc.gov/dpdx/
trypanosomiasisAmerican/
index.html)
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at least six months following transplantation [92]. Additional 
testing should accompany any febrile episodes or suspected 
rejection crises. In addition, endomyocardial biopsy speci-
mens collected for routine monitoring or suspected rejection 
in heart transplant recipients should also be tested for T. cruzi 
by PCR and examined for the presence of the parasite and 
acute myocarditis [92, 96, 97] (Fig. 46.7b).

 Malaria

Human malaria is caused by the mosquito-borne parasites 
Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and 
P. knowlesi, which parasitize (and subsequently hemolyze) 
red blood cells (Fig. 46.8a and b). Malaria is the most impor-
tant parasitic infection globally, killing over 400,000 people 
annually and causing over 200 million symptomatic illnesses 
annually, with most of this morbidity and mortality attribut-
able to P. falciparum [98]. Malaria is endemic primarily to 
sub-Saharan Africa, Asia, Oceania, and Latin America, with 
most of the mortality occurring in young African children. 
Diagnosis centers on the identification of parasites in blood 
smears, as well as by newer methods such as antigen and PCR 
detection. Uncomplicated malaria can manifest as fever, ane-
mia, thrombocytopenia, myalgia, cough, and diarrhea. Severe 
malaria is defined in part by respiratory distress, renal failure, 
altered mental status, seizures, intolerance of oral medica-
tions, metabolic acidosis, hypoglycemia, or parasitemia 
greater than 5%. The mortality rate of severe malaria is high.

In the United States, the preferred treatment for uncompli-
cated P. falciparum malaria acquired in areas with chloroquine 
resistance is artemether-lumefantrine; atovaquone-proguanil, 
or oral quinine plus doxycycline are alternatives. The pre-
ferred treatment is chloroquine if malaria is acquired in one of 
the few remaining areas where P. falciparum is not chloro-
quine resistant (such as most of Central America and the 
Caribbean). Severe malaria (usually caused by P. falciparum) 
should usually be treated with intravenous artesunate plus 

doxycycline or alternatively intravenous quinine (quinidine in 
the United States) plus doxycycline. Chloroquine plus prima-
quine (or tafenoquine) is effective for uncomplicated P. vivax 
and P. ovale malaria in most of the world, and P. malariae or 
P. knowlesi infections can be treated with chloroquine.

Although not a disease classically associated with the 
immunocompromised state, malaria-infected patients who 
are coinfected with HIV are more likely to be febrile, have 
detectable parasitemia, and develop severe malaria com-
pared with malaria-infected patients without HIV infection. 
Moreover, the clinical severity of malaria appears to worsen 
with advanced immunosuppression [99]. Malaria has been 
reported in over 50 SOT recipients, about three- quarters of 
whom were kidney recipients [100]. In at least 30% of these 
cases, the mode of transmission appears to have been the 
transplanted organ [100]. Cases have occurred in malaria-
endemic areas, where both the donor and recipient could 
have been the source of the infection, and in non- endemic 
areas where the donor had previously visited malaria-
endemic area and probably transmitted infection to the recip-
ient. The incubation period for posttransplant malaria has 
ranged from three days to several months, with the potential 
for incubation periods as brief as a few days in contrast to 
naturally acquired malaria, for which the minimum is six or 
seven days [100]. The case-fatality rate has varied widely, 
depending on the infecting species, host immune status, and 
promptness of diagnosis and treatment.

Although malaria transmission due to blood transfusion is 
well established, transmission in the context of HSCTs has 
been described only rarely, possibly because Plasmodium 
spp. do not parasitize hematopoietic progenitor cells as they 
do mature red blood cells (RBCs). The risk of transmission 
thus appears to be lower for HSCTs and may depend on the 
small number of RBCs that inevitably accompany these 
transplants. An allogeneic HSCT donor transmitted malaria 
to a recipient in the United Kingdom in the 1990s, and 
recently, a peripheral blood stem cell transplant donor trans-
mitted malaria to the recipient [101–103].

a bFig. 46.8 (a) Plasmodium 
falciparum gametocyte in a 
thin blood smear. (b) 
Plasmodium vivax 
trophozoites (ring forms) in a 
thin blood smear
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Although malaria in the transplant setting has been rare, 
screening for malaria by thick and thin blood smear assess-
ment should be considered if the donor or recipient has trav-
eled to a malaria-endemic region in the three years preceding 
transplantation. In addition, malaria can also be acquired 
posttransplant by a mosquito bite in an endemic area, and it 
is particularly important that immunocompromised patients 
who travel to malaria-endemic areas be administered a che-
moprophylaxis regimen appropriate for that region.

 Leishmaniasis

Leishmania spp. are intracellular protozoans usually trans-
mitted by sandflies. Although cutaneous and mucocutaneous 
leishmaniasis can occur posttransplantation, the syndrome 
seen in most transplant patients is visceral leishmaniasis 
(VL) due to reactivation of subclinical infection or latent dis-
ease. Ninety percent of visceral leishmaniasis (VL) infec-
tions are acquired in South Asia, East Africa, or Brazil, 
although transmission also occurs in the Mediterranean lit-
toral. A wide clinical spectrum exists, with most infections 
subclinical. Although immunocompetent patients can prog-
ress to symptomatic disease, immunosuppression is an estab-
lished precipitant of progression [104–107].

Over 100 cases of leishmaniasis have been reported in the 
posttransplant setting, with about 75% in kidney transplant 
recipients and 12% in liver transplant recipients. Two-thirds of 
these cases were reported from the Mediterranean basin 
(mainly Spain, Italy, and France) [107–109]. Only ten cases 
have been reported in HSCT recipients [110].

Even in apparently immunocompetent patients who 
develop symptomatic VL, clinical disease often presents 
months or years after initial infection. When VL has occurred 
in transplant recipients, the onset was a median of 18 months 
after transplantation [109]. VL is characterized by fever, 
 hepatosplenomegaly, weight loss, skin changes, pancytope-
nia, and hyperglobulinemia. Diagnosis is by biopsy and 
microscopic examination or culture of involved tissues, 
although serology can be an adjunct; untreated, progressive 
VL is usually fatal (Fig.  46.9). Treatment options include 
pentavalent antimony compounds, miltefosine, and paromo-
mycin, but liposomal amphotericin seems to be the most 
effective drug. After clinical cure, relapse is a concern 
(although less than in AIDS patients), so secondary anti-
Leishmania prophylaxis with various agents has been used in 
a small number of patients.

 Acanthamoeba and Balamuthia

Acanthamoeba spp. and Balamuthia mandrillaris are free- 
living, ubiquitous environmental amoebae. Although clini-
cally apparent human infection with these organisms is rare, 

immunocompromised hosts can develop granulomatous 
amebic encephalitis, a subacute or chronic syndrome mani-
fested by altered mental status, focal neurologic deficits, 
fever, headache, seizures, and CNS mass lesions [111]. 
Disseminated disease can involve the skin, sinuses, lungs, 
liver, and bones; typical progression is over weeks to months 
[112]. Cutaneous lesions can be an early sign which heralds 
imminent dissemination and CNS involvement. Affected 
patients have included recipients of kidney, liver, heart, lung, 
and hematopoietic stem cell transplants [113–117]. 
Balamuthia transmission has also been reported as a result of 
graft-transmitted infection in a liver, heart, iliac vessel, and 
two kidney transplant recipients from a common donor in 
2011; in liver and kidney-pancreas transplant recipients from 
a common donor in Arizona in 2010; and in two recipients of 
kidney transplants from a common donor in Mississippi in 
2009 [118, 119]. Diagnosis typically requires microscopic 
examination of infected tissues, although serologic and PCR 
tests exist [120]. Case-fatality rates are high, even with com-
bination antimicrobial therapy. There is no consensus regard-
ing the best drug regimen to treat these devastating infections, 
but such regimens often include many of the following 
agents: pentamidine, azoles, sulfonamides, macrolides, 
albendazole, miltefosine, and flucytosine.

 Schistosomiasis

Schistosoma spp. are blood flukes acquired through skin 
contact with infested freshwater; 200 million people 
worldwide are infected. Schistosoma mansoni is found pri-
marily in Africa, the Arabian Peninsula, and South 
America, while S. japonicum is mostly seen in China, the 
Philippines, Southeast Asia, and Indonesia; both are asso-
ciated with gastrointestinal or hepatic disease. Schistosoma 
haematobium is endemic to Africa and parts of the Middle 

Fig. 46.9 Leishmania amastigotes in a bone marrow biopsy
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East, and it causes primarily genitourinary disease. Patients 
are often asymptomatic but with chronic infection can 
develop eosinophilia, abdominal pain, diarrhea, and hepa-
tosplenomegaly. A minority may also develop symptoms 
with acute infection. Chronic infection can cause hepatic 
fibrosis, portal hypertension, and intestinal disease (due to 
S. mansoni or S. japonicum) or hematuria, urinary obstruc-
tion, and bladder cancer (due to S. haematobium) [121]. 
Diagnosis is classically through stool or urine examina-
tions, but serologic assays and pathologic examination of 
infected tissues are more sensitive. Treatment with pra-
ziquantel is usually curative.

Over a dozen cases of schistosomiasis have been reported 
due to a transplanted graft mostly in liver recipients [122–
124]. The course of schistosomiasis does not appear to be 
impacted by the immunocompromised state, and treatment is 
effective in most cases. The presence of schistosomiasis did 
not impact graft outcomes among a cohort of 240 kidney 
transplant recipients [125].

 Intestinal Protozoa

Intestinal protozoa such as Cryptosporidium spp., 
Cystoisospora belli, and Cyclospora cayetanensis are trans-
mitted by contaminated food and water, and can cause severe 
diarrheal illness in immunocompromised transplant recipi-
ents. Diarrhea is generally watery, and diagnosis is by stool 
studies. All three parasites can be detected through modified 
acid fast stains, Cryptosporidium and Cyclospora can also be
detected through sensitive real-time PCR assays (often as 
part of an enteric pathogen diagnostic PCR panel), and 
Cryptosporidium can also be detected through sensitive stool 
immunoassays. Treatment of Cryptosporidium is with 
nitazoxanide, while Cystoisospora and Cyclospora are 
treated with trimethoprim-sulfamethoxazole [75].

Microsporida are protozoans that are closely related to 
fungi and can cause diarrheal disease in the immunocompro-
mised patients. Disseminated  microsporidiosis may also 
occur in this population, and can involve the CNS, lungs, or 
other internal organs [126]. Diagnosis is by trichrome stain-
ing of the stool, and treatment is with albendazole or fuma-
gillin, depending on the species [75].
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 Introduction

The administration of immunosuppressive therapy to pre-
vent rejection of allografts and graft-versus-host disease, 
although necessary, renders transplant recipients suscep-
tible to opportunistic infections [1, 2]. As a group, transplant 
patients present a real challenge for initial diagnosis of infec-
tion partly due to lowered or absent markers of inflamma-
tion [2]. Traditionally, these infections have been diagnosed 
using bacterial, fungal, and viral culture as well as a variety 
of immunological assays. These methods still remain the 
standard of care for diagnosis of most infections. However, 
a series of advanced detection techniques led by nucleic acid 
amplification have now become prominent in most clinical 
microbiology laboratories, and novel proteomic assays are 

currently being added in the list of diagnostic tools available 
for infectious pathogen detection and identification.

The goal of this chapter is to review traditional and 
molecular methods used for the diagnosis of infectious dis-
eases in transplants patients and discuss novel methodolo-
gies currently in development and their potential impact on 
clinical decisions.

 Traditional Diagnostic Assays

 Culture-Based Assays

Culture remains the gold standard for the diagnosis of most 
infectious diseases including those caused by bacteria, 
mycobacteria, and fungi [3, 4]. One of the advantages of cul-
ture is that it does not require a priori knowledge of the spe-
cific pathogen responsible for the infection as it casts a wide 
search net by using multiple growth media and incubation 
conditions. For example, diarrhea and vomiting are com-
mon symptoms in transplant patients, and determining the 
infectious cause for those symptoms can be challenging due 
to confounding factors such as intestinal graft-versus-host 
diseases (GVHD) in hematopoietic stem cell transplantation 
(HSCT) recipients, neutropenic enterocolitis, and immuno-
suppressive drugs [5]. A request for a bacterial stool culture 
will allow detection of the most common cause of bacterial 
gastroenteritis, namely, Salmonella species, Shigella species, 
Campylobacter species, and E. coli O157 with a recovery 
rate ranging from 0.2% to 2.4% [3, 6–8]. In addition, any 
other bacterial organisms growing on the culture media, 
with potential for causing gastrointestinal symptoms, will 
be detected and reported. However, culture of certain organ-
isms, including C. difficile, the most common cause of bacte-
rial diarrhea in hospitalized patients, requires special culture 
media and setup and has been replaced in most part by non- 
culture- based methods. Similarly, viral causes of diarrhea 
including cytomegalovirus (CMV), norovirus, adenovirus, 
rotavirus, and other small round viruses are better detected 
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by nucleic acid amplification tests (NAAT) and antigen tests 
[9–11].

The diagnostic yield of culture for various specimen 
types remains low. In one retrospective study, the yield of 
bronchoalveolar lavage (BAL) fluid culture for diagnosis of 
pneumonia in bone marrow transplant patients was reported 
at 2.2%, 3.0%, and 16.4% for bacteria, fungi, and viruses, 
respectively [4]. In contrast, the use of PCR tests and anti-
gen testing increased the overall diagnostic yield to 22%, 
although the increased detection of CMV by PCR was not 
deemed clinically significance for all cases. The diagnos-
tic yield of BAL in other studies was higher with one study 
reporting rates of 31%, 12.7%, and 23.6% for detection of 
bacteria, fungi, and viruses, respectively, in cancer patients 
[12]. For solid organ transplants (SOT), the overall recovery 
of pathogens by culture can be higher, up to 58.9% in lung 
transplants [13–15].

Blood culture is important for diagnosis of bacteremia 
and fungemia [16]. Unfortunately, the yield of blood culture 
remains low for both conditions [17–20]. Current blood cul-
ture systems are automated and set up to continuously moni-
tor blood culture for the detection of microorganisms. An 
exception to continuous monitoring is the use of the isolator 
tube system, a manual lysis-centrifugation system (Wampole 
Laboratories, Cranbury, NJ). Performance of the isolator 
tube has been evaluated extensively against other automated 
blood culture systems designed to improve recovery of fungi 
such as the MYCO/F Lytic bottle (BD Diagnostics, Sparks, 
MD) with some studies showing increased recovery of H. 
capsulatum and C. neoformans [21, 22], while other con-
cludes that the two systems performed equally well [23, 24]. 
A study by Creger et al. retrospectively analyzed the perfor-
mance of the isolator tube system specifically in a cancer 
population and did not observed an advantage over conven-
tional blood culture methods [25]. Even with the use of the 
isolator tube, the detection of fungi in blood culture is low, 
and in biopsy-proven candidiasis, only 50% of patients had a 
positive blood culture [26].

In transplant patients, the yield of blood culture varies 
with the type of transplant and the degree of immunosup-
pression. In lung transplant patients, the yield of blood cul-
ture can be as high as 25% with S. aureus, P. aeruginosa, and 
Candida species being the most common isolates recovered 
[27, 28], while in HSCT, the yield varies greatly from 4.9% 
to 8.7% and is dominated by Gram-positive bacteria [29–32].

The majority of fungal isolates from blood culture are 
Candida species, with C. albicans being the most common 
species isolated [18]. Although rare, other non-Candida 
yeasts including Trichosporon species, Rhodotorula spe-
cies, and Saccharomyces cerevisiae are being recovered with 
increased frequency from blood cultures of immunocompro-
mised patients [33, 34]. Fungemia caused by molds, includ-
ing Aspergillus species, is rarely detected by blood culture 

[35–37]. In patients with indwelling devices, molds such as 
Fusarium, Paecilomyces, Scedosporium, and Wangiella have 
been recovered from blood culture [38–40].

A recent study by Limmathurotsakul et al. highlighted the 
limitation of culture as a diagnostic tools and an imperfect 
gold standard [41]. The authors applied Bayesian latent class 
models (LCM) to establish the true sensitivity of culture and 
the true specificity of four serological tests for detection of 
pathogens using Burkholderia pseudomallei and melioidosis 
as a model system. Using Bayesian LCM with either con-
ditional independence (i.e., no single test considered gold 
standard and no correlation among tests) or conditional 
dependence (i.e., correlation among all tests), the sensitivity 
of culture was estimated to be 61% with a negative predic-
tive value of 62.1% [41]. The specificity and positive predic-
tive value of the four serological tests increased significantly 
using both Bayesian LCM models, emphasizing the limita-
tion of using the culture as an imperfect gold standard.

Recent studies defining microbial populations of various 
organs using deep sequencing and high-density sequenc-
ing methods have now revealed the complexity of microbial 
organisms, many of them non-culturable, present in various 
tissues and the difference in composition for transplants ver-
sus healthy patients [42, 43]. The significance of detecting 
these non-culturable organisms for infectious diseases man-
agement remains to be established.

 Antigens and Antibody Assays

Depending on the degree and type of immunosuppression, 
transplant patients may not be able to mount a sufficient anti-
body response to pathogens limiting the use of serological 
assays to detect antibodies [2]. On the other hand, antigen 
testing can be beneficial, especially for fungal infections 
where results of these tests are used as one of the myco-
logical criteria to define invasive fungal disease (IFD) [44]. 
Some of the most commonly used antigen tests include the 
galactomannan (GM) antigen produced by members of the 
Aspergillus family and the (1,3) β-D (BD) glucans, present 
in the cell wall of Aspergillus and a variety of other molds 
and yeasts [45].

The serum GM assay (Platelia Aspergillus EIA, Bio-
Rad Laboratories) was approved by the United States Food 
and Drugs Administration (FDA) in 2003. The assay is an 
enzyme immunoassay that uses rat monoclonal antibody 
EBA-2 to detect circulating GM antigen in serum. The GM 
assay has been evaluated extensively in various patient popu-
lations with sensitivity ranging from 30% to 100% and spec-
ificity ranging from 38% to 98% in serum with greater utility 
in HSCT patients than in SOT recipients [46]. In a study by 
Jathavedam and colleagues, the GM assay was shown to 
have limited utility within the first 100 days after auto-SCT 

N. E. Babady et al.



797

and therefore not useful for patient management decision 
[47]. In another study conducted in patients with hemato-
logic malignancies, the sensitivity of the GM assay was 49% 
for invasive fungal infections caused by Aspergillus species 
other than A. fumigatus and only 13% for IFD caused by A. 
fumigatus [48]. Results of these various studies suggested 
that the performance of the GM assay depends on several 
factors including the infecting species of Aspergillus, the 
type of transplant populations, the frequency of testing, and 
the duration of antifungal therapy [45, 49]. The sensitivity of 
the GM assay in BAL of HSCT recipients and patients with 
hematological malignancies is higher than that reported for 
serum and ranges between 88% and 100% using the same 
optical density cutoff value used for serum [45, 50, 51]. In 
solid-organ transplant patients, the sensitivity and specific-
ity of the GM assay in BAL ranged from 60% to 100% and 
84–98%, respectively, depending on the optical density cutoff 
value used [50, 52–56]. Thus, the GM assay in BAL is a use-
ful additional test for diagnosing IFD. False-positive results 
were observed in patients receiving piperacillin, amoxicil-
lin, or ticarcillin with or without a beta-lactamase inhibitor, 
in patients being administered electrolyte replacement fluids 
(i.e., PlasmaLyte), and in patients infected with molds other 
than Aspergillus for a low specificity and positive predictive 
value [45, 57]. However, a study by Vergidis et al. showed 
that the current formulation of piperacillin- tazobactam do 
not appear to be contaminated with galactomannan [58].

Four assays, the Fungitell (Associates of Cape Cod Inc., 
East Falmouth, MA, cutoff, 60–80 pg/mL), the Fungitec-G 
(Seikagaku, Tokyo, Japan, cutoff, 20  pg/mL), the Wako 
(Wako Pure Chemical Industries, Tokyo, Japan, cutoff, 11 pg/
mL), and Maruha (Maruha-Nichiro Foods, Tokyo, Japan, 
cutoff, 11 pg/mL) are commercially available for the detec-
tion of (1,3)-β-D (BD) glucans, a cell wall antigen found in 
most fungal species cell wall excluding Mucormycetes and 
Cryptococcus species [59]. A recent meta-analysis review of 
studies conducted in adult hemato- oncology patients showed 
similar performance for all four assays in the diagnosis of 
IFD, a higher diagnostic yield for performance of two con-
secutive tests, and an overall low sensitivity (52%) and high 
specificity (99%) for proven or probable IFD [59]. In another 
meta-analysis study, which included reports with various 
patient populations, the sensitivity and specificity of the BD 
glucans test were 77% and 85%, respectively [60]. Both 
studies concluded that the BD glucans assay was a useful 
adjunct test, especially for diagnosis of IFD due to Candida 
and Aspergillus. However, a recent report of high-false posi-
tive in patients with hematologic malignancies puts in ques-
tion the value of this test as a stand-alone test for diagnosis 
of IFD [61].

The sensitivity of BD glucans is highest (90–100%) for 
the diagnosis of Pneumocystis jirovecii pneumonia (PCP), 
although its specificity in non-HIV immunocompromised 

patients varies widely (42–98%); therefore, results of the test 
taken alone are not conclusive for making a diagnosis of PCP 
[62, 63]. However, studies have shown that serum BD glucan 
levels correlate well with P. jirovecii fungal load in BAL as 
determined by Pneumocystis PCR, supporting the use of the 
assay to monitor response to therapy [62, 63].

Other useful antigens tests used for diagnosis of fungal 
infections include the latex agglutination cryptococcal anti-
gen, which has higher sensitivity for central nervous system 
infection than disseminated disease, and the urine and serum 
antigen for endemic mycoses (Blastomyces dermatitidis and 
Histoplasma capsulatum antigens), although some cross- 
reaction occurs among targets [64].

The diagnosis of viral infections has been replaced 
in most instances by nucleic acid-based tests. Antigens 
testing and serological assays by methods such as direct 
fluorescent antibody (DFA) staining and enzyme immu-
noassays (EIA) do still play a part in the diagnosis of 
certain infections including diagnosis of acute or chronic 
hepatitis, infectious mononucleosis, and HTLV-1-/HTLV-
2-associated T-cell leukemia [65]. One of the most com-
mon viral antigens tested in transplant patients is the 
CMV pp65 antigen for monitoring of viral loads [66]. 
The reported sensitivity and specificity of the CMV anti-
genemia test varies greatly due to lack of standardization 
in protocols including specimen processing, monoclonal 
antibody used, slide processing, and quantification [67]. 
Advantages of the antigenemia assay include its low cost 
in terms of reagents and equipment, but due to its disad-
vantages including the need for rapid specimen processing, 
the labor-intensive nature of the assay, and the subjectiv-
ity in reading of the slides, the antigenemia test has been 
replaced in many institutions by molecular tests for moni-
toring of CMV viral loads [67–69].

Bacterial antigen tests of importance for transplant 
patients include the urinary antigen tests for Legionella 
pneumophila serotype 1 (Binax, Scarborough, Maine, USA) 
and Streptococcus pneumoniae (Binax, Scarborough, Maine, 
USA), which are rapid, noninvasive tests useful in the diag-
nosis of both community- and hospital-acquired pneumonia 
[70, 71].

 New Generation Diagnostic Assays

Although the use of culture and serological assays provides 
important information, their shortcomings created a need to 
develop faster and more sensitive assays. The following sec-
tions will cover the more rapid methods currently in use in 
most laboratories for diagnosis of infection and the newer 
methods being developed and conclude with the impact of 
these methods on the diagnosis and management of trans-
plant patients.
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 Genomic Assays

The first published polymerase chain reaction (PCR) report 
described the amplification of specific target sequences of the 
β-globin gene for diagnosis of sickle cell anemia [72, 73]. 
Several modifications and improvements have occurred since 
that first report, ultimately resulting in the transfer of PCR from 
research laboratories to clinical diagnostic laboratories [74, 
75]. Alternative nucleic acid amplification formats have since 

been developed including ligase chain reaction (LCR), nucleic 
acid sequence-based amplification (NASBA), branched DNA 
(b-DNA) signal amplification, strand displacement amplifi-
cation (SDA), helicase-dependent amplification (HDA), and 
loop-mediated amplification (LAMP) [76, 77]. Numerous com-
mercial molecular assays have been approved by DFA for diag-
nosis of microbial infections in transplant patients (Table 47.1).

The development of real-time PCR, combining rapid 
thermal cycling and real-time monitoring of amplification 

Table 47.1 List of US FDA-cleared commercial molecular tests

Manufacturer Test name Targets
Complexity 
level

BD diagnostics BD MAX MRSA assay MDRO surveillance √
BD GeneOhm MRSA ACP assay MDRO surveillance √
BD GeneOhm StaphSR assay Bacteremia √

bioMérieux BioFire FilmArray blood culture identification panel Bacteremia √
NucleiSENS EasyQ MRSA assay MDRO surveillance √

Cepheid Xpert MRSA MDRO surveillance √
Xpert SA nasal complete MDRO surveillance √
Xpert MRSA/SA SSTI Skin and soft tissue 

infections
√

Xpert MRSA/SA BC Bacteremia √
Nanosphere, Inc. Verigene gram-positive blood culture test Bacteremia √
Roche molecular diagnostics LightCycler MRSA advanced test MDRO surveillance √
AdvanDx, Inc. E. faecalis/OE PNA FISH Bacteremia

E. faecalis PNA FISH Bacteremia
BD diagnostics BD GeneOhm VanR assay MDRO surveillance √
bioMérieux/BioFire BioFire FilmArray blood culture identification panel Bacteremia √
Cepheid Xpert vanA MDRO surveillance √
Intelligent medical devices, Inc. IMDx VanR for Abbott m200 MDRO surveillance √
Nanosphere, Inc. Verigene gram-positive blood culture test Bacteremia √
BD diagnostics BD MAX C. diff assay C. difficile infection

BD GeneOhm C. diff assay C. difficile infection
bioMérieux/BioFire FilmArray gastrointestinal panel Gastrointestinal tract 

infection
Cepheid Xpert C. difficile C. difficile infection

Xpert C. difficile/epi C. difficile infection
Focus diagnostics, Inc. Simplexa C. difficile universal direct assay C. difficile infection
Great Basin scientific, Inc. Portrait Toxigenic C. difficile assay C. difficile infection
Intelligent medical devices, Inc. IMDx C. difficile for Abbott m200 C. difficile infection
Luminex molecular diagnostics, 
Inc.

xTAG gastrointestinal pathogen panel (GPP) Gastrointestinal tract 
infection

Meridian biosciences, Inc. Illumigene C. difficile DNA amplification C. difficile infection
Nanosphere, Inc. Verigene C. difficile test C. difficile infection
PrimeraDx ICEPlex C. difficile kit C. difficile infection
Prodesse, Inc. ProGastro Cd assay C. difficile infection
Quidel Corp. Quidel molecular Direct C. difficile assay C. difficile infection
AdvanDx, Inc. GNR traffic light PNA FISH Bacteremia √

E. coli/P. aeruginosa PNA FISH Bacteremia
EK/P. aeruginosa PNA FISH Bacteremia
E. coli PNA FISH Bacteremia

bioMérieux BioFire FilmArray blood culture identification panel Bacteremia √
Nanosphere, Inc. Verigene gram-negative blood culture test Bacteremia √
AdvanDx, Inc. C. albicans PNA FISH Bacteremia √

C. albicans/C. glabrata PNA FISH Bacteremia
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products [78, 79], completely revolutionized the practice of 
clinical microbiology [80, 81]. Today, real-time nucleic acid 
amplification methods are mainstream in most sections of 
clinical microbiology, and their impact on care of transplant 
patients is significant.

Several real-time PCR laboratory-developed tests (LDT) 
as well as a few FDA-approved assays are used for the diag-
nosis of bacterial infections in transplant patients. Bacteria 
targeted for assays development have traditionally been those 
related to nosocomial infections. For example, until recently, 
most PCR assays for detection of C. difficile were LDT assays 

that resulted in an increased sensitivity and turnaround time 
for results [82–85]. At the time of this chapter preparation, the 
FDA had cleared over eight molecular assays for the diagno-
sis of Clostridium difficile infection (CDI). Similarly, rapid 
molecular assays have been developed for a variety of bac-
terial targets including difficult-to- culture or slow-growing 
organisms (i.e., Mycoplasma pneumoniae, Chlamydophila 
pneumoniae, Borrelia burgdorferi), targeted diagnosis (i.e., 
group A Streptococcus in throat swabs), and nosocomial 
pathogens (methicillin- resistant S. aureus, methicillin-sensi-
tive S. aureus, and vancomycin- resistant Enterococci) [80].

Table 47.1 (continued)

Manufacturer Test name Targets
Complexity 
level

Yeast traffic light PNA FISH Bacteremia
bioMérieux BioFire FilmArray blood culture identification panel Bacteremia
Alere Scarborough, Inc. Alere I influenza A and B Pneumonia
bioMérieux/BioFire FilmArray respiratory panel Pneumonia
Cepheid Xpert flu/RSV Pneumonia √

Xpert flu Pneumonia
Focus diagnostics, Inc. Simplexa flu A/B & RSV Pneumonia

Simplexa influenza A H1N1 Pneumonia
GenMark diagnostics, Inc. eSensor respiratory viral panel Pneumonia
Intelligent medical devices, Inc. IMDx flu A/B and RSV for Abbott m200 Pneumonia
IQuum/Roche molecular Inc. Liat influenza A/B assay Pneumonia
Luminex molecular diagnostics, 
Inc.

xTAG respiratory viral panel (RVP) Pneumonia

xTAG respiratory viral panel FAST (RVP FAST) Pneumonia
Meridian biosciences, Inc. Illumigene mycoplasma DNA amplification Pneumonia
Nanosphere, Inc. Verigene respiratory virus + test Pneumonia

Verigene respiratory pathogens flex nucleic acid test (RP 
flex)

Pneumonia

Prodesse, Inc. Pro hMPV assay Pneumonia
ProFAST assay Pneumonia
ProParaflu assay Pneumonia
ProFlu+ assay Pneumonia √

QIAGEN GmbH Artus Infl A/B RG RT-PCR kit Pneumonia
Quidel Corp. Quidel molecular RSV + hMPV assay Pneumonia

Quidel molecular hMPV assay Pneumonia
Quidel molecular influenza A + B assay Pneumonia

BD diagnostics BD MAX enteric parasite panel
BD diagnostics BD MAX enteric bacterial panel
bioMérieux BioFire FilmArray gastrointestinal panel Gastrointestinal tract 

infection
Cepheid Xpert norovirus Gastrointestinal tract 

infection
Luminex molecular diagnostics, 
Inc.

xTAG gastrointestinal pathogen panel (GPP) Gastrointestinal tract 
infection

Luminex molecular diagnostics, 
Inc.

xTAG gastrointestinal pathogen panel (GPP) Gastrointestinal tract 
infection

Prodesse, Inc. ProGastro SSCS assay Gastrointestinal tract 
infection

Prodesse, Inc. ProAdeno+ assay Gastrointestinal tract 
infection

Nanosphere, Inc. Verigene enteric test Gastrointestinal tract 
infection
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The turnaround time and identification of the most com-
mon Mycobacteria species were greatly improved with the 
introduction of nucleic acid hybridization probes in the labo-
ratory. Nucleic acid hybridization probes are single-stranded 
or double-stranded DNA/RNA fragments complementary 
to a sequence in the target organisms and most commonly 
labeled with a fluorescent or chemiluminescent marker for 
detection [86]. Probes for same-day identification of M. 
tuberculosis complex, M. kansasii, M. avium complex, and 
M. gordonae from either solid or liquid cultures have been 
commercially available since the early 1990s (Gen-Probes, 
San Diego, CA). These probes show excellent sensitivity 
and specificity, although cross-reaction has been reported 
between M. tuberculosis complex and M. terrae [87–90]. 
Similar probes are available for identification of medically 
important filament fungal species.

The current trend for molecular diagnosis is a move toward 
syndromic, highly multiplexed real-time PCR assays and 
newer technologies including various solid and liquid micro-
array formats. Currently, FDA-cleared molecular syndromic 
panels are available for the diagnosis of respiratory tract infec-
tions, bloodstream infections, gastrointestinal infections, and 
meningitis/encephalitis (Table 47.2). These panels differ on 
the numbers of pathogens they can detect (5–27 targets), the 
type of pathogens included (e.g., bacteria, viruses, or yeasts), 
the level of complexity (low versus high), and the turnaround 
time to results (from 1 h to 12 h). Performance characteris-
tics, however, are comparable with sensitivity and specificity 
greater than 90% when compared to culture or bi-directional 
sequencing as the gold standard [91].

Other multiplexed bacterial assays are available out-
side of the United States, for example, the LightCycler 
SeptiFast (Roche Diagnostics GmbH, Wien/Austria), a 
multiplexed real-time PCR-based assay that can detect bac-
teria and yeasts directly from whole blood. An agreement 
of up to 83% between SeptiFast and blood culture results 
has been reported with the overall conclusion that in its cur-

rent form, the assay can be used to supplement rather than 
replace blood culture methods [92–94]. The SeptiFast assay 
has been shown to be especially useful in providing addi-
tional information for immunocompromised patients includ-
ing liver transplants, septic ICU patients, and neutropenic 
patients, for fungal infection and in cases of prior antibiotic 
administration [93–96].

Other potential molecular methods have been developed 
and evaluated for the diagnosis of bacterial infections includ-
ing sequencing [97], quantitative loop-mediated isothermal 
amplification [98], PCR hybridization [99], and mass spec-
trometry [100].

As described in the previous section, the diagnosis of 
IFD currently relies on microscopic examination, recov-
ery of molds or yeasts in culture, detection of fungal 
antigens including galactomannan and BD glucans, and 
various radiological findings of pulmonary infiltrates [45, 
101]. Although useful, these methods can lack specificity, 
be time- consuming, or result in inconclusive findings. A 
study by Lin et al. [102] suggested that earlier diagnosis 
of fungal infection could result in decreased mortality in 
neutropenic and cancer patients. Molecular diagnosis of 
fungal infections has relied mostly on the identification 
of organisms growing in culture. Nucleic acid hybridiza-
tion probes for identification of Blastomyces dermatitidis, 
Histoplasma capsulatum, and Coccidioides immitis from 
culture isolates have been available since the early 1990s 
(AccuProbes, Gen-Probe, San Diego, CA) with sensitiv-
ity ranging from 87.8 to 100% and specificity nearing 
100% [103, 104]. The hybridization probes are rapid and 
demonstrate good sensitivity and specificity from culture, 
although some cross-reactivity with uncommon fungal 
organisms has been reported [104, 105]. More recently, 
peptide nucleic acid fluorescent in situ hybridization (PNA 
FISH) probes and syndromic panel for bloodstream infec-
tions (FilmArray Blood Culture ID panel) have become 
available for rapid identification of C. albicans/Candida 

Table 47.2 US FDA-cleared syndromic molecular tests

Manufacturer Test name Syndrome # targets Date cleared
Luminex xTAG respiratory viral panel (RVP) Respiratory 12 01/2008

NxTAG respiratory pathogen panel (RPP) Respiratory 20 12/2015
xTAG gastrointestinal pathogen panel (GPP) GI tract 14 01/2013

Nanosphere Verigene respiratory virus + test Respiratory 8 01/2011
Verigene gram-positive blood culture test Bacteremia 15 06/2012
Verigene enteric test GI tract 9 06/2014
Verigene gram-negative blood culture test Bacteremia 14 11/2014
Verigene respiratory pathogens flex NA test Respiratory 16 09/2015

bioMérieux/BioFire FilmArray respiratory panel Respiratory 20 05/2011
FilmArray blood culture identification panel Bacteremia 27 06/2013
FilmArray gastrointestinal panel GI tract 22 05/2014
FilmArray meningitis/encephalitis panel CNS 14 10/2015

GenMark eSensor respiratory viral panel Respiratory 14 02/2012
Prodesse ProGastro SSCS assay GI tract 5 01/2013
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parapsilosis, C. glabrata/Candida krusei, and Candida 
tropicalis from positive blood cultures [91, 106–108].

Several real-time PCR assays have been developed over 
the last few years with varied level of sensitivity and speci-
ficity and often with limited range, only targeting a few 
Candida or mold species [109–113]. A recent shift toward 
development of pan-fungal assay can be observed in the lit-
erature and reflect the need for tools that detect most of the 
clinically relevant fungal pathogens in patient specimens 
[114–117].

More recently, a few commercial assays and reagents have 
become available for the detection of mold directly from 
specimens. Several MycArray™ assays (Myconostica Ltd., 
UK) targeting yeasts, Aspergillus species, and Pneumocystis 
jirovecii are commercially available outside of the United 
States and demonstrates high sensitivity and specificity com-
pared to culture or LDT assays [118–120]. Other molecular 
methods used for fungal diagnosis include sequence-based 
identification using the ITS1 and ITS2 regions between the 
18S and 28S rRNA subunits and the D1/D2 region of the 
25–28S large ribosomal subunit [121]. Several studies have 
been published showing the utility of sequencing for fun-
gal identification, and in some laboratories, sequencing has 
completely replaced the use of phenotypic methods to iden-
tify fungi growing in culture [122–126].

Unlike bacteria and fungi, molecular methods for detec-
tion of viruses are well established and for most pathogens 
are considered the gold standard. As such, there is extensive 
literature on the development and applications of molecular 
assays for the detection of viruses of importance to trans-
plant patients including herpesviruses (Cytomegalovirus and 
Epstein-Barr viruses), polyomavirus (BK and JC virus), hep-
atitis viruses, and respiratory viruses [80, 127].

One of the first application of molecular assays in virol-
ogy included qualitative and quantitative real-time PCR 
assays for the diagnosis and monitoring of human immuno-
deficiency virus (HIV), hepatitis B virus (HBV), and hepa-
titis C virus (HCV). These assays have been extensively 
evaluated and shown to be useful for the management and 
monitoring of patients with these infections [128–132]. A 
variety of commercial tests based on PCR (or RT-PCR) com-
bined with sequencing (i.e., TRUGENE HIV-1 Genotyping 
Kit and ViroSeq genotyping system) or hybridization (i.e., 
INNO-LiPA HBV DR v2) are available for genotypic resis-
tance testing of HIV [133, 134], HBV [135, 136], and HCV 
[137, 138].

Similarly, quantitative viral load testing has been devel-
oped for monitoring of viruses of importance to vari-
ous transplant groups including cytomegalovirus (CMV), 
Epstein-Barr virus (EBV), BK virus, JC virus, and adeno-
viruses [80]. However, the biggest challenge associated with 
the use of these laboratory-developed quantitative assays is 
the inability to compare viral load results obtained across 

laboratories due to differences in genomic target (single 
vs multi-copy genes), extraction methods (manual vs auto-
mated), detection platforms, and lack of international stan-
dards and calibrators [139]. These limitations of quantitative 
assays have made the establishment of useful quantitative 
threshold for treatment difficult to establish [140–145]. The 
recent introduction of the first World Health Organization 
(WHO) international standards for cytomegalovirus [146] 
and Epstein-Barr viruses [147] as well as the availability 
of the first FDA-approved commercial real-time quantita-
tive assay for monitoring of CMV viral loads was aimed 
at decreasing the variability in viral loads measured across 
methods, but a recent study by Hayden et  al. showed that 
although improved, the standardization challenge remains in 
the field [148].

Other useful molecular assays for transplant patients 
include genotypic assays for drug resistance testing. Because 
transplant patients are often on prolonged antiviral therapy, 
these patients tend to develop mutations. These mutations 
can be detected by real-time PCR assays targeting known 
existing mutations that confer resistance to certain drugs, 
i.e., CMV UL97 mutations for ganciclovir or sequencing 
assay to detect all wild-type variants [149].

Several molecular assays have received FDA clear-
ance for detection of respiratory viruses (Tables 47.1 and 
47.2). The configuration of these assays varies from single 
target to highly multiplexed assays. The first FDA-cleared 
multiplexed molecular assay for respiratory viruses, the 
xTAG® Respiratory Viral Panel (RVP) (Luminex Molecular 
Diagnostics, Toronto, Canada), targets 12 viruses and sub-
types (respiratory syncytial viruses A and B; influenza A 
(H1 subtype, H3 subtype, and untypeable); influenza B; 
parainfluenza 1, 2, and 3; human metapneumovirus; adeno-
virus; and enterovirus/rhinovirus). This assay provided a 
significant improvement in the diagnosis of respiratory viral 
infections compared to conventional method and was instru-
mental in the rapid diagnosis of influenza A H1N1 during the 
2009 outbreak in New York City [150, 151]. Additional mul-
tiplex molecular assays have since been approved including 
the FilmArray Respiratory Viral Panel (FA RVP) (BioFire 
Diagnostic Inc., Salt Lake City, Utah) FDA cleared for the 
detection of 17 viruses and subtypes including the virus tar-
gets in xTAG RVP plus human coronaviruses (NL63, HKU1, 
229E, and OC43) and parainfluenza 4 as well as three bac-
terial targets: Bordetella pertussis, Chlamydia pneumoniae, 
and Mycoplasma pneumoniae. Multiple studies have been 
published comparing these highly multiplexed assays against 
each other, against monoplexed assays, and against tradi-
tional methods in various patient populations [152–157]. 
Results have shown comparable performance with overall 
sensitivity and specificity between 90% and 100%, although 
differences were detected for specific targets including 
 adenoviruses, which are detected with higher sensitivity by 
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single target assays than by highly multiplexed PCR [156]. 
Other molecular devices for detection and identification of a 
panel of respiratory viral pathogens are also commercially 
available from several manufacturers including Gen-Probes 
(Prodesse assays), Focus Diagnostics (Simplexa assays), and 
Nanosphere, Inc. (Verigene assays) [158, 159].

A parasite of interest for transplant patients, especially 
those undergoing heart transplantation, is Toxoplasma gon-
dii, which can be due to either reactivation of latent infection 
or acquisition of parasites from transplanted organs [160]. 
Unlike immunocompetent hosts, the diagnosis of toxoplas-
mosis in immunocompromised patients, including transplant 
recipients, is most effectively done using PCR on the appro-
priate specimens [160, 161].

 Transcriptomic Assays

Genomic assays detect microbial organism-specific nucleic 
acids; therefore, a positive result can occur with both alive 
and dead microorganisms, which is particularly true for those 
pathogens that have protective cell wall. The best example of 
this is the detection of Mycobacterium tuberculosis DNA in 
sputum where the dead microbial pathogen DNA can remain 
un-degraded due to the fatty acid-rich cell walls [162, 163]. 
Unlike the results of a function-based testing method, such 
as mycobacterial cultures, in the clinical setting, a positive 
PCR result after antituberculosis therapy does not necessar-
ily mean treatment failure. Therefore, DNA- targeted molec-
ular assays are usually not considered to be tests of cure. 
This is also true for sexually transmitted pathogens such as 
Chlamydia trachomatis and Neisseria gonorrhoeae [164]. A 
positive result may reflect treatment failure with persistent 
infection but may also reflect resolved infection by detecting 
the mere presence of ribosomal RNA debris and nonviable 
C. trachomatis DNA [165].

To overcome this disadvantage, transcriptomic assays 
have been explored. The ability of mRNA-based assays to 
distinguish viable from nonviable organisms suggests that 
such assays should be useful in monitoring the efficacy of 
antituberculosis therapy [166–170]. For monitoring effi-
cacy of therapy, mRNA RT-PCR results paralleled well with 
those of culture at the follow-up time points [163]. Another 
study further demonstrated sputum M. tuberculosis mRNA 
is a reliable marker of bacteriologic clearance in response 
to several mono or combined antituberculosis therapies 
[162]. Nucleic acid amplification assays targeting microbial 
mRNA have also been used for diagnosis and assessment 
of human papillomavirus (HPV) infections. Several reports 
have shown not only the ubiquitous presence of E6 and E7 
mRNA in cervical cancer but also a quantitative difference in 
the overexpression of E6/E7 depending on the severity of the 
cervical lesion [171]. Several E6 and E7 mRNA qualitative 

assays including Aptima (Gen-Probe), NucliSENS EasyQ 
HPV (bioMérieux), and PreTect HPV-Proofer (NorChip) 
have been reported to improve the low specificity and posi-
tive predictive value of HPV DNA assays [172].

Advances in molecular biology technologies, especially 
the real-time quantitative PCR formats, have made the 
implementation of mRNA-based assay relevant and accu-
rate. Another novel approach known as RNA-seq, which 
uses next-generation sequencing technologies to generate 
transcriptome profiling [173], is starting to come into the 
diagnostic microbiology field [174, 175]. Using dual-species 
transcriptional profiling in a murine model of systemic can-
didiasis, Hebecker et al. observed a delayed transcriptional 
immune response accompanied by late induction of fungal 
stress response genes in the kidneys. In contrast, early upreg-
ulation of the proinflammatory response in the liver was 
associated with a fungal transcriptome resembling response 
to phagocytosis, suggesting that phagocytes contribute sig-
nificantly to fungal control in the liver [176]. Rasmussen 
et  al. combined longitudinal, dimensionality reduction and 
categorical analysis of the transcriptome from 111 liver 
biopsy specimens taken from 57 HCV-infected patients over 
time and identified alterations in gene expression that occur 
before histologic evidence of liver disease progression, sug-
gesting that events that occur during the acute phase of infec-
tion influence patient outcome [177].

In contrast to these “fancy” and advanced technologies, 
transcriptomic assays face basic specimen source-related 
challenges. Currently, there are limited methods which can be 
used to differentiate and overcome the DNA contamination 
when mRNA targets are tested. Theoretically, specimens can 
be pre-treated with DNAase prior to the mRNA amplification 
and detection [178, 179]. However, absolutely RNase- free 
DNAase is rarely available to actually do the job. Designing 
primers/probes to cover RNA splicing sites has been demon-
strated efficient if relevant RNA splicing sites are available 
in targeted bacteria and viruses [180, 181]. Indirect methods 
have been reported to determine antimicrobial susceptibility 
by selectively detecting viable microorganisms. This assay 
uses a DNA-binding dye that penetrates damaged bacterial 
cells and renders DNA un-amplifiable, thereby decreasing 
background amplification from killed organisms [182, 183].

 Proteomic Assays

One leading proteomic technology, matrix-assisted laser 
desorption ionization-time of flight mass spectrometry 
(MALDI-TOF MS), has emerged as a rapid and powerful 
tool for microbial species identification [100]. The analyte 
molecules embedded within the saturated matrix on the 
 target plate are irradiated by a laser of special wavelength and 
intensity, inducing desorption and ionization; the charged 
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analytes then are accelerated by an electric field in a flight 
tube to a detector, where they are captured. The separation 
of various molecules depends on the time of flight, which 
is reversely proportional to the mass of molecules. After 
detection signals are processed and interpreted into the mass 
spectra, the characteristic mass peaks are used to character-
ize and eventually identify the microorganisms. By measur-
ing the exact sizes of peptides and small proteins, which are 
assumed to be characteristic for each bacterial species, it is 
possible to determine the species within a few minutes of 
when the analysis is started with whole cells, cell lysates, or 
crude bacterial extracts [184–186].

Numerous reports have shown that MALDI-TOF MS has 
revolutionized the routine identification of microorganisms 
in clinical microbiology laboratories by introducing an easy, 
rapid, high-throughput, low-cost, and efficient identification 
technique [187–190]. Two such systems, the Bruker Biotyper 
(Bruker Daltonics Inc., Billerica, MA) and Vitek MS (bio-
Mérieux Inc., Durham, NC), have been successfully used in 
the routine clinical microbiology laboratory [191, 192]. A 
recent comparative study was performed on five methods for 
differentiation of coagulase-negative staphylococci (CoNS), 
i.e., Vitek2 (Gram-positive card REF 21342; bioMérieux), 
the ID 32 Staph strip (bioMérieux), partial 16S rRNA gene 
sequencing (MicroSeq; Applied Biosystems), partial tuf 
gene sequencing (in-house), and MALDI-TOF MS (Bruker 
Daltonics), on 142 CoNS clinical isolates. MALDI-TOF MS 
showed the best results for rapid and accurate CoNS differ-
entiation with 99.3% of strains correctly identified [193]. In 
addition to microbial identification from purified colonies, 
the MALDI-TOF MS has been successfully used directly 
from urine and positive liquid culture media [194–197].

In addition to rapid identification of microorganisms, 
MALDI-TOF MS has been explored for determining epi-
demic relatedness and antibiotic resistance of microbial 
isolates. The utility of MALDI-TOF MS for microbial typ-
ing was investigated in Staphylococcus aureus in two recent 
studies. The composition correlation index analysis of the 
MALDI-TOF MS data demonstrated the similar inter-strain 
relatedness found with the standard typing methods used to 
confirm the outbreak [198, 199]. These data indicated that 
this technology is a potential rapid screening tool for noso-
comial infection investigations. The MALDI-TOF MS was 
capable of rapidly and accurately identifying mecA-positive 
S. aureus and vanB-positive Enterococcus faecium from 
susceptible isolates [200, 201]. The MALDI-TOF MS has 
been directly used to determine mechanisms of antibiotic 
resistance [202]. Bittar et al. described the use of a MALDI-
TOF MS profile and a ClinPro Tools software to detect and 
identify staphylococcal Panton-Valentine leukocidin [203]. 
The detection and identification of a series of β-lactamases 
from Gram-negative bacilli by MALDI-TOF MS seem to 
be a powerful, quick, and cost-effective method for clinical 

microbiology laboratories [204–207]. These studies repre-
sented a proof of concept for the use of MALDI-TOF MS 
technology as a rapid method to timely monitoring microbial 
infections.

Numerous proteomic biomarkers have been used to diag-
nosis and monitoring of microbial infections. One of the 
most promising biomarkers in recent years is procalcitonin 
(PCT). PCT has many favorable properties as it is rapidly 
induced during infections and has a long half-life with capac-
ity to differentiate bacterial from viral etiologies [208]. For 
the use and value of procalcitonin in SOT transplantation, the 
existing literature suggests reasonable sensitivity and speci-
ficity for the PCT test in identifying infection complications 
among patients undergoing transplantation. Monitoring PCT 
in the early posttransplant period seems to be a promising 
method for early detection of infectious complications; how-
ever, given the imperfect sensitivity and specificity of the 
PCT test, medical decisions should be based on both PCT test 
results and clinical findings [209, 210]. Recently, van Houten 
et al. reported the use of a three-host protein (TRAIL, IP-10, 
and CRP)-based assay to differentiate between bacterial and 
viral infections in children with lower respiratory tract infec-
tion or fever without source [211].

 Metabolic Assays

Diagnosing bacterial infections by smell has been practiced 
for millennia. Volatile organic compounds (VOCs), pro-
duced by bacteria as metabolites, may be produced in differ-
ent quantities and combinations by each bacterial species or 
serovar, generating characteristic odors. These compounds, 
in combination with other VOCs, could be used as a volatile 
fingerprint of each bacterium. Recently, fast and sensitive 
techniques, led by a variety of mass spectrometry platforms, 
have been developed and implemented to detect and char-
acterize microbial pathogens based on microbial metabolite 
analysis [212]. In addition, metabolic analysis can be used 
for functional characterization including virulence and resis-
tance determination. Gilreel et  al. recently examined the 
metabolic potential of multidrug-resistant uropathogenic 
Escherichia coli and demonstrate metabolic activity of mem-
bers of the ST131 lineage correlated with antibiotic suscep-
tibility profiles [213].

Direct detection of exogenous fungal metabolites in 
breath may be used as a novel, noninvasive, species-specific 
approach to identify patients with invasive aspergillosis (IA), 
potentially allowing more precise targeting of antifungal 
therapy and fewer invasive diagnostic procedures. Gas chro-
matography coupled with mass spectrometry (GC-MS) has 
been the mainstay for the detection and characterization of 
VOCs produced by a panel of Gram-negative bacilli [214–
216]. Unique GC-MS VOCs were found to be produced by 
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five Aspergillus species such as A. fumigatus, A. versicolor, 
A. sydowii, A. flavus, and A. niger cultivated on malt extract 
agar and gypsum board [217]. In another study, 2-Pentylfuran 
(2PF) was consistently detected in the media of A. fumiga-
tus, Fusarium spp., A. terreus, and A. flavus and to a lesser 
extent by A. niger. 2PF was detected in breath samples from 
4/4 patients with cystic fibrosis and A. fumigatus coloniza-
tion, 3/7 patients with cystic fibrosis but no microbiological 
evidence of A. fumigatus, and none of the 10 healthy controls 
[218]. Using thermal desorption-GC-MS, Koo et al. charac-
terized the in vitro volatile metabolite profile of A. fumiga-
tus. A pathogen-specific metabolic signature combined with 
β-trans-bergamotene, α-trans-bergamotene, a β-vatirenene- 
like sesquiterpene, and trans-geranylacetone accurately 
discriminated patients with IA from patients with other pneu-
monia [219]. Besides Aspergillus species, VOCs such as nic-
otinic acid have been found to be promising biomarkers for 
Mycobacterium tuberculosis infections [220].

 Clinical Perspective

During the last 10 years, mortality related to infection after 
HSCT has declined substantially [221]. Nonetheless infec-
tion remains a substantial cause of non-relapse mortality. 
Use of alternative donors such as cord blood and haploiden-
tical donors, older age at transplant, and increased comor-
bidities continue to increase [222, 223]. These transplant 
characteristics have been associated with increased infec-
tion risk. Furthermore neutropenia, T-cell depletion, GVHD, 
and immunosuppressive agents continue to shape the spec-
trum and period of risk for specific infections. Our expand-
ing knowledge of the role of the human microbiome in the 
outcomes of transplantation provides new challenges and 
opportunities for clinical interventions.

Management of infections in the immunocompromised 
host poses several challenges. Inflammatory host responses 
are usually reduced or absent. Patients with life-threatening 
infections may present with minimal signs and symptoms 
and deteriorate rapidly often developing disseminated dis-
ease. Organisms of little or no pathogenicity for healthy 
individuals may cause life-threatening infections, and mul-
tiple pathogens may coexist in the same patient. Invasive 
procedures needed to maximize diagnostic accuracy may be 
not feasible due to thrombocytopenia or other conditions. 
Timely institution of broad empiric therapy is essential to 
improved outcomes; yet polypharmacy may lead to substan-
tial toxicities and serious drug interactions.

The increasing implementation of nucleic acid-based 
assays in clinical practice has enabled rapid and often quan-
tifiable diagnosis of an expanding list of organisms. Clinical 
decision-making is complex as quantification enables real- 
time monitoring of pathogen replication dynamics.

Diagnostic assays are used by the clinicians to predict risk 
of infection in asymptomatic patients, monitor patients at 
risk for disease, diagnose disease in symptomatic patients, or 
monitor response to therapy or predict outcomes in patients 
with established disease (Table 47.3).

 Prediction of Risk for Infection

The pretransplant evaluation of donors and recipients of 
HSCT includes serology to determine prior exposure to patho-
gens. The Federation for Accreditation of Cellular Therapies 
(FACT) requires donors and recipients to be tested for antibod-
ies to HIV, human T-cell lymphotropic viruses I and II, HBV, 
HCV, and herpes viruses (HSV, VZV, CMV, EBV). Donors 
and recipients are tested for exposure to West Nile virus and 
Trypanosoma cruzi. Donors should be tested within 30 days 
prior to collection. Emergence of pathogens with potential 
for transmission through cellular products requires devel-
opment of new diagnostic assays. A recent example is Zika 
virus. A non- FDA approved test is currently used to screen 
blood donors (https://www.cdc.gov/zika/transmission/blood-
transfusion.html). However the current CDC recommenda-
tions to reduce transmission of Zika through human cells and 
cellular-based products are based on epidemiologic history 
(https://www.fda.gov/downloads/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/Guidances/
Tissue/UCM488582.pdf).

Based on the results of the pretransplant tests, clinicians 
assess risks, benefits, and alternatives to HSCT or implement 
preventive treatment. For example, recipients with positive 
IgG antibody for hepatitis B (HBV) core antigen (with nega-
tive HBV surface Ag and negative HBV PCR) are treated 
with entecavir to prevent reactivation of HBV posttransplant.

CMV serology of the donor and recipient has major 
implications. For recipients with acute CMV infection 
indicated by positive CMV IgM (negative IgG), trans-
plant may be delayed, and treatment may be required. The 
CMV serostatus of the recipient is the most important pre-
dictor for development of CMV infection posttransplant. 
Combined results of donor and recipient serology is used 
to optimize donor selection [224] . Given the availability 

Table 47.3 Clinical applications of diagnostic assays in immunocom-
promised patients

Level Goal
Prevention Risk assessment
Preemptive Testing asymptomatic patients at risk for disease
Diagnostic Testing patients with clinical signs and symptoms of 

infection for specific pathogens
Therapeutic Testing patients with established infection to direct 

treatment, assess response to therapy, and evaluate 
prognosis

Prognostic Test patients at risk for recurrence of disease

N. E. Babady et al.
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several donors with similar degree of HLA match, prefer-
ence is given to donor matching the CMV serostatus of 
the recipient. For CMV-seronegative patients, the use of a 
CMV-seronegative donor alleviates the risk of CMV trans-
mission through the allograft [225]. CMV-seropositive 
recipients who receive conventional allografts from CMV-
seropositive donors are receiving CMV-specific cytotoxic T 
lymphocytes (CTL) contained in the allograft. Lymphocytes 
from CMV- seropositive donors can also be used to generate 
ex vivo CMV CTL for adoptive immunotherapy posttrans-
plant [226]. The CMV serostatus of donor and recipient 
also determines the need for posttransplant serial monitor-
ing for CMV. Recipients who are CMV positive or receive 
grafts of CMV-seropositive donors are monitored by CMV 
PCR, and preemptive therapy is initiated, if CMV infection 
occurs [227]. Another approach is antiviral prophylaxis for 
CMV for high-risk groups such as recipients of mismatched 
or T-cell-depleted allografts [228]. It will be interesting to 
assess whether CMV monitoring by the PCR will eliminate 
survival differences between CMV-seropositive and CMV- 
seronegative recipients.

Additional screening may be indicated for donors and 
recipients of T-cell-depleted grafts. Toxoplasma serology is 
not required by FACT and is tested per institutional practices. 
Patients receiving T-cell-depleted allografts are at higher risk 
of toxoplasmosis compared to patients who receive conven-
tional allografts. Thus recipients of T-cell- depleted allografts 
may be candidates for prophylaxis against toxoplasma post-
transplant. At present the interpretation of serology is quali-
tative (positive vs negative). Recent studies suggest that the 
magnitude of titers may be relevant in predicting disease 
risk. Meers et  al. reported that high titers of toxoplasma 
IgG pretransplant were associated with increased risk of 
toxoplasmosis after HSCT [229]. Given the low frequency 
of toxoplasmosis in HSCT, a multicenter study would be 
required to confirm these findings.

The notion that the magnitude of IgG titers may be useful 
as a predictor for infection posttransplant was also supported 
by a pilot study assessing pretransplant antibodies to adeno-
virus (ADV). In that study, patients with high pretransplant 
IgG titers to a specific ADV serotype were more likely to 
develop ADV infection with the same ADV serotype after 
HSCT [230].

Patient exposures may also indicate the need for addi-
tional testing. For example, QuantiFERON Gold ™ testing 
for detection of latent tuberculous infection is pertinent for 
transplant candidates from endemic areas for M. tuberculo-
sis [231, 232]. Patients with latent tuberculous infection pre-
transplant will require treatment posttransplant. Pretransplant 
stool examination for ova and parasites for transplant candi-
dates coming for endemic areas of Strongyloides stercoralis 
or empiric treatment for Strongyloides stercoralis pretrans-
plant could be employed for such individuals [233].

 PCR Assays for Detection of Double-Stranded 
(ds) DNA Viruses

The availability of commercially available quantitative PCR 
assays for many dsDNA viruses has enabled the detection 
of these viruses in body compartments such as blood, urine, 
stool, bronchoalveolar lavage (BAL), or cerebrospinal fluid. 
While PCR assays provide accurate and rapid identification 
and quantification, several challenges remain regarding their 
optimal use and interpretation of results.

 Cytomegalovirus (CMV)
CMV is an important cause of morbidity and mortality in 
transplantation. The biologic properties and natural history 
of CMV are well defined [234]. CMV viremia occurs fre-
quently after HSCT and in most instances precedes devel-
opment of end-organ CMV disease. Effective antiviral 
treatment is available, and preemptive treatment of CMV 
infection has been shown to be effective in preventing end-
organ disease [235]. Routine monitoring is recommended 
for patients at risk for CMV disease [236, 237]. Currently 
PCR-based assays for CMV have replaced pp65 antigenemia 
assay in most centers. Green et al. reported that transition of 
preemptive therapy strategy from antigenemia to PCR-based 
monitoring and host risk factors successfully prevented CMV 
disease without increasing the proportion of patients receiv-
ing preemptive therapy and attributable toxicity [238]. The 
performance characteristics of individual CMV PCR assays 
vary; thus cutoff values and thresholds for treatment are not 
comparable among laboratories [145]. The availability of the 
World Health Organization (WHO) International Standard 
(IS) for CMV for nucleic acid amplification techniques is 
an important development for decreases variance between 
laboratories and enables to develop international clinical 
practice guideline [227]. Even with the WHO standardized 
assay, there is considerable variability (up to 1.5 log10 IU/
mL) in different determinations of viral load from the same 
specimen [239].

 Other Double-Stranded (ds) DNA Viruses
BK polyomavirus (BKV), adenovirus (ADV), and human 
herpesvirus 6 (HHV-6) are detected with variable frequencies 
in HSCT patients, yet their natural history is not fully under-
stood. All these viruses have been associated with potentially 
serious end-organ disease and adverse transplantation out-
comes. Yet the utility of routine monitoring and preemptive 
intervention have not been evaluated in  prospective clinical 
trials. Because of the relatively low frequency of end-organ 
disease caused by these viruses, multicenter studies would 
be better suited to address such questions. Differences in 
diagnostic assays and clinical practices among institution 
and lack of approved treatments for these pathogens pose 
logistical difficulties.
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BK Polyomavirus (BKV)
BK polyomavirus (BKV) is identified as a cause of allograft 
nephropathy in kidney transplants (BKVAN) and a cause of 
hemorrhagic cystitis in HSCT recipients [233, 240]. In renal 
transplant recipients, several studies have directly linked 
BKV replication to BKV nephropathy (BKVN), and BKV 
viremia is a predictor of BKVN in renal allografts [241]. 
Furthermore an association between the magnitude of BKV 
viral load in the blood and development of BKVN has been 
well described, and appropriate cutoffs have been estab-
lished for the clinical significance of BKV viremia. BKVN 
cases have been reported in HSCT recipients [242–244]. The 
diagnosis for BKVN in HSCT recipients is challenging as 
kidney biopsy is oftentimes not feasible due to thrombocyto-
penia and bleeding risk.

The exact biologic relationship between BKV and hem-
orrhagic cystitis in HCT recipients is not well understood 
[245–252]. Some studies have shown a relationship between 
the magnitude of urine BKV viral load and development of 
hemorrhagic cystitis [253–255]. However the concentra-
tions of virus vary widely and often overlap with patients 
who do not develop hemorrhagic cystitis. Unfortunately, no 
effective therapy is currently available for the prevention or 
treatment of symptoms associated with BKV, in large part 
due to a lack of understanding about its etiology and patho-
genesis [256–261]. It is likely that the pathophysiology of 
cystitis in this setting is multifactorial with BKV reactivation 
as a contributing factor. The level of BKV viruria in HSCT 
exceeds by several logs the levels observed in renal trans-
plants [250, 251, 254, 262]. Reduction of immunosuppres-
sion, the mainstay for management in renal transplantation, 
is not an option in the allogeneic HSCT due to the risk of 
triggering or exacerbating graft-versus-host disease. Despite 
the lack of established guidelines for the interpretation of 
BKV PCR results in HSCT and paucity of therapeutic mea-
sures for BKV in HSCT, BKV PCR is frequently ordered in 
symptomatic patients.

At our institution we prospectively monitored in 100 
adult HSCT recipients for BKV in the urine by Q-PCR 
every 2  weeks from beginning of conditioning until week 
+15 posttransplant [252]. We found that 50% of patients had 
BKV viruria by day +30, and the rate remained stable for the 
duration of the study. Ten (10%) patients developed hemor-
rhagic cystitis (grade ≥2 by Bedi et al. [245]. Seven (70%) 
patients with hemorrhagic cystitis had BKV in the urine (two 
with concomitant adenovirus). In univariate analyses, high 
BKV viral load (≥1.0 × 107 copies/mL) and older age were 
predictors of hemorrhagic cystitis. During the study period, 
36 patients died and 8 patients had autopsies performed. One 
patient was found to have BKVN at autopsy. Our findings 
suggest that factors in addition to BKV are likely involved 
in the pathogenesis of hemorrhagic cystitis posttransplant. 
At present, we do not recommend monitoring asymptom-

atic patients for BKV in urine. In patients with symptoms of 
cystitis and no other identified etiology, we suggest check-
ing BKV PCR once. We discourage monitoring of BKV 
viral load in the urine in patients with known BKV viruria. 
BKV nephropathy should be considered as a cause of renal 
dysfunction in severely immunosuppressed HSCT patients 
without any other obvious etiology.

Adenovirus (ADV)
Adenovirus infection occurs in <5–20% of HCT recipients 
depending on patient age, type of transplant, and degree of 
immunosuppression [263–265]. ADV-associated hepatitis, 
pneumonitis, and encephalitis are frequently fatal, while 
colitis and hemorrhagic cystitis cause substantial morbid-
ity and may contribute to mortality [266–268]. More than 
50 ADV serotypes are identified and differ in terms of fre-
quency, tropism, and potential for disease severity [269]. 
ADV viremia has been associated with decreased overall 
survival after HSCT [270, 271].

Quantitative PCR assays for ADV have replaced for 
most part culture or antigen assays. Routine surveillance for 
ADV is suggested for high-risk patients such as recipients 
of T-cell-depleted transplant (TCD), cord blood transplant, 
or haploidentical transplant or for patients with refractory 
GVHD [272–274]. The American Society of Bone Marrow 
Transplant recommends serial monitoring for ADV by PCR 
during the first 6 months after HSCT or for the duration of 
severe immunosuppression and/or lymphopenia for patients 
at highest risk [275]. These recommendations are based on 
single-center experience and expert opinion but not vali-
dated in controlled trials. Ohrmalm et  al. found little util-
ity in serial monitoring of plasma ADV PCR in a cohort 
of 97 HSCT comprised of 64% T-cell-depleted allografts 
[276]. High level or rising ADV viremia has been reported 
to predict disseminated ADV disease and death [277–280]. 
Rising ADV viral load in the stool has also been reported as 
a useful predictor of ADV disease [279]. T-cell depletion, 
younger age, and GVHD have been associated with invasive 
ADV disease [266, 277–279]. Cidofovir has been used in 
established ADV disease and ADV viremia, yet its efficacy 
is based on small noncontrolled studies and case series [272–
274]. Brincidofovir, a novel, orally administered, broad-
spectrum antiviral active against ADV, has shown promising 
results in case reports [277, 281, 282]. A small randomized 
placebo- controlled clinical trial of preemptive treatment of 
ADV viremia with brincidofovir confirmed the antiviral 
activity in HCT patients however [283]. A subsequent open-
label phase III study evaluated brincidofovir treatment for 
localized or disseminated ADV infection in adult and pediat-
ric HSCT recipients. Virologic response was correlated with 
lower ADV viral load at start of treatment and earlier start of 
brincidofovir after ADV diagnosis. Gastrointestinal-related 
(abdominal pain, diarrhea, nausea, vomiting) symptoms 
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were most common adverse events and led to treatment dis-
continuation especially in adult HCT.

Since 2012, we have implemented routine blood PCR 
monitoring from day+14 until day+100 posttransplant in 
TCD and cord blood HSCT recipients. The rate of ADV vire-
mia was 8%, and 33% of viremic patients developed ADV 
disease in TCD HSCT recipients. ADV disease was diag-
nosed within 60  days posttransplant, and 85% of patients 
with ADV diseases died. The benefit of preemptive therapy 
for ADV for prevention of ADV disease in recipients of TCD 
grafts should be evaluated in prospective clinical trials.

Human Herpesvirus 6 (HHV-6)
HHV-6 infects over 90% of individuals in the first 18 months 
of life. After resolution of the primary infection, the virus 
establishes latency mainly in CD34+ cells including mono-
cytes and macrophages. An alternative form of HHV-6 
persistence is integration of viral sequences into host cell 
chromosomes [284]. Approximately 40% of all HSCT recip-
ients develop HHV-6 reactivation, and the cords rates may 
be >90% [285]. At our Institution 61% CD34+ selected HCT 
and 94% cord blood recipients (without ATG) developed 
early HHV6 viremia. Rates of HHV6 encephalitis were low 
in our patients, 0.7% and 1.6% in Cd34+ and cord blood, 
respectively [286].

HHV6 has been associated with a host of indirect con-
sequences such as acute GVHD, CMV reactivation, and 
mortality after HSCT [287]. Zerr et  al. suggest HHV-6 
reactivation is associated with delirium and neurocognitive 
decline after HSCT [288]. The most recognized and severe 
form of HHV-6 is posttransplant acute limbic encephalitis 
(PALE). Hill et al. examined a cohort of 1243 adult donor 
HSCT and 101 umbilical cord transplants to identify risk 
factors for PALE. In multivariate analyses cord blood trans-
plant, grade II-IV GVHD and adult mismatched donor were 
significant. While viral loads for HHV-6 were higher in 
patients with PALE, values greatly overlapped. Furthermore, 
peak values were detected a median 1 day to 9 days form 
symptom onset [289]. Foscarnet, cidofovir, and ganciclovir 
are available antiviral agents that demonstrated in vitro activ-
ity against HHV-6, but there are no controlled trials to study 
these agents for HHV-6 therapy. A few studies evaluating 
the efficacy of preemptive or prophylactic therapy to prevent 
PALE have been disappointing [290–292].

 Diagnostic Evaluation of Specific Syndromes

 Challenges
Infectious complications in transplant patients are often 
extremely complex to assess since there is a wide array 
of pathogens that can cause infections, including bacteria, 
viruses, fungi, and parasites. Further, patterns of pathogen 

infectivity vary tremendously, particularly in the setting of 
HSCT in which immune recovery plays a major role in defin-
ing the type and clinical presentation of many infections. 
Infections may occur as acute events such as a pneumonia 
or bloodstream infection, reactivation of latent organisms as 
in the case of herpesvirus infections, and colonization with-
out true invasive infection or as recurrent, nonresponding, 
or resistant infections. Furthermore, sites of infections may 
be localized to a single body area or tissue or may be dis-
seminated. HSCT recipients may be suffering from immune 
incompetence that can last for years.

Multiplex assays offer the advantages when the quantity 
of sample is limited as they provide information on multiple 
pathogens. Combination of multiple diagnostic platforms in 
the same sample and testing of several body compartments 
cast a wider net and expand diagnostic capabilities. We pres-
ent specific challenges in clinical evaluation of pulmonary 
syndromes in HSCT patients.

 Evaluation of Pulmonary Syndromes

Viral Infections
The use of PCR to analyze samples from HSCT recipients 
may facilitate early detection of respiratory viruses, even 
prior to onset of symptoms when viral loads are likely to be 
low. For symptomatic patients, PCR testing provides a sensi-
tive diagnostic approach to identify the etiology of respira-
tory symptoms and an appropriate isolation of the ill patient. 
Additionally, quantitative RT-PCR assays can be used to ini-
tiate appropriate treatment and monitor changes in viral load 
during therapy.

Some respiratory viruses such as RSV, parainfluenza 
viruses, adenovirus, and influenza viruses are known to cause 
low respiratory infections associated with substantial morbid-
ity and mortality in immunosuppressed patients. In contrast 
the correlation of the presence of rhinovirus or coronavirus in 
the upper respiratory tract with development of lower respi-
ratory infection in HSCT is not clear [293]. The correlation 
between magnitude of viral load in bronchoalveolar lavage 
fluid and pneumonia or transplant outcomes is currently 
being investigated for a variety of viruses [294, 295].

The use of nucleic acid assays may contribute to identi-
fication of organisms not previously associated with pulmo-
nary disease. Enterovirus D68 was recently associated with 
acute respiratory distress syndrome in infants and HSCT 
[293, 296]. Human metapneumovirus (hMPV) and human 
bocavirus have been reported as a cause of severe lower 
respiratory tract infection [297–299]. Two new human poly-
omaviruses, KI polyomavirus (KiPyV) and WU polyomavi-
rus (WUPyV), are found in one third of allogeneic HSCT 
recipient’s respiratory specimens during the first year post-
transplant, but the associations with respiratory symptoms 
are unclear [300].
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Invasive Fungal Infections
Diagnosing invasive pulmonary aspergillosis (IPA) remains a 
challenge. Tissue diagnosis is ideal, yet invasive procedures 
may not be feasible in critically ill patients especially those 
with cytopenia. Isolation of Aspergillus species from BAL 
may represent colonization or invasive infection depending 
on species and clinical context. For example, Aspergillus ver-
sicolor and Aspergillus niger are often not associated with 
disease when they were isolated from BAL specimens [301, 
302]. Cytology in combination with traditional culture tech-
niques may improve diagnostic yield. In a retrospective study 
comparing diagnostic yield of cytology and culture for sep-
tate, mold infections (cytology of BAL and bronchial wash 
specimens) had higher yield compared to culture of tissue 
(autopsy and biopsy) samples (58% vs 30%, P < 0.03) [303].

Noninvasive sensitive tests are needed for the diagnosis 
of mold infections. Detection of an Aspergillus secondary 
metabolite signature in a simple breath test showed 94% sen-
sitivity and 93% specificity in diagnosis of IPA in a small 
preliminary study [219]. Such tests offer promising alterna-
tives for patients that cannot undergo bronchoscopy.

Molecular-based assays are expected to allow a rapid 
diagnosis of Aspergillus and non-Aspergillus invasive fun-
gal infections with a high sensitivity. In a recent multicenter 
prospective study evaluation, addition of PCR to GM in BAL 
sampling improved the diagnosis of invasive aspergillosis 
[51]. Initial validation studies of the serum GM assay reported 
61% sensitivity and 93% specificity in probable and proven 
IPA; however, the sensitivity of serum GM is considerably 
lower in setting of mold-active azole prophylaxis [304, 305]. 
Determination of GM in the BAL fluid may improve the diag-
nostic utility of this assay. In a prospective cohort study includ-
ing 530 patients with hematologic malignancy, the sensitivity 
and specificity of BAL GM was 50% and 73% for detecting 
probable and proven IPA [306]. Further prospective studies 
are needed for the combination of these two diagnostic modal-
ities for the diagnosis of proven and probable aspergillosis.

Fungal PCR has been useful in confirming diagnosis 
of invasive fungal infections when traditional cultures are 
negative especially in patients previously treated with anti-
fungal agents. At our institution among 46 patients partici-
pating in a randomized trial for antifungal prophylaxis of 
fungal infection in neutropenic patients undergoing induc-
tion or re- induction chemotherapy, six patients underwent 
bronchoscopy for evaluation of pulmonary infiltrates. BAL 
was tested by cytology, traditional fungal cultures, GM, 
and universal fungal PCR.  None of the patients had posi-
tive fungal cultures or positive GM in the BAL. Fungal PCR 
identified Rhodotorula nogopathi and Cryptococcus saitoi in 
one patient each. While these fungi are not recognized previ-
ously as pathogens in humans, our patients responded clini-
cally when antifungal therapy was adjusted to target these 
organisms.

Traditional culture techniques are routinely used for diag-
nosis of candidemia. The clinical relevance of non-Candida 
species isolated from blood has to be interpreted with cau-
tion. In a retrospective study of non-Candida fungemia epi-
sodes in allogenic HSCT recipients, 42% of patients did not 
have clinically significant fungemia [307].

 Therapeutic Monitoring

 Viral PCR
Monitoring of the viral load to assess response to treatment 
is a well-established practice for CMV. CMV viral replica-
tion in the blood usually correlates with disease activity. 
Depending on CMV viral load, clinicians may continue 
treatment, change dose or type of antiviral, or discontinue 
treatment. Less evidence exist on the correlation of ADV or 
HHV-6 viral loads with disease activity, yet clinicians rou-
tinely use viral loads as an aid to treatment decisions.

Monitoring of viral load of respiratory viruses as a prog-
nostic indicator of lower respiratory tract infection in HSCT 
patients is not a routine clinical practice at present. Recent 
studies suggest that this approach may be of value [294, 308].

 Genotypic Assays for Mutations Conferring 
Resistance to Antivirals
Genotypic assays for antiviral resistance may offer clini-
cal guidance in a timely fashion. Commercially available 
assays are available for cytomegalovirus. Resistance usu-
ally emerges after prolonged or subtherapeutic exposure to 
antivirals in the setting of immunosuppression [309]. CMV 
resistance to current antiviral agents is mediated by altera-
tions in either the UL97 kinase or DNA polymerase, encoded 
by the UL97 and UL54 genes, respectively. UL97 mutations 
are capable of conferring resistance to ganciclovir, while 
UL54 mutations can impart resistance to ganciclovir, cido-
fovir, and foscarnet [310].

Studies correlating CMV genotypes and drug susceptibil-
ity phenotypes may further guide treatment decisions. This 
will improve the interpretation of sequence-based assays 
currently used for clinical diagnosis and guide the develop-
ment of new antiviral drugs [311].

Resistance of influenza virus to antiviral agents is a con-
cern in immunocompromised HSCT patients due to high 
grade and prolonged viral replication and prolonged expo-
sure to antivirals. Rapid identification of emerging resistance 
during treatment would be helpful in modifying treatment 
[312, 313].

 Serial Monitoring of Fungal Burden Markers
In patients with invasive aspergillosis and positive serum GM 
at baseline, serial monitoring of serum GM provides useful 
information on response to treatment and prognosis. Koo et al. 
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reported that the combination of GM at baseline and at 1 week 
was predictive of all-cause mortality independent of other 
traditional risk factors for mortality and antifungal exposure 
[314]. In a prospective study, Bergeron et al. showed that (i) 
a poor day 45 outcome was strongly associated with a high 
baseline serum GM index; (ii) a consistently negative serum 
GM index during the follow-up was associated with a good 
outcome, in contrast to either a steady or an emerging positive 
GM index; and (iii) the day 14 clinical evaluation was pre-
dictive of the day 45 outcome [315]. In patients with treated 
Aspergillosis, rising GM levels after initial normalization raise 
concern for breakthrough infection and inadequate exposure 
of development of resistance to ongoing antifungal therapy.

 Summary

In the last decade, nucleic acid-based assays have enhanced 
diagnostic sensitivity and specificity, shortened test turn-
around time, provided automatic and high-throughput 
processing, and enabled quantification of microbial patho-
gens. A positive molecular test result indicates that targeted 
pathogen- specific nucleic acids are detected. For opportunis-
tic pathogens in particular, clinical interpretation is crucial 
in determining the clinical significance of a positive test. 
Evolving genomics, transcriptomic, proteomic, and metabo-
lomic technologies are being translated into clinical applica-
tions at a fast pace. Collaboration between laboratory and 
clinical medicine is paramount to ensuring optimal utiliza-
tion and interpretation of diagnostic modalities.
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Diagnosis of Systemic Fungal Diseases

Simon Frédéric Dufresne, Kieren A. Marr, 
and Shmuel Shoham

 Introduction

Rapid and accurate diagnosis of invasive fungal infections 
(IFI) is critical to the care of solid organ transplant (SOT) 
and hematopoietic stem cell transplant (HSCT) recipients. 
Such infections are a by-product of immunosuppression 
and carry substantial morbidity and mortality. Improved 
diagnostic approaches and new and safer broad-spectrum 
antifungal agents have revolutionized treatment in these 
patients. This chapter will review the major diagnos-
tic tools and their role in patients with suspected fungal 
infections. Diagnosis will be approached from the labo-
ratory perspective, with an overview of methods used in 
clinical laboratories. Major organisms will then be pre-
sented separately, incorporating relevant clinical aspects 
that guide diagnostic approach.

 Overview of Diagnostic Laboratory Methods 
in Clinical Mycology

 General Principles

Until recently diagnosis centered upon detection of fungi 
from clinical samples using traditional staining and cul-
ture techniques, with nucleic acid and antibody-based 
assays playing a supportive role. The testing paradigm 

is shifting, with nonculture tests moving to the fore. 
Such assays are increasingly used as primary methods 
of diagnosis in a variety of invasive mycoses, including 
aspergillosis, candidiasis, cryptococcosis, and histoplas-
mosis [1–3]. Traditional and newer diagnostic approaches 
are complementary, and multiple tests are frequently 
employed simultaneously.

The major diagnostic modalities are (A) microscopic 
examination of biological specimens, including direct 
microscopy, cytopathology and histopathology; (B) culture 
followed by speciation using morphological, biochemical, 
and/or molecular methods and antifungal susceptibility test-
ing; (C) serodiagnosis, antigen or antibody detection; and 
(D) nucleic acid amplification techniques (NAAT). The rela-
tive contributions of these methods for diagnosis of systemic 
fungal diseases are presented in Table 48.1.

 Histopathology
Microscopic examination of thin-sectioned  formalin-fixed 
paraffin-embedded tissue (histopathology) is gener-
ally sensitive and can provide definitive proof of infec-
tion when tissue invasion is seen. Major limitations are 
the requirement for an invasive procedure and the effort 
required for specimen preparation and processing. As 
for direct microscopy and cytopathology, unique mor-
phological features can be used to differentiate hyalo-
hyphomycosis (hyaline, septate, acute-angle branching 
hyphae), phaeohyphomycosis (darkly pigmented, septate 
hyphae), and mucormycosis (hyaline, non-septate, large 
ribbon-like, right-angle branching hyphae) and to identify 
Cryptococcus neoformans/gattii, Pneumocystis jiroveci, 
and the endemic fungi to the genus or species level. In 
addition, histopathology can demonstrate host responses, 
such as patterns of inflammation and tissue damage. For 
example, the asteroid bodies (Splendore- Hoeppli reac-
tion) are associated with several fungal infections, includ-
ing sporotrichosis [4].
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Modern histopathology relies on a combination of 
dyes with immunological and molecular techniques. Most 
fungi can be observed with hematoxylin-eosin (H&E), but 
 specialized stains such as GMS and periodic acid-Schiff 
(PAS) are preferred and facilitate visualization of certain 
fungal structures. Certain stains are useful for specific fungi. 
For example, Giemsa is helpful for identifying P. jiroveci 
trophic forms, mucicarmine for Cryptococcus spp. (stains 
capsule), and Fontana- Masson for dematiaceous molds 
(stains melanin). When fungal structures are observed in 
tissue, formalin-fixed paraffin- embedded specimens can be 
analyzed further with immunohistochemistry [5] and in situ 
hybridization [6–8] to facilitate identification. Furthermore, 
DNA can be extracted from paraffin-embedded tissue, allow-
ing nucleic acid amplification and sequencing [9–11]. This 
procedure may prove extremely useful when fungal elements 
are visualized in tissue, but concomitant culture is negative 
or not available.

 Direct Microscopy and cytopathology
Microscopic examination of clinical samples is an 

extremely valuable tool. Despite lacking sensitivity, 
it is relatively simple, rapid, and reasonably specific. 
Visualization of fungal structures by direct micros-
copy serves three main purposes: 1) primary detec-
tion of a fungal pathogen in the sampled body site, 2) 
identification of the fungal pathogen based on morpho-
logical features (it reliably distinguishes major fungal 
groups such as yeasts, hyphomycetes and Mucorales, 
and even various species including Pneumocystis jir-
ovecii, Coccidioides immitis/posadasii, Blastomyces 
dermatitidis and Paracoccidioidesbrasiliensis), and 3) 
interpretation of positive cultures, by helping determine 
whether growth from non-sterile specimens is clinically 
significant. Direct microscopy involves fresh specimens, 
which can be either directly mounted using saline alone 

(plain preparation), or stained with a dye that facilitates 
fungal visualization (with or without prior smear fixa-
tion). Common stains are the chitin-binding fluorescent 
dye calcofluor white (CFW), India ink, toluidine blue 
and immunofluorescent stains using P. jirovecii-directed 
antibodies. Cytopathology refers to examination of fixed 
free cells, usually obtained from liquid specimens such 
as bronchoalveolar lavage and pleural fluid. Solid tissues 
may also be sampled using fine-needle aspiration. Several 
stains are then used to visualize fungal elements, includ-
ing Grocott-Gomori’s methenamine silver (GMS) and 
Giemsa. Accurate microscopic examination relies on the 
experience and skills of the operator.

 Culture
Culture is a cornerstone of fungal diagnostics. It is gen-
erally more sensitive than microscopy alone and facili-
tates fungal identification and antimicrobial susceptibility 
testing. Major limitations include suboptimal sensitivity, 
prolonged turnaround time, and biosafety issues. The sig-
nificance of a positive culture depends upon the site from 
which the specimen was obtained, the organism isolated, 
and the clinical scenario. Growth from a normally sterile 
site is indicative of invasive infection. Isolation of cer-
tain pathogens (e.g., Cryptococcus neoformans, C. gattii, 
the endemic fungi) from any body site is virtually syn-
onymous with disease. Conversely, recovery of Candida, 
Aspergillus, Scedosporium, Mucorales, and dematiaceous 
fungi from sites that are not normally sterile does not nec-
essarily indicate infection and requires careful consider-
ation of both the host and clinical context.

The initial steps involved in fungal culture are specimen 
collection and inoculation on media. Specimen quality is 
critical for optimal fungal recovery and to minimize con-
tamination. Table 48.2 summarizes adequate specimens for 
recovery of different fungi.

Table 48.1 Relative contribution of different diagnostic modalities for detection of invasive fungi

Organisms Histopathology Direct microscopy/cytopathology Culture Antigen detection NAAT

Host immune 
response
Humoral Cellular

Aspergillus ++ ++ ++ +++ ++ − +
Other filamentous fungia ++ ++ ++ − + − +
Candida + ++ +++ + + + −
Cryptococcus + ++ +++ +++ + − −
Pneumocystis + +++ − ++ ++ − −
Endemic +++ ++ +++ +++ + ++ −

–: not useful or available
+: rarely contributive; important limitations with regard to safety, availability, or performance (including lack of clinical data)
++: sometimes contributive; some limitations with regard to safety, availability, or performance
+++: often contributive; considered standard method for diagnosis
aIncludes Fusarium species, Scedosporium species, Mucorales, dematiaceous fungi, and others
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In general, tissue and fluids are preferred over swabs. 
Volume should be ≥2  ml for cerebrospinal fluid and as 
much as possible for other sterile fluids. Most specimens 
should be transported to the laboratory as soon as pos-
sible, and some (e.g., corneal scrapings, prostatic fluids) 
require direct inoculation. Fungal culture media such as 
Sabouraud dextrose agar (SDA), inhibitory mold agar 
(IMA), brain-heart infusion (BHI) agar, and malt extract 
agar usually contain antimicrobial agents to prevent over-
growth by competing microbiota [12–14]. Many fungi 
grow within a few days, but some, including Histoplasma 
capsulatum, may need up to 6  weeks. Few studies have 
directly compared the yield of different media in a clini-
cal setting. IMA was recently shown to recover more 
isolates than SDA in cultures of specimens from various 
sites, including yeasts and hyaline hyphomycetes and 
Mucorales [15]. For recovery from the blood, modern 
aerobic bottles in continuously monitored blood culture 
systems are adequate for yeasts and Fusarium. Special 
lytic mycological media bottles or the lysis-centrifugation 
procedure may be preferable for fastidious fungi such as 
Histoplasma capsulatum [16, 17].

Once an isolate is grown, identification is typically achieved 
using standard procedures. Macroscopic and microscopic 
morphology remain the mainstay of mold identification. 
Several vegetable-based or poor media (e.g., potato dextrose 
agar, Czapek-Dox agar, tap water agar) enhance conidiation 
and/or pigment production of some fungi and facilitate identi-
fication. Simple biochemical tests are also commonly used for 
yeasts. Other techniques include thermotolerance, nutritional 
requirements, and conversion assays for thermally dimorphic 

fungi [12, 18]. Molecular methods, such as simple hybridiza-
tion [19] and genomic DNA sequencing [20], are increas-
ingly used, especially when a higher taxonomic resolution 
is needed. Matrix-assisted laser desorption ionization-time 
of flight (MALDI-TOF) mass spectrometry is emerging as a 
powerful tool for identification [21–24]. With the exception 
of some saprophytic filamentous fungi, identification should 
be made to the species level. Because many species have well 
established and predictable susceptibility patterns, identify-
ing the species can have important prognostic and treatment 
implications.

Biosafety of laboratory personnel is a concern when 
culturing fungi, especially the thermally dimorphic fungi. 
Biosafety level 3 (BSL-3) practices, containment equip-
ment, and appropriate facilities are required for handling 
sporulating mold-form cultures of B. dermatitidis, C. 
immitis/posadasii, and H. capsulatum [25]. Coccidioides 
poses a particular threat to laboratory workers [26]. This 
fungus can grow rapidly on bacterial primary isolation 
plates, and clinicians should alert the microbiology lab-
oratory when infection with one of these organisms is 
suspected.

 Antigen Detection
Assays that detect fungal antigens now assume an impor-
tant role in the evaluation of patients with suspected 
invasive mycoses and are indispensible aids for diagnos-
ing cryptococcosis, histoplasmosis, and aspergillosis. 
Their role in candidiasis, pneumocystosis, and other fun-
gal infections is evolving. Favorable aspects of antigen 
detection assays include rapidity, ease of performance, 
and potential for diagnosing infections early in the dis-
ease course. Sensitivity and specificity remain a concern. 
Considerations of their pros and cons are important in 
developing preemptive strategies and point-of-care fungal 
antigen testing.

Various commercially available assays detect polysac-
charides released from the cryptococcal capsule and cell 
walls of Histoplasma and Aspergillus and Candida. Suitable 
samples include serum, cerebrospinal fluid (CSF), bron-
choalveolar lavage (BAL) fluid, urine, and other body fluids. 
Methodologies include latex agglutination (LA), enzyme 
immunoassays (EIA), and lateral-flow immunochromato-
graphic assays (LFIA). Performance characteristics vary by 
kit, organism, specimen, clinical context, and cutoff used. 
A summary of commercially available assays is presented 
in Table 48.3.

(1-->3) β-D-glucan (BG) is an important fungal marker. 
This polysaccharide cell wall component is found in many 
fungi, with the notable exceptions of Cryptococcus spp. and 
the Mucorales, making it an almost “panfungal” marker. 

Table 48.2 Adequate specimens for culture of pathogenic fungi

Organisms Blood
Bone 
marrow CSF

Respiratory 
secretions Urine Skin

Aspergillus + − + ++ − ++
Other 
filamentous 
fungi

+a − + ++ − ++

Candida +++ − ++ + ++ ++
Cryptococcus +++ − +++ ++ +++ ++
Endemic +++b +++ ++ ++ ++ ++

CSF cerebrospinal fluid
–: virtually never recovered from this site
+: may be recovered, but generally considered colonization or contami-
nation, or yield is very low
++: may be recovered only if site is clinically infected
+++: may be recovered in invasive disease and can be done even if site 
is not clinically infected or infection is not apparently disseminated
aExcept for Fusarium spp. (+++)
bFor H. capsulatum, using lysis-centrifugation methods or mycological 
media blood culture bottles for continuous monitoring blood culture 
systems; low yield for Coccidioides spp. (+)
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Serum BG measurement has been mostly studied for diagno-
sis of aspergillosis, candidiasis, and, more recently, pneumo-
cystosis. Four commercial assays are currently marketed, but 
only Fungitell® (Associates of Cape Cod) is available in the 
United States and Canada.

 Nucleic Acid Amplification Techniques
NAATs are characterized by high analytical sensitivity 
and specificity and may allow reliable fungal identification 
directly from clinical samples, independently of culture. 
These assays are rapid (especially real-time PCR) and ame-
nable to automation. However, discriminating infection from 
colonization or environmental contamination, especially 
when analyzing specimens from non-normally sterile sites, 
can be difficult. The reliability of these tests is impacted by 
fungal concentration, ease of DNA extraction (typically dif-
ficult for fungi), specimen type, and clinical scenario.

Most effort has focused on Aspergillus spp., Candida 
spp., and Pneumocystis jirovecii, but NAATs have been 
developed for most pathogenic fungi. Some target spe-
cific genera or species, while others are “panfungal,” 
targeting universal sequences in the fungal genome [27]. 
Suitable samples include whole blood, serum, plasma, 
BALF, sputum, CSF, and tissue. Techniques include PCR, 
semi-nested PCR, nested PCR, PCR-ELISA, nucleic acid 
sequence- based amplification (NASBA), and real-time 
PCR. Novel technologies include PCR coupled with elec-
trospray ionization mass spectrometry (PCR/ESI-MS) 
[28–30], PCR coupled with surface-enhanced Raman 
scattering (PCR-SERS) [31], and PCR with magnetic 
resonance [32].

For now, NAATs are not part of standard diagnostic 
definitions of IFI [33], although many experts advocate for 
their inclusion [34]. Many centers use “home-brewed” fun-

Table 48.3 Commercial assays for detection of fungal antigens

Assay
(manufacturer) Method

Antigen
detected

FDA- approved 
kit

Approved or most studied 
specimens
(other specimens with 
clinical data)

Cryptococcus neoformans/gattii
CALAS®: Cryptococcal antigen latex agglutination system
(Meridian Bioscience Inc.)

LA GXM Yes Serum, CSF

Latex-Cryptococcus antigen
detection system
(Immuno- Mycologics Inc.)

LA GXM Yes Serum, CSF

Remel™ Cryptococcal antigen test kit
(Thermo Fisher Scientific, Inc.)

LA GXM Yes Serum, CSF

ALPHA cryptococcal antigen EIA
(Immuno- Mycologics, Inc.)

ELISA GXM Yes Serum, CSF

Premier® Cryptococcal antigen
(Meridian Bioscience Inc.)

ELISA GXM Yes Serum, CSF

CrAg lateral-flow assay
(Immuno- Mycologics Inc.) 

LFIA GXM Yes Serum, plasma, CSF
(urine)

Histoplasma capsulatum
ALPHA Histoplasma antigen EIA
(Immuno- Mycologics Inc.)

ELISA N/A Yes Urine

MVista® Histoplasma capsulatum quantitative antigen EIA
(MiraVista Diagnostics) 

ELISA GM No Urine, Serum
(BALF, CSF)

Blastomyces dermatitidis
MVista® Blastomyces dermatitidis quantitative antigen EIA
(MiraVista Diagnostics)

ELISA GM No Urine, serum
(BALF, CSF)

Coccidioides immitis/posadasii
MVista® Coccidioides quantitative antigen EIA
(MiraVista Diagnostics) 

ELISA GM No Urine, serum
(BALF, CSF)

Candida albicans
Platelia™ Candida Ag Plus ELISA M No Serum
Aspergillus fumigatus
Platelia™ Aspergillus Ag ELISA GM Yes Serum, BALF

(urine, CSF)

LA latex agglutination, ELISA enzyme-linked immunosorbent assay, LFIA lateral-flow immunochromatographic assay, GXM glucuronoxyloman-
nan, GM galactomannan, M mannan, CSF cerebrospinal fluid, BALF bronchoalveolar lavage fluid, normally sterile body fluids
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gal NAATs, and standardization and reproducibility of the 
assays are areas of ongoing efforts. The recent development 
of commercial assays will likely pave the way to wider avail-
ability and routine use.

 Host Response
Another approach to fungal diagnosis is by measurement 
of antifungal host responses. This includes serology for 
detection of specific antibodies (humoral immunity) and 
detection of specific cell-mediated immunity. Serological 
methods include immunoprecipitation, complement fixa-
tion (CF), immunodiffusion (ID), counterimmunoelectro-
phoresis (CIE), and EIA. Cell-mediated immunity can be 
tested in vivo or ex vivo, with hypersensitivity skin testing 
and enzyme-linked immunoblot (ELISPOT) assay, respec-
tively. While providing useful information, limitations 
of host response assays are that they may lack sensitiv-
ity in immunocompromised patients and may not be able 
to differentiate from active, quiescent, or past infection. 
Clinically, serology is most commonly used for coccidioi-
domycosis and  histoplasmosis, and the tests are generally 
performed at reference laboratories.

 Diagnosis by Organisms

 Aspergillus

 Clinical Syndromes and Diagnostic Approach
Invasive aspergillosis (IA) is a disease of immunocompro-
mised patients. At highest risk are patients with profound 
quantitative and/or qualitative neutrophil abnormalities. 
Major risk factors include hematological malignancies and 
their treatment, allogeneic hematopoietic stem cell trans-
plantation (HSCT), receipt of corticosteroid-based therapy 
(e.g., solid organ transplant recipients and patients with 
graft-versus-host disease), advanced HIV, and chronic gran-
ulomatous disease. Aspergillus fumigatus is the leading spe-
cies involved, followed by A. flavus, A. niger, and A. terreus 
[35–40].

The most common sites of infection are the respira-
tory tract and sinuses. However, almost any organ can 
be involved with hematogenous seeding and continuous 
spread or due to inoculation at non-respiratory sites (e.g., 
skin, ears). The most common presentations include air-
way and sinus disease, which may manifest as antibac-
terial-refractory undifferentiated fever in the setting of 
prolonged and profound neutropenia. Given the wide 
spectrum of clinical disease, IA is included in the differ-
ential diagnosis of many pathogenic processes in suscep-
tible hosts [40, 41].

The typical diagnostic approach includes pulmonary 
imaging followed by microbiological testing. For exam-
ple, an HSCT recipient with fever, neutropenia, and lung 
abnormalities on computed tomography (CT) scan may 
have respiratory samples evaluated by direct microscopy, 
culture, galactomannan antigen detection, and possi-
bly NAAT while simultaneously having blood tested for 
circulating biomarkers (GM, BG, DNA). With regard to 
respiratory sample, fiber-optic bronchoscopy with BAL 
is generally helpful and safe [42]. In HSCT recipients, 
the procedure may have a higher diagnostic yield and 
improve outcome when performed early after presentation 
[43]. Transbronchial biopsies are riskier, thereby limiting 
their utility in HSCT recipients [44].

In some high-risk populations, a preemptive approach is 
favored. In this setting, surveillance assays are performed 
regularly and trigger antifungal treatment upon positivity. 
Among allogeneic HSCT recipients (along with other high- 
risk hematologic patients), this strategy reduces antifungal 
consumption without affecting survival [45–49]. A recent 
meta-analysis suggested that a combination of GM and 
NAATs provides optimal performance, and aspergillosis is 
extremely unlikely when both biomarkers are negative [50]. 
Importantly, surveillance GM and PCR testing is not rec-
ommended for patients receiving anti-mold prophylaxis, in 
which context the very low prevalence of IA leads to a poor 
positive predictive value [51, 52]. In lung transplant recipi-
ents, limited data suggest that a culture-based preemptive 
strategy may reduce the occurrence of IA [53].

 Laboratory Detection
Visualization of fungal structures by microscopy provides 
rapid and definitive evidence of infection when the sample 
is obtained from a normally sterile site. When the source 
is from a non-sterile site (e.g., respiratory secretions), 
results should be interpreted more cautiously. Aspergillus 
species appear in vivo as narrow (3–6 μm), septate hyphae 
with dichotomous 45° branching. The hyphae are hyaline 
after staining and usually indistinguishable from other 
hyalohyphomycetes [18]. Conidia are not typically seen 
in  vivo, except in lesions with air-tissue interface, and 
in infections caused by A. terreus, in which vegetative 
conidia (aleurioconidia) can be observed along the hyphae 
[54, 55].

Culture is an important diagnostic modality but may 
remain negative even with positive stains. This may be due 
to disruption of delicate fungal structures during acquisition, 
transport, and processing of the specimen prior to inocula-
tion onto fungal media. Moreover, host-adapted hyphae 
growing in a microaerophilic environment may not be fit 
for usual laboratory conditions [56]. It is extremely rare to 
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grow Aspergillus from blood cultures and such growth often 
represents a laboratory contaminant [57, 58]. Aspergillus 
isolates that do grow in culture can generally be identified 
further by simple phenotypic characteristics such as mac-
roscopic and microscopic morphology (morphotyping) and 
thermotolerance. Occasionally, dysgonic isolates may grow 
as nonsporulating molds (i.e., sterile mycelium), which pre-
vent identification through morphotyping. Such isolates may 
be mistaken as environmental contaminants or colonizers 
[59–61], but simple laboratory procedures can avoid such 
misidentification [62]. Some species (e.g., A. fumigatus, A. 
terreus, and A. calidoustus) are now recognized as complexes 
(sections) comprising groups of genetically and biologically 
distinct species [63], which may have differing susceptibil-
ity patterns and clinical presentations [64–67]. Species-level 
identification is best achieved by molecular methods (e.g., 
PCR-RFLP [68] and sequencing [69]), although thermotol-
erance at 50 °C allows definitive identification of A. fumiga-
tus sensu stricto within the section Fumigati [70]. Internal 
transcribed spacer (ITS), beta-tubulin (BenA), and calmod-
ulin (CaM) are standard gene targets for sequence-based 
identification.

Galactomannan (GM) testing has assumed an increas-
ingly important role. This antigen is released by the grow-
ing Aspergillus hyphae and detected using the FDA-cleared 
double- sandwich ELISA Platelia™ Aspergillus Ag (Bio-Rad 
Laboratories Inc., Marnes-la-Coquette, France) [71–73]. An 
Optical Density Index (ODI) value of ≥0.5 is considered 
positive for serum [74]. With this cutoff, overall sensitiv-
ity and specificity for probable and proven IA are approxi-
mately 70–80% and 80–90%, respectively [75, 76], but vary 
according to clinical setting (diagnosis of active disease 
versus surveillance), use of concomitant anti-mold prophy-
laxis, number of tests performed, and patient population. 
Cross- reactivity can be seen with Penicillium spp., Fusarium 
spp., and Histoplasma capsulatum [77–80]. Treatment with 
piperacillin- tazobactam was a cause of false positivity [81–
86], but this problem has almost disappeared [87–89]. GM 
can be used on a range of fluids including BALF, urine, and 
CSF [90]. When using an ODI cutoff of ≥0.5, the sensitivity 
and specificity of BALF GM are ~90% [91, 92], although 
some have reported much lower performances and GM alone 
cannot distinguish airway colonization from invasive disease 
[93]. Baseline GM indices and GM dynamics can be used as 
prognostic and treatment response markers [94, 95]. Assays 
targeting other antigens and using the lateral-flow technol-
ogy are in development and could be useful as point-of-care 
tests [96–100].

Serum BG testing is another important diagnostic 
approach. The sensitivity and specificity of serum BG for 
aspergillosis are in the mid 70–80% range, although data 
from transplant recipient populations are very limited [101–
105]. Of note, circulating BG is not specific for Aspergillus 

and false positives due to a range of non-fungal causes are 
not uncommon.

Tests of antifungal host immune responses have a limited 
role for diagnosis of IA. In immunocompromised hosts anti- 
Aspergillus antibody titers do not correlate well with inva-
sive infection [35], but may be useful for identifying patients 
at higher risk for developing invasive infection following 
HSCT [106–108].

Multiple NAATs have been developed for A. fumigatus 
and are used at some centers. Earlier generation assays were 
largely “home brewed,” lacked standardization, and exhib-
ited variable performance characteristics [109–116]. Efforts 
at standardizing NAATs have been made [52, 117–120] and 
several commercially available assays have emerged. The 
LightCycler® SeptiFast (Roche Diagnostics) test detects 
25 bacterial and fungal pathogens from whole blood sam-
ples, including A. fumigatus. Limited clinical data is avail-
able for hematological and solid organ transplant patients 
[121–124]. The MycAssay™ Aspergillus (Trinity Biotech) 
is a real-time PCR assay targeting the 18S rRNA gene and 
that evaluated for BALF, serum, and tissue samples [125–
130]. The AsperGenius® (PathoNostics) is a multiplex 
real-time PCR assay detecting multiple Aspergillus species 
(A. fumigatus, A. terreus, and other Aspergillus species) 
along with major cyp51a mutations associated with azole 
resistance (TR34/L98H, T289A, and Y121F) and has been 
studied in both BALF and serum samples [34, 131–133]. 
The RenDx Fungiplex assay (Renishaw Diagnostics) uses 
the PCR- surface- enhanced Raman scattering (PCR-SERS) 
technology and detects four Aspergillus species (A. fumig-
atus, A. flavus, A. niger, and A. terreus) [31]. Finally, the 
MycoGENIE® Aspergillus fumigatus kit (Ademtech) is 
designed to detect A. fumigatus and the TR34/L98H muta-
tion from various clinical samples (biopsies, respiratory tract 
samples, and sera), although no clinical performance data is 
available to this date. None of these assays have FDA clear-
ance for use as in vitro diagnostics. Overall, clinical data on 
commercial Aspergillus NAATs remain scarce, but avail-
able studies have yielded encouraging results. Collectively, 
NAATs are thought to perform at least as well as the galac-
tomannan antigen and many advocate for their inclusion 
within standard definitions [34].

 Non-Aspergillus Opportunistic Molds

 Clinical Syndromes and Diagnostic Approach
The Mucorales, Fusarium, Scedosporium/Pseudallescheria, 
and to a lesser extent the dematiaceous molds are the most 
important non-Aspergillus filamentous pathogens in organ 
transplant recipients [36, 37, 134, 135]. Infections may be 
limited to the lung or skin or involve multiple sites includ-
ing the CNS, bones and joints, and the eyes [136]. They 
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are usually included with Aspergillus species in differential 
diagnosis of relevant clinical syndromes, and the diagnostic 
approach is similar, albeit with less reliance on circulating 
biomarkers and more on traditional diagnostic methods.

 Laboratory Detection
In stained specimens, the hyphae of Mucorales fungi appear 
as broad, ribbon-like, and twisted with rare septa and irregu-
lar branching. Dematiaceous fungi appear darker on H&E 
and generally show moniliform (bead-like) hyphae along 
with large vesicular swellings. The dematiaceous molds 
are highlighted by the melanin-specific Fontana-Masson 
stain. Fusarium, Scedosporium, and Aspergillus appear very 
similar on microscopy of stained tissue and are difficult to 
differentiate from each other (collectively referred to as hya-
lohyphomycetes) [18].

Tissue should not be homogenized aggressively (with a 
mechanical tissue homogenizer or using a mortar and pestle) 
prior to culturing, as this may reduce the organism’s viabil-
ity. This is particularly critical for Mucorales. Mucorales 
are inhibited by cycloheximide contained in some selective 
media. Malt extract agar may increase primary isolation of 
the Mucorales from clinical samples [12]. Fusarium and to 
a lesser extent Scedosporium species may grow in blood 
cultures [137]. Growth from a non-sterile site does not nec-
essarily indicate infection and must be evaluated in the con-
text of the clinical scenario and direct staining results [138]. 
Identification to the species level and susceptibility testing 
can be very helpful for many non-Aspergillus molds.

There is only a limited role for serologic and NAAT-
based techniques in non-Aspergillus mold infections. With 
the exception of the Mucorales, serum BG may be detected 
in such infections. Some Fusarium antigens cross-react with 
the GM-EIA [78]. Detection of Mucorales-specific T cells 
has shown promise as an adjunct to diagnosis of mucormy-
cosis [139]. Innovative NAATs, including panfungal assays, 
have been developed but are limited to specialized labora-
tories [27, 140]. There are currently no commercial NAAT 
assays targeting those pathogens.

 Candida

 Clinical Syndromes and Diagnostic Approach
Candida species are normal commensals of the gut, skin, 
and female genital tract. Clinical manifestations can range 
from benign superficial infections to life-threatening deep-
seated disease. The most common species are C. albicans, 
C. glabrata, C. krusei, C. parapsilosis, and C. tropicalis. 
Manifestations of superficial infection include thrush, esopha-
gitis, intertrigo, and vulvovaginitis. Invasive candidiasis (IC) 
occurs when Candida gain access to deeper tissues, usually 
from an enteric or cutaneous source, with possible hematog-

enous dissemination to distant organs such as the liver, spleen, 
kidneys, lungs, heart, eyes, and skin. Candidemia is the most 
recognized form of IC and occurs with or without clinical 
evidence of deep-seated candidiasis. Conversely, deep-seated 
candidiasis is often not associated with candidemia [141].

It the SOT population, IC is mostly seen as a typical noso-
comial infection, related to postoperative care, occurring dur-
ing the weeks following transplantation in non- neutropenic 
hosts. Infection of the allograft itself, or at the site of sur-
gery, is often found with concomitant bacterial infection [37, 
39]. Conversely, most IC episodes after HSCT arise during 
or shortly after neutropenia, and the gut is the main source 
[38, 142].

 Laboratory Detection
Microscopic examination may be useful for diagnosis of 
IC.  Suitable stains include Gram stain, CFW, GMS, and 
PAS. Microscopically, most Candida species appear as oval- 
shaped 3–6 μm budding yeast cells with pseudohyphae and 
hyphae when invading tissue. Distinctively, C. glabrata pro-
duce smaller blastoconidia (2–5 μm) and do not form hyphae 
[18]. Results from non-normally sterile sites need to be inter-
preted cautiously, and histopathology is critical for distin-
guishing invasive disease from colonization.

Growth from a sterile body site, including blood, remains 
the principal means for diagnosis. Candida spp. are non- 
fastidious, fast-growing organisms that can be recovered on 
most routine media. Traditionally, Candida spp. were best 
cultured from blood by using a lysis-centrifugation method 
[143–147], but continuous monitoring blood culture systems 
(mycological media bottles or regular aerobic bottles) are 
as effective [16, 148, 149]. Regardless of the method, blood 
cultures are relatively insensitive because many IC forms do 
not have circulating viable organisms (candidemia) [141]. For 
instance, only about 10% of patients with candida endophthal-
mitis or chronic disseminated candidiasis (also called hepato-
splenic candidiasis) have positive blood cultures [150, 151].

Identification of Candida to the species level following 
growth on primary culture is important for invasive infec-
tion. Methods include microscopic morphology (germ tube 
test and Dalmau method), biochemical tests, chromogenic 
media, and peptide nucleic acid fluorescence in situ hybrid-
ization (PNA FISH) [152–154]. MALDI-TOF is routinely 
used in many laboratories [23, 155–157] and can be per-
formed directly from positive blood culture bottles [158].

Nonculture-based techniques are important adjuncts. The 
most developed of these is serum BG measurement. Many fungi 
including Candida produce BG. A cutoff of 60–80 pg/ml sug-
gests invasive disease. Sensitivity and specificity are typically 
in the ~80% range [102]. False-positive results may be seen in 
a variety of circumstances including severe burns, extensive 
gauze packing, various blood products, renal replacement ther-
apy with cellulose containing membranes, and infection with 
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Pseudomonas aeruginosa [159–161]. Accuracy is highest with 
candidemia, as compared to other forms of invasive candidia-
sis. The role of serial BG to guide early antifungal therapy in 
high-risk patients is unclear. There is a paucity of data evaluat-
ing BG-based preemptive therapy in the transplant population 
[104]. Controlled studies in high-risk intensive care unit patients 
have failed to demonstrate benefits over prophylaxis or empiric 
strategies [162–164]. Other biomarkers include mannan anti-
gen (Platelia™ Candida Ag Plus, Bio-Rad Laboratories), 
anti-mannan antibody (Platelia™ Candida Ab Plus, Bio-Rad 
Laboratories), and the Candida albicans germ tube antibody 
(CAGTA) (invasive candidiasis (CAGTA) VirClia® IgG 
Monotest, Vircell), but clinical data are limited and the assays 
are not commercialized in North America [165–171].

Numerous NAATs have been developed for detection 
of Candida spp. directly from clinical specimens [172]. 
Until recently, standardization and clinical data was insuf-
ficient to support widespread use. A few commercial NAAT 
assays are currently available. The LightCycler® SeptiFast 
(Roche Diagnostics) detects five different Candida species 
(C. albicans, C. tropicalis, C. parapsilosis, C. krusei, and 
C. glabrata), while the RenDx Fungiplex assay (Renishaw 
Diagnostics) targets three additional species (C. guillier-
mondii, C. lusitaniae, and C. dubliniensis) [31], from blood 
samples. Neither is currently available in North America and 
the data from transplant recipients is scanty [31, 123, 173].

The T2Candida® Panel (T2 Biosystems) uses a novel 
approach for diagnosis of invasive candidiasis from whole 
blood samples. This FDA-cleared test uses the T2Dx® instru-
ment to extract and amplify Candida DNA (internal tran-
scribed spacer 2) and then detects it via agglomeration of 
supermagnetic particles (attached to species-specific probes) 
and T2 magnetic resonance (T2MR) measurement. This tech-
nology exhibits high analytical sensitivity with limit of detec-
tion of 1 CFU/mL for C. tropicalis and C. krusei, 2 CFU/mL 
for C. albicans and C. glabrata, and 3 CFU/mL for C. parap-
silosis [32]. The assay has a specificity of 99.4%, sensitivity 
of 91.1%, and negative predictive value reaching 99.5% (in a 
population with 5% prevalence of candidemia) [174]. Because 
of this high negative predictive value, the assay may serve to 
limit antifungal therapy in a low-to- moderate risk population, 
especially if coupled with an antimicrobial stewardship pro-
gram. The cost-effectiveness of the test remains unclear based 
on model-derived analyses and should be assessed in prospec-
tive comparative trials [175, 176].

 Cryptococcus

 Clinical Syndromes and Diagnostic Approach
Cryptococcosis is caused by the ubiquitous Cryptococcus 
neoformans (serotypes A, D, and AD) and the more geograph-
ically confined C. gattii (serotypes B and C). Both encom-
pass multiple phylogenetically distinct species, and some 

propose renaming them as “C. neoformans species complex” 
and “C. gattii species complex” [177]. Cryptococcosis is a 
major problem in patients with advanced HIV/AIDS but also 
affects other immunocompromised hosts such as SOT recipi-
ents. It is rare in HSCT recipients [36, 38, 39, 135, 178–180]. 
Primary infection occurs in the lungs, but CNS and dissemi-
nated diseases are common [181]. Virtually any organ can 
become infected including the skin, eyes, lymph nodes, and 
prostate. The latter can serve as a sanctuary for this yeast.

It is important to maintain a high clinical suspicion for 
cryptococcosis in immunocompromised patients. CNS, pul-
monary, cutaneous, and lymph node abnormalities in an 
appropriate host should raise the possibility of this infection. 
Sometimes subtle neuropsychiatric symptoms or fever alone 
may be the only clues. Therefore, cryptococcal antigen testing 
is frequently done in transplant patients when an infection is 
considered. When cryptococcal infection is confirmed at any 
site in a transplant recipient, investigation of the CNS is rec-
ommended [182, 183].

 Laboratory Detection
Cryptococcus can be observed directly in infected tissue 
and body fluids, including CSF, lung tissue, lower respira-
tory secretions, skin, and urine. Histopathology is sometimes 
required and is most helpful for skin biopsies. In clinical 
specimens, microscopic examination reveals GMS-positive 
round to oval yeasts, with a single narrow-base budding. 
Size may vary significantly (2–20 um for regular cells; up to 
50–100 um for Titan cells), even within a microscopic field. 
The organism can be visualized with GMS, H&E, and even 
Gram staining. The thick polysaccharide capsule is a major 
feature and can be visualized with mucicarmine dye (for 
FFPE tissue). Occasionally, acapsular strains are encoun-
tered. Fontana-Masson, which stains melanin, is useful in 
such situations [18]. Visualization of the yeast cells in CSF 
with the India ink preparation is rapid but lacks sensitivity, 
especially in non-HIV/AIDS patients in whom the organism 
burden is lower [184].

Growth in culture is an important part of the diagnos-
tic evaluation. Cryptococcus spp. can grow on most pri-
mary isolation media in 36–72  h but sometimes require 
longer incubation. Blood, CSF, respiratory specimens, and 
urine [185, 186] are all appropriate materials for culture. 
Identification is straightforward using standard biochemical 
tests. Differentiating between C. neoformans and C. gattii 
may have important clinical and therapeutic implications. 
This can be achieved using L-canavanine glycine bromothy-
mol blue (CGB) agar, MALDI-TOF, or molecular methods 
[187–192], but most clinical laboratories do not currently 
distinguish between the two species.

The importance of the capsular polysaccharide antigen 
(glucuronoxylomannan, GXM) for diagnosis cannot be 
overstated. It has been used for diagnosis of cryptococcosis 
for more than half a century [193]. Suitable fluids include 
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serum, CSF, BALF, and urine. Various immunoassays (e.g., 
LA, ELISA, lateral flow) have been developed and commer-
cialized for this purpose [194–200]. Pretreatment of serum 
samples with pronase improves sensitivity and specificity of 
the LA-based tests [201]. Cross-reactivity with Trichosporon 
has been reported, but this is uncommon [202]. Conversely, 
serum antigen may not be detected in primary pulmonary 
cryptococcosis [203, 204]. A next-generation lateral-flow 
immunoassay for point-of-care diagnosis is now available. 
This test can be applied to a range of specimens includ-
ing CSF, serum, and urine and compares favorably to other 
assays [200, 205–207]. Probably because of the high per-
formance of antigen detection, NAATs for Cryptococcus 
detection directly from clinical specimens contribute only 
marginally to the diagnostic arsenal [208, 209].

 Pneumocystis

 Clinical Syndromes and Diagnostic Approach
Pneumocystis jirovecii is a human-specific fungal pathogen 
that colonizes both immunocompetent and immunocom-
promised hosts. In patients with defects in cell-mediated 
immunity, mostly in the context of advanced HIV/AIDS or 
transplantation, it can cause severe pneumonia. Mortality 
is especially high among non-HIV-infected patients. 
Extrapulmonary sites are rarely involved (e.g., lymph nodes, 
liver, spleen, bone marrow) [210, 211]. When Pneumocystis 
pneumonia (PCP) is suspected, respiratory tract specimens 
(e.g., sputum, induced sputum, BALF, lung tissue) should be 
obtained for microbiological testing. Serum beta-D-glucan 
(BG) is increasingly used as a noninvasive diagnostic test 
for PCP.

 Laboratory Detection
Pneumocystis jirovecii is not routinely cultivatable (achieved 
by one laboratory using a complex cellular culture system 
[212]); hence diagnosis is via culture-independent methods 
including microscopy, BG, and NAATs.

Definitive diagnosis is achieved by microscopic evidence 
of infection. In vivo, two different forms can be observed: 
cystic and trophic. This nomenclature is a relic of its for-
mer (obsolete) classification as a parasite. Giemsa stains the 
trophic form, while CFW, GMS, and toluidine blue are use-
ful for visualization of the cyst form. The cysts are 4–7 μm 
and display one or two dark dots on their surface. The cysts 
have an oval (intact) or crescent (collapsed) shape and often 
form aggregates in a foamy substance [18]. Monoclonal 
antibodies are available in commercial kits for direct or 
indirect immunofluorescence [213–215]. The sensitivity of 
immunofluorescence- aided microscopy is superior to other 
stains [215, 216]. For microscopic methods, sensitivity of 
BALF is superior to that of less invasive specimens [216–221]. 
Generally, microscopy lacks sensitivity when compared to 

other methods. Immunofluorescence was reported to detect 
as few as a third of positive samples as determined by PCR 
[222]. However, as discussed below, some PCR- positive/
microscopy-negative samples represent Pneumocystis colo-
nization; sensitivity of microscopy for actual Pneumocystis 
pneumonia is estimated at 55–60% [223, 224]. This is par-
ticularly relevant for non-AIDS patients, in whom the fungal 
burden is generally lower [224, 225]. Consequently, in trans-
plant recipients with suspected PCP, negative microscopic 
examination of BALF cannot rule out PCP.

Polysaccharide detection (BG) is an important adjunct for 
PCP diagnosis. BG serum levels correlate well with fungal 
burden [223, 226, 227]. Most studies have reported serum 
BG detection to be >90% sensitive [102, 228]. In contrast 
with microscopic methods, BG accuracy for PCP is not 
affected by HIV status [102, 228]. BG results must be inter-
preted with caution as the assay is not specific, but in the 
appropriate context, it is a good screening test, and a negative 
result is reassuring for absence of PCP.

Multiple NAATs using respiratory samples have been 
developed. Many are “in-house” assays, but several com-
mercial kits are available, including the Pneumocystis 
jirovecii PCR kit (Bio-Evolution) [229–231], the 
AmpliSens® Pneumocystis jirovecii (carinii)-FRT 
PCR kit (InterLabService) [229], the PneumoGenius® 
(PathoNostics) [231], and the MycAssay™ Pneumocystis 
(Trinity Biotech) [126, 222, 229, 232]. The latter has been 
the most extensively studied. None are FDA-cleared. Most 
P. jirovecii NAATs are real-time PCR assays targeting the 
multicopy mitochondrial large subunit ribosomal RNA gene 
(mtLSU). The PneumoGenius® allows detection of two 
mutations in the dihydropteroate synthase (DHPS) domain 
of the FAS gene that confer resistance to sulfa drugs. As 
a general rule, PCR assays are extremely sensitive with a 
limit of detection 100 times lower than microscopic meth-
ods [233]. This difference is due to the methods’ intrinsic 
analytical sensitivities and because NAATs detect both tro-
phozoites and cysts, while microscopic methods are unreli-
able for trophozoites [233]. Sensitivity is virtually 100%, but 
the assay cannot clearly distinguish between infection and 
colonization with clinical false positivity ranging from 6% 
to 17% [126, 229, 232]. Efforts to establish a fungal load 
cutoff that would discriminate pneumonia from colonization 
have proved difficult [223, 230, 231, 234, 235]. Compared 
with microscopy, NAATs’ sensitivity is more homogenous 
across different types of respiratory samples [229]. Serum 
DNA level correlates with pulmonary fungal burden [227], 
but is detectable only in high-burden infections and hence 
adds little to other diagnostic methods. NAAT testing can 
be applied to nasopharyngeal aspirates where sensitivity is 
slightly better than BALF microscopy, but less than BALF 
NAAT [236, 237].

Overall, microscopic methods suffer from a low sensitiv-
ity in transplant recipients, while NAATs are very sensitive 
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but also detect colonization. Blood BG testing could offer 
the best trade-off between sensitivity and specificity and is 
noninvasive. NAAT performed on a noninvasive respiratory 
sample such as nasopharyngeal aspirate may also become a 
useful tool for PCP diagnosis, but more data is needed.

 Geographically Limited/Endemic Fungi

 Histoplasmosis

Clinical Syndromes and Diagnostic Approach
Histoplasma capsulatum is associated with a range of clini-
cal manifestations including asymptomatic infection (most 
common), acute and chronic pulmonary histoplasmo-
sis, and progressive disseminated histoplasmosis (PDH). 
Disease may be due to reactivation or new infection [238]. 
Immunocompromised patients, such as SOT recipients, are 
particularly prone to PDH, which can take on a chronic- 
subacute to fulminant course [239]. Most infections become 
clinically apparent within 12–18 months after transplantation 
but may sometimes present much later [240, 241]. Typical sites 
of infection are organs of the reticuloendothelial system (RES) 
and the lungs. Other sites include the gastrointestinal tract 
(mucosa), genitourinary tract, adrenal glands, and skin. CNS 
disease is uncommon, even with disseminated infection [239]. 
Because of its protean manifestations, histoplasmosis is often 
part of the differential diagnosis of many clinical syndromes 
in SOT recipients, including various respiratory, hepatic, and 
febrile illnesses. When PDH is suspected in a transplant recip-
ient, noninvasive assays such as antigen detection and blood 
culture are usually performed first. Additionally, samples from 
almost any clinically infected sites can be used for histopa-
thology, culture, and/or antigen detection.

Laboratory Detection
Blood, bone marrow, lymph nodes, BALF, lung tissue, and 
occasionally CSF are important sources of specimens for 
staining and culture. On microscopy, the organism appears 
as small (2–4 μm) yeast cells with single narrow-base bud-
ding and a pseudocapsule. Histoplasma capsulatum var. 
duboisii is much larger (8–15 μm) with thick-walled bud-
ding. Yeast forms can be visualized extracellularly or within 
monocytes [18]. The latter can sometimes be seen in periph-
eral blood smear or a buffy coat preparation with Wright or 
Giemsa staining [242].

H. capsulatum can be grown using rich media such as 
brain-heart infusion (BHI) agar and incubated for at least 
4 weeks [14]. Recovery in blood cultures is facilitated when 
a lysis-centrifugation system or an automated system with 
mycological blood culture bottles is used [16, 17, 148, 149]. 
In ambient temperature H. capsulatum grows as a mold on 
solid media. Once grown in this form, any manipulation of 

the fungus should be done in strict adherence to biosafety 
requirements [25]. Confirmation of H. capsulatum can be 
attained by the exoantigens method and by nucleic acid 
probes (AccuProbe® Histoplasma capsulatum Culture 
Identification Test, Gen-Probe®) [243] and PCR followed 
by sequencing [244].

Antigen testing is important for evaluation of dissemi-
nated histoplasmosis. For histoplasmosis after solid organ 
transplantation, antigenuria is the most common positive test 
(93% of cases in one study) [245]. The Histoplasma polysac-
charide antigen (HPA), which is a galactomannan [246], is 
found in serum, urine, and BALF during infection. Detection 
of HPA is achieved mainly via the MVista® Histoplasma 
capsulatum quantitative antigen EIA (MiraVista Diagnostics, 
MVD). This test was first developed as a radioimmunoas-
say [247] and subsequently evolved over four generations of 
ELISAs [246, 248–250]. In certain circumstances, sensitivity 
can exceed 90% and tends to be highest with disseminated 
disease and when the test is performed on urine [239, 245, 
246, 251–253]. Addition of EDTA-heat pretreatment for dis-
sociation of immune complexes has further improved sensi-
tivity [250]. The level of antigenuria correlates with severity 
of disease [254], and low-positive HPA results should be 
interpreted carefully considering the host, clinical presen-
tation, and complementary tests [255–257]. Detection of 
HPA on BALF may complement antigenemia and antigen-
uria [258]. Cross-reactivity may be seen with other endemic 
mycoses, particularly blastomycosis and paracoccidioi-
domycosis [246]. The ALPHA Histoplasma antigen EIA 
(Immuno- Mycologics) was approved by the FDA in 2011 
and remains the only commercially available kit for HPA 
detection. Similar to the MVD test, it is a sandwich ELISA 
utilizing polyclonal rabbit antibodies. This assay may be less 
sensitive than the MVD test, albeit proper clinical evalua-
tion and comparison by independent laboratories have not 
been performed [259–265]. More sensitive second-genera-
tion reagents, based on a monoclonal antibody, are still less 
sensitive than the MVD test and are neither commercially 
available nor FDA-cleared at this time [266–268]. Of note, 
the HPA can be detected by the Platelia™ Aspergillus EIA, 
but at a lower magnitude [80, 269]. This can be particularly 
useful in areas where specific HPA assays are unavailable 
[79, 270]. While BG may be detectable during histoplasmo-
sis [271, 272], it is not routinely used in this setting.

Serology is mainly performed using either CF or ID [1, 
238]. Generally, serology lacks both sensitivity and specific-
ity. Low sensitivity is particularly problematic in immuno-
compromised hosts. The two tests are complementary with 
ID being less sensitive, but more specific than CF. Combining 
both techniques may increase sensitivity. In CF, antigen 
extracts from the yeast and mold phases of the organism 
are used separately (the culture filtrate of the mold phase is 
histoplasmin). Results are reported as antibody titers against 
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each of the antigen preparations. A titer ≥1:32 is suggestive 
of infection (recent of remote), while a fourfold increase in 
titers between acute and convalescent sera is diagnostic for 
recent infection. ID is a qualitative method that detects two 
antibodies, the H- and M-precipitins, which bind the H and 
M antigens, respectively (both are glycoproteins contained 
in histoplasmin). In the ID test an M band in seen in both 
acute and chronic forms, whereas the H band is encountered 
less commonly, usually in chronic or severe infections. The 
M band may persist for years even after complete resolution 
of the infection. Serology is best for mild-to-moderate acute 
pulmonary histoplasmosis, chronic pulmonary histoplasmo-
sis, pericarditis, and acute rheumatologic forms. It is less 
useful for progressive disseminated histoplasmosis [238].

Several in-house NAATs have been developed for detec-
tion of H. capsulatum from clinical samples [209, 273–278], 
but their use remains marginal.

 Coccidioidomycosis

Clinical Syndromes and Diagnostic Approach
Coccidioidomycosis is caused by C. immitis and C. posadasii. 
The majority of infections are either asymptomatic or mild 
and self-limited. The lungs are the most commonly affected 
organs. Disseminated disease can involve extrapulmonary 
sites including bones, joints, skin, and CNS [279]. Organ 
transplant recipients are at increased risk for more severe and 
disseminated disease [280]. Microbial investigation for coc-
cidioidomycosis can be undertaken in the context of com-
patible clinical disease or as part of pre- immunosuppression 
serology-based preemptive strategy [281, 282].

Laboratory Detection
Suitable samples for testing include respiratory secretions, 
CSF, and material from almost any site of infection (e.g., 
bones, joints, skin, bone marrow, and urine). On micros-
copy, spherules that range from 10 to 100 μm and typically 
contain 2–5  μm endoconidia (endospores) can be seen 
[18]. Visualization of spherules filled with endoconidia 
is diagnostic, while empty spherules are strongly sugges-
tive of coccidioidomycosis [283]. Endoconidia-containing 
spherules may resemble Prototheca or Rhinosporidium 
sporangia, but size helps distinguish between those organ-
isms. Endoconidia can also be seen alone, in which case 
they may be confused with Histoplasma, Cryptococcus, 
or Candida yeast cells. Tissue preparations, stained with 
fungi-specific dyes (e.g., CFW, GMS, PAS), facilitate 
detection of the fungal structures.

Coccidioides grows well on a variety of fungal and 
bacterial media (e.g., sheep blood agar and BCYE) [283]. 
The incubation period for initial growth is 3–5 days (range 
2–16  days), at which point another ~10  days are needed 
for the colonies to reach maturity. Yield from CSF is poor 

but can be improved with a large volume sample (>10 mL) 
[284]. Growth in blood culture is uncommon and more 
likely to be detected with lysis-centrifugation and the con-
tinuously monitored blood culture systems [285, 286]. In 
culture, Coccidioides grows as a filamentous fungus with 
arthroconidia, which appear as alternating barrel-shaped 
structures and are highly infectious. Because this appear-
ance can be mistaken for the nonpathogenic environmental 
mold Malbranchea, at least one confirmatory test is required 
for definitive identification [18]. This is usually accom-
plished with the exoantigen assay, DNA-rRNA hybridiza-
tion using commercial probes (AccuProbe® Coccidioides 
immitis Culture Identification Test, Gen-Probe®) [19], or 
with in- house PCR-based methods [287]. Older confirma-
tory tests such as the conversion assay (to yeast form) and 
animal inoculation for in  vivo production of spherules are 
too cumbersome for widespread use. Because the arthroco-
nidia are highly infectious, any manipulation of suspected 
or confirmed isolates should be done in strict adherence to 
biosafety regulations [25, 288].

Detection of specific anti-Coccidioides antibodies is 
helpful for diagnosis. Suitable specimens include serum 
and CSF.  The traditional methods are tube precipitation 
and complement fixation. The former detects mainly an 
IgM antibody directed against a heat-stable antigen, often 
referred to as “TP” antibody or “precipitin” and “TP” 
antigen, respectively. The latter involves predominantly 
an IgG antibody specific to a heat-labile antigen, respec-
tively, called “CF” antibody and “CF” or “F” antigen [1, 
283, 289]. Both assays have been adapted to the immu-
nodiffusion format. Because they could detect the same 
antibodies as TP and CF, they were named “immunodif-
fusion TP” (IDTP) and “immunodiffusion CF” (IDCF), a 
nomenclature that might be confusing [289]. These assays 
use heated or unheated coccidioidin (mycelial-phase broth 
culture filtrate) as antigen, although purified or recombi-
nant antigens have also been studied [1]. EIAs detecting 
both IgM and IgG have been developed for serum and CSF 
[290–294]. The Premier® Coccidioides EIA test has been 
the most extensively studied. The CF assay is quantitative 
(titers), while ID and EIA are qualitative or semiquanti-
tative. TP antibody (IgM) is detected early during acute 
infection and disappears after a few months, while the CF 
antibody (IgG) appears later and lasts for a longer time. 
IgM antibody may persist in chronic pulmonary forms, 
while IgG titers correlate with the extent of disease. As 
seen for Histoplasma serology, traditional methods (CF 
and ID) may lack sensitivity in immunocompromised 
hosts [289]. However, they are considered highly specific 
[293]. EIA is considered more sensitive but less specific 
than traditional methods (especially for IgM); hence many 
still recommend confirmation of EIA-positive results with 
ID or CF [283, 284]. From a limited number of cases, sen-
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Fig. 48.1 (a) Diagnostic approach to suspected fungal pneumonia in 
transplant recipients. *Only if productive cough. **Mycological media 
bottles for continuous monitoring systems or lysis-centrifugation 
method. ***Using the same mycological media bottles as for blood. 
Legends: GM = galactomannane (Aspergillus); BG = beta- D- glucan; 
CrAg = cryptococcal antigen; BC = blood culture; IC = immunocom-
promised; AG = antigen; BALF = bronchoalveolar lavage fluid; TNB 

= transthoracic needle biopsy; VATS = video-assisted thoracoscopy; 
OLB = open lung biopsy; NAAT = nucleic acid amplification test. (b) 
Clinical and epidemiological clues for etiology of fungal pneumoniaa. 
aList not exhaustive. *Includes organ donor origin for SOT recipients. 
Legend: BMT = bone marrow transplant; SOT = solid organ trans-
plant; RES = reticuloendothelial system; CNS = central nervous 
system
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sitivity of the recently developed MVista® Coccidioides 
Antibody IgG IgM EIA was reported to be unaffected by 
the immune status of the host [294].

Antigen and NAAT assays for Coccidioides are in various 
stages of development. These include a Coccidioides antigen 
that may be detected in serum or urine, which showed a sen-
sitivity of 50–70% in severe disease [295, 296]. PCR-based 
methods for detection of Coccidioides DNA directly from clini-
cal samples have also been described, but more work is needed 
before these can be widely used in clinical practice [297–299].

 In Practice: The Clinician Perspective

From the practitioner standpoint, clinical presentation usually 
drives investigation, and hence a syndromic approach prevails. 
Figure  48.1 illustrates a stepwise diagnostic process for the 
investigation of fungal etiologies in a transplant recipient pre-
senting with pulmonary infiltrates, a very common encounter in 
this population. This schematic representation is not meant as a 
formal guideline, but as an example of how different diagnostic 
tools might be used in a particular clinical context.
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 Conclusion

The epidemiology of fungal infections has changed rapidly 
over the last decades, an evolution largely driven by advances 
in transplantation. In response, the growing threat posed by 
fungi has led to a dramatic improvement in the antifungal 
arsenal. Equally important has been the ongoing develop-
ment of powerful tools that facilitate early and accurate diag-
nosis of fungal infections.

While tremendous progress has been made with regard 
to assay technology and analytical performance, major chal-
lenges remain. Widespread use of promising diagnostic tests 
has been limited by the complexity of the assays, costs related 
to infrastructure and reagents, and lack of standardization. 
Therefore, important future avenues in assay development 
include further advances in point-of-care technologies and 
automation, as well as commercialization. Finally, assays are 
commonly compared with one another using banked sam-
ples, but there is relative paucity of prospective data defin-
ing real clinical performance and usefulness. Further clinical 
evaluation of assays is needed, and this will be eased by stan-
dardization and accessibility, essential attributes for conduct-
ing large multicenter efforts.
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Viral Diagnostics

Robin K. Avery and Belinda Yen-Lieberman

 Background and Introduction

Advances in diagnostic testing for transplant-related infec-
tions, particularly molecular viral diagnostic assays, consti-
tute one of the most notable changes in transplant infectious 
disease over the last two decades [1, 2]. This chapter dis-
cusses recent developments in diagnostics for cytomegalovi-
rus (CMV), Epstein-Barr virus (EBV), BK virus (BKV), 
community respiratory viruses (CRVs), parvovirus, hepatitis 
viruses, HIV, and other viral agents of importance in solid 
organ and hematopoietic stem cell transplantation. The 
recent debate regarding the extent of nucleic acid amplifica-
tion (NAT) testing for HIV, HBV, and HCV in proposed 
transplant donors is reviewed [3]. Different uses for molecu-
lar viral tests in the transplant recipient are discussed, rang-
ing from facilitation of antiviral preventive strategies to 
determination of length of therapy for active infections. The 
advantages and disadvantages of single vs. multiplex assays 
are explored [2]. Challenges in this field include interlabora-
tory variation [4], management of false-positive and discor-
dant test results, and need for consensus on which patients 
should receive which testing, at what intervals, and for what 
period of time. Despite these challenges, molecular viral 
diagnostics have clearly contributed significantly to the 
reduction of infectious morbidity, by enabling early diagno-
sis and intervention, resulting in such notable examples as 
the reduction in severe CMV disease [5, 6] and in kidney 
allograft loss due to BKV [7]. Future clinical trials in the 
field of transplantation should incorporate accepted defini-
tions of infection and practices of viral monitoring for 
transplant- associated viruses [8].

 General Considerations, Definitions, 
and Uses of Viral Diagnostic Tests

The term “serology” or “serologic test” refers in general to 
an assay which detects an antibody to a specific pathogen, 
usually IgG or IgM. A panel of serologic tests is performed 
on both donor and recipient prior to transplantation. The 
results may be used to disqualify a prospective donor or to 
restrict the use of the donor to a specific subgroup of recipi-
ents or more commonly may be used for risk stratification 
and posttransplant management for particular infections 
(e.g., the donor-seropositive, recipient-seronegative or D+/R- 
group which is the subgroup at the highest risk for both 
CMV and EBV, respectively, in solid organ transplantation) 
[9]. Serologies are of limited value in diagnosing active 
infections in the posttransplant patient, since immunosup-
pressed patients may not mount an IgM response even in the 
setting of an active infection and some recipients with de 
novo posttransplant hypogammaglobulinemia have globally 
low IgG levels [10]. IgG serology remains positive for life, 
and pathogen-specific IgG titers do not usually correlate 
with the activity of infection, so obtaining an IgG level (for 
CMV or EBV, among others) is not generally helpful in diag-
nosing an acute illness in a transplant recipient (an exception 
is when the clinician wants to know if a previously seronega-
tive patient has seroconverted, which might have prognostic 
value, for example, in predicting ongoing risk for recur-
rences of CMV viremia) [11].

Antigen-based testing, such as the pp65 antigenemia test 
for CMV, does have a potential role in posttransplant recipi-
ents, as this is a direct detection of the virus and not a reflec-
tion of the patient’s immune response to the virus [12, 13]. 
However, in most cases, antigen detection is semiquantita-
tive and does not provide an exact viral load to follow over 
time. In addition, some antigen tests (such as the pp65 anti-
genemia test for CMV) decay with time, and thus lose sensi-
tivity, if the sample is mailed into a central laboratory or if 
there is a delay between obtaining the blood sample and 
laboratory performance of the test.
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Molecular testing has revolutionized viral diagnosis in 
transplantation [14–16]. Molecular diagnostic tests are gen-
erally highly sensitive assays that directly detect the virus’ 
genetic material such as DNA or RNA (depending on the 
type of virus) and can be qualitative or quantitative. There 
are a variety of methodologies, including polymerase chain 
reaction (PCR) technologies, hybrid capture assay, nucleic 
acid sequence-based amplification (NASBA), transcription- 
mediated amplification (TMA), and others [1, 2, 17, 18]. 
Performance characteristics of some of these tests in com-
parative studies are shown in Table  49.1. Testing may be 
monoplex (a single pathogen tested at one time) or multiplex 
(which refers to several or many pathogens tested in one 
sample).

The advantages and disadvantages of each strategy are 
discussed below. The uses of molecular diagnostic assays are 
many. Most commonly these tests are performed on whole 
blood or plasma (and may be referred to as the blood “viral 
load”) when quantifying the virus, although other relevant 
samples may be tested, such as urine in the case of BK virus 
or a nasopharyngeal swab or bronchoalveolar lavage fluid in 
the case of respiratory viruses. A list of potential uses for 
quantitative molecular diagnostic tests is shown in Table 49.2. 
The most common uses are in preemptive therapy or screen-
ing for viral infection prior to symptoms, in diagnosis of an 
acute infectious syndrome, and in monitoring for blood viral 
clearance to help determine the duration of therapy for an 
infection episode.

An even newer set of diagnostic tests is currently under 
development, namely, pathogen-specific assays of cellular 
immune function. Of these, the one in widest use so far is the 
interferon-gamma release assay (IGRA) for tuberculosis 
(QuantiFERON-TB Gold in-tube, Cellestis/Qiagen Inc., 
Germantown, Maryland) [20]. This assay is specific for 
Mycobacterium tuberculosis and avoids false-positive results 
due to BCG vaccination, as with the tuberculin skin test [20]. 
Similar assays for CMV and BKV have been an area of 
intense research interest. Recent results suggest that mea-
surement of CMV-specific immune function is useful in risk 
stratification of high-risk organ transplant recipients [21] and 

in hematopoietic stem cell transplant recipients [22]. It is 
likely that these tests will be more commonly used in the 
future in transplant virology, with an eye to devising person-
alized prevention programs using assessments of individual 
patients’ pathogen-specific immunity. However, testing for 
virus-specific cell-mediated immunity has not yet become 
widely performed at the time of this writing, so the current 
chapter will focus mainly on molecular diagnostic testing.

 Cytomegalovirus

CMV remains one of the most common viruses to reactivate 
in the posttransplant patient. In the early years of transplan-
tation, diagnosis of CMV infection relied on detection of 
viral growth in tissue culture, which was laborious and 
could take several weeks for a positive result to be obtained, 
particularly if the samples have low viral load. The advent 
of shell-vial centrifugation culture methodology shortened 
the turnaround time from 4–5 days to 48 h, but this test was 
less sensitive at lower viral loads and did not provide quan-
titative results [13]. The pp65 antigenemia test was then 
devised, and multiple studies have validated its utility in 
posttransplant monitoring and as a basis for preemptive 
therapy [12, 13, 23]. The pp65 antigenemia test detects 
CMV-infected white blood cells in peripheral blood using a 

Table 49.1 Molecular tests for selected transplant-related viruses

Test Name Method Dynamic range at Copies/ml Sensitivity Specificity Test Status
Qiagen Artus CMV RGQ Real-time PCR 159 IU/ml–1.0 × 107 IU/ml 96.6% 100% IVD
Abbott RealTime CMV Real-time PCR 31.21 IU/ml–156 × 106 IU/ml 95–97% 99% IVD
Roche CMV [19] Real-time PCR; CAP/CTM 137 IU/ml–1 × 106 IU/ml 97.5–98.0% 100% IVD
RealStar qCMV
(Altona)
CMV

Real-time PCR 150 IU/ml–1 × 106 IU/ml 100% 100% ASR

Qiagen Artus EBV Real-time PCR 500–5.0 × 106 IU/ml 95–97% 99% ASR
RealStar EBV qPCR (Altona)___ Real-time PCR 500–10,000,000 copies/ml 94.5% 98.1% ASR
Qiagen BKV Real-time PCR 500–5.0 × 106 copies/ml 95–97% 99% ASR
RealStar BKV (Altona) Real-time PCR 300–100,000,000 copies/ml 100% 100% ASR

ASR analyte-specific reagents, IVD in vitro diagnostic test (FDA-cleared)

Table 49.2 Potential uses for quantitative molecular diagnostic tests

Screening of living or deceased prospective organ donors
Diagnosis of an acute infectious syndrome
Preemptive therapy or monitoring/screening for viral infection
Prediction of severity of disease (quantitative viral load)
Monitoring for resolution of infection and guidance for duration of 
therapy
Monitoring for recurrence of infection after completion of therapy
Determining the success of viral suppression or secondary 
prophylaxis
Clues to the presence of antiviral resistance (rise in viral load or 
failure to decrease on therapy)
Genotypic antiviral resistance testing (e.g., UL97 or UL54 mutations 
in CMV)
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fluorescent assay which requires the laboratory technician 
to visually scan the slide and to report the number of posi-
tive (infected) cells per unit of area. It is thus a semiquanti-
tative test. Although this does give some idea of the 
magnitude of the viral load, it is not as definitive in viral 
load measurement as quantitative molecular tests, which are 
usually expressed as DNA copies/ml or, most recently, in 
international units. The pp65 antigenemia assay is labor-
intensive for the laboratory and thus may be problematic for 
transplant centers with very high volumes of tests. In addi-
tion, the results decay after obtaining the blood sample, so it 
is less suitable for mailing in to a central laboratory from 
patients who live a long distance away from the transplant 
center.

Molecular diagnostic tests for CMV have largely sup-
planted previous tests at many centers. Their quantification 
of the blood viral load, ease of handling high volumes of 
samples, and lack of decay with time if properly handled 
make the CMV DNA by PCR a useful choice for a transplant 
center with high volumes of samples and/or patients outside 
the immediate area. Quantitative viral loads often correspond 
to severity of disease, although interlaboratory variation has 
hampered the attempt to describe universal cutoff values for 
clinical categories and decision-making [4, 24, 25]. In solid 
organ transplant recipients, tissue-invasive CMV episodes 
generally have the highest viral loads (e.g., >50,000–100,000 
copies/ml); asymptomatic viremia has the lowest viral loads 
(e.g., <5000 copies/ml); and the intermediate category of 
“CMV syndrome” has viral loads in between the other two 
categories, although exceptions may occur. However, wide-
spread adoption of the WHO standard should allow for more 
reliable, shared correlations between viral loads and clinical 
manifestations, after the initial period of clinician adjustment 
to a new scale [25]. The quantification of the viral load also 
allows for following levels over time, so that treatment deci-
sions, including when to initiate antiviral therapy, when to 
discontinue antiviral therapy, or when to switch from full- 
dose therapy to secondary suppressive dose prophylaxis, can 
be based on serial results of these quantitative tests 
(Table 49.2). A notable example of the use of sequential viral 
load measurements is the use of a risk-adapted, CMV viral 
load-based preemptive therapy program for CMV prevention 
in hematopoietic stem cell transplant recipients, utilized at 
the Fred Hutchinson Cancer Research Center [26].

Molecular tests are not without problems, however. PCR 
is a highly sensitive test, and false positives can occur, lead-
ing to unnecessary therapy or unnecessary concern on the 
part of patients and clinicians; such false-positive tests, how-
ever, are usually low level and may be subjected to repeat 
analysis or verified by obtaining a new sample. The risks of 
false-positive testing in disqualification of potential donors 
have been a topic of discussion regarding the revised solid 
organ transplant donor guidelines [3].

Other potential problems with molecular testing include 
logistics. A highly developed system must be in place, par-
ticularly for preemptive therapy, for the loss of even one 
sample or failure to act upon one sample result might lead to 
full-blown symptomatic infection. But perhaps the most 
problematic aspect is that of interlaboratory variation [4, 24, 
25], depending on the use of whole blood versus plasma; 
commercial versus individually developed assays, different 
reagents, and primers; and a host of other factors. The 
American Society of Transplantation (AST)‘s Infectious 
Disease Community of Practice, together with the Canadian 
Society of Transplantation, published an interlaboratory 
comparison of CMV PCR testing involving 33 laboratories, 
showing wide variation in results (between a 2- and 4-log10 
copies/ml difference in some cases) and need for more stan-
dardization [4]. The World Health Organization (WHO)‘s 
standardization initiative should help to ameliorate this situ-
ation and to improve the comparability of viral loads obtained 
in different laboratories. As of 2010, the WHO announced an 
international standard for CMV molecular testing, which 
enables laboratories to calibrate their assays and which 
involves reporting in international units per mL [25]. Another 
recent development, in 2012, was the first FDA approval of a 
quantitative CMV PCR test (the COBAS AmpliPrep/COBAS 
TaqMan CMV test or CAP/CTM CMV test) which is a fully 
automated test, and the one copy of CMV DNA (as defined 
by the COBAS® AmpliPrep/COBAS® TaqMan® CMV 
test) is equivalent to 0.91 international unit (IU) on the First 
WHO International Standard for Human Cytomegalovirus 
for Nucleic Acid Amplification Techniques (NIBSC 09/162) 
[19, 25]. An international multicenter comparison of the 
CAP/CTM CMV test in five laboratories at transplant cen-
ters compared the performance of this test with local assays, 
using blinded samples and clinical specimens [19]. This 
study showed high interlaboratory agreement of the CAP/
CTM test and quantification differences using local assays 
[19]. It has been suggested that this test might serve as the 
basis for more widely accepted cutoffs for prediction of 
CMV disease and thresholds for preemptive therapy [25].

A final category of molecular diagnostic tests for CMV is 
those used to determine genotypic resistance, on analogy to 
HIV.  CMV antiviral resistance commonly occurs in two 
sites, known as UL97 and UL54 [27, 28]. UL97 relates to the 
ability of a viral-encoded thymidine kinase to initiate tri-
phosphorylation of ganciclovir to its active form, and thus 
UL97 mutations confer resistance to ganciclovir but not to 
foscarnet or cidofovir. UL54 mutations, on the other hand, 
affect the viral DNA polymerase and so may confer resis-
tance to ganciclovir, foscarnet, or cidofovir or more than one 
of these [27, 28]. Phenotypic resistance testing is less com-
monly used now, as it is time-consuming and labor-intensive. 
Genotypic resistance testing should be obtained in any clini-
cal situation where resistance is suspected, such as a 
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 persistently high CMV viral load, failure of the viral load to 
decrease on therapy, or clinical lack of response to therapy 
after sufficient time has elapsed.

 Epstein-Barr Virus

The utility of EBV serologic testing such as EBV VCA-IgG 
is principally in the pretransplant period, establishing 
whether or not the donor and the recipient have ever been 
infected with EBV. Most adults, 90% or greater, are EBV- 
seropositive, although pediatric transplant recipients are 
more likely to be seronegative [29]. As with CMV, the donor 
and recipient serogroups carry differential risks for the devel-
opment of serious infections. In the case of EBV, the main 
issue is risk for EBV-related posttransplant lymphoprolifera-
tive disorder (PTLD). The highest-risk category in solid 
organ transplantation is the EBV D+/R- category; as similar 
to the case of CMV, there is no antecedent immunity in the 
recipient, but a viral load is acquired from the donor at the 
time of transplantation [29]. Knowledge of this D+/R- status 
may allow for closer surveillance, modulation of immuno-
suppression, and, at some centers, serial monitoring of the 
EBV DNA viral load [30, 31]. There are several different 
EBV serologies that are commonly performed: the Epstein- 
Barr nuclear antibody (EBNA), Epstein-Barr early antigen 
(EA), viral capsid antigen (VCA) IgG, and VCA-IgM.  Of 
these, the VCA-IgG is the most reliable test for assessing 
whether or not the patient is seropositive (i.e., whether they 
have ever had EBV infection), while the VCA-IgM corre-
lates better with current or recent disease although IgM 
response may be blunted in an immunocompromised host, so 
there is limited utility in ordering EBV serologies in patients 
following transplantation. For the diagnosis of active EBV 
infection and the assessment of PTLD risk, obtaining quanti-
tative blood PCR testing is more helpful than serologies [29, 
30]. EBV DNA viral loads may be performed on plasma or 
on whole blood. As in the case of CMV, interlaboratory vari-
ation also exists with respect to EBV DNAemia measure-
ment [24]. EBV DNA viral loads may be followed over time 
in high-risk patients and may be useful as a gauge of the 
degree of success of interventions such as reduction of 
immunosuppression, which should be followed by a corre-
sponding decrease in the EBV DNA blood viral load, unless 
the patient has active PTLD. Green et al. have demonstrated 
the predictive value of this monitoring [30], and McDiarmid 
has shown the utility of EBV DNA monitoring, coupled with 
reduction of immunosuppression and ganciclovir therapy, in 
the reduction of PTLD risk (from 10% to 5%) in a cohort of 
pediatric liver transplant recipients [31]. Successful therapy 
of PTLD with rituximab or rituximab plus combination che-
motherapy is often associated with a rapid fall of the EBV 
DNA blood viral load to undetectable levels. However, later 

rebounds of EBV DNAemia may occur and do not necessar-
ily portend recurrences of PTLD [30].

 BK Virus

BK virus (BKV) is a member of the polyomavirus family, 
along with JC virus, SV40, and others. Acquisition of BKV 
is common in the general population and may occur early in 
life in asymptomatic form. BKV has a predilection for cells 
of the urinary tract including the bladder, ureters, and kid-
neys. BKV can cause hemorrhagic cystitis in HSCT recipi-
ents. In kidney recipients, its effects can be devastating [7]. 
After kidney transplant, BKV can silently reactivate and can 
cause a type of allograft nephropathy (BKVAN) that begins 
with interstitial nephritis and progresses to fibrosis and non-
functioning allograft tissue. If no prevention program is in 
place, between 4% and 8% of all kidney allografts may be 
lost to BKV.

Screening and early intervention for BKV have been a 
major advance over the last 10  years and have led to an 
approximately eightfold reduction in kidney graft loss due to 
BKV.  Most kidney transplant centers now employ BKV 
screening of asymptomatic patients using one of several 
available tests on blood or urine [7]. Serial screening for 
BKV allows for early reduction of immunosuppression, 
which is the most established therapy for BKV, and may 
reduce viral load by allowing for a more vigorous host 
immune response to BKV [7, 32, 33].

The tests available for BKV screening include urine cytol-
ogy for the evidence of polyomavirus-related changes in the 
form of inclusion-containing “decoy cells,” quantitative or 
qualitative BKV DNA performed on urine or blood, and 
BKV VP1 mRNA [34]. If urine is screened, a positive test 
might trigger testing of blood for the BKV DNA viral load. 
Blood BKV DNA viral loads correlate more with the pres-
ence of BKV in renal allograft tissue, as urine may frequently 
be positive for lower levels of BKV DNA without active 
involvement of renal tissue. Urine BKV DNA viral loads are 
typically several logs higher than blood viral loads. 
International consensus guidelines have established the 
blood viral load of 10,000 copies/ml as a common threshold 
for intervention in kidney recipients [35]. By contrast, BKV 
blood viral load has not traditionally been considered as pre-
dictive of symptomatic disease in HSCT recipients, although 
recent results by Gilis et al. suggest that BKV viremia is cor-
related with severity of disease in HSCT also [36].

BKV DNA testing is also useful for monitoring responses 
to interventions such as reduction of immunosuppression. If 
reduction of immunosuppression appears not to have pro-
duced the desired reduction in viral load, some centers 
employ off-label antiviral therapies for BKV [37] such as 
cidofovir, quinolones, intravenous immune globulin (IVIg), 

R. K. Avery and B. Yen-Lieberman



845

and leflunomide. There are no randomized trials to date com-
paring these therapies, and reduction of immunosuppression 
remains the cornerstone of management. Thus, BKV DNA 
quantitative monitoring can serve as a guide to institution of 
interventions and as a guide to resumption of full-dose 
immunosuppression after an episode has resolved.

Routine serial monitoring of BKV DNA is not currently 
recommended in solid organ transplant recipients other 
than kidney or kidney-pancreas recipients. In liver, lung, 
and heart transplant recipients, reactivation of BKV may 
also occur, but the clinical significance is less certain. In 
hematopoietic stem cell transplant recipients, routine serial 
BKV viral load monitoring has not been standard in the 
past, but may emerge as a strategy in the future based on 
recent results [36].

 Community-Acquired Respiratory Viruses

Community-acquired respiratory viruses (CRVs) pose a 
threat to transplant recipients in two ways: the risk of 
severe respiratory involvement during an infection episode 
and the late risk in lung transplant recipients for transient 
or permanent decreases in lung allograft function after a 
CRV infection has resolved [38]. Early diagnosis is crucial 
in allowing for rapid treatment; a multicenter study of pan-
demic H1N1 influenza in SOT recipients demonstrated 
that early treatment, within 2 days of onset of symptoms, 
was associated with lower risk of ICU admission and 
respiratory failure [39]. Early and rapid influenza diagno-
sis is particularly important, as antiviral medications effec-
tive against influenza are available. The CDC and Advisory 
Committee on Immunization Practices (ACIP) publish an 
annual guide to prevention and treatment of influenza 
which contains antiviral resistance information pertinent 
to the particular strains that are circulating in any given 
influenza season [40]. For other respiratory viruses, there 
is less agreement on treatment protocols, but many trans-
plant centers use ribavirin (inhaled or oral) for treatment of 
respiratory syncytial virus (RSV) [41] and sometimes 
parainfluenza virus and human metapneumovirus (hMP) 
infections as well [42].

Diagnosis of CRV infections is also very important for 
infection control programs, as such viruses can spread rap-
idly through transplant wards and may have devastating 
effects particularly in patients with recent transplants or 
active rejection. Different respiratory viruses have different 
modes of transmission, so droplet precautions, contact pre-
cautions, or both may be appropriate. In any case, rapid 
application of appropriate precautions can prevent harm to 
other vulnerable hospitalized patients.

Diagnosis of CRVs has traditionally been performed on 
respiratory samples, most commonly nasopharyngeal (NP) 

swabs or washes or BAL fluid. Diagnosis may be accom-
plished by direct fluorescent antibody testing (DFA), by 
PCR, or by culture in tissue culture. Since culture-based 
diagnostics take at least several days, these are not suitable 
for rapid diagnosis and are now utilized primarily for deter-
mination of viral viability in a patient who is persistently 
PCR-positive, for example.

The choice of DFA or PCR for initial testing depends 
upon the virus(es) being detected. Some multiplex assays 
are wholly PCR-based and some are a combination of DFA 
and PCR tests. Since respiratory viruses have considerable 
overlap in their clinical presenting symptoms, and coin-
fections may occur, it makes sense to perform a multiplex 
assay incorporating the most likely agents, rather than 
testing for a single virus at a time. Common combinations 
of tests include influenza/RSV, influenza/RSV/parainflu-
enza/adenovirus/human metapneumovirus, and other more 
extensive combinations including rhinovirus and corona-
viruses. Even rhinovirus infection (the “common cold”) 
may have severe consequences in immunocompromised 
patients [43], so expanded multiplex testing is increasingly 
of interest.

In addition to initial diagnosis of an infection episode, 
repeat testing may be used for assessment of viral clearance 
in patients with ongoing symptoms or for infection control 
purposes in determination of the length of isolation precau-
tions. It should be noted, however, that testing which does 
not rely on viral viability may be detecting residual frag-
ments of nonviable virus.

There are special considerations for lung transplant recip-
ients with regard to respiratory viruses, since long-lasting 
allograft dysfunction may result some months after resolu-
tion of the viral illness [38]. This may be true even for such 
common viruses as rhinoviruses and also for asymptomatic 
or minimally symptomatic infection episodes. At such times, 
viruses are not usually detectable, but progression to bron-
chiolitis obliterans syndrome (BOS), a chronic progressive 
form of lung allograft dysfunction, may occur due to cyto-
kine release and injury and repair processes that are the sub-
ject of current research. It is thus of particular importance to 
test lung transplant recipients early, even if they are only 
minimally symptomatic, as viral detection might lead to 
therapy that can lessen the risk of this later allograft dysfunc-
tion. Obtaining a nasopharyngeal swab on all lung transplant 
recipients with new-onset respiratory symptoms is reason-
able (Table 49.3).

 Parvovirus

Parvovirus B19 is an under-recognized cause of anemia in 
transplant recipients [44]. While many centers test for par-
vovirus in patients who present with anemia without other 
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explanations, it has only recently been recognized that par-
vovirus can also cause milder degrees of anemia in a larger 
number of patients [45]. Diagnosis by serology is less use-
ful, as the majority of adults are IgG-seropositive and trans-
plant recipients may not mount an IgM response even 
during active infections. Bone marrow examination may 
reveal disordered erythroid progenitors including giant 
erythroblasts. Parvovirus PCR testing on blood is the most 
useful noninvasive test for diagnosing active parvovirus 
infection in a transplant recipient. This testing is important 
both as a basis for therapy with IVIg and reduction of 
immunosuppression and also for infection control and iso-
lation purposes. Molecular testing has also led to the sug-
gestion that viral loads of parvovirus from the donated 
organ, detected in graft preservation solution, may corre-
late with increased risk for posttransplant parvovirus infec-
tion in the recipient [46].

 Agents of Viral Hepatitis

Viral hepatitis agents include hepatitis A, hepatitis B, hepati-
tis C, hepatitis D, and hepatitis E abbreviated as HAV, HBV, 
HCV, HDV, HEV, respectively. Of these, HBV and HCV are 
most commonly found in transplant recipients, although 
recently detection of hepatitis E has been on the rise [47]. 
HBV or HCV may be pre-existing in the recipient or may be 
acquired de novo posttransplant, either from the donor or 
from transfusions [48]. In the pre-existing category, HBV or 
HCV may be the reason for performing a liver transplant or 
may be a comorbidity in a patient receiving a non-liver 
transplant.

 Hepatitis B

Serologic testing for HBV is complex and relies on an under-
standing of the timing of detection of several different HBV 
antigens and antibodies. Active infection is characterized by 
a rise in the hepatitis B surface antigen (HBsAg), which then 
falls to undetectable in about 90% of patients; then subse-
quently there is a rise in the anti-HBs (hepatitis B surface 
antibody) titer. Between the time that HBsAg becomes unde-
tectable and anti-HBs appears, there is a “window period” 
during which time neither is detectable, but the HBV core 
IgM antibody (anti-HBc IgM) and HBV DNA are detectable. 
After natural infection, the anti-HBc IgM disappears and the 
anti-HBc IgG appears, so persons in whom HBV infection 
has been successfully controlled by the immune system gen-
erally are positive for both anti-HBc and anti-HBs, but nega-
tive for HBsAg. In about 10% of infected individuals, 
antibody seroconversion does not occur and the HBsAg is 
persistently positive in chronic infection. Such individuals 
may progress to cirrhosis and/or hepatocellular carcinoma 
and may require a liver transplant with the goal of eradicat-
ing HBV infection, utilizing posttransplant prophylaxis with 
hepatitis B immune globulin (HBIg) and an anti-HBV antivi-
ral agent such as entecavir. In such individuals the blood 
HBV DNA is also commonly positive pretransplant and may 
be serially followed posttransplant to detect any recurrence 
early.

Pretransplant screening of the recipient commonly 
includes HBsAg, anti-HBc, and anti-HBs. A positive HBsAg 
is indicative of current infection which may represent either 
recent infection or chronic carriage. An isolated positive 
anti-HBs is usually the result of HBV vaccination, as the 

Table 49.3 Respiratory viruses (FDA cleared and commercially available)

Test name Methods Sample Sensitivity/specificity Status
xTAG   Respiratory Viral Panel (12 viruses); Luminex
NxTAG RPP (Luminex)
ARIES FluA/B &RSV (Luminex)

PCR and Luminex; 
detection (9 h)
MAGPIX RPP (12 
viruses; 3 h)
MultiCode PCR, 
WalkAway system

NP swabs
NP swabs
NP swabs

78.3–100%/91.3–100%; 
depends on which virus
97%/99%
97%/99%

IVD
IVD
IVD

ProFlu+ (FluA/FluB and RSV); Hologic Real-time PCR; sample 
to 
results system – Panther

NP swabs/throat 
swabs

Sen/Spe
95–100%/ 92.6–98.6%

IVD

Simplexa FluA/B, RSV
Focus (DiaSorin)

Real-time PCR (3.5 h) NP swabs; 
tracheal aspirates

98–100%/93–99% IVD

Verigene Respiratory Panel(FluA/B/RS) Luminex 
Nanosphere Luminex

Real-time PCR on 
Verigene SP system (3 h)

NP swabs/viral 
cultured samples

89.8–99.2% IVD

ProFAST+ (Flu A/H1, A/H3); A/H1N1.2009; Hologic Real-time PCR smart 
cycler (5.5 h)

NP swabs 95.4–100%/99.0–100% IVD

RP FILMARRAY (22 viruses and bacteria), BioFire 
(BioMerieux)

Nested PCR; rapid test 
(70 min)
WalkAway system

NP swabs, throat 
swab, and BAL

97% sensitivity 99.7% 
specificity

IVD

eSensor RVP 
(GenMark dx)

XT-8. Tat 
5.5 hrs

NP swabs & 
throat swabs

99.2%/ 
99.7%

IVD XT-8 System Detection; 
TAT 6.0 hrs (12 viruses)

NP swabs and 
throat swabs

99.2%/99.7% IVD
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vaccine is produced from recombinant HBsAg. A positive 
anti-HBc and anti-HBs are indicative of natural infection 
which has been controlled by the immune system. An iso-
lated positive anti-HBc may either be a sign of recent or 
ongoing infection during the window period with positive 
IgM antibodies or past resolved infection if IgG antibodies 
are positive, where the anti-HBs titer has waned below the 
level of detectability. Alternatively, an isolated positive core 
antibody may be a false-positive test.

Occasional potential organ donors may be identified as 
“core-positive” donors, that is to say, the HBsAg is negative 
but anti-HBc is positive. Often only the total core antibody 
result is available and not whether it is IgM or IgG; also 
donor anti-HBs information may not be available. Although 
such donors may be in the “window period” between disap-
pearance of HBsAg and appearance of anti-HBs, the risk of 
transmission of HBV to non-liver recipients is low ranging 
from 1:30 to 1:60 [49, 50] and can be further reduced by 
immunization of the recipient prior to transplantation; in 
some cases, antiviral prophylaxis is also given [48, 51]. The 
risk of transmission to a liver recipient from an HBV core- 
positive donor is higher, about 1:2 [49], but also can be mini-
mized by use of pretransplant immunization and intensive 
posttransplant prophylaxis with hepatitis B immune globulin 
and an antiviral agent such as lamivudine or entecavir [48].

For any patient who is at risk for posttransplant HBV, 
either as a recurrence of their own previous infection or 
through donor-derived transmission, it is recommended to 
include serial posttransplant monitoring of the HBV DNA 
since posttransplant patients may not seroconvert but would 
still have viral DNA detectable if reactivation or transmis-
sion had occurred [48].

 Hepatitis C

Hepatitis C is one of the most common indications for liver 
transplantation. In the past, HCV recurrence posttransplant 
was frequent and could be either early and aggressive or later 
and more slowly progressive [48]. Until recently there were 
no prophylactic antiviral protocols available for prevention 
of posttransplant HCV recurrence, although this has rapidly 
changed in the era of new and more effective HCV drugs.

In both liver and non-liver solid organ transplantation, 
donor-derived de novo HCV is a clinical concern because of 
poorer graft and patient outcomes in some settings in patients 
who are hepatitis C seronegative but experience HCV trans-
mission from the donor [52], although a large study by 
Abbott et al. of kidney transplant candidates and recipients 
demonstrated improved survival with transplantation with 
HCV+ donors compared with the remaining on the waiting 
list [53]. The risk of transmission of HCV from a seroposi-
tive donor to a naïve recipient varies in different series, but 

has been reported to be as high as 75% in some studies [48]. 
An HCV-seropositive, HCV RNA-negative donor appears to 
be less likely to transmit HCV than a donor with detectable 
HCV RNA, but further data are awaited. Unlike the HBV 
core-positive donor, until recently the risk could be mitigated 
by prior immunization since there is no vaccine for HCV. 
Thus, transplantation from an HCV-seropositive donor to an 
HCV-seronegative recipient (HCV D+/R-) was usually 
reserved for situations where other donor offers were 
unlikely, with stringent informed consent [9]. However, the 
advent of effective HCV therapy is expected to change prac-
tice rapidly.

By contrast, the transplantation of a solid organ like a 
kidney from an HCV-positive donor to an HCV-positive 
recipient (HCV D+/R+) has been an accepted practice [53, 
54]. Multiple studies have suggested that outcomes for 
transplantation are superior to those remaining on dialysis 
for an HCV+ transplant candidate [55], even if the donor is 
HCV+ [53, 54]. Since the waiting list is long and deceased-
donor kidney transplants may not occur for years, it makes 
sense for the HCV-seropositive kidney transplant candidate 
to consider accepting an organ from an HCV-seropositive 
donor [53, 54].

In any of the above cases, where either the donor or the 
recipient (or both) is seropositive for, or at risk for, HCV, 
monitoring posttransplant for HCV reactivation in the recipi-
ent is important [48]. However, antibody seroconversion 
may be delayed or absent in the immunocompromised 
patient, even though HCV serology testing has undergone 
considerable evolution and improvement over time. Since 
HCV seroconversion may be delayed or absent in posttrans-
plant patients experiencing transmission of HCV from the 
donor, molecular testing of HCV RNA is important in serial 
monitoring of the posttransplant patient at risk of HCV 
acquisition.

 HIV

In the early years of transplantation, HIV seropositivity in 
the donor or the recipient was held to be an absolute contra-
indication. However, in recent years, a multicenter study of 
outcomes of solid organ transplants in selected HIV-positive 
recipients has been found to be comparable to those of HIV- 
negative recipients for kidney and liver transplantation [56, 
57]; although the incidence of acute rejection in 150 HIV- 
positive kidney recipients was higher than expected, patient 
and graft survival were high [56]. These recipients are cho-
sen because their kidney or liver disease is more clinically 
significant than their HIV-related illness, they have not had 
certain HIV-related opportunistic infections, and their HIV 
viral loads are well controlled except in the case of some 
liver candidates who could not tolerate antiviral therapy in 
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the setting of end-stage liver disease. Careful monitoring of 
the drug interactions between calcineurin inhibitors and pro-
tease inhibitors by an experienced pharmacist is necessary, 
but excellent outcomes can be achieved in certain patients in 
this category.

Until recently, HIV-seropositive donors were not accepted 
for donation in the United States, but data from South Africa 
suggested that HIV-seropositive donors can be associated 
with acceptable outcomes in selected HIV-seropositive recip-
ients [58]. This is an evolving field, spurred by the shortage of 
deceased donors and restricted availability of dialysis in 
resource-limited settings, and further data are awaited. In the 
United States, the HIV Organ Policy Equity (HOPE) Act was 
passed in 2015 [59], which allows for research into transplan-
tation from HIV-positive donors to HIV-positive recipients; 
and the first such transplants in the United States were per-
formed at Johns Hopkins in 2016 [60].

As with HBV and HCV, HIV antibody seroconversion 
may be delayed or absent in the transplant recipient, and 
serial monitoring with HIV molecular testing is suggested 
for any patient at risk for HIV acquisition or reactivation 
posttransplant [61]. Patients who are HIV-seropositive pre-
transplant should have HIV RNA viral loads and CD4 counts 
serially monitored in addition to drug levels and posttrans-
plant lab testing.

 NAT of Donors and CDC/PHS High-Risk 
Donors

For many years, until the development of rapid molecular 
tests that could be performed in the deceased donor testing 
time frame, testing of prospective deceased donors relied on 
antibody serologies for HIV, HBV, and HCV, which are per-
formed as part of a serologic panel by the organ procurement 
organization (OPO). However, the window period prior to 
seroconversion that can occur for each of these viruses 
resulted in infection transmissions from apparently seroneg-
ative donors, yielding for a search for more accurate labora-
tory tests. For example, a donor transmitted HIV and HCV to 
multiple organ transplant recipients after testing negative for 
antibody serology for both of these viruses [62]. In addition, 
a case was reported of a living donor that transmitted HIV 
after initially testing negative but then continuing risky 
behavior between the time of initial donor evaluation and the 
time the transplant was performed [63].

Nucleic acid amplification testing (NAT) is a technology 
for rapid molecular testing that is highly sensitive and has 
been used in blood banking. In recent years it has become 
possible to perform this testing in the rapid time frame 
needed for making decisions about whether or not to accept 
a deceased donor, including nights and weekends. The avail-
ability of NAT has spurred a national debate in the United 

States regarding whether all potential deceased donors 
should be subjected to NAT for HIV/HBV/HCV or just those 
in the CDC-specified high-risk categories including sexual 
promiscuity, injection drug use, incarceration, and other cat-
egories of behavioral risk. A survey of OPOs revealed a het-
erogeneity of practices in this regard, with some OPOs 
performing NAT on all donors, some on a subset of donors, 
and some not at all [64]. In 2010, an expert consensus panel 
recommended restricting NAT to donors in the above risk 
categories, citing concerns about false-positive testing that 
could lead to discarding otherwise potentially acceptable 
donors and thus leading to increased deaths on the waiting 
list for transplantation [3]. Then in the fall of 2011, the 
Centers for Disease Control and Prevention (CDC) and the 
US Public Health Service (USPHS) published a comprehen-
sive guideline which recommended NAT of all deceased 
donors and also retesting of potential living donors shortly 
before intended donation. After discussion within the trans-
plant community, these recommendations were revised, and 
the current guidelines call for HCV NAT testing of all donors, 
with HIV NAT testing only of PHS/CDC high-risk donors, 
and with a revised list of risk categories [65]. All parties in 
this discussion are interested in protecting potential organ 
recipients from harm; the differences in opinion arose in bal-
ancing the risks of donor-derived transmission versus the 
risks of disqualifying donors through false-positive testing.

 Multiplex Versus Single-Virus Testing

The fact that there are multiple transplant-associated viral 
infections, which are amenable to serial monitoring, has 
given rise to the development of multiplex assays that allow 
for the detection of more than one virus at any given time 
point from a single blood sample [2]. Viruses which are fre-
quently serially monitored posttransplant, such as CMV, 
EBV, and BKV in kidney recipients and adenovirus particu-
larly in pediatric HSCT recipients, would be candidates for 
inclusion in a blood multiplex viral molecular detection 
panel. In addition, the existence of a large number of respira-
tory viruses that produce similar symptomatology makes the 
use of a respiratory virus multiplex a natural one [2]. Potential 
advantages of a multiplex assay on blood or plasma would 
include the following: less blood drawn from the recipient 
for blood assays, detection of unsuspected coinfections, and 
rapid and sometimes quantitative results to facilitate preemp-
tive strategies. The cost-effectiveness of multiplex testing 
has been evaluated in a study by Mahony et al., in which four 
strategies were compared for diagnosis of respiratory viral 
infections in pediatric patients (direct fluorescent antibody or 
DFA alone, DFA plus shell-vial culture, the xTAG RVP test 
alone, or the xTAG RVP test plus DFA) [66]. These authors 
reported that the least costly strategy was the xTAG RVP 
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multiplex test alone when the prevalence was >11% and was 
DFA alone when the prevalence was <11% [66].

Disadvantages of some multiplex tests have included 
occasional lower sensitivity for one or more individual viruses 
on the panel, although that finding has led to alterations of the 
multiplex test such as the RespPlex test vis-à-vis adenovirus 
testing [2]. Potential disadvantages of multiplex testing of 
disparate viruses, for example, a panel that includes CMV, 
EBV, and BK virus and others, also include the clinical quan-
dary of what to do with low-level positive results or results in 
a subgroup of patients in whom a particular virus is of less 
clinical importance like BKV in non-kidney organ transplant 
recipients. For certain subgroups of patients, all of the assays 
on a multiplex test might provide valuable information; but 
for others, the clinicians may be interested in only one or two 
viruses. In that situation, should the information on detection 
of the other viruses be routinely provided in laboratory 
reports? These and other questions remain to be fully 
addressed. The issue of cost also needs careful scrutiny. Costs 
could potentially decrease because of ordering fewer tests if 
the clinicians intended originally to monitor more than one 
virus, but costs could also increase if the cost of the multiplex 
assay exceeds that of the single-virus assay for clinicians who 
intended to monitor only one virus. Mahony et al. reported 
the cost-effectiveness may also depend on the prevalence of 
the viral infections being tested and so may vary from one 
region to another or one season to another [66].

 Conclusion

Molecular testing for transplant-related viruses has revolu-
tionized posttransplant care and is having a significant 
impact on pretransplant testing of donors. Serial monitoring 
for CMV, EBV, and BKV has become a cornerstone of man-
agement, as this monitoring allows for early detection and 
intervention in appropriate subsets of transplant recipients. 
The utility of quantitative molecular testing is supported by a 
variety of studies and facilitates the timing of starting and 
stopping antiviral therapy, assessing the effectiveness of 
therapy, monitoring for recurrences of viremia, and deciding 
when to test for antiviral resistance. Multiplex testing for 
panels of respiratory viruses has demonstrated utility and 
cost-effectiveness in certain scenarios. The use of NAT in 
potential deceased and living donors is promising for reduc-
tion of donor-derived transmission from donors in the win-
dow period of HIV, HBV, and HCV infection, but the recent 
vigorous national debate, regarding whether all or a subset of 
potential donors should be subjected to NAT, reflects the 
complexity of the issues involved. Finally, the availability of 
both multiplex and single-virus molecular tests will present 
challenges to the clinician as to how best to utilize the addi-
tional information provided by these tests.
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 Introduction

Transplant patients are uniquely predisposed to infections. 
Severe iatrogenic immune suppression following allogeneic 
hematopoietic stem cell or solid organ transplantation pre-
disposes such patients not only to increased risk of infection 
with conventional pathogens, but organisms with inherently 
low virulence and pathogenicity may result in devastat-
ing systemic disease. The severity of compromised hosts’ 
immune defenses and patients’ extensive exposure to the 
healthcare environment promote colonization and invasive 
systemic disease due to multidrug-resistant bacteria during 
the early and late phases after transplantation. Similarly, 
recipients of stem cell or solid organ allografts are also sus-
ceptibile to drug- resistant bacterial infections upon returning 
to their community and home environment.

Bacterial infections seen during the pretransplant period 
reflect upon the complications resulting from the treatment of 
underlying neoplastic processes in patient being considered for 
hematopoietic stem cell transplantation (HSCT). In patients 
awaiting solid organ transplantation, a series of complications 

arising from the end-stage organ disease predisposes them to a 
host of locally invasive and systemic bacterial infections.

Major risk factors for bacterial infections in patients undergo-
ing transplantation procedures include prolonged and recurring 
hospitalization, prior exposure to a variety of broad- spectrum 
antibiotics, pre-engraftment neutropenia, extensive surgical 
procedures, need for critical care unit stay, assisted ventilatory 
support, and presence of indwelling intravascular catheters and 
other body cavity or organ system drains and devices. Antibiotic 
regimens are often more complex compared with general popu-
lation and in a vast number of transplant recipients antimicrobi-
als are given empirically or preemptively. Drug-drug interactions 
with immunosuppressive medications and serious, treatment-
limiting adverse reactions further complicate management of 
infectious diseases in such high-risk individuals. Use of prophy-
lactic antibiotics also contributes to selection of antibiotic resis-
tance organisms. Furthermore, newly acquired drug resistance 
or more importantly, selection of less drug susceptible pathogens 
under the unsettling external influence(s) resulting in tandem of 
permutations in the composition of hosts’ external microbiome 
and orointestional microbiota is an emerging area of research.

Bacterial infections in a variety of transplant popula-
tion that places patients at a greater risk for higher mor-
bidity and risk of death include Pseudomonas aeruginosa, 
Stenotrophomonas maltophilia, Burkholderia cepacia, 
Acinetobacter baumannii, MDR Enterobacteriaceae, meth-
icillin-resistant S. aureus, and vancomycin-resistant entero-
cocci [1–5]. This chapter provides a detailed review of major 
classes of antibiotics including conventional drugs and new 
antimicrobials in development, mechanisms of resistance, 
and the indications for use in the transplant population.

 Beta-Lactams

 Mechanism of Action

All β-lactam antibiotics share a common structure of a four- 
membered β-lactam ring. The penicillins have a thiazolidine 
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ring as a side chain, and the cephalosporins have a dihydrothi-
azine ring as a side chain. Carbapenems differ from penicil-
lins and cephalosporins in two ways: first, a methylene group 
replaces a sulfur atom and double-bond in the five- membered 
ring, and, second, a hydroxyethyl side chain in the trans-
configuration is attached to the β-lactam ring instead of the 
cis-configuration acylamino chain found in the penicillins and 
cephalosporins. This structural configuration allows binding 
to high molecular weight penicillin-binding proteins (PBPs), 
stability to β-lactamases, and rapid transit through the outer 
membrane of Gram-negative bacteria (GNB). Monobactams 
have a monocyclic β-lactam ring. β-Lactamase inhibitors are 
weak β-lactams that bind to select β-lactamases hydrolytic 
enzymes and restore activity of the parent β-lactam drug [6, 7].

β-Lactams are bactericidal antibiotics that act via time- 
dependent killing by inhibiting bacterial growth by covalent 
binding with and inactivation of serine protease enzymes located 
in the bacterial cell membrane (PBPs). β-Lactams bind to PBPs 
in the bacterial cell membrane involved in the transpeptidation 
step of peptidoglycan synthesis, conferring osmotic stability to 
the bacterium by cross-linking the peptidoglycan strands. There 
are between three and five different PBPs in Gram-positive 
organisms and seven to twelve in Gram-negative bacilli. Each 
PBP is responsible for distinct reactions in cell wall synthesis. 
Different β-lactam antibiotics may bind preferentially to and 
inhibit certain PBPs, producing characteristic effects on bacte-
rial morphology such as cell lysis, elongation, and cell division 
and different efficacies in inhibiting bacterial growth or cell 
death. PBPs are divided according to high and low molecular 
weight [8]. The high molecular weight PBPs are responsible for 
peptidoglycan polymerization and insertion into a preexisting 
cell wall. The seven low molecular weight proteins found in E. 
coli are responsible for cell separation, peptidoglycan matura-
tion, or recycling. The final common pathway of β-lactam kill-
ing involves autolysin release; these enzymes are present in the 
bacterial cell membrane that mediate autolysis of peptidogly-
can to allow breakdown of peptidoglycan for remodeling at the 
points of bacterial growth. β-Lactam inhibition of cell wall syn-
thesis leads to activation of the autolytic system, which initiates 
cell death, which is a two-component VncR system [9, 10].

 Mechanisms of Resistance

The most common mechanism of resistance to this class 
is mediated by β-lactamases enzymes that covalently bind 
and hydrolyze the critical β-lactam ring. Other mechanisms 
include production of low-affinity PBPs, changes in mem-
brane permeability involving downregulation of porin chan-
nels, and increased expression or upregulation of complex 
drug efflux pumps as seen with strains of multidrug-resistant 
Pseudomonas aeruginosa [11].

β-Lactamases can be encoded chromosomally or on plas-
mids, with either constitutive or inducible expression. The 

evolution of a number of novel β-lactamases has paralleled 
the development of new β-lactam antibiotics. Differences in 
Gram-positive and Gram-negative bacterial cellular struc-
ture greatly influence the action of β-lactamases. In GNB, 
β-lactamases may be trapped in the periplasmic space lead-
ing to an increased enzyme concentrations and more efficient 
hydrolysis of the β-lactam ring, whereas in Gram-positive 
bacteria (GPB) the outer cell membrane is lacking and 
antibiotics can more readily access PBPs without the expo-
sure to high localized concentration of the enzyme-assisted 
hydrolysis. There are two main classification systems for 
β-lactamases, Ambler classes A through D, which are based 
on molecular structure, and the Bush-Jacoby-Medeiros 
classification which is based on functional similarities 
(Table 50.1). With over 900 known enzymes, classification 
is difficult [12–14]. Due to their ability to facilitate rapid 
dissemination of resistance, plasmid-mediated β-lactamases 
pose the greatest challenge to clinicians.

The TEM-1 and TEM-2 enzymes were the earli-
est β-lactamases observed in E. coli and SHV-1 enzyme 
in K. pneumoniae. These are considered narrow-spec-
trum β-lactamases and confer resistance to penicillins 
and early- generation cephalosporins. As more extended 
spectrum β-lactam drugs were introduced, the extended-
spectrum β-lactamases (ESBLs) evolved, primarily from 
mutations in the TEM and SHV enzymes. ESBLs are a 
heterogeneous group of enzymes that confer resistance 
to some or all of the β-lactams with the exception of the 
cephamycins and carbapenems. ESBLs, when found 
in combination with mutations, lead to increased gene 
expression and downregulation of porins resulting in 
high-level resistance to third- generation cephalosporins 
and monobactams as well as low-level resistance to the 
carbapenems [12, 15]. β-Lactamase inhibitor combina-
tions may still be active against certain ESBL producers. 
ESBLs are found exclusively in GNB, such as Klebsiella 
spp. and E. coli and in clinical isolates of Acinetobacter, 
Burkholderia, Citrobacter, Enterobacter, Morganella, 
Proteus, Pseudomonas, Salmonella, Serratia, Shigella, H. 
influenzae, and N. gonorrhea. There are currently over 200 
enzymes of this type [12, 16].

The CTX-M family of β-lactamases has recently emerged 
and is now the predominant ESBL enzymes worldwide [17]. 
Natural CTX-M enzymes are found on the chromosome of 
Kluyvera and have since spread to the Enterobacteriaceae, 
including K. pneumoniae, pathogenic E. coli, and Salmonella 
spp. [12]. More than 120 CTX-M enzymes have been 
described, with CTX-M-15 and CTX-M-14 as the most fre-
quently encountered members [18].

The latest β-lactamases to emerge are the carbapenemases, 
which have the widest spectrum of activity and can hydro-
lyze most beta-lactams. These include the K. pneumoniae 
carbapenemases (KPCs) which are encoded on transposons 
and are now seen in a wide variety of GNB. Metalloenzymes 
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such as VIM-1 and NDM-1 are another class of carbapen-
emases that require metallic cations as cofactors and are car-
ried on plasmids, integrons, and transposons. These enzymes 
hydrolyze aztreonam poorly, leaving this monobactam as a 
potential treatment option in cases where other classes of 
β-lactamase are not present. OXA β-lactamases are a diverse 
group of enzymes classically associated with Acinetobacter 
species but have widely disseminated among clinically 
important GNB [19]. Detection of carbapenemases may be 
difficult using common automated identification systems, 
which often report these organisms as falsely susceptible. 
The significance of infection with either carbapenem-resis-
tant and ESBL K. pneumonia was studied in lung transplant 
recipients and found to be an independent risk factor for 
mortality compared with carbapenem- sensitive or ESBL-

negative bacterial strains [20]. The chromosomal enzymes, 
predominantly class C cephalosporinases such as AmpC, 
are mostly inducible and are found in Enterobacter species, 
indole-positive bacteria like Proteus, Serratia, Citrobacter, 
and Pseudomonas species, among others.

Resistance in GPB occurs predominantly through muta-
tions in PBPs that result in decreased binding affinity. 
Methicillin resistance in staphylococci including MRSA 
is mediated by a mobile chromosomal element known as 
staphylococcal chromosomal cassette mec (SCCmec) [21]. 
SCCmec encodes for the low-affinity PBP2a, which in turn 
results in complete resistance to most β-lactam antibiotics. 
The classical community-acquired strains of MRSA contain 
a smaller SCCmec than hospital-acquired strains. Methicillin 
resistance may also involve other mutations known as fac-

Table 50.1 Classification of beta-lactamases

Ambler 
class

Bush- 
Jacoby- 
Medeiros 
group Major subtypes Substrate Model organisms Genetic location

Potential antibiotic 
alternatives

A 2a Gram-positive Penicillins Ampicillin-R
E. coli
H. influenzae

Chromosomal or 
plasmid, inducible

Clavulanate

2b Gram-negative 
(TEM-1 and SHV-1)

Penicillins, some 
cephalosporins

E. coli
K. pneumoniae

Plasmid or 
chromosomal

Clavulanate

2be Extended spectrum 
(TEM, SHV, CTX-M)

Penicillins, 
3rd-generation 
cephalosporins, 
monobactams

Enterobacteriaceae Plasmid Carbapenems
Tigecycline
Piperacillin- 
tazobactama

Fluoroquinolonesa

Colistin
2br Inhibitor-resistant 

TEM (complex mutant 
TEMS)

Penicillins Klebsiella, Proteus, 
Citrobacter, Shigella 
species

Plasmid Carbapenems
Cefepimea

2e Cephalosporin 
hydrolyzing

Extended spectrum 
cephalosporins

Proteus species Chromosomal, 
inducible

Piperacillin- 
tazobactam

2f Carbapenem 
hydrolyzing 
β-lactamase (KPC, 
GES, SME)

Penicillins, 
cephalosporins, 
carbapenems

Klebsiella, E. coli, 
Enterobacter, 
Pseudomonas

Plasmid
Transposons, 
chromosomal

Tigecycline
Colistina

Polymyxina

B 3 Metallo-β-lactamase 3 
(VIM, IMP)

All β-lactams except 
monobactams

Acinetobacter, 
Pseudomonas, 
Stenotrophomonas 
maltophilia

Chromosomal
Transposon

Monobactam
Piperacillin- 
tazobactama

Ampicillin- 
sulbactama

Tigecyclinea

C 2d AmpC-type 
cephalosporinase 1

Cephalosporins, 
penicillins

Enterobacter
Citrobacter
Serratia
P. aeruginosa
Providencia
Indole-positive
Proteus

Chromosomal 
(inducible); 
constitutive, 
plasmid

Cefepimea

Carbapenems

D 2df Oxacillin-hydrolyzing 
carbapenemases 
(OXA)

Acinetobacter 
Pseudomonas

Chromosome Cefepime
Monobactam
Polymyxin
Aminoglycoside
Fluoroquinolone

aIn vitro confirmation by additional testing is necessary to confirm susceptibility
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tors for methicillin resistance or auxiliary factors that encode 
functions involved in cell wall precursors [12].

Ampicillin resistance in E. faecium is due to expression of 
a low-affinity PBP-5. Penicillin-resistant S. pneumoniae has 
low-affinity PBPs that use genes referred to as “mosaic” [12] 
derived from recombination between S. pneumoniae and less 
susceptible viridans-group streptococcal genes. Penicillin 
resistance in S. pneumoniae is typically of low level, with the 
greatest clinical impact on the treatment of pneumococcal 
meningitis. Certain GNB such as Neisseria species may also 
contain mosaic resistance genes. A strain of N. gonorrhea 
containing a novel penA mosaic allele was recently identi-
fied with high-level resistance to ceftriaxone [22].

 Penicillins

The penicillins are divided into five classes based on the 
bacterial spectrum: the natural penicillins, the penicillinase- 
resistant penicillins, the aminopenicillins, the carboxypenicil-
lins, and the ureidopenicillins. The representative antibiotics 
and spectrum of activity are outlined in Table 50.2. Penicillins 
have short half-lives of <60 min and are administered every 
4–6 h in patients with normal renal function. Most penicil-
lins are excreted unchanged by renal tubular cells and require 
dose adjustment in patients with renal insufficiency. The 
antistaphylococcal penicillins and extended spectrum peni-
cillins undergo considerable biliary excretion. Piperacillin 
has the longest half-life and can be administered every 6 h 
and requires dose adjustment only in patients with severe 
renal dysfunction. With most penicillins, therapeutic levels 
are achieved in most organs, including the central nervous 
system even in the absence of meningeal inflammation and 
compromised blood-brain barrier [23].

 Beta-Lactamase Inhibitors

β-lactamase inhibitors are weak β-lactam drugs that are 
potent inhibitors of many class A serine β-lactamases. These 
drugs react with the serine enzymes to form a covalent 
acyl- enzyme intermediate. After opening of the β-lactam 
ring, the intermediate can undergo additional rearrange-
ments or be hydrolyzed to regenerate the active β-lactamase 
enzyme. When combined with a β-lactam, they prevent 
hydrolysis of the parent antibiotic and preserve activity. 
The major bacteria producing class A enzymes include S. 
aureus, H. influenzae, M. catarrhalis, Bacteroides spp., 
and some Enterobacteriaceae. Some ESBL produced by E. 
coli and Klebsiella spp. may be inhibited in vitro by these 
inhibitors. The chromosomal β-lactamases, such as those 
produced by Pseudomonas, are generally not inhibited by 
these compounds with the occasional exception of tazobac-
tam [24, 25].

The β-lactamase inhibitors in clinical use are clavulanic 
acid combined with amoxicillin for oral use and ticarcillin 
for parenteral use, sulbactam combined with ampicillin for 
parenteral use, and tazobactam combined with piperacillin 
for parenteral use. The main β-lactam generally determines 
the antimicrobial spectrum, with the β-lactamase inhibi-
tor enhancing activity through inhibition of acquired or 
intrinsic β-lactamases. Sulbactam has a broader spectrum 
of activity but is less potent than clavulanic acid and tazo-
bactam. The combination of amoxicillin and clavulanic acid 
has activity against most penicillinase-producing S. aureus 
(MSSA), β-lactamase-producing strains of H. influenzae, 
and some Enterobacteriaceae. It is used predominantly 
for respiratory tract and soft tissue infections when MRSA 
is not suspected. Ampicillin plus sulbactam has a similar 
spectrum of activity, including B. fragilis, and is used for 

Table 50.2 Penicillin classes and spectrum

Class
Representative 
drugs Gram-positive spectrum Gram-negative spectrum

Atypical 
spectrum Anaerobic spectrum

Natural penicillins Penicillin G, 
Penicillin V

Streptococci including E. 
faecalis (static), Penicillinase 
negative S., aureus, Listeria 
spp., C. diphtheriae

Neisseria spp., H. influenza, 
Pasteurella multocida

T. pallidum Peptostreptococci 
Clostridium spp. 
Fusobacterium

Penicillinase- 
resistant penicillins

Nafcillin, 
oxacillin, 
dicloxacillin

PCN-R S. aureus, CoNS, 
PCN-S streptococci (lacks 
Enterococcus)

None None Most anaerobic 
Gram-positive cocci

Aminopenicillins Ampicillin, 
amoxicillin

Same as PCN G PCN G plus β-lactamase- 
negative H. influenzae, E. 
coli, P. mirabilis, Salmonella, 
Shigella, H. pylori

B. 
burgdorferi

Same as PCN G

Ureidopenicillins Piperacillin PCN G including E. faecalis; 
less active against CNS

AMP-R Gram-negatives 
including Pseudomonas, 
Serratia, Klebsiella, 
Enterobacter, Providencia 
spp.

None Similar to ampicillin

Abbreviations: CoNS coagulase-negative staphylococci, PCN-S penicillin susceptible, PCR-R penicillin resistance, AMP-R ampicillin resistant
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skin and soft tissue infections, community-acquired, intra-
abdominal, and pelvic infections. Tazobactam enhances the 
piperacillin spectrum to include some Enterobacteriaceae 
and B. fragilis [26, 27].

Sulbactam is a unique β-lactamase inhibitor because it 
has activity against metallo-β-lactamase-producing strains 
of Acinetobacter baumannii [28]. A single-entity product is 
currently not available in the United States; therefore sul-
bactam is still clinically used in combination with ampi-
cillin. Variable dosing regimens of sulbactam have been 
used against A. baumannii including 1 gram every 8 h in 
moderate infections and 1 gram every 6 h in serious infec-
tion with cure rates of 93% and 76.9%, respectively [29]. 
Lower cure rates seen with more aggressive dosing were 
likely due to the severity of infection. Higher sulbactam 
doses up to 12 grams a day have been reported for the treat-
ment of MDR Acinetobacter ventilator-associated pneu-
monia (VAP) [30]. Paralleling the escalating carbapenem 
resistance, sulbactam- resistant Acinetobacter strains have 
been reported [31, 32].

The emergence of enzymes that are not inhibited by 
approved inhibitors has prompted research into new drugs. 
Avibactam, previously known as NXL-104, is a novel, non- 
β- lactam β-lactamase inhibitor that was recently approved 
in the United States in combination with ceftazidime. 
Avibactam is a structural class of inhibitor without a β-lactam 
core and retains capacity to covalently acylate β-lactamase 
targets. Deacylation of the enzyme occurs through regen-
eration of intact avibactam rather than the hydrolysis seen 
with other β-lactamase inhibitors [33]. Avibactam can inhibit 
β-lactamase enzymes in molecular classes A, C, and to a 
lesser extent D. Notably, avibactam does not have inhibitory 
activity against Class B metallo β-lactamases. In vitro data 
demonstrates that avibactam potentiates the activity of aztre-
onam against a broad array of Enterobacteriaceae, including 
metallo β-lactamase-producing strains [34, 35]. Other novel 
β-lactamase inhibitors, including relebactam combined with 
imipenem was accepted by FDA for regulatory review and 
vaborbactam paired with meropenem was recently approved 
by FDA for clinical use in treatment for carbapenemase-pro-
ducing GNB [36, 37].

 Cephalosporins

Since the first cephalosporin was introduced in the 1960s, 
cephalosporins have become one of the most widely pre-
scribed classes of antibiotics. Most are semisynthetic deriva-
tives of cephalosporin C and consist of a β-lactam ring 
attached to a six-membered dihydrothiazine ring containing 
a sulfur moiety. The cephamycins, which have a methoxy 
group at C-7, are included in this class due to the structural 
similarity. Cephalosporins have two variable side chains, R1 

(C-7) and R2 (C-3); modifications in the R1 side chains usu-
ally result in β-lactamase stability and improved spectrum, 
whereas modification at R2 results in altered pharmacokinet-
ics. The fourth-generation drug, cefepime, has a positively 
charged quaternary ammonium in the C-3 position which 
creates a zwitterion, enhancing penetration through the outer 
membrane of GNB [38].

There are five “generations” of cephalosporins, based pre-
dominantly on microbial spectrum (Table 50.3). Most cepha-
losporins are excreted unchanged in the urine and require 
dose adjustment in patients with renal insufficiency or renal 
failure. Ceftriaxone has dual hepatic and renal clearance 
and the longest half-life of 8–9  h among the cephalospo-
rin class. Cefoperazone is eliminated through biliary clear-
ance. Cefotaxime is metabolized to a weakly active deacetyl 
metabolite in the liver [39].

Cefepime, a zwitterion, has enhanced activity against 
Enterobacter, Citrobacter, and Serratia species compared to 
other cephalosporins. Cefepime is less susceptible to AmpC 
β-lactamase inactivation and may be active in vitro against 
some ESBL-producing Klebsiella and E. coli, although it is 
inactive against organisms producing the predominant CTX- 
M- type enzymes. Cefepime in combination with tazobactam 
is in clinical development, expanding the natural spectrum 
of cefepime to include a wider variety of ESBL-producing 
organisms [40]. Cha et  al. observed bactericidal activity 
against ESBL K. pneumoniae and E. coli in 50% of isolates 
compared to 100% with imipenem [41]. Lee and colleagues 
noted increased mortality with bacteremia caused by ESBL- 
producing pathogens treated with cefepime compared to car-
bapenems [42]. Additionally, Chopra and colleagues found a 
trend toward increased mortality risk with cefepime versus 
a carbapenem in bloodstream infections caused by ESBL 
K. pneumoniae and E. coli [16] suggesting that transplant 
patients should receive a carbapenem for serious ESBL 
infections.

The recent addition of another zwitterionic compound, 
ceftolozane, in combination with tazobactam adds to the 
anti-pseudomonal armamentarium. Ceftolozane is highly 
resistant to hydrolysis via AmpC β-lactamases and is less 
affected by porin and efflux pump mutations than other 
cephalosporins. These characteristics make ceftolozane a 
potential option in the treatment of multidrug-resistant 
Pseudomonas aeruginosa [43–45]. The addition of tazo-
bactam grants some protection to ceftolozane against 
class A ESBLs (2be); however, the clinical significance 
of this additional activity remains unclear [46]. A novel 
siderophore cephalosporin in clinical development, 
cefiderocol, utilizes bacterial iron transport systems to 
gain active transport into GNB and demonstrates potent 
in  vitro activity against most GNB, including metallo 
β-lactamase producers, S. maltophilia and A. baumannii 
[47, 48].
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 Carbapenems and Monobactams

Carbapenems are among the smallest of the β-lactam anti-
biotics and exist as zwitterions, a compound with overall 
no electric charge, albeit containing separate positive and 
negatively charged parts. These antibiotics require channels 
created by porin proteins such as OprD that are open water-
filled channels spanning the outer membrane of GNB and 
allow passive penetration of hydrophilic compounds into the 
periplasmic space. The trans-configuration of the hydroxy-
ethyl side chain on the β-lactam ring confers resistance to 
cleavage by most plasmid and chromosomal β-lactamases 
including class A and C enzymes. Carbapenems have the 
broadest spectrum of the β-lactam class which is attributed 
to improve ability to penetrate the cell membrane of GNB, 
high affinity for critical PBPs, and resistance to multiple 
β-lactamases [49]. Increasing resistance has been seen with 
P. aeruginosa due to altered permeability secondary to muta-
tions and downregulation of the OprD membrane proteins 
or both [50]. Carbapenem-hydrolyzing β-lactamases of the 
class B metalloenzymes have been increasingly isolated 
from Gram- negative bacteria and may limit therapy with 
these agents. Gram-positive resistance in MRSA and E. fae-
cium is caused by production of low-affinity PBPs [7].

The GNB activity of carbapenems includes ESBL- 
producing Enterobacteriaceae, P. aeruginosa, anaerobes 
such as B. fragilis, MSSA, MSSE, E. faecalis, Listeria 
monocytogenes, Bacillus spp., and Nocardia spp. among 
the GPB. The gaps in coverage include Stenotrophomonas 
maltophilia, Burkholderia cepacia, Enterococcus faecium, 
MRSA, and JK diphtheroids. Ertapenem differs from the 
other marketed carbapenems in that it lacks significant activ-

ity against P. aeruginosa and Acinetobacter and is only 
approved for complicated skin and soft tissue infections, 
intra-abdominal infections, and community-acquired pneu-
monia [51].

Imipenem is readily cleaved by the renal dehydropepti-
dase 1 (DHP-1) and is combined with cilastatin, a DHP-1 
inhibitor, to prolong the imipenem half-life and increase 
serum drug concentration. The other carbapenems such as 
meropenem, ertapenem, and doripenem are more stable 
in the presence of DHP-1 and do not require combination 
with DHP-1 inhibitor. All carbapenems require adjustment 
in patients with renal insufficiency. Imipenem, meropenem, 
and doripenem have half-lives of about 1 h and are dosed 
every 6–8  h. Ertapenem has a longer half-life of approxi-
mately 4 h and can be dosed once daily. Imipenem has the 
greatest potential to cause seizures compared to the other 
carbapenems, especially at higher doses and in individuals 
with impaired renal function [52].

Doripenem is the newest carbapenem, approved in 
2007 for the treatment of complicated urinary tract and 
intra- abdominal infections [53]. Doripenem is more active 
against MSSA and methicillin-sensitive coagulase-negative 
staphylococci than meropenem and ertapenem. It tends to 
be less active against E. faecalis compared with imipenem. 
The Gram-negative activity is similar to meropenem with 
greater activity against P. aeruginosa. One study showed 
that doripenem retained activity against 29.4% of P. aerugi-
nosa strains [54] that were resistant to imipenem and 20.8% 
of carbapenem- resistant Acinetobacter spp. [55]. Similar 
mechanisms of resistance are seen with doripenem, includ-
ing metallo-β-lactamases, OprD outer membrane porin pro-
tein mutations, and upregulation of multidrug efflux pumps. 

Table 50.3 Classification of cephalosporins and spectrum

Class
Representative 
drugs

Gram-positive 
spectrum Gram-negative spectrum

Atypical 
spectrum Anaerobic spectrum

First 
generation

Cefazolin, 
cephalothin, 
cephalexin, 
cefadroxil

PNS-S streptococci 
except enterococci, 
MSSA

Some E. coli, Salmonella, 
Shigella

None Gram-positive cocci

Second 
generation
Cephamycins

Cefotetan, 
cefuroxime
Cefoxitin, cefotetan

PNS-S streptococci 
except enterococci, 
MSSA

H. influenzae, Neisseria spp., 
E. coli, Klebsiella, some 
Proteus spp.

None B. fragilis

Third 
Generation
Pseudomonas

Cefotaxime, 
ceftriaxone, 
cefixime
Cefoperazone, 
Ceftazidime

PNS-S and R S. 
pneumoniae (outside 
CoNS), streptococci 
MSSA

H. influenzae, M. catarrhalis, 
Neisseria spp., Salmonella, 
Shigella
Pseudomonas

B. burgdorferi 
(ceftriaxone)

Peptostreptococcus, Clostridium 
spp. (excluding C. difficile), 
Porphyromonas, B. 
melaninogenicus

Fourth 
Generation

Cefepime PCS-S streptococci 
except enterococci, 
MSSA

Third generation plus 
Pseudomonas, Enterobacter, 
Citrobacter, Serratia, 
Enterobacteriaceae

Peptostreptococcus

Fifth 
Generation

Ceftaroline PCN-S and PCR 
streptococci, MSSA, 
and MRSA

H. influenzae, M. catarrhalis, 
Neisseria spp., Salmonella, 
Shigella

Abbreviations: CoNS coagulase negative staphylococci, PCN-S penicillin susceptible, PCR-R penicillin resistance
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Some studies suggest that doripenem may have a higher 
threshold for the development of resistance, requiring more 
than one resistance mechanism [56]. The adverse reactions 
seen with doripenem are similar to meropenem, including 
gastrointestinal disturbances, rash, transaminase elevations, 
and, to a lesser extent, seizure activity. The clinical efficacy 
of doripenem in transplant recipients is very limited.

Aztreonam, the only marketed monobactam, has a sul-
fonic acid group on the nitrogen at the N-1 position of the 
β-lactam ring. Aztreonam penetrates quickly through the 
outer membrane of GNB and is resistant to hydrolysis by B 
class enzymes, many class C β-lactamases, but not ESBLs. 
The drug has a half-life of 2 h and undergoes renal excretion; 
therefore dose adjustment is necessary in patients with renal 
insufficiency. Aztreonam has a spectrum of activity similar 
to the aminoglycosides, including Pseudomonas. Most S. 
maltophilia, B. cepacia, and many Acinetobacter spp. are 
resistant; Enterobacter spp. and C. freundii demonstrate 
variable susceptibility. It lacks Gram-positive and anaero-
bic activity and is often used with another antibiotic-like 
clindamycin or vancomycin for additional Gram-positive 
coverage [57, 58]. A new aerosolized formulation of aztreo-
nam lysine is approved for the treatment of respiratory infec-
tions in patients with cystic fibrosis [59]; its role in other 
patient populations remains to be explored.

Aztreonam is a weakly immunogenic compound which 
can be safely administered to penicillin-allergic patients. 
The site of antibody recognition against aztreonam differs 
from the bicyclic β-lactams. Hypersensitivity is secondary to 
antibodies against the side chain and occurs in under 1% of 
patients allergic to penicillin [60]. Other nonimmune adverse 
reactions include rash, diarrhea, nausea, vomiting, and local 
injection reactions (Table 50.4).

 Beta-Lactams with MRSA Activity

Ceftaroline is a broad-spectrum cephalosporin devel-
oped with enhanced activity against GPB. Ceftaroline 
fosamil, the prodrug, was approved in 2010 for the treat-
ment of complicated skin and skin-structure infections 
and community- acquired pneumonia. Ceftaroline binds to 

PBP2a, a PBP found in staphylococci with reduced affin-
ity for other β-lactam compounds. The high-affinity binding 
of ceftaroline to PBP2a leads to rapid bactericidal activ-
ity against methicillin-resistant staphylococci, including 
MRSA. Ceftaroline is also active against heteroresistant 
vancomycin- intermediate S. aureus, vancomycin-resis-
tant S. aureus, penicillin- resistant S. pneumoniae, certain 
strains of vancomycin- resistant E. faecalis, and common 
respiratory pathogens such as H. influenzae. Non-ESBL 
Enterobacteriaceae are susceptible, but ESBL-producing 
strains are resistant. Ceftaroline has minimal activity against 
P. aeruginosa and A. baumannii and has limited activity 
against anaerobic GNB. It also lacks activity against E. fae-
cium. Of 12,000 isolates of MSSA, MRSA, and S. pneu-
moniae tested in  vitro, both the MIC50 and MIC90 against 
MRSA were 1  μg/mL, and the drug was active against 
95.6% of multidrug-resistant S. pneumoniae [61].

In two large phase III trials for patients with community- 
acquired pneumonia (CAP) and acute skin and skin structure 
infections (ASSSI), ceftaroline was shown to be noninferior 
to ceftriaxone in patients with CAP and vancomycin plus 
aztreonam in ASSSI treatment group. Clinical cure rates for 
ceftaroline were higher than ceftriaxone, particularly when 
the penicillin-resistant S. pneumoniae serotype 19A was the 
primary pathogen. The clinical cure rate in microbiologically 
evaluable patients with MRSA was similar to vancomycin 
plus aztreonam, and the drug was well-tolerated [62]. Dose 
adjustments are required in patients with moderate renal 
insufficiency. Further clinical studies are needed to deter-
mine the efficacy and safety of ceftaroline and to define its 
role in treating immunocompromised patients undergoing 
allograft transplantation.

 Beta-Lactam Allergy and Other Adverse 
Reactions

The beta-lactams are reported to cause allergic events in 1 to 
10% of patients, with life-threatening allergies observed in 
0.01 and 0.05% of cases. Penicillins are quickly metabolized 
into benzylpenicilloyl, also known as the major antigenic 
determinant, by opening of the β-lactam ring [63]. This sta-

Table 50.4 Carbapenems and monobactams

Class
Representative 
drugs Gram-positive spectrum Gram-negative spectrum Atypical spectrum Anaerobic spectrum

Carbapenems Imipenem- 
cilastatin 
meropenem, 
ertapenem, 
doripenem

MSSA, CoNS, 
streptococci, B. anthracis, 
Listeria, Corynebacterium 
spp., PCN-S E. faecalis 
(imipenem)

H, influenzae, Neisseria spp., 
Klebsiella, Enterobacter spp., E. 
coli, Serratia, Citrobacter, 
Acinetobacter, Proteus spp., 
Pseudomonas

Nocardia, rapidly 
growing 
Mycobacterium 
spp. (imipenem)

B. fragilis, 
Prevotella spp., 
Clostridium spp., 
Gram-positive 
cocci, Actinomyces

Monobactams Aztreonam None Pseudomonas, 
Enterobacteriaceae, Neisseria

None None

Abbreviations: CoNS coagulase negative staphylococci, PCN-S penicillin susceptible
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ble metabolite can bind to protein conjugates through amide 
linkages in solution or with human proteins after administra-
tion, forming potentially immunogenic haptens. The minor 
determinants include penilloate, penicilloate, and benzylpen-
icillin that account for a minority of allergic reactions. Both 
can cause either anaphylaxis or urticarial reactions mediated 
by IgE antibodies. The β-lactam and dihydrothiazine rings 
of cephalosporins rapidly fragment into unstable compounds 
that are usually not similar in structure to the penicillin aller-
gic determinants. Fragments of the cephem nucleus and parts 
of the cephalosporin side chains can act as haptens and lead 
to sensitization [63].

Type I immediate hypersensitivity reactions are mediated 
by IgE antibodies and result in anaphylaxis, urticaria, laryn-
geal edema, angioedema, and hypotension within minutes 
to hours through release of histamine and mediators such as 
vasoactive amines, cytokines, and proteases from mast cell 
degranulation. Type II reactions are mediated by comple-
ment and result in hemolytic anemia, thrombocytopenia, and 
neutropenia. Type III reactions occur later after exposure 
due to precipitation of immune complexes and activation 
of the complement system manifesting as serum sickness 
with fever, rash, and arthritis and allergic vasculitis. Type 
IV, or delayed type hypersensitivity, causes maculopapu-
lar and morbilliform rashes thought to be T cell-mediated. 
Exfoliative dermatitis, Stevens-Johnson syndrome, erythema 
multiforme, and drug reaction with eosinophilia and sys-
temic symptoms (DRESS) fall under the idiopathic hyper-
sensitivity reactions [63].

The rate of cross-allergy in penicillin allergic patients 
receiving a cephalosporin ranges from 1% to 5.5% with first- 
generation cephalosporins [64, 65]. Cross-reactivity between 
cephalosporins and penicillins is thought to be mediated as a 
result of similarities in the structural side chains as opposed 
to the β-lactam ring [63]. The carbapenem primary metabo-
lite, a stable carbapenoyl, is structurally similar to benzyl-
penicilloyl, accounting for the higher rate of cross-reactivity 
seen with carbapenems [66]. Monobactam allergy is medi-
ated by allergy to the sidechains acting as haptens which are 
the major determinants of allergy [60].

Other beta-lactam adverse reactions include reversible 
neutropenia, Coombs-positive hemolytic anemia, and platelet 
dysfunction with the extended spectrum penicillins; central 
nervous system toxicity consisting of seizures, myoclonus, 
and hyperreflexia is associated with extremely high doses of 
β-lactams and in patients with preexisting neurologic disor-
ders and/or those with acute renal insufficiency. Elevations 
in transaminase levels are seen mostly with penicillinase- 
resistant penicillins. Antistaphylococcal penicillins are 
associated with interstitial nephritis. Gastrointestinal distur-
bances and C. difficile colitis may occur with the use of any 
beta-lactam antibiotic. Pulmonary infiltrates with eosino-
philia syndrome have been described. Ceftriaxone-calcium 

complex may precipitate in the gallbladder leading to the 
development of stones consisting of ceftriaxone crystals, 
more commonly in children or patients in whom prolonged 
high-dose therapy is given [67]. Hypoprothrombinemia and 
a disulfiram reaction can occur with cephalosporins that pos-
sess an N-methylthiotetrazole substitution including cefa-
mandole, moxalactam, cefotetan, and cefoperazone [68]. 
However, only cefoperazone and cefotetan are currently 
available for use in the United States, and moxalactam was 
withdrawn from the US market.

 Vancomycin

Isolated from Streptomyces orientalis in 1952, vancomycin 
was originally utilized in penicillin-allergic patients or those 
infected with penicillin-resistant Staphylococcus [69]. The 
FDA originally approved vancomycin in 1958. Early on, 
serious drug toxicity reflected difficulties with the antibiotic 
purification methods, yielding to high rates of nephrotox-
icity and concentration-related ototoxicity, in addition to a 
distinct brown color noted in infusion apparatus invoking 
the moniker “Mississippi mud.” These early difficulties, in 
combination with the approval of methicillin in the same 
year, vancomycin use fell out of favor. With the emergence 
of MRSA in the 1980s as an important nosocomial patho-
gen, more recently, community-acquired pathogen saw a 
resurgence of vancomycin use [70–72]. Vancomycin con-
tinues to remain an important component of the antibiotic 
armamentarium.

Vancomycin is the representative agent of the glycopep-
tide class of antimicrobials. Teicoplanin, oritavancin, dal-
bavancin, and telavancin are the other agents that belong to 
the glycopeptide group. Vancomycin exhibits antimicrobial 
activity through disruption of peptidoglycan synthesis via 
high-affinity binding to the d-alanyl-d-alanine terminus of 
the N-acetylglucosamine (NAG) and N-acetylmuramic acid 
(NAM), leading to interruption in transglycosylation and fur-
ther polymerization of peptidoglycan precursors. The bacte-
ricidal effects in replicating organisms are due to expression 
of autolytic enzymes that destroy damaged and incomplete 
cell walls [73].

 Spectrum of Activity

The spectrum of activity of vancomycin includes most 
GPB such as staphylococci, streptococci, and enterococci. 
As with other cell wall active agents, minimum bactericidal 
concentrations of vancomycin are higher against enterococci 
(>32 mcg/ml) due to reduced expression of autolytic pro-
teins [74]. Vancomycin is also active against Bacillus spp., 
Corynebacterium spp., and Rhodococcus equi. Lactobacillus 
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acidophilus is the only susceptible member of this genus. 
Erysipelothrix rhusiopathiae, Leuconostoc spp., and 
Pediococcus spp. are inherently resistant to vancomycin. 
Anaerobes susceptible to vancomycin include most strains 
of Clostridium spp., Actinomyces spp., Peptostreptococcus 
spp., and Propionibacterium spp. With the exception of 
certain strains of Neisseria, GNB are uniformly resistant to 
vancomycin [75]. Listeria monocytogenes frequently show 
in vitro susceptibility to vancomycin although discouraging 
clinical response with vancomycin therapy to treat invasive 
listeriosis cautions against its use.

 Resistance and Reduced Susceptibility

In 1988, European researchers identified the first vancomycin- 
resistant Enterococcus [76, 77]. Almost a decade later, S. 
aureus isolates with reduced vancomycin susceptibility were 
isolated in Japan [78]. In 2002, the first vancomycin-resis-
tant S. aureus (VRSA) was isolated from patients in Detroit, 
Michigan [79]. Fortunately, VRSA has been isolated only 
rarely since 2002. As transplant patients are exposed to van-
comycin frequently, understanding the mechanism of resis-
tance among the GPB is essential for appropriate treatment 
selection.

Vancomycin resistance in Enterococcus spp. is attributed 
to specific gene clusters, specifically VanA, VanB, VanC, 
VanD, VanE, and VanG [80]. VanA is a prominent resistance 
genotype; it is plasmid bound and inducible. VanA and VanB 
are the only nonchromosomal resistance types. VanC and 
VanD are the non-inducible clusters. VanC confers intrinsic, 
albeit low-level vancomycin resistance in E. gallinarum and 
E. casseliflavus–E. flavescens [77, 81]. Vancomycin-resistant 
enterococcal clusters modify the terminal d-alanyl-d-alanine 
to either d-alanyl-d-lactate (VanA, VanB, VanD) or d-alanyl- 
d-serine (VanC, VanG, VanE) [82]. These amino acid altera-
tions significantly decrease the affinity of the terminal NAG 
and NAM polymers for vancomycin. Interestingly, some 
strains of E. faecalis and E. faecium require vancomycin for 
growth. These isolates, known as vancomycin-dependent 
enterococcus (VDE), do not constitutively express d-alanyl- 
d-alanine ligase, necessary to produce d-alanyl-d-alanine. 
Instead, VDE strains produce inducible d-alanyl-d-lactate 
ligase present on VanA/VanB operons [83, 84]. As a result of 
this mutation, VDE will only grow in the presence of vanco-
mycin. VDE has been isolated from liver transplant patients 
[83]. Discontinuation of vancomycin is occasionally insuffi-
cient for bacterial eradication as reverting mutants have been 
reported [85].

Vancomycin resistance in staphylococci was induced 
in laboratory experiments shortly after the drug was intro-
duced. Clinical vancomycin-resistant isolates were not 
isolated, leading to speculation that vancomycin was 

intrinsically resilient in Staphylococcus [86, 87]. In the 
late 1970s however, cases of S. epidermidis with increased 
minimum inhibitory concentrations (MIC) to vancomycin 
were observed [88]. Diminished susceptibility of the more 
virulent S. aureus was first seen in 1997 [78]. Transference 
of the VanA gene from E. faecalis to S. aureus was experi-
mentally accomplished by Nobre and colleagues in 1992. 
However, clinical isolates of vancomycin-resistant strains 
with this mechanism of resistance were not identified until 
2003  in Michigan [79, 89]. Despite several documented 
cases of vancomycin- resistant S. aureus (VRSA), the major-
ity of S. aureus strains with reduced susceptibility to vanco-
mycin are identified as vancomycin-intermediate S. aureus 
(VISA) [90] or glycopeptide- intermediate S. aureus (GISA) 
[91]. VISA strains have an MIC of 4–8 mcg/ml based on the 
most recent recommendations from Clinical & Laboratory 
Standards Institute (CLSI) [92]. Increased cell wall thick-
ness, decreased peptidoglycan cross-linking, and disorga-
nized cell wall structure are salient mechanisms for reduced 
vancomycin activity among the VISA strains [93–95]. The 
irregularly thick peptidoglycan wall in VISA sequesters 
vancomycin away from the cell membrane where the drug 
would normally bind cell wall precursors. Colonies of VISA 
can coexist with vancomycin-susceptible colonies; these 
isolates known as heterogeneous vancomycin-intermediate 
S. aureus (hVISA) may have elevated MICs and are ante-
cedent to VISA. While hVISA will usually maintain MICs 
in the CLSI susceptible range, infections due to hVISA, 
especially in the immunosuppressed patients, may result in 
failure to vancomycin therapy and should be approached 
with caution [96].

In recent years, investigators have noted an MIC creep 
in S. aureus isolates [97, 98]. The increased prevalence of 
hVISA strains may play an important role in this phenom-
enon. Additionally, the occurrence of vancomycin tolerance, 
where bactericidal activity is lost and physiologically unob-
tainable minimum bactericidal concentrations are observed 
while MICs appear to be in the susceptible range (MBC/MIC 
≥32), is a concern [99, 100]. Loss of bactericidal activity 
may be the result of a downregulation of autolytic enzymes 
due to loss of function of the accessory gene regulator (agr) 
[101, 102]. Given this phenomenon, it is be prudent to select 
alternative drug to treat MRSA infection, especially in the 
severely immunocompromised patients following transplan-
tation (Table 50.5).

 Adverse Reactions

Much of the early toxicity noted with vancomycin use is 
attributed to suboptimum purification methods at the time. 
The adoption of an ion-exchange resin method of purifica-
tion resulted in a significant decline in the frequency of drug- 
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induced renal failure and ototoxicity [70]. Drug-attributable 
nephrotoxicity caused by current formulations of vancomy-
cin is a matter of some controversy. Early retrospective data 
suggested that rates of renal failure in patients using van-
comycin were approximately 5% although concurrent use 
of other nephrotoxic drugs may be a potential confounding 
factor in these analyses [103]. Concomitant vancomycin and 
aminoglycoside therapy has been recognized to heighten the 
risk for renal failure, especially with serum trough concen-
trations greater than 10 mcg/ml [104]. More recent clinical 
data suggests that nephrotoxicity associated with vanco-
mycin may be more common in patients treated concomi-
tantly with piperacillin-tazobactam in comparison to other 

β-lactam agents, although the mechanism by which this 
synergistic nephrotoxicity may occur remains unclear [105, 
106]. In light of recent recommendations to target vancomy-
cin trough concentrations between 15 and 20 mcg/ml range, 
vancomycin- related nephrotoxicity has become a greater 
concern [107]. Vancomycin has also been associated with 
acute interstitial nephritis [108].

Vancomycin-related ototoxicity is rare, generally revers-
ible and observed with peak serum concentrations of greater 
than 50 μg/ml [109, 110]. Neutropenia and thrombocytopenia 
have been rarely seen and occur after a prolonged treatment 
course [103, 111, 112]. Thrombocytopenia is rare, immu-
nologically mediated, but may not be readily appreciated 

Table 50.5 Agents with activity against MRSA/VRE

Drug Usual dose Route
VRE 
active Prominent toxicity Comments

Vancomycin 15 mg/kg q12h-q8h IV, PO/PR* N Nephrotoxic at high doses, 
especially with concomitant 
nephrotoxins
Ototoxicity with high peaks

First-line therapy for MRSA, 
efficacy may be decreasing 
with MIC creep
Dose adjustment for renal 
impairment required
*PO/PR route for C. difficile

Daptomycin 4–10 mg/kg q24 IV (IVP over 
2 min is an 
acceptable 
route)

Y Myopathy, less prevalent now with 
once-daily dosing

Ineffective for pneumonia due 
to inactivation by surfactant
Dose adjustment for renal 
impairment required

Telavancin 10 mg/kg q24h IV Y Nephrotoxicity Dose adjustment for renal 
impairment required

Oritavancin 1200 mg once IV Y Nausea Half-life approximately 250 h
Dalbavancin 1500 mg once or 

1000 mg followed 
by 500 mg in 1 week

IV Y Half-life approximately 350 h
Dose adjustment for renal 
impairment required

Linezolid 600 mg q12h IV, PO Y Myelosuppression with 
thrombocytopenia predominance 
with prolonged use due to 
mitochondrial toxicity

Bacteriostatic agent
May inhibit toxin production 
in toxic shock syndrome/
necrotizing fasciitis

Tedizolid 200 mg q24h IV, PO Y Myelosuppression
Quinupristin/
dalfopristin

7.5 mg/kg q8–q12h IV Y Thrombophlebitis Only active against E. 
faecium

Ceftaroline 600 mg/kg q12h IV N Similar to other cephalosporins Dose adjustment for renal 
impairment

Tigecycline 100 mg loading 
dose, then 50 mg 
q12h

IV Y Dose dependent, transient, nausea/
vomiting

Significant volume of 
distribution, primarily to bile 
results in low serum levels

Sulfamethoxazole/
trimethoprim (SMX/
TMP)

8–20 mg/kg/day, div 
q6–12 h

IV, PO N Hyperkalemia
Myelosuppression
Stevens-Johnson syndrome/TEN
Hepatotoxicity

Dose adjustment required in 
renal impairment
Dose dependent 
hyperkalemia due to 
inhibition of the ENaC in the 
cortical collecting ducts
Antifolate effects can delay 
bone marrow engraftment
Active only against certain 
community-acquired strains

Tetracyclines
  Tetracycline
  Doxycycline
  Minocycline

250–500 mg q6h 
100 mg q12h 
200 mg loading 
dose, 100 mg q12h

IV, PO N Fanconi syndrome with outdated 
tetracyclines
Tooth discoloration with pediatric 
use

Active only against certain 
community-acquired strains
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[113]. Infusion-related adverse reactions are not uncommon 
in patients receiving intravenous vancomycin. The non-IgE, 
histamine-related reaction known as the red man syndrome 
is associated with a pruritic erythematous rash from the head 
to the trunk which is occasionally accompanied by an ana-
phylactic picture [114]. Red man syndrome is related to the 
infusion rate of vancomycin. Infusing the drug at 500 mg/h 
greatly reduces the incidence of red man syndrome, and pre-
medication with a histamine-1 receptor antagonist may be 
useful [115].

 Vancomycin Use in the Transplant Patient

Vancomycin is commonly used in transplant patients. In a 
study of GPB infection in patients following liver transplan-
tation, vancomycin-susceptible S. aureus and Enterococcus 
spp. were the predominant pathogens with MICs <2 μg/ml. 
Risk factors for infection included perioperative antibiotics, 
increased intraoperative blood transfusion, and renal failure 
after transplant surgery [116]. In a retrospective study among 
lung transplant recipients, vancomycin prophylaxis for trans-
plant candidates with nasal MRSA carriage was continued 
for 7 days. MRSA infection increased over the first 90 days 
and was associated with a 7 and 12% mortality 30 and 
90 days later, respectively. S aureus infection within the first 
90 days after transplant was associated with an increased rate 
of acute and chronic rejection [117]. There is considerable 
literature about treatment of C. difficile infection (CDI) with 
oral vancomycin in transplant patients. One study showed a 
rate of CDI of 13% in stem cell transplant recipients. There 
was no increase in mortality, but recurrence was noted in 
11% of patients; 2/3 of these patients were given vancomy-
cin for CDI [118].

 Aminoglycosides

Streptomycin was isolated from Streptomyces griseus in 
1944. This first aminoglycoside was followed by neomy-
cin and kanamycin in 1949 and 1957, respectively [119]. 
In 1963 gentamicin was isolated, “micin” ending to desig-
nate its origin from the Micromonospora genus as opposed 
to “mycin” for aminoglycosides isolated from Streptomyces 
spp. [120]. Additional aminoglycosides became available 
for clinical use, including sisomicin, netilmicin, tobramycin, 
and amikacin. To date, gentamicin, tobramycin, and ami-
kacin have remained clinically useful agents against many 
bacteria, while streptomycin is used in the treatment of drug-
resistant tuberculosis. A novel aminoglycoside, plazomicin, 
is in clinical development and has retained in vitro activity 
against bacteria resistant to earlier-generation aminoglyco-
sides [121]. Aminoglycosides have maintained their clini-

cal utility in the face of many multidrug-resistant GNB that 
poses a daunting management challenge for patients under-
going allograft transplantation.

Aminoglycosides are rapidly bactericidal poly-cationic 
sugars that exhibit concentration-dependent killing. The 
primary mechanism of action is through inhibition of pro-
tein translation. Aminoglycosides bind to the A site on the 
16 s subunit of the prokaryotic ribosome and interfere with 
tRNA- mediated translocation [122]. Subsequently, incom-
plete protein products are inserted into the bacterial cell 
membrane causing leakage of cellular contents from the 
porous cell [123]. The rapid bacterial killing seen after ami-
noglycoside administration is not easily explained by this 
mechanism. A more rapid mode of killing displayed shortly 
after administration is binding to lipopolysaccharides (LPS) 
and disruption of adjoining calcium and magnesium bridges 
[124]. Disruption of bacterial membrane integrity precedes 
increased permeability and loss of intracellular content. This 
mechanism is similar to that seen with the cationic poly-
myxin class. The binding of aminoglycosides to LPS before 
their subsequent cytoplasmic infiltration is the first of three 
phases of drug transport, the latter two being energy depen-
dent [125, 126]. The first energy-dependent phase (EDP1) 
is the slower of the two and relies on a sufficient negative 
membrane potential generated by proton motive force for 
drug entry [127]. Since aminoglycosides are positively 
charged in a physiological pH range, an acidic extracellular 
environment severely limits cellular entry due to a loss of 
electrochemical potential. In addition to low pH, anaerobic 
conditions and site-competitive Mg2+ and Ca2+ are antagonis-
tic to aminoglycoside entry during EDP1 [128]. Anaerobic 
bacteria, lacking oxidative aerobic metabolism to establish 
a sufficient electronegative intracellular space, are intrinsi-
cally resistant to aminoglycosides. The final phase of cellular 
entry, known as EDP2 or energy-dependent phase II, is man-
ifested as the ribosomal-binding phase and is initiated when 
sufficient porosity has been attained on the cell membrane.

 Spectrum of Activity

The aminoglycosides in clinical use have consistent activ-
ity against the non-lactose-fermenting P. aeruginosa and 
Acinetobacter spp. while lacking activity against S. malto-
philia and B. cepacia. All Enterobacteriaceae species are 
susceptible. Certain intracellular pathogens are suscep-
tible, including Bartonella spp., Brucella spp., Yersinia 
spp., and Francisella tularensis. Amikacin is active against 
Mycobacterium avium-intracellulare. Select aminoglyco-
sides display synergistic bacterial killing when combined 
with cell wall active agents due to enhanced cell entry [129] 
against GPB such as Staphylococcus spp., β-hemolytic 
Streptococcus, S. viridans, enterococci, and Listeria mono-
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cytogenes. Aminoglycosides also exhibit synergistic proper-
ties against P. aeruginosa and Enterobacteriaceae.

 Mechanisms of Resistance

A desirable attribute of the aminoglycosides is the pre-
served spectrum of activity against multidrug resistant bac-
teria that are often encountered in the transplant population. 
The predominant mechanisms of resistance to aminoglyco-
sides are enzymatic drug alterations, ribosomal alterations, 
efflux pumps, and diminished cellular entry through porin 
mutations [130–133]. Resistance mechanisms in GNB can 
be chromosomal or acquired via plasmids or transposons. 
Mobile resistance elements often travel with genes for mul-
tidrug resistance and can be especially problematic [134].

Enzymatic modification of aminoglycosides is the most 
common and clinically important mechanism for acquired 
drug resistance. Drug modification is accomplished by three 
major classes of enzymes: acetyltransferases (AAC), ade-
nylyltransferases (ANT), and phosphotransferases (APH). 
Numerous enzymes in each family have been identified, and 
a systematic nomenclature has been implemented to delin-
eate the drug-inactivating proteins [134]. AAC enzymes tar-
get amino groups on the aminoglycoside molecule and are 
dependent on acetyl CoA, while ANT and APH enzymes are 
specific for hydroxyl groups and rely on ATP for activity. 
After enzymatic modification, the antibiotic has significantly 
less affinity for the ribosomal binding site. Compared to 
gentamicin and tobramycin, amikacin is susceptible to fewer 
modifying enzymes and may be more likely to retain activ-
ity against pathogenic isolates resistant to other aminoglyco-
sides [135, 136]. Clinical strains may still possess modifying 
enzymes allowing susceptibility to one or more amino-
glycosides. A detailed table of aminoglycoside modifying 
enzymes can be found in Shaw’s review [134]. Reduced 
membrane permeability and drug efflux pumps are two addi-
tional resistance modalities. Alterations in the LPS structure 
from a smooth to a more rough form may be responsible 
for certain cases of low-level resistance [137]. The amino-
glycoside efflux pump, designated MexXY-OprM, has been 
implicated in the transient loss of bactericidal activity of 
aminoglycosides in the time frame spanning between initial 
drug administration and several hours afterward [138]. This 
phenomenon, known as adaptive resistance, has been dem-
onstrated in clinical isolates of P. aeruginosa [132, 139].

 Adverse Reactions

Aminoglycosides are some of the most commonly used 
nephrotoxins in clinical practice of infectious diseases. The 
incidence of nephrotoxicity with aminoglycosides has been 

reported to be as high as 25% [140, 141]. Newer, extended- 
interval dosing regimens have resulted in reduced potential 
for nephrotoxicity, but risk still exists [142]. Data suggest 
that the nephrotoxic potential among the various aminogly-
cosides is not equivalent. Gentamicin is likely accompanied 
with a greater risk for nephrotoxicity than amikacin and 
tobramycin [140, 143–145]. The proposed pathogenesis for 
aminoglycoside-induced kidney injury comes mostly from 
animal data [146, 147]. After filtration in the glomerulus, 
approximately 5% of the aminoglycoside dose is reabsorbed 
in the proximal tubule via endocytosis by megalin recep-
tors where they are sequestered in lysosomal vacuoles and 
the Golgi apparatus [148–150]. Gentamicin experiences 
the greatest cortical concentrations which may explain the 
perceived enhanced nephrotoxicity with this agent [147]. 
Altered cellular protein synthesis and mitochondrial toxic-
ity after aminoglycoside exposure lead to necrosis of the 
tubules, manifested by loss of K+, Mg2+, and Ca2+ cations, 
HCO3

−, glucose, and findings of proteinuria and cast in the 
urine [151–153]. Patients usually experience non-oliguric 
or polyuric renal failure with reduced glomerular filtra-
tion rate and elevations in blood urea nitrogen and serum 
creatinine; rarely, Fanconi’s syndrome may be observed 
[154]. Aminoglycoside-induced acute tubular necrosis is 
generally reversible. Tubular regeneration begins to restore 
kidney function despite continued exposure to aminogly-
cosides [155, 156]. Administration of aminoglycosides 
with concomitant nephrotoxic drugs such as vancomycin, 
amphotericin B, and calcineurin inhibitors increases the 
risk for kidney injury. Sparse data suggests that penicil-
lins with significant sodium content may reduce the risk for 
aminoglycoside- induced nephrotoxicity [157, 158].

Ototoxicity from aminoglycosides can present as 
cochlear toxicity and vestibular toxicity or both. Ototoxicity 
may occur in as many as 14% of patients, but asymptomatic 
loss of high-frequency sound perception has been reported 
more often when audiometric assessment is undertaken [159, 
160]. While vestibular damage is usually reversible, injury 
to cochlear cells is generally not. The pathophysiology of 
ototoxicity is similar to the cellular changes occurring in the 
proximal renal tubule with uptake and accumulation occur-
ring in type 1 hair cell lysosomes [161, 162]. The greatest 
risk factors are duration of exposure to aminoglycoside, 
renal failure, and concurrent therapy with other ototoxic 
agents such as loop diuretics and vancomycin [163–165]. 
Additionally, several mitochondrial rRNA mutations at the 
12S ribosome subunit place patients at an increased risk for 
ototoxicity [166].

Neuromuscular blockade is a rare side effect of amino-
glycosides and caused by prevention of postsynaptic and 
presynaptic acetylcholine release by interfering with the 
preceding calcium signal [167]. Major risk factors are pre-
disposing conditions that impair neuromuscular junction 
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activity such as co-administration of depolarizing or non- 
depolarizing neuromuscular blockers and potentially myas-
thenia gravis [168]. Additional risk factors include elevated 
aminoglycoside concentrations, hypomagnesemia, hypocal-
cemia [169], and use of calcium channel blockers [170]. The 
effects are not effectively reversible by acetylcholinesterase 
inhibitors like neostigmine; infusion of intravenous calcium 
restores neuromuscular function quickly and reliably [171].

 Use in the Transplant Patient

An important potential use of aminoglycosides, especially 
amikacin, would be expected in the transplant patient 
with multidrug-resistant Acinetobacter and Pseudomonas 
infections. In a study of renal transplant patients, amika-
cin was used in 12% of patients, second to carbapenems. 
Enterococcal infection was associated with the highest 
mortality. No mention was made of renal toxicity from ami-
kacin [172]. In another review of KPC infections in renal 
transplant recipients, gentamicin was used in one patient for 
43 days along with polymyxin; the patient died 84 days after 
transplantation [173].

 Oxazolidinones

The oxazolidinones are a class of synthetic antimicrobials 
discovered in the 1970s, with earnest clinical development in 
the late 1980s [174]. Due to favorable toxicology and phar-
macokinetics, linezolid became the first marketed member 
of this novel class, with tedizolid as a more recent addition 
[175, 176]. The oxazolidinones inhibit bacterial protein syn-
thesis through binding to the 50s ribosome at a site close to 
that of clindamycin and chloramphenicol, although the mol-
ecules have a distinct mechanism of action [177]. Crystal 
structure analysis of the linezolid-ribosome complex shows 
that linezolid binds to the A-site of the peptidyl transferase 
center, the universally conserved U2585 nucleotide of the 
23S ribosomal subunit, interfering with proper tRNA posi-
tioning and leading to gross translational inaccuracy through 
frameshift mutations [178]. Early studies pointed toward 
inhibition of the ribosomal initiation complex as the primary 
mechanism of action; however, subsequent research has 
shown that while this may be an effect of linezolid, the drug 
concentrations at the ribosome required are higher than may 
be achievable in vivo [179]. Various oxazolidinone structures 
induce unique conformational changes at their binding sites, 
providing a starting point for the development of compounds 
that may overcome mutational resistance. Furthermore, oxa-
zolidinones have been shown to serve as a cross-link between 
LepA and the ribosome, inhibiting a crucial cellular quality- 
control mechanism [180].

 Spectrum of Activity

Linezolid is active against a broad variety of GPB, with 
MIC90 values of 1 μg/mL for most clinically relevant isolates, 
including MRSA and vancomycin-resistant enterococci. 
Linezolid is active against other less common Gram-positive 
organisms such as Rhodococcus, Listeria, and Erysipelothrix 
[181], although clinical experience is limited. Nocardia spp. 
also exhibit in vitro susceptibility to linezolid with an MIC 
of 4 mcg/mL for most clinical isolates [182]. Due to active 
efflux pumps and poor membrane penetrability, linezolid is 
inactive against most Gram-negative bacteria, with variable 
activity against Moraxella and Haemophilus spp. Linezolid 
has in vitro activity against anaerobes, including C. difficile, 
Fusobacterium, and B. fragilis although there is little clini-
cal information and sporadic resistance may be noted among 
some anaerobes [183].

Linezolid has variable activity against acid-fast bacilli. 
Among isolates of rapidly growing Mycobacteria, linezolid 
inhibited most M. fortuitum isolates, whereas other rapid 
growers such as M. abscessus and M. chelonae demon-
strated higher MICs to linezolid than that are physiologically 
achievable to treat an infection. Due to this high variability in 
susceptibility, determination of MICs to linezolid in rapidly 
growing Mycobacteria should be confirmed [184]. Against 
non-tuberculous slow-growing Mycobacteria, linezolid 
demonstrates good activity against M. marinum, M. gordo-
nae, M. szulgai, and M. kansasii; however, less than half of 
M. avium complex strains tested showed in vitro suscepti-
bility [185]. Linezolid is also active against clinical isolates 
of M. tuberculosis and has demonstrated utility as salvage 
therapy for MDR and XDR strains of M. tuberculosis [186]. 
Tedizolid has a similar spectrum of activity as linezolid, 
although with enhanced activity against certain linezolid- 
resistant strains [187].

 Resistance

As synthetic antimicrobials, it was hoped that the develop-
ment of resistance to oxazolidinones would be hindered by 
lack of a natural reservoir of resistance that has evolved in 
bacteria through the millennia [188]. Despite this theoretical 
advantage, a naturally occurring resistance gene was identi-
fied in a veterinary Staphylococcus isolate the same year that 
linezolid was marketed and was linked to an outbreak of line-
zolid-resistant Staphylococcus in Spain less than a decade 
later [189]. Single nucleotide polymorphisms near the tar-
get site of linezolid on the 23S ribosome may confer clini-
cal resistance [190]. The first report of clinical resistance to 
linezolid came from two isolates of E. faecium identified in 
a compassionate-use trial that demonstrated a G2576T muta-
tion in the 23S ribosome, with reduced susceptibility corre-
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lating to a greater amount of mutant ribosome. This mutation 
and numerous other single-nucleotide polymorphisms on the 
23S bacterial ribosome have also been selected for in vitro 
in Staphylococcus spp. and enterococci [191]. While the 
risk for selection of de novo-resistant mutants appears to be 
low, with an estimated frequency of 10−10, however, nosoco-
mial spread of such mutant strains may potentially become 
a clinical problem [192]. In an early case control study of 
linezolid-resistant Enterococcus spp., prior exposure to and 
prolonged treatment with linezolid were identified as major 
risk factors for presence of linezolid resistance [193]. In 
subsequent analyses, solid organ transplantation, peripheral 
vascular disease, total parenteral nutrition, and exposure to 
a variety of antimicrobials were identified as risk factor for 
linezolid resistance [194]. Interestingly, this study failed to 
demonstrate an association between prior linezolid exposure 
and subsequent development of drug resistance; horizontal 
spread of the drug- resistant organism(s) is presently sup-
ported by epidemiologic data [195]. Mutational resistance 
to linezolid may also occur through alteration of the ribo-
somal L3 and L4 proteins, which facilitate the process of 
ribosomal translation and elongation [196]. The exact mech-
anism behind reduced susceptibility conferred by mutations 
in these proteins has yet to be elucidated fully, although they 
often coexist with and may facilitate subsequent develop-
ment of ribosomal mutations [197].

Resistance to linezolid may also occur via enzymatic 
modification of the ribosomal target. Various modifications 
of nucleotides known to confer resistance to other protein 
synthesis inhibitors binding at sites near the peptidyl trans-
ferase center have also been shown to confer resistance to 
the oxazolidinones [198]. The cfr gene, encoding for an 
rRNA methyltransferase, is the most prominent mechanism, 
conferring resistance to a group of antimicrobials known 
as PhLOPSA (for phenicols, lincosamides, oxazolidinones, 
pleuromutilins, and streptogramin A) [199]. First identi-
fied in 2005 in livestock, a transposon bearing this gene in 
addition to ermB was identified in a clinical isolate of S. 
aureus [200]. This gene has subsequently been shown to be 
responsible for resistance in clinical isolates of S. aureus, S. 
epidermidis, and E. faecalis [201–203]. Based on US sur-
veillance data, overall resistance rates to linezolid are stable 
at 0.3–1.48%, depending on the organism. However, local 
resistance rates may be as high as 7% in E. faecalis [204]. 
Linezolid resistance has recently been described in S. pneu-
moniae [204], warranting continued susceptibility surveil-
lance among pneumococcal clinical isolates.

 Adverse Reactions

Brief courses of linezolid are well-tolerated. Common 
adverse events include diarrhea, nausea, and vomiting. 

Serious adverse events may emerge with extended duration 
of therapy. Myelosuppression occurs in a dose- and duration- 
dependent manner, primarily causing thrombocytopenia, 
although trilineage suppression of hematopoiesis has been 
observed [205]. This effect becomes prominent if treatment is 
extended beyond 2 weeks and may be predicted on the basis 
of overall exposure to the drug and baseline hematologic 
parameters [206]. The mechanism for anemia appears similar 
to that of chloramphenicol, namely, inhibition of mitochon-
drial protein synthesis [207], and is likely a class effect of the 
oxazolidinones [208]. Thrombocytopenia is likely an immu-
nologically mediated phenomenon [207]. Myelosuppression 
is generally reversible; however, use in hematopoietic stem 
cell transplant recipients may lead to prolonged pancytope-
nia and rarely permanent graft loss [209]. Prolonged use of 
linezolid may predispose to peripheral and optic neuropa-
thy [210, 211] secondary to mitochondrial protein synthe-
sis inhibition and may be irreversible [212]. Mitochondrial 
inhibition may also lead to lactic acidosis and the posterior 
reversible leukoencephalopathy syndrome [213, 214]. As an 
inhibitor of monoamine oxidase (MAO), linezolid has been 
associated with the serotonin syndrome when used with other 
serotonergic drugs in the general population and in patients 
undergoing HSCT [215]. An analysis of phase III and IV tri-
als failed to support this association when compared to non-
serotonergic antimicrobials [216], and clinical data supports 
the rarity of this event [217]. Tedizolid appears to have a 
diminished capacity to inhibit MAO and potentiate serotonin 
toxicity when compared to linezolid, although clinical trials 
have notably excluded recipients of MAO inhibitors [176].

 Use in Transplant Patients

Linezolid has been studied in 25 HSCT recipients who 
received at least 3 days of linezolid versus 24 controls. There 
was no difference in the duration of thrombocytopenia or 
neutropenia but a trend toward difference in time to engraft-
ment. In patients treated with 10 days or less of linezolid, 
duration of thrombocytopenia, time to engraftment, and need 
for platelet transfusions were not greater compared with con-
trols. The conclusion from this review was that linezolid can 
be used safely for greater than 10 days with close monitoring 
of platelet counts and time to engraftment [209].

 Daptomycin

Daptomycin is a cyclic lipopeptide antibiotic discovered in 
the early 1980s. Daptomycin exerts rapid bactericidal activ-
ity in a concentration-dependent manner by insertion of 
daptomycin’s lipophilic decanoyl side chain into the bacte-
rial cell membrane, forming an efflux channel that extrudes 
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potassium ions down their concentration gradient. While 
the initial binding occurs independently, deeper membrane 
insertion and channel formation require the presence of cal-
cium ions [218]. The depolarization that follows daptomycin 
binding destroys bacterial cells without inducing lysis and 
subsequent release of intracellular contents [219]. Due to 
its unique mode of killing, daptomycin continues to display 
bacterial killing in the presence of nondividing organisms 
[220]. Daptomycin binds to lung surfactant which inactivates 
the drug and renders it ineffective in treating lung infections: 
however effectiveness may still be sufficient in hematoge-
nous lung infections such as septic emboli; however, no rig-
orous clinical data supports such use [221].

 Spectrum of Activity

Daptomycin has activity against Streptococcus spp., 
Enterococcus including VRE, Staphylococcus spp. including 
VISA and VRSA, and specific Gram-positive anaerobes such 
as Peptococcus spp., Peptostreptococcus spp., and C. per-
fringens [222]. Daptomycin also has activity against Bacillus 
spp., Corynebacterium spp., and Propionibacterium spp.

 Resistance and Reduced Susceptibility

Daptomycin is often used when vancomycin resistance and 
therapeutic failure are present and the potential for resistance 
is a concern. The overall incidence of daptomycin remains 
low, although a number of resistance mechanisms have been 
delineated. Investigators noted the relationship between 
increased daptomycin MICs during the course of treatment 
for S. aureus systemic infection. This was probably in part 
due to daptomycin membrane binding site interference 
resulting from thickened peptidoglycan wall among some 
VISA isolates [223, 224]. This has not been noted with the 
rare VRSA isolates due to a different resistance mechanism. 
Multiple additional distinct membrane alterations have been 
described as resistance mechanisms among S. aureus iso-
lates [225] including decreased membrane fluidity, increased 
positive membrane surface charge, reduced sensitivity to 
permeability changes, decreased autolysis, reduced affinity 
to daptomycin, decreased membrane surface acidity, and 
finally diminished susceptibility to human neutrophil pep-
tide- 1 and thrombin-induced platelet microbicidal protein 
[226, 227]. It is likely that more than one of these mecha-
nisms may be present in concert among resistant isolates as 
each individual mode of resistance generally causes a minor 
increase in daptomycin MIC. The mprF gene plays a major 
role in S. aureus. The product of mprF is an enzyme that 
couples phosphatidylglycerol to a lysine residue and subse-
quently mobilizes the lysyl-phosphatidylglycerol (LPG) to 

the outer cell membrane. Decreased acidity and increased 
positive charge due to the presence of LPG compromise 
calcium- mediated daptomycin binding to the deeper bac-
terial cell membrane. A distinct mechanism is responsible 
for daptomycin resistance in enterococci, and clinical resis-
tance is increasingly observed in these organisms [228–230]. 
Gene mutations involving liaF and gdpD were identified in 
daptomycin- resistant Enterococcus strains, which appear to 
regulate cell membrane stability and phospholipid produc-
tion. Recent data suggest that enterococci with an MIC of 
3–4 mcg/mL harbor mutations in the liaF gene [231, 232]. 
Certain β-lactam antibiotics may potentiate daptomycin 
activity against S. aureus and enterococci [233, 234].

 Adverse Reactions

Skeletal muscle toxicity is a relatively common adverse 
event seen in patients given prolonged courses of daptom-
ycin. Initial trials utilizing 4 mg per kg twice daily dosing 
noted an unacceptable rate of creatinine kinase (CK) eleva-
tions [235]. Daptomycin was approved by the FDA after 
once-daily dosing was shown to cause significantly less 
muscle toxicity than seen with more frequent drug adminis-
tration. The mechanism responsible for daptomycin-related 
CK elevations involves degeneration and regenerations of 
myofibers [236]. Clinical trials have shown that CK eleva-
tions occur in up to 6.7% of patients on once-daily dosing. 
The CK elevation is reversible and often returns to baseline 
in several weeks. Despite the relative safety of daptomycin, 
cases of rhabdomyolysis with subsequent renal failure have 
been reported [237–239]. Renal impairment without proper 
dose adjustment and concomitant administration of HMG-
CoA reductase inhibitors have been considered as a potential 
risk for this toxicity. Additional adverse effects reported with 
daptomycin use are gastrointestinal disturbances and injec-
tion site reaction.

 Daptomycin in Transplant Patients

Daptomycin is used in the transplant population to treat 
vancomycin- resistant enterococcal infections and as initial or 
salvage therapy for serious MRSA infections [240, 241]. In 
72 patients with VRE bacteremia, including HSCT  recipients 
and patients with acute myeloid leukemia, 43 received dap-
tomycin and 29 received linezolid. The 30-day success rate 
was 76.7% with daptomycin and 75.9% with linezolid. 
Three patients in daptomycin treatment group developed CK 
elevations, which was mild in two but 28 times the upper 
limit of normal in one patient who complained of muscle 
weakness. This patient was switched to linezolid with reso-
lution of symptoms and return of CK to baseline [240]. A 
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retrospective review of stem cell transplant recipients from 
2007 to 2010 revealed eight daptomycin non-susceptible E. 
faecium. Close to 90% had received daptomycin previously 
for a mean duration of 19 days. Interestingly, two of eight 
daptomycin non-susceptible enterococci were susceptible to 
vancomycin, and all eight retained susceptibility to linezolid 
[242]. Clinicians should be aware of potential emergence 
of daptomycin non-susceptibility enterococci and monitor 
daptomycin MICs during the course treatment, especially 
for patients with severe immune suppression with persistent 
and recurrent bcteremia. Synergistic combination of dapto-
mycin with β-lactams such as ampicillin and ceftaroline has 
resulted in markedly reduced daptomycin MICs among S. 
aureus and enterococcal clinical isolates [243, 244].

 Tetracyclines: Focus on Tigecycline

Tetracyclines bind reversibly to the 30S ribosomal subunit, 
inhibiting protein synthesis by preventing incorporation of 
amino acid residues into elongating peptide chains. The 
reversible binding renders this class bacteriostatic. Among 
GNB, tetracyclines diffuse through the outer membrane 
porin channels to gain access in the periplasmic space; how-
ever, it requires an energy-dependent mechanism to cross 
through cytoplasmic inner membrane to reach bacterial 
cytosol. Resistance is mediated by active efflux transport 
protein pumps, inhibition of binding to the ribosomal site 
by cytoplasmic protective proteins, and enzymatic inactiva-
tion. The most significant mechanism of resistance is active 
efflux [245].

Tigecycline is the first of the glycyclcyclines to be 
approved by the FDA for treatment of complicated skin and 
soft tissue infections, complicated intra-abdominal infec-
tions, and community-acquired pneumonia. Tigecycline is a 
structural analogue of minocycline that binds with fivefold 
higher affinity to the ribosome than tetracyclines [246]. The 
structural modifications and enhanced binding overcome the 
ribosomal and efflux pump mechanisms of resistance to the 
tetracycline class and extend the antimicrobial spectrum. 
Tigecycline is a poor substrate for the tetracycline efflux 
pumps and can still attach to ribosomes with the Tet(M) pro-
tein modification [247]. Resistance can develop in GNB due 
to the overexpression of multidrug efflux pumps. P. aeru-
ginosa naturally expresses these multidrug efflux pumps, 
which explain the intrinsic resistance to tigecycline.

 Spectrum of Activity

The spectrum of activity includes multidrug-resistant organ-
isms such as MRSA, CoNS, E. faecalis, VREF, ESBL- and 
carbapenemase-producing GNB including Acinetobacter 

spp., Enterobacteriaceae, penicillin-resistant S. pneumoniae, 
β-lactamase-producing H. influenzae, and anaerobes, includ-
ing C. difficile. Pseudomonas and Proteus, Providencia, and 
Morganella species are intrinsically resistant to tigecycline 
[247, 248]. Cases of tigecycline resistance developing after 
treatment were reported by Spanu et al., in ESBL-Klebsiella 
and a carbapenemase E. coli [249]. Emergence of tigecycline 
resistance during therapy has been described in A. bauman-
nii [250]. A recent in vitro surveillance report of GPB in the 
United States showed that tigecycline maintained high rates 
of susceptibility to MRSA and enterococci, with susceptibil-
ity to S. pneumoniae varying by geographical region from 
80.9% to 95.2% [251].

 Use of Tigecycline in Transplant Recipients

The pharmacokinetics of tigecycline show a large volume 
of distribution of 7–10 L/kg and a half-life of 42 h after 
multiple doses [246], which was long enough to allow 
once-daily dosing. With standard intravenous dosing of 
an initial loading dose of 100 mg followed by 50 mg twice 
daily, the Cmax was 1.45 mg/L after a 30-min infusion and 
0.63  mg/L after a 60-minute infusion. The serum levels 
are low with an area under the curve at 12 h following a 
50 mg dose of 3.07 ± 0.6 μg × h/mL. Concentrations in 
alveolar macrophages were 78 times higher than serum, 
and concentrations in neutrophils are 20–30 times higher 
than serum; penetration into skin blister fluid was 74% 
of serum concentration. Tigecycline has time-dependent 
killing mechanism and exhibits a postantibiotic effect for 
K. pneumonia, E. cloacae, and E. coli [247]. Tigecycline 
has been shown to be bactericidal against MRSA and 
MSSA in animal models and primarily bacteriostatic 
against experimental E. faecalis infections. The primary 
route of elimination is via biliary tract; 33% of the drug 
is excreted unchanged or as metabolites. Therefore, no 
drug modification is required in patients with renal insuf-
ficiency. Tigecycline is only available in an intravenous 
formulation.

The major adverse reactions include nausea, vomiting, 
elevated liver enzymes, and few case reports of pancreati-
tis [252]. It is labeled as a class D drug during pregnancy. 
The low serum concentrations of tigecycline have called 
into question the efficacy of drug for the treatment of bac-
teremia. Case series of bloodstream infections have been 
reported with varying results. In a study by Gardiner et al., 
patients with secondary bacteremia from biliary and urinary 
sources, tigecycline demonstrated cure rates comparable to 
conventional antibiotic therapy of 81% vs. 78%, respectively 
[253]. In September of 2010, the FDA released a warning 
for increased mortality in patients treated with tigecycline 
compared with other conventional antibiotics. Prasad and 
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colleagues performed a meta-analysis of 13 trials of tige-
cycline including approved and off-label indications [254]. 
Tigecycline use was associated with 30% relative risk mor-
tality and a 12% relative increase in non-cure rates. This 
result was independent of infection type and use in FDA 
approved and non-approved indications. The conclusion of 
these authors is that tigecycline should be used only when 
there are few or no alternatives. More prospective studies are 
needed to determine the cause for the higher mortality with 
tigecycline.

Tigecycline has been used in the transplant population 
to treat MDR GNB infections. Bergamasco and colleagues 
describe an outbreak of KPC-producing Klebsiella infec-
tions in solid organ transplant unit, including four patients 
with bacteremia [255]. Three patients were treated with 
tigecycline plus polymyxin and one with tigecycline plus 
imipenem- cilastatin. All four patients survived as did the 
single patient treated with polymyxin plus imipenem- 
cilastatin and two with polymyxin alone. Another study 
[256] used combination therapy with tigecycline, amika-
cin, and colistin. Emergence of tigecycline resistance dur-
ing therapy for MDR K. pneumoniae and E. coli has been 
reported [249]. A case of recurrent renal graft infection 
and bacteremia due to ESBL K. pneumoniae was recently 
reported. The patient had a mixed population of carbape-
nem- and tigecycline-resistant isolates that emerged dur-
ing antibiotic therapy. Tigecycline MIC increased from 0.5 
to 8 μg/mL during therapy. The patient eventually required 
removal of the transplanted kidney due to severe graft 
rejection [257].

 Macrolides and Streptogramins

Erythromycin is the prototype of the macrolide class, which 
includes clarithromycin and azithromycin, an azalide. 
Erythromycin is a 14-membered macrocyclic lactone ring 
attached to two sugar moieties. Macrolides and azalides 
insert into a pocket of the 23S subunit of the 50S ribosome, 
by attaching at domain V of the peptidyl transferase loop 
and blocking protein assembly by inhibiting the transloca-
tion step. Gram-positive bacteria accumulate about 100 
times more erythromycin than GNB; Pseudomonas and 
Acinetobacter spp. are intrinsically resistant to this class of 
drugs. These drugs are generally regarded as bacteriostatic; 
high concentrations against susceptible organisms such as S. 
pneumoniae may be bactericidal [258].

Erythromycin use has been limited due to gastrointesti-
nal intolerance, cholestatic hepatitis with the estolate form, 
and increasing drug resistance. It is still frequently used 
in colonic surgery bowel preps and topical dermatologic 
preparations. The newer macrolides, clarithromycin, and 
azithromycin were specifically developed to improve bio-

availability, pharmacodynamics, pharmacokinetics, and anti-
microbial spectrum of activity.

Azithromycin is an azalide because it has a methyl- 
substituted nitrogen in the 15-member lactone ring. 
Azithromycin has a half-life in many tissues that extends 
to 2–4  days and an average terminal half-life of 68  h. 
Clarithromycin has the 14-member lactone with modifica-
tion of the C6 site with a methoxy ring. The major metabo-
lite, 14-hydroxy-clarithromycin, has antibacterial activity. 
The mechanism of action and resistance of the newer mac-
rolides are similar to erythromycin, and cross-resistance 
exists among the drugs within the class. Azithromycin has 
better penetration through the outer membrane envelope of 
GNB, especially M. catarrhalis and H. influenzae. Although 
the entire class is considered bacteriostatic, these agents are 
bactericidal against S. pneumoniae, H. influenzae, and S. 
pyogenes [259]. The newer macrolides also have the anti-
inflammatory properties as described with erythromycin. 
These include suppression of proinflammatory cytokine 
release from endothelial cells, acceleration of neutrophil 
apoptosis, and inhibition of nuclear factor kappa B and acti-
vation protein-1, which regulate the chemoattractant chemo-
kine, interleukin-8 [260, 261].

 Resistance

Resistance to macrolides occurs through four mechanisms. 
Drug efflux by active drug efflux pumps is encoded by 
mrsA, mefA, or mefE in staphylococci, S. pyogenes, and S. 
pneumoniae. MefA encodes an efflux pump that extrudes 
macrolides at a lower level (<16 mcg/mL); high antibiotic 
concentrations might overcome the pump, forcing enough 
antibiotic into the bacterial cytosol to exert a measurable 
antibacterial effect. Clarithromycin and azithromycin are 
more active against pneumococci than erythromycin; how-
ever the level of resistance in MefA-containing strains is 
on the rise [262]. Inducible or constitutive production of 
methylase enzymes is mediated through expression of 
ermA, ermB, and ermC that decrease binding of drug to the 
ribosomal target. ErmB encodes methylation of a base in 
domain V of the 23S rRNA altering the site of attachment 
and resulting in high-level resistance with MIC >64 mcg/
mL [259]. Since the macrolides, lincosamides, and strep-
togramins share the same binding site, the MLSB pheno-
type conferred by erm genes causes cross-resistance in all 
three classes. Enterobacteriaceae may produce esterases 
that hydrolyze the macrolide. The fourth mechanism of 
resistance is through chromosomal mutations that alter the 
50S ribosomal protein, leading to resistance to macrolides 
and azalides. This mechanism can be found in B. subti-
lis, Campylobacter spp., mycobacteria, and Gram-positive 
cocci.
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 Spectrum of Activity

The spectrum of the newer macrolides includes GPB such 
as S. pneumoniae, S. pyogenes, S. agalactiae, S. viridans, B. 
pertussis, Listeria monocytogenes, Corynebacterium diph-
theria, and some strains of MSSA although resistance among 
clinical MSSA and S. pneumoniae isolates is emerging. The 
Gram-negative activity includes H. influenzae, M. catarrha-
lis, H. pylori, B. pertussis, Neisseria spp., P. multocida, and 
some clinical strains of Salmonella and Shigella. Atypical 
activity includes Legionella spp., Chlamydia trachoma-
tis, Chlamydophila pneumoniae, Borrelia burgdorferi, H. 
pylori, Mycoplasma pneumoniae, Bartonella henselae, C. 
jejuni, and M. avium complex. Anaerobic activity includes 
C. perfringens and Propionibacterium spp. Azithromycin 
and clarithromycin may differ in their activities against spe-
cific pathogens.

 Adverse Reactions

Adverse reactions seen with the newer macrolides are pre-
dominantly gastrointestinal. Allergy has been reported with 
azithromycin. Higher doses can cause dizziness, tinnitus, 
and reversible hearing loss. Torsades de pointes have been 
reported in older patients, especially with concomitant use 
with cisapride. Clarithromycin can have cytochrome P450 
interactions with drugs metabolized by CYP3A.

The emergence of erythromycin resistance in clinical S. 
pneumoniae and S. pyogenes isolates had an impact on sus-
ceptibility trends for the newer macrolides. Streptococci and 
staphylococci that are resistant to erythromycin are often 
resistant to clarithromycin and azithromycin. In Canada, 
over the past 20  years, pneumococcal surveillance studies 
have shown a steady rise in macrolide resistance correlated 
with declining prescriptions for erythromycin and higher 
clarithromycin and azithromycin use. In cities in the United 
States where pneumococcal vaccination of children has 
been widely used, a distinct reduction in the overall preva-
lence of macrolide resistance among invasive isolates was 
an encouraging trend. The explanation is that the serotypes 
most likely to express resistance are also the ones included in 
the pediatric vaccines and disease caused by these serotypes 
has declined dramatically as a result of strict adherence to 
childhood vaccination protocols.

 Streptogramins

The streptogramins are a family of compounds divided into 
two groups based on structure. Dalfopristin (group A) and 
quinupristin (group B) are combined in a ratio of 30:70 and 
available for intravenous use. The combination of both drugs 

produces increased in vitro bactericidal activity. Quinupristin 
and dalfopristin bind to sequential sites on the 50S ribosomal 
subunit. Dalfopristin binding results in a conformational 
change in the ribosome that increases quinupristin binding. 
Inhibition of protein synthesis occurs through preventing 
peptide chain formation. Resistance occurs through several 
mechanisms including enzymatic inactivation by a hydro-
lase for quinupristin and acetyltransferase for dalfopristin, 
efflux or active transport, and alteration in ribosomal bind-
ing sites, which is the most common resistance mechanism. 
The combination of the two drugs requires multiple muta-
tions targeting both components. Staphylococci can develop 
resistance to quinupristin by the ermA (MSLB) mutation. A 
comparative study of linezolid and quinupristin-dalfopristin 
in VREF infection showed no difference in 30-day mortal-
ity; however, 11% of blood isolates developed resistance to 
quinupristin- dalfopristin compared with 0% in the linezolid 
arm [263].

Quinupristin-dalfopristin was approved by FDA in 
1999 for the treatment of bloodstream infections due to 
vancomycin- resistant Enterococcus faecium (VREF) and 
skin and skin structure infections (SSSI) caused by MSSA 
and S. pyogenes. It was the first antibiotic to be indicated 
for the treatment of patients with serious or life-threatening 
infections associated with VREF bacteremia. Quinupristin- 
dalfopristin is bactericidal against most susceptible organ-
isms and demonstrates a postantibiotic effect against B. 
anthracis for 7–8 h, longer than the other classes of antibiot-
ics tested [264]. The recommended dose is 7.5 mg/kg every 
8  h and produces plasma concentrations of 11–12  μg/ml. 
Both drugs undergo hepatic metabolism with most metab-
olites eliminated by fecal excretion (75%), and a smaller 
amount is via kidneys.

Quinupristin-dalfopristin is active against E. faecium, 
including VRE, but not E. faecalis due to intrinsic resistance. 
Other susceptible GPB include S. aureus including MRSA 
and CoNS and streptococci, except for S. pneumoniae. The 
susceptible MIC is <1 μg/ml. The combination has activity 
against most Van A and Van B strains of E. faecium. The 
anaerobic activity is mostly against Lactobacillus spp., P. 
acnes, C. difficile, and C. perfringens. It has some activity 
against upper respiratory pathogens except for Haemophilus 
species. It has no activity against Enterobacteriaceae, 
Pseudomonas, and Acinetobacter due to inability to enter the 
inside of the bacterial cell.

Adverse reactions include a high incidence of infusion 
irritation (30%), arthralgias, myalgias, gastrointestinal dis-
turbances, and elevated liver enzymes and bilirubin. In vitro 
drug interaction studies have demonstrated that quinupristin- 
dalfopristin significantly inhibits cytochrome P450 3A4 
metabolism of cyclosporin, tacrolimus, and other medication. 
Therapeutic level monitoring of cyclosporine should be per-
formed when cyclosporine must be used concomitantly with 
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quinupristin-dalfopristin. A kidney transplant recipient on 
both drugs had a threefold increase in the cyclosporine blood 
concentration 3 days after starting quinupristin- dalfopristin, 
reinforcing the need for frequent monitoring of cyclosporine 
levels in such patients [265]. The hyperbilirubinemia during 
quinupristin-dalfopristin in liver transplant recipients was 
found on liver biopsy to be multifactorial, including graft 
rejection, cholestasis, and periportal inflammation without 
specific drug-related hepatocyte injury [266].

 Use in Transplant Patients

Despite the potentially serious interactions with cyclospo-
rine and tacrolimus, quinupristin-dalfopristin has been used 
in the transplant population, mostly to treat VRE infec-
tions. In a study of mostly liver transplant recipients with 
VRE infections, including 19 with bacteremia, the clinical 
response was 80% using standard drug dose. Two of four 
treatment failures were associated with a decrease in in vitro 
susceptibility, myalgias and arthralgia occurred in 33%, and 
the mortality from VRE infection was 17% [267]. In another 
study of 28 VRE infections in 19 patients, 8 patients received 
quinupristin-dalfopristin for 9 infection episodes; only 2 of 
the patients survived [268]. In this report, linezolid therapy 
showed a trend toward improved survival. Quinupristin- 
dalfopristin has been used in pediatric stem cell transplant 
recipients with resolution of bacteremia in all five patients 
[269]. One case of successful treatment of VRE meningitis 
with quinupristin-dalfopristin combined with daptomycin has 
been reported [270]. The safety of quinupristin- dalfopristin 
was evaluated in 19 pediatric liver transplant recipients with 
VRE infection; infection resolution occurred in 74% of these 
patients. Adverse reactions were reversible elevation of the 
alkaline phosphatase, rash, itching, nausea, and vomiting; 
none of these adverse reactions necessitated discontinuation 
of therapy [271].

 Clindamycin

Clindamycin is a lincosamide antibiotic developed by modi-
fication of lincomycin. Clindamycin binds to the 50S ribo-
somal subunit, disrupting protein synthesis by interfering 
with the transpeptidation reaction. The lincosamides may 
also stimulate dissociation of peptidyl-tRNA from ribo-
somes, similar to the macrolides. The lincosamide-bind-
ing site is in close proximity to that of the macrolides, so 
binding of one antibiotic may reduce binding of the other. 
Clindamycin is considered bacteriostatic, although bacteri-
cidal activity for some strains of staphylococci, streptococci, 
and anaerobes may exist. It may also exhibit a postantibi-
otic effect against some bacterial strains [264]. An attrac-

tive feature of clindamycin is that it promotes opsonization 
and phagocytosis of bacteria at a subinhibitory concentra-
tions. Clindamycin causes changes in the cell wall surface, 
which decreases the adherence of bacteria to host cells and 
augments intracellular bacterial killing. Another quality of 
clindamycin is the ability to inhibit production of intracel-
lular toxins, particularly those of S. aureus and S. pyogenes 
[272, 273].

 Resistance

Resistance occurs through four mechanisms and may be 
plasmid and chromosomally mediated. The most common 
mechanism is alteration in the 23 rRNA of the 50S subunit 
by methylation of adenine. Plasmid-mediated resistance via 
MLSB is present in some strains of S. aureus, S. pyogenes, 
and B. fragilis. In S. aureus, the ermA or ermC gene encodes 
this type of resistance. Mutations in the bacterial rRNA may 
confer resistance to clindamycin as do alterations in spe-
cific 50S ribosomal proteins at the receptor site. The fourth 
type of resistance is inactivation through adenylation, which 
affects lincomycin more than clindamycin; however this can 
reduce bactericidal activity of clindamycin. GNB are intrin-
sically resistant to clindamycin due to poor permeability of 
the outer membrane envelope, similar to what was seen with 
macrolide antibiotics [259].

 Spectrum of Activity

Clindamycin has similar activity to the macrolides against 
S. pneumoniae, S. pyogenes, S. viridans, and MSSA.  It 
continues to be active against over 90% of the USA300 
strain of MRSA [274]. Clindamycin is most active against 
anaerobes, especially B. fragilis, Fusobacterium spp., 
Peptostreptococcus, Peptococcus, and C. perfringens. C. 
difficile is resistant to clindamycin. Atypical bacteria such 
as Actinomyces israelii and Nocardia asteroides are sensi-
tive. Clindamycin is also active against parasitic organisms 
including Toxoplasma gondii, Babesia, and some strains of 
P. falciparum and vivax. Increasing resistance to clindamycin 
has been reported to S. pneumoniae, S. aureus, and S. pyo-
genes. Erythromycin-resistant bacteria may develop rapid 
resistance when exposed to clindamycin. Increasing resis-
tance among Bacteroides species has been observed from 
3% in 1987 to 26% in a study between 1997 and 2004 [275].

 Adverse Reactions

Toxicity is mainly gastrointestinal and hypersensitivity 
reactions. Antibiotic-associated diarrhea has been reported 
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in 2–20% of patients. C. difficile colitis has been reported 
to occur in up to 10% of clindamycin-treated patients. The 
current epidemic BI/NAP1/027 strain of C. difficile is more 
strongly associated with the use of broad-spectrum cephalo-
sporins and fluoroquinolones [276, 277]. Allergic reactions 
may clinically present as fever, skin rash, and rarely as ery-
thema multiforme. Other adverse reactions include elevation 
of hepatic transaminases and neutropenia, which is often 
reversible after discontinuation of therapy.

 Use in Transplantation

Clindamycin is available in oral and intravenous formula-
tions and has excellent oral bioavailability. The half-life is 
2.4 h, and the drug is metabolized in the liver to active and 
inactive metabolites which are excreted in bile and urine. 
Dosage adjustments are not necessary in patients with kid-
ney or liver disease. Clindamycin penetrates well into the 
bone and achieves high intracellular drug concentration. It 
achieves suboptimum drug concentration in CSF following 
parenteral, intravenous administration.

Clindamycin traditionally has been used predominantly to 
treat B. fragilis in polymicrobial intra-abdominal and pelvic 
infections, as second line to penicillins in anaerobic bron-
chopulmonary infections, and may be considered first line in 
serious skin and soft tissue necrotizing infections. The poor 
CSF penetration limits its use for treatment of meningitis and 
other intracranial infections. The emergence of the USA300 
clone of MRSA has provided an additional role for clindamy-
cin, especially in the outpatient setting. Studies have shown 
an incidence of MRSA cultured from 67% of skin and soft 
tissue infections, requiring empiric coverage for CA-MRSA 
in addition to beta-hemolytic streptococci [278]. A study 
of clindamycin resistance in CA-MRSA demonstrated that 
exposure to clindamycin or macrolides within the prior 
3  months was an independent predictor for clindamycin-
resistant MRSA. Other risk factors were infection or coloni-
zation with MRSA within the previous 12 months, surgery, 
and presence of intravenous catheter [279]. Cases have been 
reported of clindamycin-susceptible/erythromycin-resistant 
MRSA that did not respond to clindamycin. The double-disk 
diffusion test using clindamycin and erythromycin disks (D 
test) confirms the presence of in vitro inducible macrolide-
lincosamide-streptogramin B resistance (iMLS) due to pres-
ence of erm genes. Additional testing in pediatric and adult 
isolates demonstrated that 56% had the iMLS phenotype, 
50% among MRSA isolates and 63% in MSSA isolates. 
There was a higher rate in isolates from pediatric patients 
amounting to 77% in MSSA. It is therefore suggested that in 
patients with erythromycin- resistance/clindamycin-suscepti-
ble S. aureus, D test should be performed prior to commenc-
ing clindamycin therapy [280]. A multiresistance conjugative 

plasmid, pUSA03, has recently been isolated from men who 
have sex with men in San Francisco and Boston [281]. This 
isolate is resistant to β-lactams, clindamycin, fluoroquino-
lones, tetracycline, macrolides, and mupirocin. Both ermC 
and mupA genes are carried on this plasmid. Of note, 23% of 
the USA300 isolates without this plasmid were resistant to 
clindamycin in this population.

Hospital-acquired MRSA is a major cause of morbid-
ity during the early period after transplantation [282, 283]. 
These infections are treated with parenteral agents such as 
vancomycin and daptomycin since these isolates, usually 
belonging to USA 100PFGE profile, are associated with 
a lower clindamycin susceptibility of nearly 54% [284]. 
Colonization of MRSA postoperatively has been shown to 
increase the risk for MRSA infection [285]. Limited data 
exists on the USA300 clone except for failed renal transplant 
patients followed in hemodialysis center who had higher risk 
for USA300 MRSA colonization. Clindamycin should be 
used with caution in this population; it may still be a valu-
able agent for anaerobic and parasitic infections.

 The Quinolones

Derived from nalidixic acid and originally developed in the 
1960s as a by-product of chloroquine synthesis, the fluoro-
quinolones share a common two-ring core structure, with a 
side-chain-bearing nitrogen located at position 1, carbon at 
position 8, and fluorine substituent at position 6. Addition of 
a halide group at position 8 enhanced activity against anaer-
obes and improved oral bioavailability. A methoxy group at 
position 8 enhances anaerobic activity; addition of a pipera-
zinyl or methylated piperazinyl ring at position 7 enhances 
activity against GPB.  A cyclopropyl group at position 1 
greatly enhances activity against GNB [286].

Fluoroquinolones exert their antimicrobial activity 
through two distinct, yet related and overlapping drug tar-
gets: DNA gyrase and topoisomerase IV (Top IV). Both 
enzymes facilitate the highly regulated coiling necessary to 
fit the entirety of a bacterial chromosome into a relatively 
small area, and both serve unique functions [287]. DNA 
gyrase is a tetramer of two subunits A2B2, encoded by gyrA 
and gyrB, respectively [288]. The two subunits wrap around 
a DNA strand and introduce a negative supercoil into bacte-
rial DNA, first through the formation of a positive supercoil 
and then passing one DNA region through another. Through 
an ATP-dependent process, DNA gyrase accomplishes this 
via a series of DNA strand breakages and rejoining [289]. 
Together, these functions serve a vital purpose in the facili-
tation of migration of fork through the DNA strand. Top 
IV, homologous to DNA gyrase, is encoded by the parC 
and parE genes and is primarily involved in the process of 
separating daughter chromosomes, known as decantation. In 

J. Altshuler et al.



875

some cases, DNA gyrase is able to fulfill the functionality of 
topoisomerase IV at a reduced efficiency; however, Top IV 
is unable to introduce negative supercoils into bacterial DNA 
[290, 291]. Top IV functions by direct binding to sections 
of DNA crossover, rather than through wrapping around 
the target portion of the DNA strand. Through binding to 
topoisomerase IV and DNA gyrase with Top IV as the pri-
mary target in GPB and DNA gyrase in GNB, the quinolones 
inhibit bacterial DNA synthesis and lead to rapid bacterial 
cell death [292, 293]. The mechanism of this rapid bacte-
ricidal action has not yet been fully characterized. Prior to 
the introduction of a DNA break, the quinolones bind to the 
DNA-enzyme complex after which DNA cleavage occurs, 
with the quinolone-enzyme complex “locking” the cleaved 
complex in place [294, 295]. The formation of this cleaved 
complex causes rapid inhibition of DNA synthesis, which 
occurs more quickly when DNA gyrase is the target [296, 
297]. The inhibition of DNA replication leads to several 
downstream effects ultimately responsible for rapid bacte-
rial killing or slow cell death. The formation of multiple 
cleaved complexes throughout the bacterial chromosome 
leads to fragmentation and rapid cell death through induc-
tion of apoptosis [298]. This mechanism is unlikely the only 
explanation for rapid bacterial killing, as rapid cell death still 
occurs in the absence of the protein synthesis required for 
the induction of apoptosis [299]. Further investigation into 
the mechanism of rapid bacterial killing by quinolones is 
ongoing.

In a dose-dependent manner, exposure to quinolones 
induces bacterial expression of the SOS regulon, a global 
stress-response mediator carrying over 40 genes and con-
trolled by the lexA gene [300]. This stress response is a 
characteristic shared by all bactericidal antibiotics [301]. 
Included in the SOS regulon is the gene sfiA, which codes an 
inhibitor of cell division in E. coli and leads to a change in 
bacterial morphology to an elongated, filamentous structure 
[302]. Low-level quinolone exposure and subsequent induc-
tion of the SOS response contribute to the dissemination of 
antibiotic resistance elements and bacterial virulence factors 
[303, 304].

 Spectrum of Activity

The fluoroquinolones are active against a broad variety of 
enteric GN bacilli and cocci. Ciprofloxacin and levofloxacin 
retain sufficient in vitro potency for use against Pseudomonas 
species, with ciprofloxacin generally being more potent than 
levofloxacin against GNB.  The activity of ciprofloxacin is 
limited against GPB, whereas moxifloxacin, levofloxacin, 
and gemifloxacin are highly active against most clinical 
strain of Streptococcus species. Moxifloxacin may retain 
activity against S. aureus isolates with low-level resistance 

to ciprofloxacin, while the use of levofloxacin is associated 
with the rapid selection of mutant colonies [305].

The next-generation fluoroquinolone, delafloxacin, dem-
onstrated potent in vitro activity against S. aureus including 
MRSA and MSSA strains that exhibit high-level resistance 
to the currently marketed fluoroquinolones [306]. This agent 
demonstrates a low propensity for the development of resis-
tant mutants as compared to other fluoroquinolones. All 
currently marketed fluoroquinolones have in  vitro activity 
against the atypical respiratory pathogens such as L. pneu-
mophilia, C. pneumoniae, and Mycoplasma pneumoniae. 
Other intracellular pathogens, including C. trachomatis 
and U. urealyticum, are also inhibited. Ehrlichia species 
show variable sensitivity due to the presence of natural 
mutations in the QRDR [307], with similar variability dis-
played by Bartonella, Rickettsia, and Coxiella species [308]. 
The fluoroquinolones are also active against a variety of 
Mycobacteria, including M. tuberculosis, M. kansasii, M. 
xenopi, M. marinum, and M. leprae, with members of the 
M. avium complex and M. chelonae displaying little to no 
susceptibility to these agents [309].

 Resistance

Multiple mechanisms for quinolone resistance exist. 
Reduced susceptibility may arise through spontaneous 
chromosomal mutations particularly in regions that code 
for DNA gyrase and Top IV or through recently discov-
ered plasmid-mediated resistance mechanisms [310, 311]. 
Plasmid-transferrable resistance mechanisms generally do 
not lead to MICs above the CLSI breakpoint for resistance 
but facilitate the acquisition of additional resistance factors 
that may further elevate MICs [312]. Point mutations in the 
vital gyrA may lead to high levels of quinolone resistance 
[293]. Due to the  structural homology between DNA gyrase 
and Top IV, mutations conferring reduced susceptibility to 
quinolones occur at homologous points in the respective 
enzymes, known as the “quinolone-resistance determin-
ing region” (QRDR) [313–315]. Numerous point mutations 
throughout the QRDR contribute to reduced susceptibil-
ity; however proximity to the enzyme-DNA binding site is 
a common feature to many of the known mutations [316]. 
The primary target of a quinolone in a bacterial species is 
determined by genetic testing, in which the primary target 
is presumed to be that with the highest degree of inhibition 
[317]. Due to this structural preference, the relative overall 
decrease in quinolone susceptibility as mutations accumulate 
may be a result of declining inhibitory potential against the 
preferred target or a reflection of the inhibitory capacity of 
the quinolone against the wild- type secondary target [296].

Single-step mutations that reduce quinolone-binding 
affinity arise in an exposure-related manner, at a rate of 10−6 
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to 10−11 as quinolone concentrations increase relative to 
the MIC of the organism. These mutations confer different 
degrees of reduced susceptibility dependent upon the qui-
nolone agent studied, with point mutations in S. aureus con-
ferring a 32-fold rise in MICs to ciprofloxacin and MICs to 
gemifloxacin demonstrating only a fourfold rise [318]. These 
mutations facilitate the development of additional mutations 
in both gyrA and parC, leading to high-level quinolone resis-
tance [310]. Spontaneous double mutations, affecting both 
DNA gyrase and Top IV, are uncommon, occurring at a fre-
quency of 10−14 to 10−16. Interestingly, the accumulation of 
multiple mutations throughout these crucial enzymes does 
not appear to impact the fitness of the bacteria due to accu-
mulation of a variety of compensatory mechanisms [319].

Active drug efflux by MDR efflux pumps also plays an 
important role in resistance. Drug efflux pumps are broadly 
categorized into five families of ancient evolutionary origin 
in bacteria that have evolved to facilitate intracellular com-
munication and extrude environmental toxins in addition to 
contributing to resistance [320, 321]. The presence of one 
or more drug efflux pumps may promote resistance to mul-
tiple classes of antimicrobials. Efflux-mediated resistance 
to quinolones is most commonly mediated by chromo-
somally encoded RND pumps [322]. In P. aeruginosa, an 
example of this type is the MexAB-OprM pump, a tripartite 
pump composed of an outer membrane spanning domain, 
inner membrane efflux pump, and a membrane fusion pro-
tein [323]. Enterobacteriaceae can use the AcrAB-TolC 
efflux pump [324]. When co-expressed with other efflux 
pumps or gyrA mutations, GNB exhibits higher levels of 
drug resistance. The concomitant downregulation of outer 
membrane porins and overexpression of efflux pumps may 
also contribute to quinolone resistance among the GNB 
[325]. In S. aureus, low-level quinolone resistance is con-
stitutively expressed by the norA pump [314], and, in S. 
pneumoniae by an efflux pump homologous to norA, pmrA 
conforms drug resistance [326].

Enzymatic modification of quinolones was first described 
in 2003, a variant of the aminoglycoside AAC which acety-
lates the piperazinyl group on ciprofloxacin and decreases 
binding affinity to its intracellular target [327]. This muta-
tion does not produce MIC values above the CLSI break-
point, but its presence increases the frequency of selection 
for chromosomal mutants [328]. Plasmid-mediated fluoro-
quinolone resistance was first described in a clinical isolate 
in 1998, encoded by the qnr genes, that generates a Qnr pro-
tein belonging to the pentapeptide repeat family [329, 330]. 
In addition to the unique Qnr proteins, both the AAC and 
two novel efflux pumps have been described on transmis-
sible plasmids [331]. The prevalence of the pentapeptide Qnr 
proteins appears to be relatively low, among clinical isolates 
of Enterobacteriaceae, ranging from approximately 1.5% to 
4.6%. Plasmid-mediated pumps are even less common. The 

AAC is more prevalent in clinical isolates, in nearly 10% 
of such isolates, and importantly, often coexists with genes 
encoding ESBLs [329].

Central to this progressive rise in quinolone resistance 
is the tendency of bacteria to evolve in a stepwise fashion. 
Mutations arise or plasmids are acquired in discrete steps, 
with one final step often a mutation in DNA gyrase or Top 
IV creating frank resistance [332]. Since these spontaneous 
mutations occur infrequently, a concept in quinolone dosing, 
referred to as the “mutant prevention concentration” (MPC), 
was proposed by Xiao and Drlica in 2001, which advocates 
for the use of doses that achieve drug concentrations above 
the level at which no resistant mutants will be selected, an 
inoculum of 1010 organisms rather than traditional dosing 
which focuses on MICs [333]. While this concept has not 
been tested clinically, it provides insight as to how low doses 
of quinolones contribute to high-level resistance, as well 
as potential pathways for development of future quinolone 
agents.

 Adverse Reactions

The fluoroquinolones have a rate of adverse reactions 
similar to those of comparator agents in clinical trials. 
Gastrointestinal disturbances are the prominent adverse 
effects. Central nervous system toxicities are the second most 
common adverse effects, occurring in 1–2% of patients. CNS 
toxicities are thought to result from competitive inhibition 
of γ-aminobutyric acid (GABAA) receptor and commonly 
manifested as headache and nausea, although grand mal 
seizures may occur [334]. Fluoroquinolones with a pipera-
zinyl side chain at the 7-position have the highest potential 
for epileptogenesis. Levofloxacin, moxifloxacin, and gemi-
floxacin lack the structure-toxicity relationship associated 
with the development of seizures; however, caution should 
still be exercised in patients with history of seizure disorders. 
Through an unknown mechanism, the fluoroquinolones may 
cause exacerbation of myasthenia gravis and now carry an 
FDA “black box” warning for this occurrence [335].

The fluoroquinolones have been associated with prolon-
gation of the QTc interval and risk for Torsades de pointes, 
although the causal link remains unclear [336]. Numerous 
case reports described the potential for fluoroquinolone- 
induced cardiac arrhythmias, and in vitro data showed that 
the fluoroquinolones have the potential to block delayed 
rectifier K+ current (IKr) through blockade of the human 
ether-a- go-go (hERG) K+ channel [337], although only 
moxifloxacin achieves this blockade at physiologic concen-
trations after standard treatment dose. A recent population-
based, case- control study demonstrated a 3.3-fold greater risk 
for moxifloxacin, twofold higher risk with ciprofloxacin, and 
no such increased risk for levofloxacin [338]. Gatifloxacin, 
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a quinolone that was shown to be associated with serious 
dysglycemic events, showed a fourfold greater risk for the 
development of arrhythmias. Based on these data, fluoroqui-
nolones should be used with caution in patients at risk for the 
development of cardiac arrhythmias.

Quinolone-induced phototoxicity manifests shortly fol-
lowing exposure to UVA light in a dose-dependent manner 
and is believed to result from free radical generation, cel-
lular toxicity, and local inflammation [339]. Moxifloxacin 
contains a protective 8-methoxy group and has not been 
associated with the development of phototoxicity, whereas 
levofloxacin and ciprofloxacin lack this group and are asso-
ciated with phototoxicity. Patients should be warned to limit 
exposure to sources of UV light when using fluoroquino-
lones agents with known phototoxic potential.

Like all antimicrobial agents, the fluoroquinolones are 
associated with the development of C. difficile infection 
(CDI). The fluoroquinolones were historically thought to 
be agents that would result in less perturbation of the hosts’ 
resident microbiota, therefore having a low risk for promot-
ing CDI. Recent epidemiologic studies have shown that fluo-
roquinolone is a substantial risk factor for the development 
of CDI [340, 341]. This has been associated with the spread 
of the epidemic BI/NAP1/ribotype 027 strain, which is fre-
quently resistant to the fluoroquinolones [342, 343].

 Role of Fluoroquinolones in Transplantation

Fluoroquinolones are used in a variety of setting including 
treatment and prevention of bacterial infections. In 1 study, 
S. viridans bacteremia developed in 6 of 37 patients receiv-
ing levofloxacin neutropenic prophylaxis following autolo-
gous HSCT. The mean duration of neutropenia was 4.5 days; 
and three patients developed septic shock. All S. viridans 
isolates exhibited reduced levofloxacin susceptibility due to 
GYRA mutations and ParC mutation in one patient [344]. In 
48 patients given gatifloxacin or moxifloxacin prophylaxis 
while undergoing HSCT, organisms showing fluoroquino-
lone class resistance were recovered from the oropharynx 
in greater frequency revealing gyrA and/or parC mutations 
among the resistant isolates [345].

Therriault and colleagues undertook a retrospective anal-
ysis of HSCT recipients given levofloxacin with penicillin 
or doxycycline combination prophylaxis through stem cell 
engraftment. Over time, GPB infections declined; however, 
it was noted that fluoroquinolone-resistant GNB emerged. Of 
note, resistance due to ESBL did not change. In this study, 
an increased colonization with VRE was an alarming find-
ing [346]. Another study looked at bloodstream infections 
after allogeneic HSCT and found that among GNB only half 
were susceptible to fluoroquinolone [347]. Vehreschild and 
colleagues used moxifloxacin versus placebo in patients on 

high-dose chemotherapy followed by autologous HSCT for 
chemoprevention of bacteremia. Breakthrough bloodstream 
infections occurred in three prophylaxis group (8.8%) 
whereas 28% among patients given no antibiotic prophy-
laxis. In this study, moxifloxacin was effective in preventing 
bacteremia and shortened length of febrile episodes. Two of 
the isolates, E. coli and MSSA, were susceptible to moxi-
floxacin. The third episode occurred due to P. aeruginosa 
which was susceptible to ciprofloxacin and levofloxacin and 
as expected, resistant to moxifloxacin that is known to have 
limited activity against this pathogen [348].

An unusual use of fluoroquinolones is to reduce the inci-
dence of BK virus-associated hemorrhagic cystitis in alloge-
neic HSCT recipients. Fluoroquinolones have been shown 
to inhibit polyoma virus BK replication through inhibition 
of viral-encoded DNA gyrase. A retrospective analysis of 
48 patients received ciprofloxacin from day 0 through 60 
following transplantation, versus a control group of similar 
patients given fluoroquinolone prophylaxis. The cumulative 
rate of hemorrhagic cystitis was significantly reduced from 
20.9% to 2.6% in the patients given ciprofloxacin. Patients 
on ciprofloxacin did not experience an increased rate of CDI 
and were also less likely to develop bacteremia [349].

Yoon and colleagues investigated rifampin versus an 
oral fluoroquinolone in 109 renal transplant patients with 
latent tuberculosis. The incidence of adverse reactions 
was higher in the rifampin group, and the quinolone group 
showed a significantly higher 10-year graft survival com-
pared with the rifampin group. In addition to being safe in 
this population, fluoroquinolones may lower the risk for 
graft failure [350].

Unusual toxicities are also seen in this population. A high 
incidence (5.8%) of Achilles tendinitis or rupture was seen 
in heart transplant patients. Independent risk factors were 
renal failure and increased time between transplantation 
and treatment with a fluoroquinolone advising providers to 
consider alternative therapy for such patients [351]. A case 
was reported in a HSCT recipient who developed a lympho-
matoid hypersensitivity reaction to levofloxacin, an illness 
difficult to differentiate from recurrent or de novo lymphoid 
malignancy [352].

 Metronidazole

Metronidazole is a synthetic drug discovered in the 1950s. 
Originally recognized for its activity against Trichomonas 
vaginalis, Giardia, and Entamoeba, a decade later, it was rec-
ognized as highly effective against anaerobes. Metronidazole 
remains a useful drug for the treatment of anaerobic, poly-
microbial infections, H. pylori, and protozoa and as first-
line treatment for patients with mild to moderate C. difficile 
infection (CDI).
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Metronidazole enters the cell through passive diffusion 
as a prodrug, activated in the cytoplasm of susceptible bac-
teria and in specific organelles in protozoa. It is cytotoxic 
through production of free radicals. The molecule is con-
verted by intracellular reduction to a short-lived nitroso 
free radical by intracellular reduction, which involves the 
transfer of an electron to the nitro group of the drug [353], 
a reaction that is catalyzed by a nitroreductase such as 
pyruvate. Reduction of the prodrug creates a concentration 
gradient, increasing uptake of metronidazole and leading 
to free radical formation [354]. The free radicals are highly 
unstable and interact with nucleic acids prior to decay-
ing, resulting in breakage and destabilization of nucleic 
acids and proteins eventually leading to bacterial cell 
death [355]. The mechanism of action differs in facultative 
anaerobes such as G. vaginalis and H. pylori, where metro-
nidazole reduction to active metabolite can occur by a one 
electron-transfer step; metabolites are re-oxidized with 
formation of toxic oxygen radicals that are then neutral-
ized by an active scavenger system [356]. More recently, 
activation by a two electron transfer step in H. pylori was 
documented, allowing for activation in a microaerophilic 
environment. In parasites, the enzyme pyruvate/ferredoxin 
oxidoreductase activates metronidazole with energy pro-
vided by glycolysis of glucose in an organelle called the 
hydrogenosome [357].

 Spectrum of Activity

Metronidazole is active against a broad array of anaerobes, 
protozoa, and microaerophilic bacteria. Metronidazole 
exerts rapid bactericidal effects against anaerobic bac-
teria and is rapidly bactericidal [358]. Metronidazole 
exhibits concentration- dependent kinetics in suscep-
tible anaerobes, Entamoeba histolytica and T. vaginalis 
[358–360]. Metronidazole is potent against B. fragilis, 
Fusobacterium spp., Prevotella, and Porphyromonas spp. 
[361]. Clostridium species are susceptible, although C. dif-
ficile and C. perfringens are susceptible at slightly higher 
concentrations than Gram-negative anaerobes. The activity 
against Gram- positive cocci is variable, and most strains 
of Actinomyces, Lactobacillus, and Propionibacterium 
are resistant [362]. Treponema pallidum, oral spirochetes, 
Campylobacter fetus, Gardnerella vaginalis, and H. pylori 
are sensitive, although H. pylori resistance is increasing 
[363]. Anaerobic cocci such as Peptostreptococcus and 
Veillonella spp. are also inhibited. Capnocytophaga spp. 
are usually sensitive. Metronidazole also demonstrates con-
centration-dependent killing against Entamoeba histolytica 
and Trichomonas vaginalis [360] and is active against other 
protozoa including Giardia lamblia, Blastocystis hominis, 
and Balantidium coli.

 Resistance

Several mechanisms of resistance to metronidazole have 
been observed that differ among organisms. The primary 
mechanisms of resistance are decreased uptake of the pro-
drug and/or altered efficiency of intracellular reduction. 
These mechanisms may act together with reduced activity 
of nitroreductase resulting in decreased uptake of metroni-
dazole [364]. The level of susceptibility and rate of drug 
uptake vary with the level of pyruvate/ferredoxin oxidore-
ductase activity. Resistant bacteria compensate for reduced 
action of pyruvate/ferredoxin oxidoreductase by increasing 
pyruvate dehydrogenase activity [364]. It has been suggested 
that more than one mechanism may be required to confer 
clinical drug resistance [365]. Other resistance mechanisms 
include active efflux, drug inactivation, and heightened bac-
terial DNA damage repair [364]. Resistance genes, called 
nim, encode an alternative reductase that converts nitroimid-
azole to a nontoxic compound [366]. Transfer of these genes 
on plasmids can confer metronidazole resistance in B. fra-
gilis [367].

In one large study over a 4-year period, overall resis-
tance rates varied between 1.8% and 2.5% [368]. Studies 
have shown that more than 95% of anaerobic isolates in the 
United States remain susceptible to metronidazole [369]. 
Among Bacteroides spp., a large multicenter study over a 
7-year period revealed no resistance to metronidazole among 
greater than 4000 clinical isolates tested [370]. In Canada, 
rates of resistance to metronidazole remained unchanged in 
Bacteroides spp. over a 6-year period, while resistance to 
clindamycin had increased [371]. In Bacteroides species, 
resistance is conferred by both plasmid- and chromosomally 
mediated mechanisms, although plasmid-mediated transfer 
of resistance to susceptible strains is rare. Multiple steps 
appeared to be necessary for development of resistance, 
which may explain why resistance is rare and infrequent in 
the absence of long-term therapy [365].

Although metronidazole resistance among anaerobic bac-
teria is rare, it has been reported more frequently with H. 
pylori. A large multinational, multicenter randomized clini-
cal trial tested 516 clinical isolates and found resistance to 
metronidazole (>8 μ/ml) in 27% of strains by agar dilution 
method [372]. The mechanism of resistance to metronida-
zole is not well understood; resistant H. pylori strains may 
accumulate lesser amounts of metronidazole and at a slower 
rate [373]. The acquisition of resistance is associated with 
a mutation, resulting in inactivation of the rdzA gene that 
encodes an oxygen-insensitive NADPH nitroreductase [374].

Metronidazole-resistant T. vaginalis strains have been 
isolated from patients with refractory infections. Resistance 
is associated with reduced transcription activity of the ferre-
doxin gene, which results in decreased intracellular levels of 
ferredoxin and reduced pyruvate/ferredoxin oxidoreductase 
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activity. In addition, oxidation of pyruvate to lactate within 
hydrogenosomes stops and occurs in the cytosol via lactate 
dehydrogenase [375, 376]. Resistance to metronidazole has 
also been found in Giardia [377]. In amebae, an increase in 
iron superoxide dismutase has been described as a mecha-
nism of resistance [357].

Metronidazole is rapidly absorbed by the oral route, and 
serum levels are similar to intravenous doses. Metronidazole 
reaches all tissues and body fluids [378] including the cen-
tral nervous system. Patients with meningitis achieve similar 
cerebrospinal fluid and serum concentrations. Metronidazole 
also penetrates into brain abscesses and is considered the 
most effective therapy for B. fragilis meningitis. [379]. 
Metronidazole has a mean plasma half-life of 8.3 h and a sys-
temic oral bioavailability of 98.9%. Metronidazole is metab-
olized in the liver to glucuronide and oxidative products, 
including an active hydroxy metabolite [380]. Unchanged 
drug and the metabolites are excreted in the urine. The 
half-life of the drug may be as high as 20 h in patients with 
hepatic failure, and decreased doses are recommended for 
such patients.

 Adverse Reactions

Nausea, vomiting, diarrhea, and metallic taste are common 
adverse events. Candida overgrowth may result in glossi-
tis and stomatitis. More serious events involve the central 
and peripheral nervous systems that are usually associated 
with prolonged therapy and high doses or both. These can 
manifest as seizures, ataxia, dysarthria, cerebellar dysfunc-
tion, and often reversible peripheral neuropathy [381, 382]. 
Pancreatitis is an unusual complication of therapy [383]. 
Although the drug is active against C. difficile, paradoxi-
cally, cases of CDI have rarely been reported in patients on 
metronidazole [384]. Hypersensitivity reactions have been 
reported including urticaria, erythematous rash, flushing, 
bronchospasm, and serum sickness [385]. Genitourinary 
reactions include transient darkening of the urine to a 
deep red-brown color and dysuria. Patients should abstain 
from alcohol while taking the drug since a disulfiram-like 
reaction may occur characterized by flushing, tachycar-
dia, palpitations, nausea, and vomiting [386]. Intravenous 
trimethoprim- sulfamethoxazole and over-the-counter cold 
syrups containing alcohol can also lead to a disulfiram-like 
reactions when taken along with metronidazole. Sudden 
deaths have been attributed to the metronidazole-ethanol 
disulfiram-like reaction [387]. Metronidazole is classified by 
the US Food and Drug Administration as category B during 
pregnancy.

Drug interactions can occur with phenytoin, carbamaze-
pine, and lithium [388]. Metronidazole can increase the anti-
coagulant effect of warfarin, and preemptive dose reduction 

has been successful [389]. A potential interaction between 
metronidazole and amiodarone was reported resulting in 
QTc prolongation and torsades de pointes [390]. Of particu-
lar importance to transplant patients, metronidazole inhibits 
metabolic clearance of busulfan, and concomitant use may 
dramatically increase toxicity in HSCT patients receiving 
busulfan-containing conditioning regimens [391].

 Use in Transplant Recipients

A few investigators have reported significant rise in cyclo-
sporine and tacrolimus serum concentrations after patients 
were commenced on metronidazole therapy [392–394]. In 
one patient, cyclosporine increased 97% during concomitant 
metronidazole treatment and then returned to baseline after 
metronidazole was discontinued. In another patient, tacro-
limus increased 99% and then returned to baseline levels 
after cessation of metronidazole. These reports suggest that 
caution should be used when dosing these agents concomi-
tantly, with dose adjustments of cyclosporine and tacrolimus 
made as necessary. Another small study reported a signifi-
cant interaction between metronidazole and busulfan. HSCT 
recipients given metronidazole for GVHD prophylaxis had 
significantly higher levels of busulfan than controls who 
received busulfan alone [391]. More adverse events were 
noted in the group of subjects receiving metronidazole and 
busulfan together such as multiorgan failure, veno-occlusive 
disease, and hemorrhagic cystitis; therefore, authors recom-
mended avoiding these agents together in patients undergo-
ing HSCT [395].

A sizable literature concerns treatment of CDI in the 
transplant population. One study identified over 49,000 cases 
following SOT among which 2.7% had CDI. Univariate com-
parisons of transplant cases with and without CDI revealed 
that CDI cases were independently associated with greater 
mortality, longer length of hospitalization, more complica-
tions for the transplanted solid organ graft, and increased 
need for colectomy [396]. Patients following liver transplan-
tation were found to be at particularly high risk of devel-
oping CDI.  The prevalence of CDI in this population was 
2.7% versus 0.9% in other SOT recipients and a higher CDI 
mortality of 5.5% in liver vs. 3.2% in non-liver- transplant 
patients. CDI was an independent risk factor for death in this 
population [396].

In another study of CDI in SOT, C. difficile was the most 
common cause of diarrheal illness accounting for 2.7%. 
They also reported higher deaths, longer hospital stay, more 
complications for the transplanted organ, and increased need 
for colectomy in SOT recipients with CDI [395]. In children 
after lung transplantation, the incidence of CDI was 5.4%. 
One patient required a diverting ileostomy; another devel-
oped renal failure and expired. Overall 75% survival was 
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encouraging; however, a significant morbidity and mortality 
in these children with CDI were for serious concern [397]. In 
recipient of SOT with CDI, metronidazole and vancomycin 
were equally effective for the treatment of mild to moder-
ate disease, whereas vancomycin demonstrated superiority 
in patients with severe disease [398], an observation echoed 
among non-transplant population with CDI.

 Rifamycins

The rifamycins were discovered in 1957 as a fermentation 
product of Streptomyces mediterranei and named after a 
popular French crime film Rififi [399]. There are four cur-
rently marketed rifamycins: rifampin, rifabutin, rifapentine, 
and rifaximin. Rifamycin B was the first marketed agent. 
Through binding to DNA-dependent RNA polymerase, rifa-
mycins exert a potent antibacterial effect against a broad 
array of prokaryotes [400]. Crystal structure analysis of the 
rifampin-RNA polymerase complex in Thermus aquaticus 
shows that rifampin binds to the β-subunit of RNA poly-
merase at a site far from the active site of the DNA/RNA 
channel and physically blocks the elongation of RNA once 
the transcript is 2–3 nucleotides in length [401]. Rifabutin 
inhibits transcription between the first and second nucleo-
tides, indicating that steric hindrance may not completely 
explain the mechanism behind the blockade of RNA poly-
merase. Further modeling of the rifabutin-RNA polymerase 
complex demonstrates an allosteric signal leading to unfa-
vorable binding of the crucial Mg2+ catalytic ion at the active 
site resulting in a slowed biochemical reaction and dissocia-
tion of unstable nucleotide hybrids [402].

 Spectrum of Activity

Rifampin, rifabutin, and rifapentine are all highly active 
against M. tuberculosis and other organisms in the M. tuber-
culosis complex. Rifabutin MIC values against wild-type M. 
tuberculosis are generally narrowly distributed, with most 
values ≤0.06 mcg/mL, and MIC values between 0.25 and 
0.5 mcg/mL against isolates with low-level rifampin resis-
tance. Isolates with high-level resistance to rifampin dem-
onstrate cross-resistance with rifabutin [403, 404]. These 
MIC values are approximately two- to fourfold higher than 
those observed for rifampin among M. tuberculosis strains. 
For MAC, the differential MIC values are more pronounced, 
with MIC values for rifampin ranging from 2- to 16-fold 
higher than those of rifabutin. Rifapentine demonstrates 
similar in vitro activity to rifabutin against members of the 
M. tuberculosis family; however, rifampin-resistant isolates 
are often resistant to rifapentine [405]. Due to the highly 
conserved structure of RNA polymerase across bacteria, the 

rifamycins are highly active against a wide variety of Gram-
positive, Gram-negative, and intracellular bacteria. A sum-
mary can be found in an excellent review by Thornsberry 
[406]. Rifaximin demonstrates a similarly broad spectrum 
of activity, but due to poor systemic absorption, its use is 
limited to the treatment of localized gastrointestinal infec-
tions [407].

 Resistance and Decreased Susceptibility

Approximately 95% of the cases of resistance to rifampin may 
be mapped to the enzyme-coding RNA polymerase, rpoB, 
with the majority of these mutations in region I of the gene 
[408]. Most are single-point mutations; however, insertions 
and deletions are possible. Each mutation confers a different 
spectrum and level of resistance; however, due to decreased 
bacterial fitness, many of the possible mutations are not 
propagated in a clinical environment [408]. These mutations 
alter the binding affinity of rifamycins to the target enzyme. 
Resistance to rifampin due to spontaneous mutations in the 
rpoB gene occurs at a frequency of approximately 10−8 in 
staphylococci and 10−9 in Mycobacterium tuberculosis, with 
combination therapy effectively decreasing the development 
of resistance in clinical isolates [409]. Due to the rapid devel-
opment of resistance when used as monotherapy, rifampin is 
used in combination with other antibiotics in the treatment of 
serious infections [410].

In addition to target-site alterations, other mechanisms 
of resistance or reduced susceptibility may arise. A rifamy-
cin derivative, CGP 4832, is highly active against rifampin- 
resistant strains of E. coli, due to increased cellular uptake 
via the FhuA-TonB active transport system [411], indicating 
that decreased cell permeability may be responsible for the 
reduced rifamycin susceptibility among the GNB. However, 
this does not seem to be a factor in mycobacterial resistance 
including M. tuberculosis, M. avium-intracellulare complex 
(MAC), and M. smegmatis [412, 413]. Enzymatic modi-
fication of rifampin was identified in Rhodococcus and M. 
smegmatis, with the arr gene leading to inactive ribosylated 
derivatives of rifampin [414]. Variant arr genes with simi-
lar functionality have been found on plasmids in P. aerugi-
nosa, K. pneumoniae, E. coli, and other Enterobacteriaceae; 
notably, these plasmids also contained mutations conferring 
mutations to other classes of antimicrobials [415–417].

 Adverse Reactions

Rifampin is generally well-tolerated, with a surveillance 
population of patients receiving rifampin for the treatment 
of tuberculosis discontinuing therapy only 1.9% of the time, 
with over half of these discontinuations being inappropriate 
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[418]. A well-known side effect of rifampin is red-orange 
discoloration of body fluids as a result of distribution of the 
brightly colored drug into these fluids. This is most often 
a harmless cosmetic disturbance; however, it may lead to 
permanent discoloration of contact lenses or, in cases of 
overdose, cutaneous discoloration and periorbital edema, 
and intense pruritus may occur [419]. Hepatotoxicity from 
rifampin may manifest as hyperbilirubinemia, elevated liver 
enzymes or drug-induced hepatitis. Elevations in both con-
jugated and unconjugated bilirubin occur predictably shortly 
following the administration of the drug, and are thought to 
the result of impaired biliary excretion [420]. Elevations in 
transaminases are infrequent in patients treated for latent 
tuberculosis or brucellosis [421, 422], although combination 
with isoniazid leads to more frequent elevation than expected 
with either agent alone [423]. There are few case reports of 
fulminant hepatitis resulting in liver failure due to rifampin 
monotherapy, occurring mostly in patients with preexisting 
liver disease [424]. Mild suppression of all marrow lines may 
occur during rifampin therapy, leading to granulocytopenia, 
thrombocytopenia, and anemia. True hemolytic anemia and 
immune-mediated thrombocytopenia may rarely occur dur-
ing treatment with rifampin as a result of immune complexes 
and during re-exposure to the drug [425, 426]. Through 
similar immunologic mechanisms, rifampin has been asso-
ciated with the development of acute renal failure [427]. 
Manifestations of renal failure are predominantly oligo-
anuric acute tubular necrosis associated with systemic symp-
toms; however, recovery is slow and may occur during renal 
replacement dialysis. Other causes of renal failure, such as 
glomerulonephropathy, acute interstitial nephritis, and light- 
chain proteinuria, may occur; these are not associated with 
the development of antibodies to rifampin [428]. Increased 
levels of rifabutin in patients receiving clarithromycin or 
fluconazole during treatment of MAC infections have been 
reported and are probably due to inhibition of the CYP450. 
Patients with AIDS receiving rifabutin therapy at 600  mg 
daily dose are at risk for uveitis, risk adjusted with total body 
weight (TBW) of the patient, ranging from 64% in <55 kg 
TBW to 14% in patients with >65  kg TBW.  Additionally, 
reduction in the dose to the currently recommended 300 mg/
day, the risk dropped dramatically to 13% overall, with two 
of the three cases occurring in patients weighing <55 kg.

 Use in Transplant Patients

Several interactions are particularly relevant in transplant 
population through induction of CYP-450 enzyme system 
[429, 430]. The use of rifampin with cyclosporine has been 
associated with numerous reported acute allograft rejections 
due to sub-therapeutic concentration of antirejection medi-
cine, as well as acute GVHD for the same reason in pediatric 

and adult HSCT recipients [431, 432]. In a case series of four 
patients receiving cyclosporine and rifampin, the AUC of 
cyclosporine was found to be reduced by approximately two-
fold, with a dose increase of 2.5–3 times baseline required 
to maintain adequate levels of immune suppression [433]. 
Similar potential for interactions with tacrolimus, sirolimus, 
everolimus, and, to a lesser extent, mycophenolate mofetil 
exists [433, 434]. A consensus statement on the use of rifa-
mycins in the treatment of tuberculosis in patients undergo-
ing SOT was published by the Spanish Society of Infectious 
Diseases and Clinical Microbiology, supporting the need 
for careful therapeutic drug monitoring of these agents and 
avoidance of rifamycins, when possible [435].

Rifaximin was evaluated in liver transplant recipients 
with C. difficile infection that was refractory to both met-
ronidazole and vancomycin. Rifaximin at a dose of 400 mg 
TID for 28 days was initiated in three patients after oral van-
comycin was discontinued; diarrhea resolved in all patients 
treated with rifaximin. Patients remained symptom-free for 
155–250 day afterward [436]. Favorable observation in this 
very limited study needs to be assessed in a larger cohort 
of transplant patients with difficult-to-treat CDI diarrheal 
illness.

 Sulfonamides

The sulfonamides were the first effective antimicrobials used 
to treat and cure infections in humans [437]. In 1932 the 
first sulfonamide, sulfachrysoidine, was found to be active 
against Streptococcus. The drug was marketed in Germany 
as prontosil. Sulfanilamide was introduced into the United 
States in the 1930s, and trimethoprim was synthesized sev-
eral decades later. The combination of trimethoprim-sulfa-
methoxazole (TMP-SMX), also known as co-trimoxazole, 
was introduced in the 1970s and continues to be one of the 
most widely used compound for bacterial and parasitic infec-
tions. This section will concentrate on TMP-SMX, which is 
most commonly used sulfonamide and more relevant to the 
transplant patient population.

The sulfonamides are bacteriostatic antibiotics simi-
lar in structure to para-aminobenzoic acid (PABA) which 
is required for folic acid synthesis. The sulfonamides are 
competitive inhibitors of dihydropteroate synthase, the bac-
terial enzyme that incorporates PABA into dihydropteroic 
acid, the immediate precursor of folic acid. Sulfonamides 
have a higher affinity for the microbial enzyme tetrahydrop-
teroic acid synthetase than PABA.  Only bacteria that syn-
thesize folic acid are susceptible; those that used preformed 
folic acid are resistant. Mammalian cells are comparable to 
resistant bacteria in requiring preformed folic acid; approxi-
mately 100,000 times more drug is required to inhibit the 
human enzyme than the bacteria enzyme [438]. TMP and 
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SMX work sequentially to inhibit enzymes involved in the 
bacterial synthesis of tetrahydrofolic acid (THF) and act 
synergistically in  vitro and in  vivo [439]. SMX competes 
with PABA to inhibit the synthesis of dihydrofolic acid, an 
intermediate step in the formation of THF, and TMP binds to 
bacterial dihydrofolate reductase also preventing the forma-
tion of THF [440]. The final results in decreased folic acid 
synthesis, reduced bacterial nucleotides, and inhibition of 
bacterial growth.

 Spectrum of Activity

TMP-SMX is effective against a wide variety of aerobic 
Gram-positive and Gram-negative bacteria including S. 
pneumoniae and other streptococci, staphylococci including 
CA-MRSA, H. influenzae, Enterobacteriaceae, Salmonella, 
Shigella, Listeria, and Nocardia spp. It is active against 
P. jirovecii, M. marinum, and some protozoa including 
Plasmodium, Cyclospora, and Toxoplasma spp. [441]. Other 
nosocomial pathogens are susceptible, such as B. cepacia, S. 
maltophilia, and S. marcescens. Pathogens resistant to TMP- 
SMX include P. aeruginosa, most anaerobes, M. tuberculo-
sis, T. pallidum, Campylobacter, and PCN-R S. pneumoniae. 
MRSA is variably susceptible, dependent upon whether the 
isolate is community or hospital acquired, as discussed in the 
sections on clindamycin and vancomycin.

 Resistance

Different mechanisms mediate resistance to the two com-
ponents and can be transferable on transposons of the Tn21 
family [442]. Resistance to TMP-SMX is widespread and 
has developed in most bacterial species [443–445]. Multiple 
mechanisms have been described including permeability 
barriers and/or efflux pumps, bacteria with target enzymes 
that are not susceptible, regulational changes in target 
enzymes, mutations in target enzymes, and drug-resistant 
target enzymes. P. aeruginosa is one of the organisms known 
to have an active efflux pump, overexpressing the MexA- 
MexB- OprM system to eliminate the drug from the cell 
[446]. Naturally insensitive dihydrofolate reductase enzymes 
are found in Bacteroides spp., Clostridium spp., Neisseria 
spp., and M. catarrhalis [442].

Organisms can develop overproduction of PABA such 
as N. gonorrhoeae and S. aureus or altered dihydroptero-
ate synthetase in the case of E. coli. Transferable resistance 
of approximately 20 genes conferring TMP resistance 
through mutations in dihydrofolate reductase genes has 
been reported over the past 40 years. Plasmid transfer can 
occur in the gastrointestinal tracts among various bacteria 
belonging to Enterobacteriaceae. Mutations in the chro-

mosomal dhps gene of E. coli confer resistance to the sul-
fonamide component. These mutations may also mediate 
resistance in S. aureus, S. haemolyticus, C. jejuni, and H. 
pylori [442]. S. pyogenes is thought to have a change in the 
gene via transformational mutations [447] and N. menin-
giditis through recombination of mutations in the folP and 
dhps genes [448].

Plasmid-mediated SMX and TMP resistance is increas-
ing worldwide. Studies have shown rates of resistance to 
Salmonella of 37% [449] and 76% in Shigella spp. [450]. A 
study of college student with urinary tract infections showed 
that E. coli resistance to TMP-SMX was 29.6% [451]. S. 
pneumoniae resistance to TMP-SMX varies geographically 
and may be as high as greater than 40% [452]. Resistance 
to S. maltophilia is also on the rise; a recent study reported 
30.4% TMP-SMX-resistant isolates demonstrating a novel 
gene cassettes embedded in class 1 integrons [453].

Pneumocystis jirovecii resistance has been correlated 
with dihydropteroate synthase gene mutations [454], while 
dihydrofolate reductase gene mutations can account for 
high-level resistance in other organisms such as E. faeca-
lis and C. jejuni [455, 456]. Naturally resistant bacteria to 
SMX such as E. faecalis are typically auxotrophic for folic 
acid. Maximal synergy occurs when organisms are suscep-
tible to both drugs. However, bacteria naturally resistant to 
one of the drug component at a low level and susceptible to 
the other compound may still remain susceptible to the drug 
combination.

 Adverse Reactions

TMP-SMX is generally well tolerated in non-HIV-infected 
patients, where HIV patients have a much greater rate 
of adverse reactions [457]. These include severe and 
 life- threatening hypersensitivity reactions. Sulfamethoxazole 
hypersensitivity may involve the increased formation and 
decreased detoxification of reactive metabolites. The adverse 
reaction rate is as high as 50% in HIV-infected patients, with 
many of the reactions being severe [458]. The more common 
adverse reactions to TMP-SMX involve the gastrointesti-
nal tract such as nausea and vomiting; skin rash and pruri-
tus are also not uncommon. Life-threatening effects, more 
likely to occur in HIV-infected patients and older adults, 
include neutropenia and severe dermatologic reactions such 
as Steven- Johnson syndrome, exfoliative dermatitis, and 
toxic epidermal necrolysis [459]. TMP-SMX desensitization 
can be performed successfully in as many as 75% of HIV 
patients [460, 461].

There is data supporting an elevated risk of hypersen-
sitivity to non-antibiotic sulfonamides such as loop and 
thiazide diuretics and sulfonylureas in patients with sulfon-
amide allergy. TMP-SMX should not be given to patients 
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who have folic acid deficiency or who are pregnant. As a 
weak inhibitor of dihydrofolate reductase in high doses, it 
has been implicated in megaloblastic pancytopenia [462]. 
Co-administration of folinic acid may prevent or reduce 
the antifolate activity of TMP-SMX without affecting its 
antimicrobial activity; such results are controversial [463, 
464]. TMP-SMX should be given with caution to patients 
with glucose-6-phosphate dehydrogenase deficiency; how-
ever, convincing data regarding drug-induced hemolysis in 
patients with heterozygous G6PD deficiency is rare [465]. 
Other adverse effects such as anaphylaxis, hepatitis [466], 
hyperkalemia [467], aseptic meningitis [468], and hypogly-
cemia have been reported [469].

Nephrotoxicity associated with TMP-SMX is uncom-
mon. TMP can lead to decline in renal tubular secretion 
of creatinine resulting in higher serum creatinine lev-
els through interference with certain assays that is not 
reflective of a true reduction in glomerular filtration rate 
[470]. Adequate hydration should be maintained in order 
to minimize the risk for urinary tract crystal formation. 
Patients with low urine output and low urinary pH are at 
an increased risk for SMX crystalluria [471]. The older 
sulfonamides are less soluble and can precipitate in the 
tubules when used in high doses. Patients in whom TMP-
SMX were previously discontinued due to skin reactions, 
especially in HIV-infected patients, a successful desen-
sitization attempt should be considered when treatment 
resumption is being contemplated [472]. TMP-SMX 
can interact with a variety of drugs including warfarin, 
cyclosporin, rifampin, dapsone, and phenytoin [473–475]. 
Hyperkalemia has been described in elderly patients on 
spironolactone [474, 476].

 Use in Transplant Patients

The combination of TMP and SMX is highly bactericidal 
with maximum synergy at a ratio of 1:20. The optimal 
ratio is calculated by the ratio of the MICs of the drugs 
acting alone. Because TMP is more lipid soluble than 
SMX, resulting in a larger volume of distribution, the 
drug is formulated to achieve a SMX concentration in vivo 
that is 20 times greater than TMP.  The drug is available 
in a fixed ratio of 1:5 for oral/intravenous use [441, 477]. 
Bioavailability of TMP- SMX is approximately 85%. The 
peak TMP concentration is achieved in 2 h, whereas the 
peak SMX concentration is achieved in 4  h [438]. The 
drug is widely distributed in the body with tissue con-
centrations usually less than serum concentrations. Peak 
concentrations of TMP and SMX in the CSF are 1 μg/ml 
and 13.8 μg/ml, respectively, and penetration was 18% for 
TMP and 12% for SMX [478]. The half- life of TMP is 
8–10 h and SMX is 10 h [441].

TMP-SMX is excreted in the urine, 50% of the drug 
eliminated in the first 24 h. SMX is approximately 70% pro-
tein bound; it is acetylated and glucuronide-conjugated in 
the liver. TMP is excreted in the urine unchanged. There are 
four major TMP metabolites with little antibacterial activ-
ity. Renal dysfunction results in prolongation of the half-
lives of each drug; necessitating dose adjustment creatinine 
clearance is less than 30 mL/min. Dosing of TMP-SMX is 
based on the TMP dose and expressed as mg/kg per day of 
TMP. Oral doses of TMP-SMX are usually given as a single 
strength or more commonly a double-strength (DS) tab-
let once to four times daily depending upon the indication 
and renal function [479]. Intravenous TMP-SMX is usually 
dosed at a concentration of 5 mL which contains 80 mg of 
TMP. TMP-SMX dosing should be altered for patients with 
renal insufficiency with a creatinine clearance ≤30 mL/ min. 
Dose adjustment guidelines are available for patients with a 
creatinine clearance ≤15 mL/min [480].

TMP-SMX is commonly used to treat P. jirovecii pneu-
monia (PCP) which remains an important opportunistic 
fungal infection in patients undergoing allograft transplan-
tation. Outbreaks of PCP have occurred in renal transplant 
centers secondary to person-to-person transmission resulting 
in loss of allograft and high mortality. For this reason, TMP-
SMX prophylaxis is routinely used after transplantation and 
continued for 4–12  months after transplantation procedure 
[481]. Prophylaxis reduced the incidence of PCP infection 
to less than 1% in renal transplant recipients and considered 
favorable for reducing risk for toxoplasmosis, listeriosis, and 
urinary tract infections in such patients. The most common 
side effects include hemolytic anemia and methemoglobin-
emia, which are less common with the lower prophylaxis 
TMP-SMX dose. Breakthrough PCP is exceedingly rare in 
patients compliant to TMP-SMX prophylaxis.

Nocardia infection is an opportunistic pathogen in trans-
plant patients, especially in lung transplants due to the mode 
of acquisition. Nocardia infection occurs in 2.1–3.5% of 
lung transplant patients [482–484]. TMP-SMX remains a 
mainstay of treatment, sometimes combined with imipenem, 
amikacin, and ciprofloxacin. Most isolates are susceptible to 
TMP-SMX despite breakthrough infections. Patients experi-
ence a high rate of adverse effects including gastrointesti-
nal, renal failure, and cytopenias. Adverse effects may also 
occur with imipenem when given in combination, albeit 
most patients tolerate TMP-SMX induction and maintenance 
therapy for invasive nocardiosis well.

Community-acquired MRSA retained susceptibility to 
TMP-SMX despite frequent use of the drug in outpatient 
settings [485]. Susceptibility to E. coli and Proteus spp. 
decreased slightly, whereas susceptibility among clinical 
K. pneumonia isolates improved. Continued surveillance is 
ongoing; TMP-SMX remains a first-line drug in all popula-
tions for treatment of infections due to CA-MRSA.
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 The Polymyxins

The polymyxins are a group of closely related cyclic, posi-
tively charged peptide antibiotics discovered in the 1940s 
[486]. Only polymyxin B and colistimethate, the prodrug of 
colistin, are available in the United States. These two drugs 
differ by one amino acid which changes the potency and 
pharmacokinetics [487]. The intravenous formulations avail-
able are polymyxin B and E; polymyxin E is also known 
as colistin. Polymyxins were largely abandoned secondary 
to the nephrotoxicity toxicities manifested as proteinuria, 
oliguria, and acute renal failure and neurotoxicity present-
ing as paresthesias, neuromuscular blockade, and ataxia. 
The emergence of MDR GNB, especially Pseudomonas 
and Acinetobacter spp., has created a need to form clinical 
revival of these agents.

The polymyxins are bactericidal agents classified as cat-
ionic detergents. The polymyxins interact with phospholip-
ids in the cell membrane by competitively displacing divalent 
cations from the phosphate groups of the membrane lipids, 
causing an immediate permeability change, membrane dis-
ruption, and leakage of cellular content. Polymyxin B binds 
to the lipid A portion of endotoxin and can displace mag-
nesium and calcium from cationic-binding sites [488]. This 
inactivation has been shown in animal models to prevent the 
effects of endotoxin [489]. Neither polymyxin B nor colistin 
is absorbed by the oral route. The serum half-life of poly-
myxin B is approximately 6 h; the majority of the drug is 
reabsorbed via the proximal tubules. Colistin is tightly bound 
to lipid membranes of many organs and is excreted in the 
urine. Pharmacokinetic studies are difficult to interpret since 
colistimethate assays do not measure the active drug colis-
tin; one study showed a half-life of 4.2 h. Penetration into 
cerebrospinal fluid, pleural cavity, lung, and biliary tract is 
low. Polymyxins are rapidly bactericidal with concentration- 
dependent kinetics. A postantibiotic effect has been reported 
against P. aeruginosa in patients with cystic fibrosis [490].

The spectrum of polymyxin activity includes P. aeru-
ginosa and A. baumannii, especially relevant for trans-
plant population. Additionally, rising frequency of MDR 
Enterobacteriaceae and Stenotrophomonas maltophilia fur-
ther enhances their appeal. These bacteria have their LPS 
molecules bridged and stabilized by divalent cations such 
as magnesium. Many nosocomial pathogens are inherently 
resistant to these drugs by virtue of replacement of the diva-
lent cation by a positively charged H1 protein resulting in 
altered lipid A binding. These include Providencia spp., 
Proteus spp., most Serratia spp., B. cepacia, and Morganella 
morganii. The polymyxins have no activity against 
GPB.  Resistance mechanisms to the polymyxins include 
overexpression of outer membrane proteins and reduction in 
the net negative charge of lipid A secondary to substitution 
of phosphate groups and esterification.

The culture medium can alter susceptibility results since 
cation concentration can affect the MICs, and the automated 
microdilution assays may not give reliable information. 
Comparison of disk diffusion, E-test, and broth microdi-
lution to determine resistance to colistin and polymyxin 
B were found to be concordant in one analysis [491], and 
E-test was superior to disk diffusion method for K. pneu-
moniae, especially for isolates with disk zone diameters of 
12–13 mm [492].

There are several dosing guidelines for these drugs. 
Conventional dosing for colistin used in the United States 
for a 70 kg person is 300 mg of drug base per day or 720 mg 
of colistimethate or 5 mg/kg colistin base daily with either 
ideal or actual body weight. For polymyxin B the dose is 
approximately 2  mg/kg/day given in two divided doses or 
15,000–25,000 units/kg/day in two divided doses.

Retrospective toxicity studies showed neurotoxicity 
between 7% and 27% and nephrotoxicity approaching in 43% 
of patients [493]. Neurotoxicity has ranged from none to 5% 
in recent studies. Nephrotoxicity from polymyxin B ranges 
from 6% to 14% and is higher in patients with preexisting 
kidney disease and compromised renal function. Kubin et al. 
[487] performed a retrospective review of acute kidney injury 
(AKI) in 73 patients in whom polymyxin B was given for at 
least 3 days. The dose was adjusted by total body weight, and 
using creatinine clearance a daily dose of 1–1.5 mg/kg/day 
was given to patients with CrCl <80 mL/min and 2.5–3 mg/
kg/day in patients with CrCl >80 mL/min. AKI occurred in 
60% of patients with more severe elevations in creatinine con-
stituting injury or renal failure in 33%. At the end of therapy, 
49% of patients had AKI. Hospital mortality was not influ-
enced by development of AKI. This study found that obese 
patients may be at an increased risk for AKI, and concurrent 
vancomycin therapy might potentiate nephrotoxicity.

At one center, in a new dosing protocol, patients were 
given a loading dose of 25,000 units/kg of polymyxin B with 
subsequent doses adjusted for creatinine clearance; the dose 
for CrCl >80 mL/min was 25,000 units/kg every 24 h [494]. 
The newer dosing trended in improved microbiological suc-
cess; however, an increased albeit, reversible renal toxicity 
was also observed. Optimum dosing for patients with and 
without renal dysfunction remains uncertain. Yahav et  al. 
reviewed recent studies of colistin and concluded that the 
drug was administered to sicker patients with carbapenem- 
resistant bacteria. Overall, nephrotoxicity rates were not 
higher with colistin in these studies, and colistin-induced 
nephrotoxicity was reversible in most patients [495].

 Use in Transplant Infections

Kalpoe et  al. [173] reviewed the mortality associated with 
carbapenemase-producing K. pneumonia in liver transplant 

J. Altshuler et al.



885

patients. Fourteen patients had carbapenem-resistant iso-
lates with a 30-day mortality of 71%. Ten patients received 
polymyxin B monotherapy and had 60% mortality rate. 
Polymyxin was combined with tigecycline in four patients 
with a 75% mortality and with cefepime and gentamicin 
in one patient who also died. Tigecycline monotherapy 
was given in three patients, in whom one patient survived. 
The patients who survived had surgical site infections and 
abdominal abscesses. Some in vitro studies have shown syn-
ergy between colistin and carbapenems for GNB that were 
resistant to carbapenems and susceptible to colistin [495]. 
Inhaled polymyxin has been added to systemic therapy to 
improve response; however, Kofteridis found that adding 
aerosolized colistin to intravenous colistin did not improve 
outcomes in patients with GNB VAP; there were only eight 
cases of P. aeruginosa in this group [496]. Another study 
compared three patient groups as follows: parenteral colis-
tin, inhaled colistin, and inhaled and parenteral colistin in 20 
ICU patients with pneumonia due to MDR P. aeruginosa. A 
clinical response was observed in all patients on inhaled, 40% 
given parenteral, and 78% in the inhaled-parenteral com-
bined colistin treatment group. However, no patient achieved 
microbiological eradication, and mortality was lowest in the 
inhaled group suggesting that inhaled colistin may be useful 
as adjunctive therapy for the treatment of these daunting lung 
infections [497].

 Fosfomycin

Fosfomycin is an antimicrobial that was first isolated in 
1969 and approved in the United States in the form of a 
sachet containing 5.61 grams of fosfomycin tromethamine. 
Fosfomycin is a bactericidal agent that inhibits uridine 
diphosphate-G1cNAc enoyl-pyruvyltransferase, thereby 
inhibiting bacterial cell wall synthesis. An active bacterial 
transport system is necessary. Fosfomycin also decreases the 
adherence of bacteria to epithelial cells of the urinary tract. 
The original compound has a low bioavailability of 37%; the 
soluble salt is available for single-dose use with improved 
oral bioavailability.

 Spectrum of Activity

Fosfomycin is approved in the United States for treatment 
of uncomplicated urinary tract infections due to E. coli and 
E. faecalis. The drug has broad in vitro activity against K. 
pneumoniae, Proteus spp., Enterobacter spp., and S. marc-
escens. Pseudomonas is known to develop resistance, and 
Acinetobacter isolates are inherently resistant. Fosfomycin 
also has activity against S. pneumoniae, S. aureus, and S. 
epidermidis and lacks anaerobic activity. Falagas et  al. 

report fosfomycin activity against ESBL-producing E. 
coli adding fosfomycin to the list of antibiotics that may 
be used to treat urinary tract infections due to such patho-
gens. Falagas review of 17 studies in the treatment of drug-
resistant Enterobacteriaceae demonstrated a good level of 
antimicrobial activity, especially against ESBL-producing 
E. coli. Of note, some of the studies involved sites outside 
the urinary tract such as decubitus ulcers, bloodstream 
infection, and other unspecified body sites. E. coli was 
the most common isolate, followed by K. pneumonia and 
Enterobacter spp. ESBL isolates accounted for 88% of 
the organisms with 91.3% showing in vitro susceptibility 
to fosfomycin. Efficacy of oral therapy in lower urinary 
tract infections was 94% in all studies and ranged between 
78.8% and 93%.

An intravenous preparation of fosfomycin is available 
outside the United States, where it has been used for the 
treatment of various maladies such as respiratory tract, bone, 
obstetrical, joint, and bloodstream infections; furthermore, 
patients with meningitis and typhoid fever have also been 
treated with parenteral fosfomycin-based regimen [498]. A 
review of 31 studies had an overall cure rate of 81.2%. The 
intravenous formulation was well tolerated, and gastrointes-
tinal, skin rash, and phlebitis at the IV site were prominent 
adverse events. Clinical trials to allow for eventual market-
ing of the intravenous formulation in the United States are 
underway. Resistance to fosfomycin has been observed, 
although the specific mechanisms are varied. Of note, 
Tullio et  al. reported that fosfomycin mitigated depressed 
 phagocytic response of neutrophils isolated from kidney 
allograft recipient even in the setting of uremia. This restora-
tion of neutrophil functions against ESBL-producing E. coli 
in ex vivo experiments, although intriguing, needs thorough 
clinical validation.

 Use of Fosfomycin in Transplant Patients

Fosfomycin tromethamine appears to have in vitro immu-
nomodulating properties that may be desirable in the 
transplant population. When used in subinhibitory con-
centrations, exposure to fosfomycin was shown to induce 
ex  vivo enhancement of depressed phagocytic neutrophil 
response against ESBL-producing E.coli isolated from 
patients on long-term hemodialysis and from recipients of 
renal allograft transplantation [499]. Fosfomycin has been 
used in the renal transplant population to treat urinary tract 
infections and is considered a therapeutic alternative for 
MDR GNB infection including graft pyelonephritis [500, 
501]. Combination of fosfomycin with sulbactam was 
tested against eight clinical isolates of carbapenem-resis-
tant A. baumannii using checkerboard assays; a synergy 
was demonstrated in 75% of these isolates. This in  vitro 
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study suggests that combined use of fosfomycin and sul-
bactam needs further clinical evaluation [502].

 Fusidic Acid

Fusidic acid has a unique mechanism of action through bind-
ing to elongation factor G (EF-G) which prevents release 
from the ribosome and inhibition of protein synthesis. The 
structure is “steroid-like,” but the stereochemistry at the ring 
junctions results in a boat-like structure [503], and the agent 
has no corticosteroid activity. Fusidic acid has been available 
in Europe for over 40 years and currently not FDA-approved 
for use in the United States. The “traditional” spectrum of 
activity includes MSSA, MRSA, S. epidermidis, some beta- 
hemolytic streptococci, Corynebacterium spp., N. menin-
gitidis, and most Gram-positive anaerobes. It lacks activity 
against Gram-negative aerobes and has variable activity 
against Gram-negative anaerobes. Clinical efficacy has been 
demonstrated in cSSTIs, osteomyelitis, and other MRSA 
infections.

Fusidic acid is available by the oral and parenteral routes 
and is metabolized in the liver by CYP450. Fusidic acid pen-
etrates well into phagocytes and has enhanced antimicrobial 
activity at low pH [504]. High and sustained serum concen-
trations are usually achieved. Intravenous preparations have 
been associated with a high rate of infusion-related phlebi-
tis, and since the oral bioavailability is high, oral route of 
administration is preferred. Oral fusidic acid has a good 
safety profile. Kraus et al. reviewed over 1200 citations from 
the literature worldwide; the most common adverse reac-
tions were gastrointestinal, reversible jaundice, neurologic, 
hematologic, and cytochrome P450 drug-drug interactions. 
There is a potential for rhabdomyolysis when given with 
statins and suggestion that fusidic acid combination may be 
antagonistic. Concerns about selection of resistance during 
therapy have contributed to the reluctance to approve this 
drug in the United States. Resistance is thought to be caused 
by mutations in the gene coding for EF-G. Chromosomal- or 
plasmid- mediated mutations, fus A-E, have been identified 
resulting in staphylococcal resistance expressed in vitro MIC 
≥2 μg/ml. Resistance is readily acquired when fusidic acid 
is used as monotherapy and may develop during the course 
of therapy. The question remains as to whether fusidic acid 
should be used in combination with other agents.

Jones et  al. summarized a fusidic acid (CEM-102) sur-
veillance study (US SENTRY) in the United States in 2008 
and 2009 as well as global resistance surveillance data [505]. 
Fusidic acid MIC50/90 was 0.12/0.25 μg/ml against 99.65% of 
S. aureus strains tested. Approximately 53% of these were 
MRSA that had a trend toward MIC ≥2ug/ml. When com-
pared with oral antibiotics, sulfamethoxazole-trimethoprim 
inhibited 98.6% of the isolates. Linezolid was eight times 

less potent than fusidic acid. Fusidic acid was active against 
97.6% of MS CNS vs. 90.2% of MR CNS. Fusidic acid resis-
tance was rare, and high-level resistance MIC >32 μg/ml was 
not seen in the US strains, probably reflecting, in most part, 
a lack of clinical exposure to this agent in the United States. 
Jones et al. proposed a staphylococcal breakpoint of ≤1 μg/
mL based upon the pharmacodynamics of the drug and low 
frequency of resistance. Craft et al. published a phase II trial 
of CEM-102 compared with linezolid in GPB SSTIs using 
a loading-dose regimen of fusidic acid [506]. Fusidic acid 
safety, tolerability, and efficacy were comparable to line-
zolid in this study. Oral fusidic acid is in clinical develop-
ment in the United States by Cempra Pharmaceuticals as 
monotherapy with a new dosing regimen. Phase II and III 
clinical trials are underway. If approved, FA may offer an 
additional oral agent for treatment of MRSA SSTIs and pos-
sibly osteomyelitis.

 Fidaxomicin

Discovered in the fermentation broth of an isolate of 
Dactylosporangium aurantiacum subspecies hamdenensis, 
fidaxomicin also known as tiacumicin B and OPT-80 rep-
resents the only currently marketed member of the mac-
rocyclic class of antibiotics [507]. Fidaxomicin inhibits 
bacterial RNA synthesis through blocking the activity of 
DNA- dependent RNA polymerase via a mechanism distinct 
from that of the rifamycins and other known inhibitors of 
RNA polymerase [508]. Specifically, fidaxomicin inhibits 
melting of the DNA promoter complexes around the start 
site for transcription through altering the conformation of the 
DNA in the structure around the complexes [509].

 Spectrum of Activity

Fidaxomicin is active in  vitro against a number of GPB 
including S. aureus and E. faecalis, with no activity dem-
onstrated against most clinically relevant Gram-negative 
organisms [510]. Bacteroides species are not inhibited by 
fidaxomicin, whereas C. difficile is highly sensitive, with a 
MIC90 of 0.25mcg/mL, and no reports of wild-type isolates 
with MIC greater than 1mcg/ml have been demonstrated.

 Resistance

Reduced susceptibility to fidaxomicin has been identified in 
one clinical isolate of Clostridium difficile resulting from β 
and β’ subunits of RNA polymerase mutation [511]. In vitro 
studies have determined that serial passage of fidaxomicin 
may result in a number of single nucleotide polymorphisms 
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in the rpoB and rpoC genes encoding RNA polymerase, 
with the Val1143Asp mutation in the β subunit resulting in 
reduced susceptibility among the clinical isolates [512].

 Adverse Events

Due to negligible absorption from the gastrointestinal tract, it 
is not expected that oral administration of fidaxomicin would 
result in serious systemic adverse events [513]. Analysis of 
the clinical trials leading to marketing approval for fidax-
omicin demonstrated no differences in the rates of toxicities 
experienced by patients receiving fidaxomicin as compared 
to those receiving the comparator agent such as oral vanco-
mycin [514].

 Fidaxomicin in Transplant Patients

CDI is associated with an overall significantly worse outcomes 
in hospitalized patients undergoing solid organ transplanta-
tion [395]. Treatment with vancomycin and/or metronida-
zole is associated with high rates of CDI recurrences in these 
severely immunosuppressed patients. Fidaxomicin has been 
shown in clinical trials to be noninferior when compared with 
oral vancomycin and favorably associated with a significantly 
lower rate of early CDI recurrence in the 4 weeks following 
cessation of therapy follow- up. It must be noted, however, 
that improved sustained response was not seen in the sub-
group of patients with NAP1/B1/027 C. difficile strain. There 
is little data about the incidence of this strain in transplant 
population. It can be concluded that fidaxomicin is an option 
for the treatment of CDI in patients with an increased risk for 
infection recurrence and those with severe CDI [511, 515].

 Summary

Infections in transplant recipients are more frequently due to 
multidrug-resistant organisms such as MRSA, VRE; ESBL 
and carbapenemase producing GNB.  Infections with drug-
resistant organisms in patients with severe immune dysfunc-
tion pose a serious management challenge, especially in 
planning empiric and preemptive therapy. Resurgence of old 
drug like polymyxins and fosfomycin, novel drug combina-
tions, and the much-needed new antimicrobials with innova-
tive mechanism of antimicrobial activity supplemented with 
structural and mechanistic resilience for evading microbial 
drug-resistance is the encouragement that current and future 
research provides. It is essential to recognize the clinical sig-
nificance of potential drug-drug interactions in this patient 
population. Prudent antibiotic use is predicted upon careful 
selection and judicious use of antibiotics for infection pro-

phylaxis, preemptive and empiric therapy, and, most impor-
tantly, ongoing surveillance to assess prevalence of causative 
bacterial pathogens and drug susceptibility profiles in an 
institution, transplant units, regions of temporary or perma-
nent residence of transplant patients. Furthermore, travel-
related exposure to bacteria with unique drug resistance 
profile; emergence, and distribution of drug resistance among 
common pathogens forms the core principles for optimized 
anti-infective treatment approach in caring for the highly sus-
ceptible patients undergoing transplantation procedures.
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 Introduction

Infection remains a major cause of morbidity and mortality 
among solid organ transplant (SOT) and hematopoietic stem 
cell transplant (HSCT) recipients. Within the first 30  days 
following organ transplantation, the most frequently encoun-
tered sites of bacterial infection are the surgical site, vascu-
lar access device, and the lungs. Since the introduction of 
azathioprine in the 1960s and especially cyclosporine in the 
mid-1980s, several new potent immunosuppressive mani-
festing activities through an array of efficient mechanisms 
have recently arrived to market. While becoming mainstays 
of immunosuppressive maintenance therapies, they place 
patients at a markedly increased risk of infection. Challenges 
placed to clinicians are maintaining a delicate, if not brittle, 
balance of desirable and sustained immunosuppression while 
successfully preventing or, if needed, treating acute bacterial 
or opportunistic infections.

There is a muted response of transplant recipients to 
infection when compared to the immunocompetent host. 
Thus, clinicians charged with the management of transplant 
recipients must seek and closely examine subjective patient 
findings in concert with the receipt of objective results 
when available. While serum levels of immunosuppressive 

agents are available, a definitive marker for true depth of 
immunosuppression is still not available for clinicians to 
assess a patient’s risk of frequency and severity of infec-
tion. Though not within the scope of this chapter, the issue 
of nosocomial infection among organ donors and donor-
derived infections should also be noted.

Presenting further challenge to the maintenance of medi-
cations for the more acute issues of immunosuppression and 
bacterial infection is that organ transplant recipients often take 
several other medications for comorbidities that may be asso-
ciated with immunosuppressive drugs. Disease states such as 
hyperlipidemia, hyperglycemia, hypertension, osteoporosis, 
and arrhythmia are not infrequent, particularly as organ trans-
plants are increasingly performed in aging populations. Other 
commonly encountered conditions in this high-risk popula-
tion such as depression and psychoses can be chronic and par-
ticularly challenging to manage with medications [1].

The management of concomitant medical conditions in 
the transplant recipients often requires the use of a large 
number of medications, at best constituting a necessary form 
of polypharmacy. Medication use leading to adverse events 
is noted to increase the rate of hospitalization and mortal-
ity [2, 3] and with strong statistical methodology has been 
demonstrated to be among the leading causes of adverse 
events in the hospitalized patient. In Leape’s landmark study 
of 1133 patients sustaining disabling injuries due to medical 
treatment, the leading causes of operative and nonoperative 
adverse events were wound infection and drug-related mis-
haps, respectively [4].

This chapter will focus on antibacterial agents and dos-
ing in special patient populations as well as aerosol and 
other novel routes of drug administration. Drug-induced 
immune modulation will also be discussed as will drug-
drug interactions, categorized by pharmacokinetic and 
pharmacodynamic interactions as well as special popu-
lation parameters within P-glycoprotein and cytochrome 
P-450 enzyme systems related to the transplant recipient. 
Consideration of these factors in the presence of potent 
immunosuppressive agents dictates that close therapeutic 
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drug monitoring (TDM) be performed. This is especially 
important as these agents often have narrow therapeutic 
windows and the risk of infection is strongly influenced 
by the dose, duration, and sequence of immunosuppressive 
therapies.

Temporal relationships of the risk of infection and poten-
tial etiologic agent have long been noted (see Fig.  51.1), 
but it is also recognized that changes to therapeutics, such 
as corticosteroid-sparing immunosuppressive regimens 
and antimicrobial prophylaxis, have influenced changes to 
patient presentation and implicated pathogens among SOT 
recipients [5]. Similar relationships exist among HCST 
recipients.

The clinician caring for the transplant recipient will also 
be reminded to maintain a heightened index of suspicion 
for even the subtlest changes to drug product formulations 
and new market entries. These may directly or indirectly 
influence clinical events such as the occurrence of graft 
rejection.

Stewardship of antimicrobial and immunosuppressive 
regimens and optimization of the ensuing pharmacokinetic 
and pharmacodynamic interactions are crucial.

 Pharmacokinetics/Pharmacodynamics 
Primer

Simply, pharmacokinetics is defined by what the body does to 
a drug molecule. Pharmacokinetic (PK) measures include drug 
absorption, distribution, metabolism, and excretion (ADME), 
and these parameters vary based on the chemical properties of 
the drug. The PK profile, metabolism, and disposition of immu-
nosuppressive medications can be quite complex relying on the 
cytochrome P450 (CYP450) pathway and adenosine triphos-
phate binding cassette (ABC) transporters such as P-glycoprotein 
(P-gp or MDR1) and multidrug resistance-associated protein 2 
(MRP2). Both CYP450 enzymes and P-gp are susceptible to 
enzyme inhibition, competition, and induction by various medi-
cations. Conversely, pharmacodynamics (PD) is defined by the 
effect of a drug on the body. These can be additive or inhibitory 
dynamic effects on the body, manifesting as therapeutic as well 
as adverse drug effects [6, 7]. The following indices are impor-
tant determinants of a drug’s PK/PD properties:

• Bioavailability (F): The fraction of drug absorbed into 
systemic circulation. Bioavailability is determined by the 

Donor-Derived
Infection

Recipient-Derived
Infection

Transplantation

Nosocomial, technical
(donor or recipient)

Activation of latent infection
(relapsed, residual, opportunistic)

Community-acquired

Dynamic assessment of risk of infection

Common Infections in Solid-Organ Transplant Recipients

<1 Month >6 Months1–6 Months

Infection with antimicrobial-
        resistant species:
   MRSA
   VRE
   Candida species (non-albicans)
Aspiration
Catheter infection
Wound infection
Anastomotic leaks and ischemia
Clostridium difficile colitis

Donor-derived infection
         (uncommon):
  HSV, LCMV, rhabdovirus
     (rabies), West Nile virus,
      HIV, Trypanosoma cruzi

Recipient-derived infection
       (colonization):
Aspergillus, pseudomonas

With PCP and antiviral (CMV, HBV)
        prophylaxis:
  Polyomavirus BK infection, nephropathy
  C.difficile colitis
  HCV infection
  Adenovirus infection, influenza
  Cryptococcus neoformans infection
  Mycobacterium tuberculosis infection
  Anastomotic complications

Without prophylaxis:
    Pneumocystis
    Infection with herpesviruses (HSV,
          VZV, CMV, EBV)
    HBV infection
    Infection with listeria, nocardia, toxo-
         plasma, strongyloides, leishmania,
         T. cruzi

Community-acquired pneumonia,
   urinary tract infection
Infection with aspergillus, atypical
   molds, mucor species
Infection with nocardia, rhodo-
   coccus species
Late viral infections:
    CMV infection (colitis and
       retinitis)
    Hepatitis (HBV, HCV)
    HSV encephalitis
    Community-acquired (SARS,
       West Nile virus infection)
    JC polyomavirus infection (PML)
    Skin cancer, lymphoma (PTLD)

Fig. 51.1 A timeline of posttransplant infections [5]. (From Fishman [5]. © 2007 Massachusetts Medical Society. Reprinted with permission from 
Massachusetts Medical Society)
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physiologic properties of the drug and dosage form, as 
well as the physiologic barriers at the site of absorption.

• Plasma protein binding (PPB): The percentage of circu-
lating drug that is bound to plasma proteins. Only the 
unbound fraction of drug is able to exert a pharmacody-
namic effect;

• Volume of distribution (Vd): A proportionality factor that 
relates the total amount of drug in the body to the concen-
tration of drug measured in the plasma.

• Maximum concentration (Cmax): The peak concentration 
a drug achieves after administration.

• Minimum concentration (Cmin): The minimum or trough 
plasma concentration of a drug.

• Area under the concentration curve (AUC): The area 
under the plasma drug concentration-time curve, or AUC, 
reflects the actual total body exposure to drug. It is deter-
mined by the total amount of drug administered and the 
rate of elimination of the drug from the body.

• Clearance (CL): The volume of blood which is com-
pletely cleared of drug in a unit of time.

• Half-life (t1/2): The amount of time required for the con-
centration of drug in the plasma to be reduce by 50%.

The minimum inhibitory concentration (MIC) of an 
antimicrobial is defined as the lowest concentration of the 
antimicrobial necessary to inhibit bacterial growth during 
incubation for 24 h in a growth medium. Furthermore, the 
effectiveness of an antibiotic against a susceptible microbe 
is typically governed by one of the following pharmacody-
namic indices:

• T > MIC—The percentage of the dosage interval in which 
the concentration of the antimicrobial exceeds the MIC of 
the organism determines bacterial inhibition. This is also 
referred to as time-dependent activity in select 
antimicrobials.

• Cmax:MIC ratio—Bacterial inhibition is related to high 
concentrations of antimicrobial at the site of action. This 
is also referred to as concentration-dependent activity in 
select antimicrobials.

• AUC:MIC ratio—The total amount of drug exposure 
determines bacterial inhibition. This is a combination of 
time- dependent and concentration-dependent activity.

Not to be lost among an array of PK/PD characteristics 
of multiple medications is critical attention to the transplant 
patient. History is important and a thorough assessment of 
current patient status even more so. The state of vital organ 
function can strongly influence the disposition of many med-
ications. Laboratory tests in conjunction with measurement 

and assessment of vital signs for renal, hepatic, pulmonary, 
gastrointestinal, and neurologic function should help aid the 
clinician charged with dosing antimicrobials as well as other 
medications.

 Special Populations

 Critical Illness

Despite recent advances leading to improved short-term sur-
vival rates in the SOT population, this patient population is 
at high risk for critical illness. In both the early post-surgery 
phase and long-term maintenance phase, sepsis and related 
septic shock are common causes of death [8]. Long-term 
immunosuppression may modify or mask clinical features of 
systemic inflammatory response syndrome in patients with 
sepsis. What is clear is the benefit of early effective antibiot-
ics in SOT recipients with septic shock [9, 10]. The choice of 
antibiotics used should relate to the local patterns of bacterial 
susceptibility, patients’ clinical presentation, and risk prob-
ability of infection, not to mention that patients with severe 
immune dysfunction are prone to multiple infections that 
may occur concurrently. Appropriate dosing of antibiotics 
in critical illness requires knowledge of the pathophysiology 
of sepsis; understanding of the patient’s clinical status and 
current therapies such as fluid resuscitation status and renal 
replacement therapy, among others; as well as the PK/PD of 
the antibiotic being given.

Septic shock initially causes circulatory disruption due to 
vasodilatation and increased permeability of the microvascu-
lar endothelium [11]. Coupled with fluid resuscitation, these 
factors relate to an increased Vd of antibiotics, particularly 
hydrophilic antibiotics since the extracellular water compart-
ment expands. Lipophilic antibiotics may be affected but to 
a lesser magnitude since adipose tissue remains unchanged. 
Beta-lactams, for example, are generally considered hydro-
philic. A brief summary of the hydrophilic and lipophilic 
tendencies of antibiotics can be found in Table 51.1. A sys-
tematic review of beta- lactam pharmacokinetics in critical 
illness revealed an increased Vd for all studied beta-lactams 
compared to healthy volunteers [12]. Although this differ-
ence may be in part related to increased total body weight, it 
is important to note that standard renal dose adjustments may 
not result in effective concentrations of antibiotic after the 
first dose. Therefore, a full or loading dose should be given 
prior to dose adjustment for changes in clearance [13, 14].

Increased Vd typically causes a prolonged half-life, and 
renal dysfunction is common in septic shock; however, some 
critically ill populations show increased renal blood flow, 
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and calculations of creatinine clearance may underestimate 
predicted drug clearance [15]. In the case of time-dependent 
killing bactericidal agents such as beta-lactams, the percent-
age of time the drug concentration is above the minimum 
inhibitory concentration (MIC) of the bacteria is crucial. 
Target ranges from 40% to 100% of the time above MIC for 
effective drug dosing and depends upon the beta-lactam drug 
used [14]. Given the wide therapeutic index of most beta-
lactams and lack of available therapeutic drug monitoring, 
authors’ preference is to dose at the higher or more frequent 
range whenever possible or reasonable to avoid marginally 
therapeutic underdosing. Continuous and extended infusions 
of beta-lactams may have benefit as they optimize the phar-
macokinetic and pharmacodynamics by virtue of lower peak 
and higher trough concentrations. At this time, data on clini-
cal outcomes is mixed and lacks rigorous prospective trials. 
Although intriguing, routine use of continuous or extended 
infusion beta-lactam antibiotics should be weighed against 
potential intravenous line access issues, and care should be 
taken to ensure delays in initial adequate systemic concen-
trations are not introduced by implementing a protocol for 
continuous or extended drug infusion.

Aminoglycosides are also considered hydrophilic. Unlike 
beta-lactams, the bactericidal activity of aminoglycosides 
is related to peak concentrations such as Cmax:MIC or 
AUC:MIC ratio. With once-daily dosing, an optimal peak 
to MIC ratio of 8–10:1 is often targeted [17]. Changes in 
Vd are again important to consider. Initial doses of 7 mg/
kg of gentamicin or tobramycin [18] and 15–20  mg/kg of 
amikacin are typically recommended for once-daily dosing 
regimens; however, the patient populations used to validate 
these dosing regimens often excluded critically ill patients 
with altered Vd. Furthermore, higher doses of concentration-
dependent antibiotics may be required to reach optimum 
peak concentrations in the critically ill patients [19–21]. 
Therapeutic drug monitoring is recommended and doses 
are adjusted to maintain adequate peak concentrations while 
extending the dosing interval to minimize trough concentra-
tions. Renal toxicity with aminoglycosides is well- described. 

In an attempt to minimize renal injury, trough concentrations 
of undetectable or  <  1  mg/L for gentamicin and tobramy-
cin or < 5 mg/L for amikacin are recommended, whenever 
possible [13, 14]. This is especially important in transplant 
recipients taking concurrent nephrotoxins such as calcineu-
rin inhibitors.

Vancomycin is a cell wall inhibitor, similar to beta-lactam 
antibiotics, but with a distinctly different binding mecha-
nism. Unlike beta-lactam antibiotics, clinical effectiveness 
targets for vancomycin relate to an AUC:MIC value >400 
[22]. This target is usually attained by using a weight-based 
dose of 15–20  mg/kg and adjusted frequency for renal 
function to attain a trough concentration between 15 and 
20 mg/L. Because time to a steady-state trough concentra-
tion is variable in the critically ill patient and may not be 
realized for 24–48 h in many patients, a 25–30 mg/kg load-
ing dose can be considered as an initial dose among the criti-
cally ill patients undergoing transplantation [22, 23].

Similar themes for the dosing of antibiotics in critically ill 
patients will be found throughout the literature. Namely, initial 
aggressive loading doses of intravenous antibiotics are impor-
tant, and a dosing strategy without available TDM requires 
a balance between risks of under-treating a severe infection 
and the potential for drug toxicity. Although dose adjustments 
of hydrophilic antibiotics in the critically ill often dominate 
the literature, consideration should be given to all antibiotics 
to avoid underdosing with initial prescribed regimens when 
timely administration is of importance. Extracorporeal mem-
brane oxygenation (ECMO) and renal replacement modalities 
add another layer of complexity. Dosing considerations and 
recommendations may vary depending on renal replacement 
machinery, modality, and prescribed utilization. We refer the 
reader to current reviews discussing dose considerations in 
continuous renal replacement [24, 25]. Antibiotic removal 
during ECMO requires further study before recommendations 
can be made; however, we refer the reader to a review of gen-
eral dosing considerations [26].

 Hematopoietic Stem Cell Transplantation 
and Neutropenia

HSCT has evolved as a life-saving therapy for many patients 
with lymphoproliferative disorders, leukemias, and non- 
malignant disorders including immune deficiencies and bone 
marrow failure syndrome [27]. Patients requiring HSCT are 
often at risk of infection prior to receiving their conditioning 
regimen due to their underlying illness. Further, profound 
and protracted neutropenia may occur with conditioning. 
The selection and use of myeloablative and non-myeloabla-
tive conditioning regimens given for the preparation for allo-
geneic or autologous stem cell transplantation are beyond the 
scope of this chapter. However, it is important to consider 

Table 51.1 General classification of hydrophilic and lipophilic antibi-
otics [14, 16]

Hydrophilic Lipophilic

β-Lactams Fluoroquinolones (levofloxacin, 
ciprofloxacin)

Aminoglycosides Macrolides (azithromycin, 
clarithromycin)

Glycopeptides (vancomycin) Lincosamide (clindamycin)
Lipopeptide (daptomycin) Tetracyclines (including 

doxycycline, minocycline, 
tigecycline)

Lipoglycopeptide (telavancin) Rifamycin (rifampin)
Oxazolidinone (linezolid)
Polymyxin (colistin)

K. E. Schoeppler et al.
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the conditioning regimen, expected engraftment time, use 
of immunosuppression for graft-versus-host disease after 
allogeneic transplantation, and complications including oral 
intestinal mucositis and veno-occlusive disease when select-
ing antibiotics. For example, drug-drug interactions should 
be considered when patients are given cyclophosphamide, 
busulfan, and etoposide as they utilize CYP450 for activa-
tion and/or elimination [28]. Methotrexate elimination may 
be reduced when given with beta-lactam antibiotics; nota-
bly penicillin. Other immunosuppressants used in patients 
with graft-versus-host disease and graft rejection in SOT 
recipients and their interaction(s) with antibiotics are dis-
cussed below. Patient status can often influence the selec-
tion of antimicrobial agent and dose as there are important 
PK/PD considerations in the HSCT and neutropenic popu-
lations in general. For example, the development of severe 
mucositis may preclude the use of oral agents, hepatic veno-
occlusive disease may result in severe liver injury leading to 
decreased elimination of antibiotics metabolized by the liver 
or excreted through biliary mechanisms, and fluid retention 
and increased Vd may result in patients with ascites or renal 
injury. Antibiotics are indicated at the onset of fever and, in 
some specific populations, for prophylaxis from infection 
following HSCT conditioning [28].

During the pre-engraftment phase, patients are profoundly 
neutropenic. Despite a normal or even elevated neutrophil 
count prior to HSCT or after engraftment, qualitative defects 
in circulating neutrophils tend to exist. This “functional neu-
tropenia” places the HSCT patient at high risk of infection 
even before myeloablative therapy is given. Neutropenia 
also occurs in SOT recipients, although it is less severe and 
often of brief duration compared with patients undergoing 
conventional high-risk allogeneic stem cell transplantation. 
The cause of neutropenia in SOT recipients is multifactorial 
and mostly attributed to the use of myelosuppressive drugs 
like azathioprine, mycophenolic acid, tacrolimus, sirolimus, 
ganciclovir, valganciclovir, antithymocyte globulin, ritux-
imab, and sulfamethoxazole/trimethoprim, among others 
[28–34]. Peripheral blood neutrophil counts serve as a proxy 
for the host immune response against bacterial invasion as 
neutropenic patients are at an increased risk of systemic 
bacterial infections [29, 35]. Furthermore, in cancer patients 
with neutropenia, at least one-fifth of those with an absolute 
neutrophil count (ANC) less than 100 cells/μL may develop 
bacteremia [28]. As expected, antibiotics are commonly pre-
scribed for such patients for infection prevention and treat-
ment of febrile illnesses, even in the absence of a positive 
blood culture.

Studies of antimicrobials in HSCT and solid tumor can-
cer patients with febrile neutropenia have demonstrated sig-
nificant PK changes for many agents; however, PK changes 
have not been confirmed in SOT populations with neutrope-
nia. Nonetheless, pertinent antimicrobial PK changes will be 

reviewed here, as they should be given consideration in all 
neutropenic patients while identifying the optimal antimicro-
bial regimen.

Changes in PK indices, as well as a greater variability 
of these indices, have been demonstrated for many of the 
beta- lactam antibiotics in patients with febrile neutropenia. 
In two studies of febrile neutropenic cancer patients com-
pared to healthy volunteers, an increased Vd was observed 
for both imipenem and meropenem. Imipenem also dis-
played an increased t1/2, whereas the opposite was true for 
meropenem [36, 37]. A study of ceftazidime showed patients 
with febrile neutropenia had a reduced AUC and shorter t1/2 
compared to elderly, healthy subjects [38]. Many studies of 
the aminoglycosides have shown that these agents have an 
increased Vd in patients with febrile neutropenia [39–43]. 
Adequate initial dosing and TDM are essential in order to 
ensure appropriate aminoglycoside drug concentrations are 
achieved. Importantly, studies have demonstrated that once-
daily aminoglycosides are likely as safe and efficacious as 
conventional three-times-daily administration in patients 
with neutropenia [44, 45]. In studies of vancomycin PK, a 
decreased CL, increased Vd, and slight reduction in AUC 
were observed in patients with febrile neutropenia [46, 47]. 
An increase in the variability of these PK parameters was 
also noted; therefore, careful monitoring of serum trough 
concentration is warranted. Increased variability along with 
a small decrease in AUC was also observed in cancer patients 
with neutropenic fever treated with daptomycin [48, 49]. In 
a study of compassionate-use linezolid, the PK profile of the 
drug in neutropenic patients with cancer did not differ sig-
nificantly from that of the rest of the study population [50]. 
There is a paucity of data evaluating potential PK changes of 
fluoroquinolones in patients with neutropenia.

In patients undergoing treatment for hematologic malig-
nancies, HSCT, solid tumors, and SOT, various medication 
regimens including antimicrobials may be expected to impart 
some increased risk of neutropenia. However, medication-
related neutropenia from non-chemotherapeutic agents is 
uncommon [51–53]. Trimethoprim/sulfamethoxazole and 
linezolid are often cited as a potential cause of dose- and 
duration-related bone marrow suppression although the true 
incidence remains uncertain [54]. Vancomycin is known 
to suppress bone marrow function in  vitro and observed 
in vivo [55]. Beta-lactam antibiotics, especially prolonged 
treatment courses, have been observed to cause leukopenia 
via an immune-mediated mechanism [51, 56]. Often it is 
difficult to discern antibiotic-associated myelosuppression 
from other causes of bone marrow suppression in these 
complex patients following transplantation. Table 51.2 pro-
vides a select list of antibiotics associated with blood cell 
line disturbances such as neutropenia, thrombocytopenia, 
or anemia and literature-guided relative risk of such occur-
rences. It should be noted that antibiotic-associated bone 
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marrow suppression is relatively uncommon compared with 
myelotoxicity noted with other classes of medications, and 
such diagnosis requires a broad differential of possibilities 
and needs to be considered within the appropriate clinical 
context.

 Elderly

Solid organ transplantation is being performed in an older 
population with increasing frequency [57]. In general, elderly 
patients are more likely to have comorbidities managed with 
multiple medications and subsequently can be subject to a 
higher risk for adverse drug events when prescribed addi-
tional antimicrobial therapy [58]. Because the number of 
medications most patients are prescribed increases substan-
tially after undergoing SOT, it can be deduced this popula-
tion of elderly patients is at an even higher risk for adverse 
drug events. Furthermore, age-related PK/PD changes have 
been linked with the risk for drug-related toxicity [59]. 
Anticipating these changes can help avoid or minimize 
adverse medication outcomes in this special population.

Differences in drug absorption are possible in elderly 
patients due to reduced gastric acid secretion, weakened peri-
stalsis, and delayed gastric emptying [60–62]. It is unclear if 
these changes are of clinical significance; they are unlikely 
to affect a drug’s AUC; however, lower Cmax may occur 
[62]. Vd for lipophilic antimicrobials in elderly patients is 
typically increased secondary to an increase in adipose tissue 
and reduced lean body mass compared to younger individu-
als [63, 64]. Conversely, the Vd for hydrophilic antibiotics 
will likely be decreased in elderly patients (see Table 51.1). 

Many elderly patients have a slightly decreased serum albu-
min concentration and an increased alpha1-acid glycopro-
tein [62]. While these changes potentially impact PPB and 
free fraction of highly protein-bound drugs, PPB alterations, 
however, have not been shown to significantly affect clinical 
response to antimicrobial agents [65]. Decreased hepatocyte 
mass and blood flow to the liver contribute to reduced first-
pass hepatic metabolism and CL of some drugs [62, 66–68]. 
Glomerular filtration and tubular function decrease with 
increasing age, and concentrations of renal drug elimination 
are subsequently increased, including for several antimi-
crobial agents. Because muscle mass is often decreased in 
elderly patients, these patients will frequently present with a 
normal serum creatinine despite significant renal impairment 
[69]. Therefore, estimation of creatinine clearance (CrCl) 
with a predictive equation and clinical judgment is required 
when determining dosing regimens for renally eliminated 
antimicrobials in the elderly [70, 71]. The six-variable 
MDRD equation has been suggested as the most accurate 
predictor of renal function in this population [62].

Further complicating antimicrobial dosing in the elderly is 
the fact that elderly patients, especially those with comorbid 
conditions, are often excluded from clinical trials. Therefore, 
age-related dose adjustments derived from pharmacokinetic 
evaluations are not available for a large number of drugs used 
in this population. Monitoring for signs of clinical improve-
ment or deterioration and drug toxicity and, when available, 
obtaining serum drug concentrations may assist in guiding 
dosing strategies among the elderly transplant recipients. The 
general rule for many classes of medications in the elderly, 
to start with lower doses and titrate up to an effective dose, 
should not be applied to antimicrobial therapy. Initial doses 
should be sufficiently high to rapidly achieve adequate con-
centrations, especially for antimicrobials dependent upon a 
high Cmax for efficacy. The subsequent dosage or interval 
can then be adjusted to maintain serum concentrations compa-
rable to younger patients. In general, the dose should remain 
unchanged and the interval lengthened for concentration-
dependent antimicrobials; conversely, doses can be adjusted 
for antimicrobials which depend on T > MIC for efficacy.

 Cystic Fibrosis

Cystic fibrosis (CF) is the third most common diagnosis 
category leading to lung transplant in the USA [57]. When 
infection and inflammation lead to bronchiectasis and, ulti-
mately, end-stage pulmonary disease in patients with CF, 
lung transplantation offers a survival benefit for most patients 
[72]. With few exception, the presence of multidrug-resistant 
pathogens pretransplant is generally not considered a contra-
indication to lung transplantation [73]. However, in the set-
ting of posttransplant immunosuppression, infections remain 

Table 51.2 Selected antibiotics associated with neutropenia, thrombo-
cytopenia, or anemia [51–53]

Antibiotic

Estimated 
relative risk 
of bone 
marrow 
suppression Comment

Trimethoprim/
sulfamethoxazole

+++ Potentially all cell line

Beta-lactams ++ Thrombocytopenia and 
neutropenia

Linezolid ++ Thrombocytopenia and 
neutropenia

Vancomycin +/++ Thrombocytopenia and 
neutropenia

Dapsone ++ Hemolytic anemia with G6PD 
deficiency, reports of neutropenia 
and thrombocytopenia

Tetracyclines +
Macrolides 0/+
Clindamycin 0/+
Fluoroquinolones 0/+
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a major source of complications and declining pulmonary 
graft function following lung transplantation. Additionally, 
the transplanted lung lacks innervation, resulting in subop-
timum cough reflex and adequate clearance of respiratory 
secretions [74]. Patients with CF undergoing lung trans-
plantation require perioperative antibiotics with a special 
attention paid to selecting antimicrobials active against the 
organism(s) the patient may be colonized with or had infec-
tious episodes with prior to transplant. Frequent courses of 
antibiotics are also likely to be necessary during the post-
transplant period. Consideration of antimicrobial PK/PD 
parameters is paramount for achieving optimum drug con-
centrations, especially at the infection site(s), and improved 
drug efficacy to treat often serious and life-threatening infec-
tions in this unique patient population.

The extent of drug absorption may be diminished in 
patients with CF secondary to reduced gastric acid secre-
tion and bile acid malabsorption [75, 76]. While studies in 
patients with CF have failed to consistently demonstrate a 
clinically significant decrease in the AUC of orally adminis-
tered antimicrobials, a reduced Cmax has been observed for 
some antimicrobial agents [77–82]. There are no PK studies 
to date which evaluate the impact of CF on the rate and extent 
of antimicrobial absorption following lung transplantation, 
although studies of antirejection medications have demon-
strated higher oral dosage requirements in the CF population 
when compared to those without CF [83, 84].

In general, CF patients prior to transplantation have an 
increased Vd secondary to higher lean muscle mass per kilo-
gram of body weight [85–87]. Hepatic dysfunction is a com-
mon complication of CF, but despite this, the CF population 
appears to have enhanced metabolism of many drugs [88]. 
Some of the CYP enzymes have demonstrated increased 
activity in patients with CF such as CYP1A2 and CYP2C8, 
whereas others like CYP2C9 and CYP3A4 appear to be 
unaffected [87–91]. The renal clearance of many drugs is 
also enhanced in patients with CF, although the mechanism 
for this enhancement is unclear [73, 92, 93].

Data for Vd, CL, t1/2, and AUC of antimicrobials in CF 
patients following lung transplantation is less than adequate 
[94, 95]. In one retrospective study, tobramycin PK was 
evaluated in eight patients with CF before and after bilateral 
lung transplantation [95]. The investigators found no differ-
ence in AUC or Vd pretransplant versus posttransplant. CL 
decreased and t1/2 increased from pretransplant values during 
the immediate postoperative period; however, only a signifi-
cant difference in t1/2 remained in the patients who received 
tobramycin ≥6 weeks posttransplant. The investigators noted 
a large interpatient variability in these PK parameters and 
recommended that they be reexamined during each tobramy-
cin course following lung transplantation.

Taken together, these data suggest that antimicrobial 
dose requirements in patients with CF may not only differ 

from non-CF counterparts but may also diverge from pre-
transplant parameters after patients have undergone lung 
transplantation. Some potential explanations for these altera-
tions include medication-associated organ dysfunction, drug 
interactions and changes in fluid, and patients’ nutritional 
status. An individualized approach to antimicrobial dosing 
is required, one that takes into account the patient’s organ 
function, body composition, and overall severity of illness; 
TDM should also be utilized when available.

 Obesity

Historically, obesity has been considered a relative contra-
indication for SOT due to increased perioperative morbid-
ity and mortality. While it does appear that obese patients 
are at an increased risk of surgical site infection, the benefits 
of transplantation outweigh the risks of surgical complica-
tions in many clinical situations among patients with obe-
sity and end-organ disease [96–100]. Moreover, a survival 
benefit has been demonstrated in obese patients in whom 
kidney and liver transplants were undertaken compared 
with similar patients in whom transplantation was deferred 
due to obesity [101, 102]. Organ transplants are being per-
formed in increasing numbers in such patients, and this trend 
is likely to continue given the continued rise in the preva-
lence of obesity nationally [103]. Moreover, the prevalence 
of obesity after undergoing organ transplantation is also on 
the rise. Nearly one-third of liver transplant recipients with 
a normal pretransplant body mass index (BMI) were noted 
to have BMI in obesity range after undergoing orthotropic 
liver transplantation [104, 105]. The development of post-
transplant obesity has been linked to universal prednisone 
use and near-universal use of calcineurin inhibitors (CNIs), 
especially cyclosporine for prevention and treatment of 
allograft rejection [106, 107]. When treating infections in 
such patients, consideration for changes in the antimicrobial 
PK is critical for achieving adequate serum concentrations 
while minimizing drug toxicity.

Absorption of drugs remains essentially unchanged; how-
ever, an increased volume of adipose tissue results in an 
increased Vd and CL for many antimicrobial agents [108, 
109]. The impact of obesity on a drug’s Vd will vary based 
on the characteristics of the drug molecule; for example, 
hydrophilic molecules are less likely to be distributed into the 
adipose tissue (Table 51.1). The effect of obesity on hepatic 
metabolism is largely unknown; obese patients are known to 
have an increased GFR. This phenomenon has been attributed 
to the enlarged glomeruli observed in obese versus nonobese 
patients [110]. In fact, organs from obese kidney donors dem-
onstrate a significantly higher GFR compared to renal grafts 
harvested from nonobese donors [110]. Estimating CrCl in 
obese patients presents a challenge to clinicians; transplant 
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care teams should include experienced PharmDs. CrCl based 
on total body weight (TBW) in obese patients results in an 
overestimated renal clearance, whereas ideal body weight 
(IBW) tends to underestimate CrCl [111, 112]. Adjusted 
body weight (ABW) appears to closely correlate with CrCl in 
this population (ABW = IBW + correction factor x [TBW – 
IBW]). A correction factor of 0.4 is commonly used. The 
modification of diet in renal disease (MDRD) equation is an 
attractive option because it does not include body weight as 
a variable; it should be noted that this formula has not been 
rigorously tested for drug dose adjustments in obese patients 
[113]. It is interesting to note that Vd and CL differences have 
not significantly influenced antimicrobial drug elimination 
rates, possibly because elimination rate constant (ke) = Vd/Cl, 
which offset one another. Nonetheless, TDM should be used 
to help guide therapy in this patient population when possible.

The majority of studies for evaluating vancomycin PK in 
obese subjects suggest that Vd is increased compared to non-
obese patients. It is generally recommended that vancomycin 
be dosed at 15–20 mg/kg using TBW [114, 115]. Vancomycin 
CL is also increased in obese patients; TDM of serum van-
comycin trough levels should be monitored [114, 115]. For 
highly hydrophilic drugs, such as the aminoglycosides, it is 
generally recommended that doses be based on an ABW. For 
the  aminoglycosides, a correction factor of 0.4 is generally 
recommended [116, 117]. Studies of the fluoroquinolones 
have produced variable results precluding any specific dosage 
recommendations; dosing at the higher end of the therapeutic 
range has been suggested [109]. Beta-lactam antibiotics dis-
play hydrophilic properties and have limited distribution into 
adipose tissue [109]. Nonetheless, higher doses of beta-lactam 
antibiotics may be required to achieve adequate concentrations, 
especially in adult transplant patients with extreme obesity. In a 
study, 2 g of cefazolin was required in obese patients undergoing 
bariatric surgery to obtain comparable tissue concentrations to 
1 g cefazolin dose in nonobese patients [118]. This is reflected 
in the current antibiotic surgical prophylaxis guidelines as 3 g 
of cefazolin dose is recommended for patients weighing greater 
than 120 kg [119]. Authors recommend TBW be used to deter-
mine daptomycin dose [120], and for linezolid, IBW can be 
considered [121–123]. Further studies are required to assess and 
validate optimum antibiotic dosing in this patient population.

 Antibiotic Drug Interactions in Solid Organ 
Transplantation

 Pharmacokinetic Alterations of Calcineurin 
Inhibitors and Proliferation Signal Inhibitors 
by Antibiotics

The majority of recognized pharmacokinetic drug interactions 
with antimicrobial medications in SOT occur with CNIs such 

as cyclosporine, tacrolimus, and proliferation signal inhibi-
tors (PSIs) like everolimus and sirolimus. This is mainly due 
to their reliance on CYP450 isoenzymes and transport pro-
teins for clearance and due to TDM is routinely performed for 
these drugs in transplant recipients. It is important to note that 
pharmacokinetic alterations via CYP450 and ABC transport-
ers do not only relate to changes in drug clearance, but also 
impact oral drug bioavailability. Differences in the magni-
tude of pharmacokinetic alterations due to concomitant use of 
antibiotic and CNIs or PSIs are a common occurrence in this 
population with specific treatment requirements. In general, 
TDM is strongly recommended when patients receiving CNIs 
or PSIs are initiated on or discontinued from medications with
either inhibitory and/or induction effects on CYP3A and/or 
ABC transporters (such as P-gp) [124, 125]. Tables 51.3 and 
51.4 provide a summary of interactions between antibiotics 
and antirejection agents. It should be noted that inherent vari-
ability among patients makes prediction for the extent of these 
interactions difficult; therefore, close TDM is required. In the 
event of difficult-to-manage drug-drug interactions, an alter-
native agent should be used.

Specific interactions requiring empiric dose adjustment 
are important to recognize. For example, when initiating 
the CYP3A inhibitors erythromycin or clarithromycin, CNI 
trough concentrations would be expected to increase 1.6- to 
sixfold necessitating an empiric dose reduction of 35–50% of 
the original dose and potentially more based on TDM [126, 
127]. Accordingly, dose reductions of 50% for sirolimus and 
25% for everolimus should be considered when initiating 
erythromycin or clarithromycin [128–130]. Once the offend-
ing agent is discontinued, dose increases are warranted based 
on TDM as enzyme and protein inhibition wanes. For the 
more commonly used azalide, azithromycin, recommenda-
tions are less clear. TDM is warranted as reports of increased 
CNI and, to a lesser extent, PSI concentrations with azithro-
mycin have been reported, but not to the magnitude of the 
aforementioned macrolides [125, 131–133].

In contrast to enzyme inhibition, the antituberculosis agent 
rifampin is a potent enzyme inducer responsible for decreas-
ing CNI concentrations by 6- to 15-fold and decreased PSI 
concentrations by two to fivefold due to reduced bioavail-
ability and heightened enzymatic clearance [134–137]. 
Whenever possible, an alternative to rifampin should be 
used as it has been implicated in graft rejection resulting in 
irreparable graft damage due to subtherapeutic CNI levels. 
If the combination cannot be avoided, cyclosporine doses 
may be increased by 1–2 mg/kg/day with three-times-daily 
dosing and adjusted according to TDM [135]. Specific rec-
ommendations for the management of tacrolimus, sirolimus, 
and everolimus are lacking, but dose adjustments should be 
expected based on TDM [125]. Rifabutin, a possible sub-
stitute for rifampin, may also interact with CNIs and PSIs, 
albeit to a lesser magnitude [138, 139].
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Noteworthy is the fact that cyclosporine and, to a lesser 
extent, tacrolimus also inhibit the CYP450 isoenzymes and 
P-gp. However, there is a paucity of published data impli-
cating elevated antibiotic concentrations due to decreased 
elimination or increased bioavailability with cyclosporine. 
Cyclosporine has been shown to increase serum concentra-
tions of tacrolimus, everolimus, and sirolimus when given 
together. Midazolam and statins eliminated via the liver fol-
low similarly metabolized medications resulting in higher 
drug exposures, although the significance will vary depend-
ing on the therapeutic index of the medication [7, 140, 141].

 Pharmacokinetic Alterations 
of Antimetabolites by Antibiotics

Antibiotic pharmacokinetic interactions have been described 
for the antimetabolites as well. For example, mycophenolic 
acid (MPA) has a complex metabolic pathway. Briefly, MPA 
systemic clearance predominately involves glucuronida-

tion via uridine diphosphate-glucuronosyltransferase (UGT) 
1A9  in the liver to its major metabolite, 7-O-glucuronide 
MPA (MPAG). MPAG is a substrate for multidrug resistance-
associated protein 2 (MRP2), which is responsible for biliary 
excretion of MPAG into the intestinal tract. Once in the colon, 
MPAG is de-glucuronidated by ß-glucuronidase-producing 
bacteria and reabsorbed as MPA.  This enterohepatic recir-
culation is significant and can account for 10–60% of total 
MPA exposure, often noted in pharmacokinetic monitoring 
as a second peak of MPA concentration between 6 and 12 h 
of mycophenolic mofetil (MMF) administration. In addition, 
UGT 2B7 is responsible for a minor but active metabolite 
acyl-glucuronide MPA (AcMPAG). Urinary excretion of gluc-
uronidated metabolites eventually accounts for the ultimate 
elimination of MPA, where MRP2 may play a role in active 
tubular secretion [7, 142, 143]. Pharmacokinetic analysis of 
MPA is assessed by calculating an area under the curve (AUC) 
profile to account for the total drug exposure and enterohepatic 
recirculation. Antibiotics such as metronidazole, norfloxacin, 
and the combination of metronidazole and norfloxacin have 

Table 51.3 Definitions of onset of action, magnitude of effect, and relative strength of evidence for immunosuppressant drug interactions [124]

Onset of action
Rapid PCK effect is demonstrated within 24 h of co-administration
Delayed PCK effect will not be demonstrated until the interacting drug is administered for a period of days or weeks
Magnitude of effect
Major Effects are life-threatening, capable of permanent damage, or rejection
Moderate May cause a detriment in clinical status, additional treatment, hospitalization, or extension of stay
Minor Effects may be mild; consequences may be bothersome or noticeable; additional treatment not required; no sign of effect upon 

therapeutic outcomes
Relative strength of evidence
Established Proven to occur in well-controlled studies

Altered pharmacologic effect has been demonstrated in well-controlled trials
OR
PCK effect has been demonstrated in well-controlled human studies. An altered pharmacologic response is expected based upon 
the magnitude of the kinetic effect, or clinical observations support the occurrence of the interaction

Probable Very likely, but not proven clinically
A PCK interaction has been demonstrated in well-controlled studies. Based on the magnitude of the kinetic changes and the 
known plasma level-response relationship of the affected drug, an altered pharmacologic response will probably occur
OR
When controlled human experimentation is impractical, well-designed animal experiments confirm an interaction which is 
suggested by multiple case reports or uncontrolled studies

Suspected May occur; some good data, but needs further study
A PCK interaction has been demonstrated in well-controlled studies
Although an altered pharmacologic response might be expected to occur based on the magnitude of the kinetic change, no firm 
conclusion can be drawn since a plasma level-response relationship has not been established for the affected drug
OR
An altered pharmacologic response has been reported in multiple case reports or repeated uncontrolled clinical studies

Possible Could occur, but data are very limited
Although a PCK interaction has been demonstrated, the kinetic changes are of such magnitude that it is not possible to predict if 
an altered response will occur
OR
The evidence is divided as to whether an interaction exists
OR
An altered pharmacologic response is suggested by limited data

Used with permission from Page et al. [124]; http://circ.ahajournals.org/content/111/2/230; https://doi.org/10.1161/01.CIR.0000151805.86933.35, 
with permission from Wolters Kluwer Health, Inc.
PCK pharmacokinetic
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Table 51.4 Documented pharmacokinetic interactions between antibiotic agents with calcineurin inhibitors and proliferation signal inhibitors 
[125]

Drug
Interaction drug (specific 
CNI studied) Effect Onset Magnitude

Level of 
evidence Management #

CSA/
TAC

Beta-lactams
Cephalosporins
Ceftriaxone (CSA) Increased CSA exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks
Carbapenems
Imipenem-cilastatin 
(CSA)

Increased/decreased CSA 
exposure

Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks

Penicillins
Ticarcillin (CSA) Increased CSA exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks
Nafcillin (CSA) Decreased CSA exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks
Fluoroquinolones
Ciprofloxacin (CSA) Increased CSA exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks; 

consider alternative fluoroquinolone
Levofloxacin (CSA, TAC) Increased CSA/TAC exposure Delayed Minimal Possible Not clinically significant
Macrolides/azolides
Macrolides
Erythromycin (CSA, 
TAC)

Increase CSA/TAC exposure 
with subsequent renal, 
hepatic, and neurologic 
toxicity

Rapid Moderate Probable Monitor CSA/TAC concentrations closely for 3 weeks and 
decrease CSA/TAC dose to 50–65% of original dose

Clarithromycin (CSA, 
TAC)

Rapid Moderate Probable

Erythromycin (EVER, 
SIR)

Increased EVER/SIR 
exposure

Rapid Moderate Established Reduce dose of SIR to 50% and EVER to 75% of original 
dose. Monitor SIR/EVER concentrations closely

Clarithromycin (SIR) Increased SIR Rapid Moderate Established Reduce dose of SIR to 50% of original dose. Monitor SIR/
EVER concentrations closely

Azalides
Azithromycin (CSA, 
TAC)

Increased CSA/TAC exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks

Azithromycin (EVER) Increased EVER exposure ? Minimal Possible Monitor SIR/EVER concentrations closely
Antianerobic/antiparasitic agents
Metronidazole (CSA, 
TAC)

Increased CSA/TAC exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for 1–2 weeks

Rifamycins
Rifampin (CSA, TAC) Decreased CSA/TAC 

exposure
Rapid Major Established Monitor CSA/TAC concentrations closely for 2 weeks; 

consider use of alternative antimycobacterial agent^, for TAC 
increase dose accordingly, for CSA increase dose 1–2 mg/
kg/day with three times a day dosing

Rifabutin (CSA, TAC) Delayed Moderate Possible Monitor CSA/TAC concentration for up to 25 days after 
beginning rifabutin therapy and after discontinuation

Rifampin (SIR, EVER) Decreased SIR/EVER 
exposure

Rapid Major Established Avoid combination; consider use of alternative 
antimycobacterial agent^. If unavoidable, monitor SIR/
EVER concentrations closely for 1–2 weeks, and adjust dose 
accordingly

Sulfonamides/sulfonamide combinations
Sulfadimidine/
trimethoprim (CSA)

Decreased CSA exposure Delayed Major Possible Monitor CSA/TAC concentrations closely for the first 4 days

Sulfadiazine (CSA, TAC) ? Moderate Possible
Miscellaneous agents
Quinupristin/dalfopristin 
(CSA)

Increased CSA exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for the first 
2–3 days; consider linezolid, daptomycin, or telavancin as an 
alternative

Chloramphenicol (CSA, 
TAC)

Increased CSA/TAC exposure Rapid Moderate Suspected Monitor CSA/TAC concentrations daily for the first week; 
reduce initial CSA/TAC dose to 75% of original dose

Clindamycin (CSA) Reduced CSA exposure Delayed Moderate Possible Monitor CSA/TAC concentrations closely for the first 
4 weeks

Telithromycin Increase CSA/TAC exposure ? Moderate Possible Monitor CSA/TAC concentrations closely
Tigecycline (CSA) Increased CSA Rapid Moderate Possible Monitor CSA/TAC concentrations for the first 1–2 days; may 

need to reduce CSA dose to 50%

Reprinted from Page et al. [125], © 2011, with permission from Elsevier
CSA cyclosporine, (CSA) reported with CSA, EVER everolimus, (EVER) reported with EVER, SIR sirolimus, (SIR), reported with SIR, TAC tacro-
limus, (TAC) reported with TAC, ? unknown, ^ includes pyrazinamide, streptomycin, amikacin, ofloxacin, # the frequency in obtaining immuno-
suppressant concentrations may vary depending on a patient’s clinical stability, time from transplant, or rejection history. Recommendations are 
based on published literature and varied magnitude of interactions frequently occurs; therefore, individualizing a monitoring plan is always 
appropriate
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been shown to decrease MPA 48-h AUC on average 10, 19, 
and 33%, respectively. To a similar magnitude, they decrease 
MPAG 48-h AUC [144]. The disruption of colonic and intes-
tinal Gram-negative aerobic and anaerobic flora that produce 
ß-glucuronidase likely decreases enterohepatic recirculation 
leading to reduced drug and metabolite exposure. Similarly, 
pre-dose or trough MPA levels were significantly reduced 
from baseline in a group of renal transplant recipients that 
received either ciprofloxacin or amoxicillin/clavulanic acid on 
average by 47% between days 3 and 7 of therapy and trended 
to recover near baseline trough levels after 3 days following 
discontinuation of the antibiotics [145]. Given the complex 
pharmacokinetic profile, the utility of a single pre-dose MPA 
level is questionable, and the extent of reduced MPA AUC is 
not known, but the proof of an altered pharmacokinetic profile 
remains. It is likely that other antibiotics with the potential 
to disrupt the colonic normal flora may reduce enterohepatic 
recirculation, although this has not been specifically studied.

Rifampin has also been shown to decrease MPA exposure 
by both increased clearance via UGT induction and possibly 
inhibition of enterohepatic recirculation. A pharmacokinetic 
trial assessing the effect of rifampin on MPA concentrations 
after MMF administration showed a 17.5% reduced aver-
age 12-h MPA AUC from the baseline. Metabolite expo-
sure measured by 12-h AUC increased by 34.4 and 193% 
for MPAG and AcMPAG, respectively [146]. This study 
showed a much lower magnitude of interaction compared to 
the reported MPA dose-adjusted 221% increase in 12-h AUC 
following rifampin discontinuation and a washout period 
first described by the same investigators [147]. Similarly, in 
pediatric liver transplant patients, 2 receiving rifampin with 
MMF had a four- to fivefold higher total clearance of drug 
from plasma ratio (CL/F) as assessed by 12-h AUC com-
pared to 13 who did not receive rifampin. In this study, target 
12-h AUCs were not attained despite dose adjustments [148].

As a whole, literature supports the existence of signifi-
cant antibiotic-MPA interactions, but with a wide magni-
tude of variability. Further, MPA TDM is controversial and 
resource-intensive. At this time, it is unclear how such inter-
actions should be monitored and managed. Broad-spectrum 
Gram-negative aerobic and anaerobic antimicrobials need 
judicious use, early de-escalation, or discontinuation when 
feasible, especially in the SOT recipients. In high-risk indi-
viduals, MPA AUCs may be calculated and monitored; how-
ever, evidence of improved outcomes with such an approach 
is currently lacking [7].

 Pharmacokinetic Alterations of Corticosteroids 
by Antibiotics

Prednisone and methylprednisolone are two structur-
ally similar and commonly used synthetic corticosteroids. 

However, these compounds differ greatly from a pharma-
cological perspective. Prednisone is an inactive prodrug 
that must be converted to the active moiety, prednisolone. 
Methylprednisolone is active but more susceptible to phar-
macokinetic drug-drug interactions due to a methyl group at 
the 6α position. Corticosteroids undergo CYP3A-dependent 
6β-hydroxylation which puts them at risk of interactions with 
other drugs [149]. Corticosteroids have also been shown to 
change MRP2 and P-gp activity [140]. Despite ubiquitous 
use in early transplantation and throughout medicine, data 
describing pharmacokinetic drug interactions with antibi-
otics are rare. Macrolides have long been considered to be 
“steroid-sparing” perhaps due to P-gp and CYP3A4 inhibi-
tion in addition to their anti-inflammatory effects. In asth-
matics, erythromycin was shown to decrease intravenous 
methylprednisolone clearance by 46% [150]. Similarly, clar-
ithromycin was shown to decrease oral methylprednisolone 
clearance by 65%. Interestingly, prednisolone pharmacoki-
netics following oral prednisone was not significantly altered 
by clarithromycin [151]. Thus, using an equivalent dose of 
prednisone or prednisolone may obviate the potential inter-
action with CYP3A4 inhibitors including some azole anti-
fungal agents [125].

Rifampin has been shown to increase cortisol and pred-
nisolone metabolism resulting in therapeutic failure of the 
anti- inflammatory effect when added to methylprednisolone. 
Prednisolone AUC was reduced by 66%, clearance increased 
by more than 200%, and half-life decreased by 40–60% in 
the presence of rifampin, reported in various clinical scenar-
ios [152]. Although not specifically studied, a similar if not 
greater pharmacokinetic interaction would be expected with 
methylprednisolone. A doubling of the prednisolone dose 
may be needed to retain therapeutic efficacy. This interaction 
should be avoided, or rifabutin, a less potent enzyme inducer, 
may be substituted when possible [125, 153].

 Pharmacodynamic Interactions 
of Immunosuppressive Agents with Antibiotics

Pharmacodynamic interactions between CNIs, PSIs, antime-
tabolites, corticosteroids, and antibiotics may also occur. Due 
to the nature of these interactions and lack of reporting, the 
magnitude and incidence frequently go under-recognized. For 
example, tacrolimus has been reported to prolong the cardiac 
QT interval in a concentration-dependent manner and has 
been associated with torsades de pointes, usually when given 
with other drugs with the potential for QT interval prolon-
gation [154, 155]. It would be expected that antibiotics that 
also prolong the QT interval would have an additive effect on 
QT interval aberration. Some of these drugs include, but are 
not limited to, the antimalarial chloroquine, macrolides, the 
fluoroquinolones, and trimethoprim/sulfamethoxazole (TMP/
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SMX) [156]. Often, these interactions go unrecognized and 
frequently may be accompanied by the addition of other 
drugs that have the potential for QT prolongation before a 
cardiac arrhythmia is noticed. Therefore, the true incidence 
and clinical significance of such interactions are not known. 
If the combination is given in a hospital setting, QT monitor-
ing may be employed to assess for severity of cardiac tox-
icity. However, it is controversial whether monitoring needs 
to routinely take place. The use of these medications with 
tacrolimus should be weighed against potential risks and 
alternatives on a per patient basis. For example, TMP/SMX 
should not be withheld in transplant patients receiving tacro-
limus given the weak evidence and risk of torsades de pointes 
compared to the benefit for the prevention and treatment of 
Pneumocystis jirovecii pneumonia. In contrast, treatment 
alternatives to TMP/SMX or linezolid may be considered for 
cancer patients with severe neutropenia or for those undergo-
ing HSCT if clinical equipoise with an alternative exists to 
minimize the potential drug-induced myelosuppression.

Similarly, the addition of an aminoglycoside to a CNI 
may result in a higher incidence of acute kidney injury 
due to additive nephrotoxic effects. As with most pharma-
codynamics interactions, the true prevalence and impact of 
nephrotoxicity are not well established; however, such inter-
actions with cyclosporine are well-described [157]. This is of 
particular concern given the increased incidence of resistant 
Gram-negative bacterial infections and increasing limited 
treatment options for transplant patients with multidrug-
resistant bacteria infections. The use of this combination will 
primarily be in hospitalized patients; therefore, close moni-
toring of renal function as well as any needed adjustments 
to CNI and aminoglycoside concentrations may minimize 
the potential for toxicity. Nonsteroidal anti-inflammatory 
drugs (NSAIDs) should be avoided whenever possible with 
patients being treated with CNI. Renal toxicity due to affer-
ent arterial constriction with CNIs may be potentiated fur-
ther with repeated NSAID use.

Another example of a potential PD interaction is the use 
of imipenem/cilastatin with a CNI. Both CNIs and imipenem 
have been associated with seizures. However, clinical data 
describing an increased risk of seizure with the often-used 
combination compared to monotherapy of either drugs is 
lacking [158]. Nevertheless, whenever using this combina-
tion, an assessment of seizure risk should be considered.

In summary, pharmacokinetic interactions with antibiot-
ics and CNIs or PSIs are frequently made apparent by TDM 
and can be managed by dose adjustments when the interac-
tion is unavoidable. For immunosuppressive agents without 
readily identifiable target ranges or available TDM, empiric 
dose adjustments and heightened awareness of monitoring 
for toxicities and keen assessment of the allograft rejection 

are the only available strategies that clinicians can use to 
manage drug interactions with these agents. Further stud-
ies are needed to elucidate the role of dose-adjusted AUC 
monitoring in such patients. Pharmacokinetic interactions 
with corticosteroids are more often than not ignored and any 
resultant side effects treated palliatively.

Overlapping drug effects of various immunosuppressive 
agents such as CNIs, PSIs, antimetabolites, or corticoste-
roids and antibiotics may indicate a pharmacodynamic inter-
action. Often dynamic interactions are a result of additive 
side effects and may lead to unanticipated toxicities. Because 
of the complexity of the interaction, patient variability, and 
inability to measure biochemical indicators of the interac-
tion, the true incidence, magnitude, and clinical significance 
for many PD interactions remain elusive. However, they are 
important to consider within a clinical context when develop-
ing an antimicrobial therapeutic plan for patients undergoing 
transplantation. Frequently, these potential PD interactions 
are appropriately managed if considered and carefully moni-
tored without requiring antibiotic substitutions.

 Aerosolized Delivery of Antimicrobials

Direct delivery of antibiotics via aerosolization is an appeal-
ing method of drug delivery in transplant recipients with 
tracheobronchial and lung infections. This method of drug 
delivery avoids delays in drug delivery to the site of infec-
tion and also bypasses first-pass metabolism in the liver. 
Systemic exposure to the drug is minimized, which helps 
limit systemic drug toxicity. Aerosolized delivery of antibi-
otics avoids PD drug interactions associated with systemic 
antibiotic therapy, including the additive nephrotoxicity 
of aminoglycosides in combinations with the CNIs. Still, 
this method of drug delivery is associated with significant 
increases in time for drug administration, cost, and adverse 
respiratory effects. Furthermore, distribution of inhaled anti-
biotic in the lungs is not necessarily homogenous; careful 
consideration of PK factors affecting aerosolized medication 
delivery is warranted.

The partial size of the molecule delivered via inhalation 
is the mass aerodynamic diameter (MMAD). The MMAD 
is important for ensuring delivery to the lower respiratory 
tract; the ideal MMAD of a particle undergoing aerosoliza-
tion is 1–5 um [159–161]. Drug particles having MMAD 
>5 um are more likely to be deposited in the orophar-
ynx and swallowed. Particles with an MMAD <1 um are 
more likely to be exhaled instead of deposited in the lung 
[159–162]. Once delivered to the lung, antimicrobials must 
avoid removal by mucociliary transport in the upper lung or 
uptake by macrophages in the alveolar region of the lung. 
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The dissolution rate, which is determined primarily by the 
lipophilicity of the molecule, is an important factor in this 
process. A balance between lipophilicity and hydrophilicity 
is required; while lipophilicity facilitates diffusion across 
cell membranes to the site of action, it also expedites dif-
fusion out of pulmonary cells into systemic circulation. 
Conversely, highly hydrophilic compounds may not be 
absorbed quickly enough to avoid mucociliary clearance 
and uptake by macrophages [159–162]. The proportion of 
drug delivered by aerosolization will also differ by the type 
of nebulizer used. There are three basic types of nebuliz-
ers: the jet pneumatic, ultrasonic, and the vibrating mesh 
(MESH) nebulizer. The jet nebulizer is most common in 
the hospital setting and there are many different models of 
the jet nebulizer [162–165]. Although generally considered 
equivalent, the accuracy of drug delivery, time required 
for drug delivery, and the amount of drug wasted can vary 
between jet nebulizer models. Further, the newer breath-
actuated and breath-enhanced jet nebulizers, which prefer-
entially deliver medication during inhalation and minimize 
it during exhalation, improve the speed of medication 
delivery and reduce medication waste compared to tradi-
tional jet nebulizers. Ultrasonic nebulizers lack data regard-
ing antimicrobial delivery; therefore, this nebulizer type is 
infrequently utilized for this indication. MESH nebulizers 
use a newer technology, which generates a higher fraction 
of fine-particles and offers a faster, more efficient method 
of aerosolization [162, 164]. In general, a lower dose of 
antimicrobial is required when using a MESH nebulizer 
compared to jet or ultrasonic nebulizers. The ultrasonic and 
MESH nebulizers require careful cleaning after each treat-
ment, while jet nebulizers use disposable parts.

A patient’s breathing pattern will also impact the deposi-
tion of drug particles in the respiratory tract [159, 161, 166]. 
This consideration is especially important in lung transplant 
recipients. Clinical studies of single lung transplant recipi-
ents have demonstrated that the drug is preferentially deliv-
ered to the transplanted, more ventilated, lung [167, 168]. 
Therefore, aerosolized medication delivery may not result in 
antimicrobial concentrations in the native lung necessary to 
eradicate the offending pathogen.

Some systemic absorption will occur following the 
aerosolized delivery of any drug. Medications gain access 
to the system circulation through the highly vascularized 
pulmonary tissue and through intestinal absorption of the 
swallowed drug. Pharmacokinetic factors determine the 
extent of the systemic absorption and toxicity following 
aerosolization of an antimicrobial compound. As men-
tioned above, a higher degree of lipophilicity equates to 
a propensity for quick diffusion into systemic circulation 
through the pulmonary vasculature. Also, the greater the 

MMAD of an aerosolize particle, the more likely it is to 
be swallowed and available for intestinal absorption. Once 
an aerosolized medication is swallowed, the bioavailabil-
ity of the drug molecule is important for determining sys-
temic exposure [159–162]. A lower bioavailability means 
less drug is absorbed through the gut into the systemic 
circulation. Furthermore, the higher the total body CL of 
a drug, the lower the total systemic drug exposure will 
be. Therefore, drugs characterized by a low bioavailabil-
ity and high systemic CL will be less likely to reach high 
systemic concentrations and potential for systemic drug 
toxicity.

 Aerosolized Delivery of Antimicrobials: 
Aminoglycosides

The aminoglycosides are highly hydrophilic, polar, com-
pounds that penetrate poorly into lung tissue following 
intravenous administrations. High serum concentrations are 
required to ensure adequate drug concentrations at the site of 
action, thereby increasing the potential for systemic toxic-
ity. Local administration of aminoglycosides via aerosolized 
delivery is an attractive alternative to intravenous therapy, 
offering high concentrations at the desired location while 
reducing systemic exposure.

A preservative-free formulation of tobramycin (TOBI®) 
was developed to minimize adverse effects associated with 
inhalation of the molecule. This formulation is the best 
studied of the aminoglycosides for aerosolized adminis-
tration, with most clinical data derived from studies in the 
CF population [169–172]. In 2013, tobramycin inhalation 
powder (TIP) received FDA approval; the advantage of this 
powder formulation is the ease of administration via sim-
ple inhaler versus a nebulizer. Aerosolized gentamicin and 
amikacin have also been studied, but these compounds do 
not have formulations specifically indicated for inhalation 
[173–176].

Adverse effects commonly associated with aerosolized 
aminoglycosides include mild, transient voice alteration, 
wheezing, cough, and dyspnea [177, 178]. Nephrotoxicity 
from inhaled aminoglycosides has been reported, including 
several reports involving recipients of SOT [176, 179, 180]. 
Clinicians should be aware of the potential for systemic 
adverse effects secondary to aerosolized aminoglycosides in 
all patients, and especially cognizant of those patients with 
reduced systemic drug clearance due to renal dysfunction. 
The potential for development of drug resistance is also a 
concern; however, clinical trials to date have not demon-
strated this to be a significant hindrance to aerosolized ther-
apy [171, 181].
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 Aerosolized Delivery of Antimicrobials: 
Colistin

The polymyxin antibiotic colistin causes bacterial cell death 
by binding and damaging the cell membranes of Gram- 
negative bacteria, including Pseudomonas aeruginosa. 
Colistimethate sodium and colistin sulfate are the commer-
cially available formulations that are hydrolyzed to colistin 
in  vivo. The use of these agents fell out of favor because 
of the significant nephrotoxicity and neurotoxicity associ-
ated with conventional intravenous administration. Despite 
these toxicities, interest in colistin has been renewed because 
it maintained activity against many emerging multidrug-
resistant (MDR) Gram-negative bacteria. Furthermore, in 
an effort to avoid colistin-induced systemic toxicities, the 
use of aerosolized colistin has been explored. The literature 
evaluating colistin for hospital acquired pneumonia (HAP) 
and ventilator associated pneumonia (VAP) is mounting, 
although much of the published clinical experience to date 
with aerosolized colistin remains in the CF population [182–
186]. Both colistimethate sodium and colistin sulfate can be 
aerosolized, but neither has been formulated specifically for 
inhalation.

Bronchospasm following inhalation of either form of 
colistin is relatively common, although colistimethate 
sodium appears to be associated with a lower incidence 
compared to colistin sulfate [187, 188]. When compared to 
aerosolized tobramycin, aerosolized colistin is associated 
with an increased incidence of pulmonary adverse effects 
[189, 190]. Once mixed with a diluent for aerosolization, 
both colistimethate sodium and colistin sulfate are quickly 
hydrolyzed to active drug and a metabolite that is toxic 
to lung tissue [162, 191]. Therefore, these drugs must be 
administered immediately after reconstitution to minimize 
adverse effects.

 Aerosolized Delivery of Antimicrobials: 
Aztreonam and Other Beta-Lactams

Aztreonam, a monobactam antipseudomonal antibiotic, has 
been formulated as a lysine salt specifically for aerosolized 
administration. Aztreonam lysine (Cayston®) was developed 
because aerosolization of the intravenous formulation of 
aztreonam induces airway inflammation. Aztreonam lysine 
is generally well-tolerated, and the most commonly reported 
side effects include cough, nasal congestion, and wheez-
ing [192]. Amoxicillin, ceftazidime, and cefotaxime have 
also been given via the aerosolized route [174, 193, 194]. 
These treatments were generally well-tolerated, although the 
small sample sizes of patients evaluated in published reports 
preclude any conclusions regarding the efficacy or safety of 
these drugs given via aerosolized route.

 Aerosolized Delivery of Antimicrobials: 
Chronic Suppressive Therapy

Airway colonization with P. aeruginosa is linked to an 
increased risk for bronchiolitis obliterans syndrome (BOS) 
after lung transplant [195]. Clinical studies in the CF popu-
lation have demonstrated that chronic suppressive therapy 
in patients with mild to severe disease severity results in a 
reduction in the frequency of pulmonary exacerbations, 
improved FEV1, and/or a reduced requirement for intrave-
nous antipseudomonal antibiotics [169–171, 189, 196–198]. 
A retrospective, single-center study compared outcomes of 
lung transplant patients with CF who were prescribed inhaled 
colistin at one million international units twice daily with 
posttransplant CF counterpart in whom inhaled colistin was 
not given. [199]. Groups were stratified based on the presence 
or absence of bacterial colonization prior to colistin initiation. 
There were no standardized criteria for colistin initiation in 
either group. The investigators found that aerosolized colistin 
was associated with a reduced number of hospitalizations due 
to infections in the group without previous bacterial coloni-
zation; however, this favorable association was not found in 
patients with prior bacterial colonization. These results sug-
gest a potential role for inhaled colistin as prophylaxis against 
infection-related hospitalization in CF patients following lung 
transplantation; additional studies are needed. No published 
study to date has specifically evaluated the use of inhaled 
tobramycin or aztreonam in CF patients after undergoing 
lung transplantation. However, based on data in the pretrans-
plant CF population, it seems reasonable to consider inhaled 
tobramycin or aztreonam (as well as to inhaled colistin) in 
patients with chronic, recurring P. aeruginosa lung infection 
after lung transplantation.

 Aerosolized Delivery of Antimicrobials 
for Hospital-Acquired Pneumonia

Due to chronic immunosuppression and impaired host 
defenses in the lower respiratory tract, transplant recipi-
ents are at high risk of hospital acquired pneumonia (HAP), 
including ventilator associated pneumonia (VAP) [200]. 
Furthermore, recipients of allograft transplants are at a 
higher risk of infection due to MDR organism(s) resulting 
from extensive prior exposure to broad-spectrum antibiot-
ics and underlying immune suppression. The American 
Thoracic Society and Infectious Diseases Society of America 
Guidelines now recommend the use of both inhaled and sys-
temic antibiotics in patients with VAP due to certain MDR 
organisms [200].

Much of the evidence for aerosolized therapy in MDR 
HAP and VAP is with aerosolized colistin. In observational 
case reports of patients with MDR organisms, aerosolized 
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colistin in combination with systemic antibiotics has been 
associated with increased response rates. One randomized 
trial demonstrated that the addition of aerosolized colistin to 
standard therapy conferred a higher likelihood of either con-
firmed or presumed MDR bacterial eradication, but a benefi-
cial effect on clinical outcome was not demonstrated [188]. 
In a retrospective multicenter cohort analysis of critically ill 
patients with MDR Gram-negative pneumonia, an increased 
clinical cure rate was observed in patients receiving IV colis-
tin plus inhaled colistin versus those who received IV colistin 
alone [201]. The authors of a recent meta-analysis concluded 
there was a positive albeit low-quality evidence, demonstrat-
ing the addition of aerosolized colistin to systemic antibiot-
ics for VAP is associated with improved outcomes [202].

Although aerosolization of aminoglycosides is an attrac-
tive treatment option for patients with HAP for reasons already 
discussed, there is a paucity of data assessing such practice 
in a large prospective randomized clinical trial. Small trials 
have shown that inhaled tobramycin and gentamicin were 
associated with some positive outcomes in patients with pul-
monary infections [178, 202, 203]. In one trial of 37 patients 
with VAP, intravenous amikacin plus ceftazidime was com-
pared to inhaled amikacin and ceftazidime [193]. Although 
the trial found no statistically significant differences in clini-
cal outcomes between the groups, the aerosolized group had 
a numerically higher rate of bacterial eradication and clini-
cal success. Three patients in the intravenous therapy group 
demonstrated resistance to ceftazidime following treatment 
initiation compared to no patients with de novo ceftazidime 
resistant bacteria in the aerosolized group.

 Aerosolized Delivery of Antimicrobials for 
Nontuberculous Mycobacterial Infection

Aerosolized amikacin has been used clinically in combina-
tion with other agents for the treatment of nontuberculous 
mycobacterial infections [175, 204]. Reasons for aerosolized 
delivery of amikacin in this patient population include pul-
monary infections refractory to traditional treatment, drug 
interactions, and intolerance to oral agents and intravenous 
amikacin or both. While aerosolized delivery of amikacin 
was associated with therapeutic success in the aforemen-
tioned reports, routine administration of aerosolized amika-
cin is not recommended due to a relative lack of published 
data evaluating this practice.

 Aerosolized Delivery of Antimicrobials: Other 
Investigational Therapies for Inhalation

Numerous clinical trials investigating aerosolized antibiotics 
are currently underway. Fosfomycin, a phosphonic acid anti-

biotic with a broad spectrum of action, has been formulated 
in combination with tobramycin for inhalation. In a Phase II 
trial of 119 patients with CF, fosfomycin plus tobramycin for 
inhalation (FTI) was compared with placebo in a randomized, 
double-blinded study following a 28-day course of inhaled 
aztreonam [205]. Relative improvements in FEV1 achieved 
during aztreonam therapy were better maintained in patients 
receiving FTI compared to placebo. The common adverse 
effects of FTI were cough, dyspnea, fever and wheezing.

Inhaled levofloxacin (Aeroquin™) in a Phase III study did 
not significantly reduce the time to next pulmonary exacer-
bation in CF patients when compared with CF patients given 
placebo [206]. A Phase III study of the new liposomal for-
mulation of amikacin (Arikace™) for the treatment of Non-
tuberculous mycobacterial (NTM) infection is currently 
recruiting subjects [207]. A formulation of vancomycin for 
aerosolization (Aerovanc™) was evaluated in a Phase II trial 
for Methicillin resistant staphylococcus aureus (MRSA) in 
CF patients; however, the results of this trial are not available 
at the time of this publication [208].

 Immunomodulation

As previously mentioned, the macrolide antibiotics—includ-
ing the azalide, azithromycin—have been considered “ste-
roid sparing” in part due to their anti-inflammatory effects. 
These anti-inflammatory and immunomodulating effects are 
not surprising given that tacrolimus, sirolimus, and everoli-
mus are non-antibiotic macrolide chemicals. However, the 
mechanism of immunomodulation for the macrolide anti-
biotics is less clear and seems to be multifactorial. Several 
recent reviews of the immunomodulatory properties of 
macrolide and other antibiotics have been published [209–
213], warranting a brief review of the anti-inflammatory 
and immunomodulatory effects of macrolide, tetracycline, 
fluoroquinolone, sulfone, and sulfonamide antibiotics. The 
impact of antibiotics on the hosts’ microbiome and subse-
quent immunomodulation is a rapidly expanding area of 
research that is beyond the scope of this chapter.

 Macrolide Antibiotics

Interest in the anti-inflammatory effects of macrolide antibi-
otics was ignited with the successful use of erythromycin in 
the treatment of diffuse panbronchiolitis (DPB), an inflamma-
tory lung disease. Follow-up studies showed both erythromy-
cin and roxithromycin reduced IL-8, IL-1β, and neutrophils 
in bronchoalveolar fluid of patients with DPB [209, 214]. 
The clinical effects of macrolides in DPB have been repli-
cated for clarithromycin and azithromycin, and these effects 
are likely due to similar immunomodulating properties [215]. 
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Since then, macrolides have been extensively researched for 
their non- antibacterial effects. Although exact mechanisms 
are not always clear, drug-mediated decrease inflammation 
through inhibiting proinflammatory cytokines and chemo-
kines, such as IL-1, IL-2, IL-5, IL-6, TNFα, GM-GCSF, and 
IL-8, and various chemokine ligands, and they may also pro-
mote a milieu favoring anti-inflammatory cytokines [209–
211, 216]. Studies also suggest macrolides inhibit phagocyte 
oxidative burst, promote phagocytosis of apoptotic cells 
by alveolar macrophages, stimulate neutrophil exocytosis, 
and reduce adhesion molecule I in bronchial epithelial cell, 
thereby potentially reducing leukocyte adhesion [210, 216]. 
Overall, macrolide antibiotics have shown anti-inflammatory 
effects on cytokine production and distinct immunomodula-
tion of neutrophils. A common unifying mechanism for the 
immunomodulatory effect of macrolide antibiotics on the 
host immune system is unknown but likely related to high 
intracellular accumulation. Regardless, the immunomodula-
tory properties of macrolides are broad, and their use beyond 
antibiosis has increased considerably.

More recently, a complementary immunomodulatory 
effect of solithromycin, a late generation fluoroketolide 
receiving US Food and Drug Administration “Qualified 
Infectious Disease Product” status, has been investigated in 
concert with its antibacterial activity. In very late 2016, the 
drug is awaiting FDA approval to the US market for commu-
nity-acquired bacterial pneumonia (CABP). An anti-inflam-
matory effect of solithromycin shows a decreased response of 
macrophages to produce lipopolysaccharide (LPS)-induced 
TNFα and IL-8. In a study of 132 adult ambulatory patients 
presenting with chest radiograph consolidation and having 
signs and symptoms of CABP, 5 days of oral solithromycin 
or levofloxacin was compared. The efficacy rates determined 
by early clinical response (ECR) and overall success at end 
of treatment and test of cure visits were considered compa-
rable. The investigators attributed the comparable ECR rates 
of the slow-kill fluoroketolide to the rapidly bactericidal qui-
nolone to solithromycin’s immunomodulatory effects [217].

A study of an ovine (sheep) model of intrauterine infec-
tion with Ureaplasma parvum compared the administration 
of maternal intravenous azithromycin (AZ) or solithromy-
cin (SOLI) or placebo. At 120-day gestational age (GA), 
sheep received a single regimen among five distinct regi-
mens which included either IV AZ or SOLI, or placebo or 
IV  +  intra- amniotic AZ or SOLI, or placebo. Baby lambs 
were surgically delivered at 125-day GA. While the amniotic 
fluid (AF) of all control animals contained culturable U. par-
vum, the AF, lung, and chorioamnion from all AZ- or SOLI-
treated animals were culture-negative. Compared to controls, 
the levels of expression of IL-1β, IL-6, IL-8, and monocyte 
chemoattractant protein 2 (MCP-2) in fetal skin were signifi-
cantly decreased in the IV SOLI cohort, and the MCP-1 pro-
tein concentration in AF was significantly increased in the 

IV + IA SOLI cohort. No significant differences in histologi-
cal inflammation scoring of the lung or chorioamnion were 
noted among the five active and placebo treatment groups. 
As intrauterine inflammation is thought to be a major influ-
ence to infection-associated preterm birth (PTB), the anti-
inflammatory properties of these macrolides may be of value 
in stunting infections leading to PTB [218].

 Tetracycline Antibiotics

Tetracycline antibiotics also exhibit non-antibacterial effects. 
Most notably is the effect of doxycycline on matrix metal-
loproteinases (MMPs). Doxycycline is reported to inhibit 
MMPs to a greater extent than tetracycline or minocycline 
due to its increased affinity for zinc ions; however, anti-
inflammatory effects of both doxycycline and minocycline 
have been reported [212]. Doxycycline has been studied and 
shown to be beneficial for gastric ulceration and oxidative 
stress in rats and ischemia- reperfusion injury in rat hearts 
by modulating MMP activity [212, 219]. Tetracyclines also 
scavenge reactive oxygen species, a driver for ischemia-
reperfusion injury, which may partially explain its benefit. In 
addition, minocycline and doxycycline have been shown to 
have anti-apoptotic effects following global brain ischemia 
in gerbils. Minocycline, having greater penetration across 
the blood-brain barrier, has been studied for its neuroprotec-
tive anti-apoptotic effects in models of traumatic brain injury, 
Huntington’s disease, and Parkinson’s disease. Protective 
mechanisms are thought to involve reduced caspase-1 and/or 
caspase-3 expression and inhibition of cytochrome c release 
from the mitochondria [212, 220]. Finally, doxycycline has 
been shown to reduce cytokines IL-1α, IL-1β, IL-6, IL-8, 
and TNFα while increasing IL-10 and IL-12 after human 
monocytes were challenged with an oral pathogen [221].

 Fluoroquinolone Antibiotics

The fluoroquinolone antibiotics have shown conflicting 
effects on the immune system in  vitro ranging from anti- 
inflammatory to neutral to proinflammatory depending on 
the experiment methods, cell type, fluoroquinolone, and 
concentration used. Most in  vivo data, however, suggest 
fluoroquinolone antibiotics modulate the immune system by 
decreasing proinflammatory cytokines. Ciprofloxacin was 
shown to reduce TNFα and IL-12 and increase IL-10 during 
a lipopolysaccharide challenge in mice. Although conflicting 
data on the immunomodulatory effects of fluoroquinolones 
exist, the balance of data suggests an anti-inflammatory 
effect. The mechanism for these actions is still unclear but 
thought to be possibly mediated by increasing cyclic AMP 
and acting on cellular transcription factors [213].
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 Dapsone and Sulfonamides

Compared to newer antibiotics, little data exist evaluating the 
anti-inflammatory effects of dapsone and sulfonamides, such 
as sulfamethoxazole. Dapsone has been used to treat urti-
caria in rare cases [222] and likely has immunomodulatory 
effects on neutrophils by inhibiting chemotaxis and oxidant 
production. The exact mechanism is unknown, although dap-
sone has been shown to inhibit myeloperoxidase [210].

Sulfonamide antibiotics, namely, sulfamethoxazole, 
used commonly in combination with trimethoprim, inhibit 
dihydropteroate synthase decreasing tetrahydrofolate syn-
thesis in bacteria. The sulfonamide class of chemicals has 
a wide range of clinical applications including inflamma-
tory conditions such as Crohn’s disease and ulcerative coli-
tis. Sulfamethoxazole’s hydroxylamine metabolite has been 
implicated in inhibiting peripheral blood monocytes in vitro, 
reducing antibody production, and interfering with T lym-
phocyte signaling and proliferation [223–225]. Synergistic 
immunosuppression between tacrolimus and cyclosporine 
with the hydroxylamine metabolite was shown in mononu-
clear leukocytes [226].

In summary, a variety of immunomodulating effects from 
many antibiotics have been reported. Macrolide antibiotics 
are currently used in respiratory disease partially for their 
anti-inflammatory properties. The tetracyclines are used in 
mouthwashes for periodontal diseases and under investiga-
tion for various neurologic disorders. The sulfonamides are 
used for a wide variety of indications outside of antibiosis 
including inflammatory disorders. With exceptions for mac-
rolides in respiratory diseases, the overall impact of antibi-
otic immunomodulation antibiotics is largely unknown and 
requires further research.

 Conclusion

Placebo-controlled, pharmacokinetic drug interaction 
trials are lacking for most commonly used antibiotics. 
Consequently, evidence supporting suspected, possible, or 
probable interactions is often presented in the form of case 
reports and case series-literature. Although currently not 
well defined, pharmacogenomic factors such as CYP3A, 
MRP, and P-gp expression may help better predict rel-
evant drug interactions at an individual level and become 
clinically useful. Advancements within pharmacogenom-
ics beyond our present understanding someday in the near 
future may result in minimizing the impact of these inter-
actions. For now, among recipients of SOT and HSCT, 
the drug classes of antimicrobials and immunosuppres-
sives are inextricably woven, each very much contributing 
to prolonged survival of these patients. The current state 
of aggressive nosocomial infection, especially regarding 

virulence and antibiotic resistance characteristics, strenu-
ously support antibiotic optimization principles [227]. Still, 
whether in the newly transplanted solid organ allograft 
recipient or the bone marrow transplant recipient long 
past engraftment, the successful concomitant use of anti-
microbials and immunosuppressives demands for clinical 
vigilance to monitor efficacy and consideration for poten-
tial drug interactions and, notably, constant reassessment 
regarding adverse effects of antimicrobial therapy in this 
highly susceptible transplant population.
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 Introduction

Due to recent advances in hematopoietic stem cell and solid 
organ transplantation (HSCT and SOT, respectively), the dis-
ease-free survival among transplant recipients continues to 
improve. Prolonged immunosuppression, conditioning prepa-
ratory chemotherapy, extended duration of pre- HSCT engraft-
ment neutropenia, drug given to suppress adaptive cellular 
immune response for prevention and treatment of GVHD, and 
for  preservation of  visceral  allograft predisposes transplant 
recipients to opportunistic fungal disease. These infections 
increase morbidity and risk of death among patients undergo-
ing at risk transplantation procedures [1, 2].

 Antifungal Classes

Three main classes of antifungal agents are available for sys-
temic prophylaxis and treatment of invasive fungal infec-
tions (IFIs). These include polyenes, triazoles, and 
echinocandins.

Polyenes such as nystatin and amphotericin B (AmB) 
were the first drugs to be approved for clinical use in the 

United States; AmB deoxycholate became available for 
human use in 1957. AmB is a polyene macrolide antibiotic 
derived from the actinomycete Streptomyces nodosus. AmB 
is approved for the treatment of aspergillosis, cryptococco-
sis, blastomycosis, systemic candidiasis, coccidioidomyco-
sis, histoplasmosis, and mucormycosis. AmB is named for 
its amphoteric behavior. It forms relatively soluble salts in 
basic or acidic aqueous media; however at the physiologic 
pH, it becomes insoluble in aqueous solutions. AmB is for-
mulated for intravenous (IV) administration as a colloidal 
suspension by using the bile salt deoxycholate and sodium 
phosphate buffer. During the 1990s, lipid formulations, 
amphotericin B lipid complex (Abelcet®, ABLC), ampho-
tericin B colloidal dispersion (Amphotec®, ABCD), and 
liposomal amphotericin B (AmBisome®, L-AmB) were 
developed to mitigate nephrotoxicity common with exposure 
to AmB deoxycholate. ABLC was approved for second-line 
treatment of IFIs in patients with refractory  infections or 
those who were intolerant to AmB therapy. L-AmB was 
approved by the Food and Drug Administration (FDA) for 
empirical therapy in patients with febrile neutropenia, for the 
treatment of cryptococcal meningitis in human immunodefi-
ciency virus (HIV) patients, for treatment of visceral leish-
maniasis, and second-line treatment of aspergillosis, 
candidiasis, or cryptococcosis refractory to AmB deoxycho-
late or in patients, in whom renal impairment or unaccept-
able drug toxicity precluded the use of AmB deoxycholate. 
Lipid formulations of AmB are generally considered inter-
changeable with AmB but with considerably improved safety 
profiles [3–7].

The discovery of azole-based antifungal drugs was a 
notable step forward given the safety, efficacy, and oral bio-
availability of these agents. The azoles are characterized by 
their core five-member azole ring, which contains two nitro-
gen (imidazoles) or three nitrogen molecules (triazoles). 
Triazole- based antifungals include fluconazole, itracon-
azole, voriconazole, posaconazole, and isavuconazonium 
sulfate. Favorable safety profile, fungal enzyme-specific 
target without crossover damage to mammalian cells unlike 
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AmB make them preferred agents to treat IFIs. The newer 
triazoles known for their mold-active potency such as vori-
conazole, posaconazole, and isavuconazonium sulfate are 
synthetic derivatives of fluconazole and itraconazole with 
an improved spectrum of activity against filamentous fungi. 
Fluconazole was approved for treatment of candidiasis, 
cryptococcal meningitis, and antifungal prophylaxis in 
patients undergoing HSCT. Voriconazole was licensed in the 
United States in 2003 as a first-line agent to treat patients 
with invasive aspergillosis (IA) and invasive candidiasis in 
the non-neutropenic host and as a second-line therapy for 
IFIs due to Scedosporium and Fusarium species. 
Posaconazole was initially approved in 2006 for IFI prophy-
laxis in severely immunocompromised patients undergoing 
HSCT with GVHD and for the treatment of oropharyngeal 
candidiasis [3, 4, 8–11].

The echinocandin drugs caspofungin, micafungin, and 
anidulafungin are semisynthetic derivatives of a separate 
class of antifungals known as pneumocandins. These are 
large lipopeptide molecules with amphiphilic cyclic hexa-
peptide and N-linked acyl lipid side chain and can only be 
administered via IV route. The differences in composition of 
the side chain make each echinocandin structurally unique. 
Caspofungin acetate was first in this class to become  available 
for clinical use (approved in 2001) as an agent for patients 
with conventional  AmB treatment-refractory IA.  This was 
soon followed by an expanded label indication including 
empiric therapy for presumed fungal infections in patients 
with febrile neutropenia and treatment of invasive candidia-
sis. Subsequently, micafungin and anidulafungin were 
added. Micafungin was approved by the FDA in 2005 for 
treatment of invasive candidiasis and prophylaxis of invasive 
candidiasis in HSCT recipients. Anidulafungin was approved 
in 2006 for the  treatment of invasive candidiasis [3, 4, 
12–14].

 Mechanism of Action

Polyenes target the fungal cytoplasmic membrane by spe-
cific interaction with ergosterol in the fungal cell membrane 
by creating nonaqueous and aqueous channels. Efflux of 
potassium through the pores results in the loss of membrane 
potential and subsequent physiologic collapse and cell death. 
At low concentrations of AmB, the channels are permeable 
only to monovalent cations such as potassium. At high con-
centrations of AmB, the nonaqueous channels interact with 
cholesterol in the mammalian host cell membrane to form 
aqueous pores that are permeable to chloride and potassium. 
This results in increased permeability to H+/OH−, intracellu-
lar acidification, and subsequent membrane damage. AmB 
has higher affinity for ergosterol than mammalian cholestrol; 
ergosterol being the primary sterol constituent of fungal cell 

membrane. However, binding of AmB to cholesterol in 
mammalian cells results in drug-induced cellular toxicity as 
evident in common and often serious adverse events associ-
ated with its use. Other potential antifungal mechanisms of 
polyenes include (a) damage to the fungal cell wall at lower 
(below minimum inhibitory concentration [MIC]) concen-
trations, (b) modulation of hosts’ immune and inflammatory 
response, and (c) promoting oxidative damage [3–7].

Azoles exert antifungal action on fungal cell membranes 
by blocking the biosynthesis of ergosterol. Azole-mediated 
inhibition of cytochrome P450 (CYP)-dependent 
14-α-demethylase (CYP51) interferes with the conversion of 
lanosterol to ergosterol resulting in accumulation of methyl 
sterols, which cause disruption of fungal cellular function, 
impede fungal growth and replication. Inhibition of fungal 
ergosterol synthesis by triazoles results in cross-inhibition of 
some CYP-dependent enzymes in humans, an important 
mechanism  for  drug toxicity and drug-drug interactions 
associated with  these agents [3, 4, 8–11]. The  azole  com-
pounds exhibit varying degree of  affinities for CYP- 
dependent 14-α-demethylase, which  in return 
reflect  upon  their  differential antifungal activity, adverse 
events, and extent of drug-drug interaction [15].

Echinocandins act through the inhibition of glucan syn-
thase, an enzyme  responsible for synthesis of β-1,3-D- 
glucan, which is an integral component of fungal cell wall. 
Decreased β-(1,3)-D-glucan cell wall content results in cell 
dysmorphia,  weakened cell wall due to  loss of cell integ-
rity  promoting  cell lysis. Because mammalian cells do 
not contain glucan synthase or a cell wall, the echinocandins 
do not affect the integrity of human cells. The genes that 
encode β-(1,3)-D-glucan synthase complex are FKS1, FKS2, 
and FKS3, although FKS3 is expressed at a very low level. 
Transcription of fungal cell wall proteins in some yeasts 
like Candida glabrata is regulated by FKS2 and dependent 
on the enzyme calcineurin, whereas FKS1-linked proteins 
are regulated by fungal cell turnover [16].

 Spectrum of Activity

AmB is a broad-spectrum antifungal agent, with activity 
against many clinically relevant yeasts and molds. It has dem-
onstrated clinical activity against nearly all Candida species 
except certain isolates of Candida lusitaniae, Candida guil-
liermondii, and many strains of Candida auris. AmB is active 
against dimorphic fungi such as Blastomyces, Histoplasma, 
Coccidioides, and Cryptococcus spp. It is also active against 
filamentous molds, such as Aspergillus spp. and organisms 
associated with mucormycosis among other rare molds.

Important limitation of AmB coverage includes 
Aspergillus terreus, Scedosporium apiospermum, Fusarium 
spp., Paecilomyces spp., Sporothrix schenckii, and mostly 
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pan-drug-resistant Scedosporium prolificans [3–7, 17]. 
Azoles are active against Candida spp., dimorphic endemic 
fungi, and C. neoformans. Among non-albicans Candida 
spp., azoles have variable dose-dependent activity against C. 
glabrata. Fluconazole is not active against C. krusei, C. 
auris, and filamentous fungi, whereas itraconazole has activ-
ity against Aspergillus spp. and some rarer molds. 
Voriconazole has activity against Aspergillus and Fusarium 
spp.; posaconazole and isavuconazonium sulfate  is active 
against Aspergillus, Fusarium, most Zygomycetes species 
among other rarer molds [3, 4, 8–11, 17].

Echinocandins are broadly active against all Candida 
spp. including isolates resistant to other antifungal agents. 
Echinocandins have reduced in  vitro activity against iso-
lates of C. parapsilosis and C. guilliermondii, but this 
lesser activity does not appear to correlate with clinical 
treatment failure. These agents are not active against C. 
neoformans, Fusarium, and most Zygomycetes spp. In 
addition, A. lentulus is an emerging Aspergillus species 
associated with IA in patients undergoing allogeneic HSCT, 
heart, kidney, and liver allograft transplantation; this organ-
ism tends to be resistant to echinocandins [3, 4, 12–14, 17].

 Resistance

Mechanisms of antifungal resistance are either primary or 
secondary and are related to intrinsic or acquired fungal 
characteristics [18]. Intrinsic resistance is defined as resis-
tance to all or almost all isolates of a species to a antifungal 
drug, which does not involve an acquired resistance often 
seen following exposure to such a drug. Primary resistance 
occurs in organisms that have not been exposed to a specific 
antimicrobial agent in clinical practice. It is a significant fac-
tor contributing drug resistance among patients with invasive 
fungal disease resulting in a selection of inherently less sus-
ceptible fungal species. In contrast, secondary or acquired 
drug resistance arises after treatment with an antimicrobial 
agent; this  is less prevalent and alludes to de 
novo mechanism(s) that confer reduced susceptibility for an 
organism, to which it was previously susceptible[19].

Poor therapeutic response to polyenes is generally rele-
gated to inherently resistant molds such as A. lentulus, A. 
terreus, Pseudallescheria boydii, Scedosporium apiosper-
mum, Scedosporium prolificans, Paecilomyces lilanicus, and 
Fusarium spp. and to some yeasts with varying degree of 
susceptibility such as C. lusitaniae and C. auris. Mutation in 
genes involved in ergosterol biosynthesis pathway have the 
abilty to foist  lack of susceptibility to AmB in such fungal 
strains, whereas, molecular mechanism(s) involved in inher-
ent resistance remain elusive for a variety of fungal patho-
gens [19]. Secondary resistance to AmB is rare, even in 
patients with  clinical failure to AmB;  in contrast,  resistant 

mutants may be selected in vitro experiments after exposure 
to AmB [20]. Prior exposure to azoles, such as itraconazole 
that acts by lowering fungal cell membrane sterol concentra-
tion, may unwittingly confer subsequent  reduced suscepti-
bility to polyenes [21]. Acquired resistance to AmB has been 
most extensively evaluated in yeasts and is associated with 
mutations in sterol biosynthesis genes like  ERG1, ERG2, 
ERG3, ERG4, ERG6, and ERG11. For example, mutations in 
erg3 encoding for C-5 sterol desaturase lead to qualitative 
and quantitative alterations of membrane lipids and an 
absence of ergosterol [22]. It should be noted that deletion of 
erg3 genes in A. fumigatus did not change AmB susceptibil-
ity despite such mutants exhibited a marked alteration of cell 
membrane sterol composition including reduced ergosterol 
content [23]. This may reflect a more complex biosynthesis 
pathway for sterols in Aspergillus spp.  Finally, A. terreus 
compared with A. fumigatus exhibits high catalase produc-
tion, which has been suggested to undermine  AmB- 
associated oxidative fungal  damage, thereby resulting in 
ineffective drug-induced cell death [24].

The molecular mechanisms responsible for triazole resis-
tance are common to most yeasts and molds [25, 26]. Three 
major mechanisms have been elucidated in recent years. 
First, mutations in the drug target, CYP450 14-α-demethylase, 
encoded by erg11 among yeasts and cyp51A among the fila-
mentous fungi, alter the apparent drug-binding domain [27, 
28]. Second, overexpression of drug efflux transporters 
belonging to the adenosine triphosphate (ATP) binding cas-
sette (ABC) and major facilitator system (MFS) classes 
reduces the intracellular steady-state drug  levels [29]. 
Finally, azole resistance resulting from upregulation of 
demethylation target [25]. The evolution of drug resistance 
in susceptible yeast involves either a single-step mechanism 
or a progressive accumulation of mutations resulting in 
changes in target site affinity and induction of various drug 
efflux transporters or both. Many of these mechanisms are 
induced by changes in major transcriptional regulators such 
as Tac1, Pdr1, which are influenced by gain-of-function 
mutations and changes in copy number due to genomic mod-
ifications resulting in loss of heterozygosity and isochromo-
some formation [30–32]. This multifactorial basis of azole 
resistance in clinical isolates is widely observed [25, 33, 34]. 
For molds like A. fumigatus, target site modification is the 
principal mechanism of clinical resistance. Mutations in 
cyp51A gene result in structural alteration to the enzyme, 
which in turn inhibit binding to the drugs. Prominent muta-
tional hotspots confirmed to cause multiazole resistance that 
have been characterized at amino acid positions Gly54, 
Met220, and Leu 98 [35, 36]. Other mutations in the cyp51A 
gene have been reported, and additional resistance mecha-
nisms are postulated [35]. In Europe, nearly all resistance is 
due to tandem repeat mutations in the promoter region of 
cyp51A along with specific mutations in the coding region 
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with the mechanisms TR34/L98H, TR46/Y121F/T289A [37, 
38]. These prominent resistant isolates have been observed 
globally in more than 22 countries [39] and appear to arise as 
consequence of azole use in the agricultural industry and are 
selected out as primary resistance [40]. This specific resis-
tance mechanism has rarely been observed in patients with 
fungal infections, in whom resistance develops during anti-
fungal therapy. Azole resistance to cyp51A mutations is a 
growing phenomenon worldwide, and its magnitude may be 
overestimated, as chronic Aspergillus infection is often cryp-
tic and can only be detected through molecular techniques 
[41, 42]. Overexpression of ABC and MFS drug transporters 
is a common mechanism in Candida species, but their role in 
Aspergillus is still not clear [43, 44]. Finally, in a small per-
centage of fungal isolates, the mechanism of triazole resis-
tance remains uncertain.

Echinocandin resistance in C. albicans and most other 
Candida spp. occurs in two highly conserved “hotspot” 
regions of FKS1 [45–48]. These limited regions encompass 
residues Phe641-Pro649 and Arg1361. In C. glabrata, the 
comparable mutations are found in either FKS1 or FKS2 [46, 
49]. Mutations in FKS genes induce elevated MIC values 
0.5–2 logs and reduce the sensitivity of glucan synthase IC50 
or Ki to drug by 50- to 3000-fold [45, 49, 50]. Most clinical 
breakthrough infections were observed due to C. albicans 
and C. glabrata, which are the two common Candida spp. 
associated with yeast invasive disease in the immunocom-
promised patients. For C. albicans, amino acid changes at 
Ser645 (S645P, F, Y) are the most abundant and cause the 
most pronounced resistance phenotype; other substitutions at 
F641, L642, T643, L644, A645, L646, R647, and D648 
account for remaining resistance [48–53]. In C. glabrata 
mutations, conferring resistance occurs in both FKS1 and 
FKS2. S663P in FKS2 is the most prominent amino acid sub-
stitution in more than half of the cases [49, 52]. Other substi-
tutions in FKS2 include F569S, F559V, Y, L664R, D666G, 
E, and P667T in hotspot 2, W1375L. In C. glabrata, some 
isolates contain nonsense mutation in either FKS1 or FKS2 
and a fks mutation in the corresponding allele [46, 49]. Not 
all FKS mutations confer the same strong resistance pheno-
type and are less likely to result in breakthrough disease. On 
the basis of MIC testing of clinical isolates, pharmacokinetic- 
pharmacodynamic (PK-PD) studies, and kinetic inhibition of 
glucan synthase, an order for strength of resistance associ-
ated with substitutions at fks residues was proposed: S645, 
F641> > L642, T643, L644, L646, R647, and D648 > P649 
[51]. In PK-PD studies involving Fks1-Ser645 substitutions, 
micafungin even in high doses was insufficient to elicit an 
antifungal response, suggesting that conventional dose ther-
apy with micafungin would not be effective in treating infec-
tions due to such organisms [54]. However, yeast’s behavior 
with the most prominent FKS2 mutation Fks2p-S663F unlike 
FKS1 mutant, Fks1p-S629P, in C. glabrata has responded to 

elevated drug dosing [53]. Furthermore, C. glabrata strains 
harboring the mutation Fks2p-P667T and Fks2p-D666F also 
differentially responded in a dose-dependent fashion to the 
three echinocandin drugs [54]. Drug-response relationships 
for high MIC mutant Candida strains may provide an 
approach to stratify resistance and assess dosing solutions to 
overcome potential lack of clinical response to therapy with-
out the need to change drug class [55].

 Toxicities

Systemic toxicity with AmB is well known. Nephrotoxicity 
is associated with dose-dependent reduction in glomerular 
filtration rate. Other effects on renal function include potas-
sium, magnesium, and bicarbonate wasting and decreased 
erythropoietin production. Azotemia caused by AmB is often 
worse in patients taking other nephrotoxic drugs. Presence of 
hypotension, renal allograft transplantation, and preexisting 
chronic  kidney  disease increases the  probability for 
AmB  drug-induced azotemia. In infusion-related reactions 
such as fever, chills, rigors, tachypnea, and worsened hypox-
emia in patients with preexisting cardiac or pulmonary dis-
ease. It is important to note that  infusion-related adverse 
events tend to improve in severity as treatment with AmB 
is  continued [3–5, 56]. The infusion toxicities are most 
prominent with AmB deoxycholate, whereas AmB lipid for-
mulations are better tolerated [6, 7, 57]. Renal preservation 
was comparable for ABLC and L-AmB either given as pro-
phylaxis or for treatment of invasive fungal disease [57].

Generally, azoles are well-tolerated  drugs.  Fluconazole 
has an excellent safety profile. Most adverse effects associ-
ated with fluconazole are minor and usually gastrointestinal 
in nature. Fluconazole carries modest risk of QTc (corrected 
QT interval)-interval prolongation rarely resulting in tors-
ades de pointes. Elevation of hepatic transaminase levels is 
seldom seen even in patients treated with high-dose flucon-
azole given for an extended duration. These events typically 
occur in patients with a higher susceptibility for such events. 
Reversible alopecia is not uncommon with fluconazole [3, 4, 
9, 58].

Posaconazole is associated with mild to moderate gastroin-
testinal symptoms including altered taste and reduced appe-
tite; mild nausea is not uncommon in transplant  patients 
receiving posaconazole. Liver toxicity is however, a serious 
concern with this agent, especially in the transplant popula-
tion, and often due to concurrent use of other agents with hep-
atotoxicity risk profile [3, 4, 11]. Two unique adverse events 
were noted with voriconazole use: (1) dose-related reversible 
disturbance of vision or photopsia that may present as photo-
phobia, changes in color vision, increased or decreased visual 
acuity and light perception, or blurred vision and (2) cutane-
ous phototoxicity. Visual disturbances are usually mild and 
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transient and abate as treatment is continued  beyond first 
week. Similarly, cutaneous  phototoxicity is reversible after 
discontinuation of therapy. An elevation in serum transami-
nases levels, skin rash reported in nearly 8% of patients, and 
visual hallucinations in up to 4% of patients receiving voricon-
azole therapy have been reported. The cyclodextrin vehicle in 
IV formulation of voriconazole can accumulate in patients 
with insufficient renal clearance [3, 4, 10].

Itraconazole carries less favorable toxicity profile 
among the azole-based drugs. A negative inotropic effect 
that may precipitate congestive heart failure is a unique 
cardiotoxicity associated with itraconazole.  The US fed-
eral registration and labeling guideline recommends avoid-
ance of itraconazole in patients with heart failure. Oral 
itraconazole solution contains a cyclodextrin carrier which 
can cause gastrointestinal toxicity such as nausea, vomit-
ing, diarrhea, and abdominal pain; these adverse events, if 
severe, may necessitate discontinuation of therapy. Like 
other azoles, itraconazole use may result in hepatic toxic-
ity ranging from mild, transient elevations of hepatic 
enzymes to rare cases of life-threatening liver failure [3, 4, 
8]. Close monitoring of  liver  function  is recommended 
with all members of the azole-based drugs, especially in 
the at risk transplant population.

Overall, the echinocandin class has the most  favorable 
safety profile. Echinocandin may infrequently lead to hepatic 
dysfunction, whereas,  acute  liver  failure  is an exceedingly 
rare complication. In clinical trials, all three currently 
licensed echinocandins show a comparable increase in liver 
enzymes, when compared with patients treated with polyene 
or triazole drugs. Monitoring liver enzymes is recommended 
during echinocandin therapy. A histamine-mediated, 
infusion- related reaction was seen in some patients; slowing 
the rate of infusion and pre-infusion antihistamines are effec-
tive [3, 4, 12–14].

 Clinical Efficacy

 Primary Antifungal Prophylaxis in HSCT 
Recipients

Primary antifungal prophylaxis with fluconazole has become 
the standard for patients undergoing HSCT since the early 
1990s. The studies compared fluconazole with placebo or 
oral nonabsorbable agents and demonstrated significant 
8–14% reduction in the cases of proven IFIs among patients 
following transplantation [16, 59–64]. Furthermore, fewer 
IFI-related deaths in fluconazole prophylaxis arm was 
encouraging [16, 60–62, 64, 65]. A significant reduction in 
overall mortality and probability of death up to 3  months 
after stem cell transplantation was an important finding (31 
vs. 52 deaths in fluconazole and placebo groups, respectively 

[p  =  0.004]) [16, 60]. The limitations for the prophylaxis 
studies are reflected in the variability among (a) the distribu-
tion of autologous vs. allogeneic HSCT recipients, (b) dura-
tion of antifungal prophylaxis after transplantation, and (c) 
dose of fluconazole used [16, 60–62, 64, 65]. In addition, 
breakthrough IFIs with C. glabrata, C. krusei, Aspergillus 
spp., and mucormycosis have occurred in patients given flu-
conazole prophylaxis [16, 60–62, 64]. Old age, concurrent 
use of antibacterial chemoprophylaxis, cytarabine plus 
anthracycline-based chemotherapy, and high Candida colo-
nization index were identified as independent risk factors for 
fluconazole failure [64].

Routine use of recombinant myeloid growth factors, a 
decline in conventional myeloablative preparatory transplant 
conditioning regimens have favorably shortened the duration 
of pre-engraftment neutropenia. In addition, selective and 
less toxic conditioning regimens such as non-myeloablative 
stem cell transplantation and lower risk of orointestinal 
mucosal disruption have also favorably reduced invasive 
candidiasis risk during early transplant period. Despite these 
important improvements, risk for invasive mold infections 
continue to remain a serious concern for high-risk allogeneic 
HSCT recipients. The incidence of mold infection including 
IA in autologous stem cell transplant recipients is low, with a 
few following exceptions: (1) heavily pretreated patients 
with multiple myeloma and (2) those with fludarabine ther-
apy for lymphoproliferative disorders [65].

The current National Comprehensive Cancer Network 
(NCCN) guidelines on prevention and treatment of cancer- 
related infections recommend fluconazole 400  mg daily 
among other antifungal agents for antifungal prophylaxis in 
autologous HSCT recipients until engraftment; for alloge-
neic HSCT recipients, it is recommended that prophylaxis 
should be continued for a minimum of 75 days after trans-
plantation [66]. Lack of protection against infections 
caused by C. krusei and Aspergillus with fluconazole pro-
phylaxis is important to note. Mold-active drug prophylaxis 
should be considered based on the assessment of patients’ 
risk  profile; furthermore taking into account the regional 
and local rates for such infections including seasonal vari-
ability for IFIs, where applicable [16]. Prophylaxis with a 
mold-active triazole drug like voriconazole or posacon-
azole is considered in select patients in whom treatment of 
acute or chronic GVHD requires accelerated immunosup-
pression. These drugs are also considered in patients under-
going high-risk transplant procedures with an anticipated 
delay in restitution of myeloid hematopoiesis. Anti-mold 
secondary prophylaxis is routinely introduced for patients 
with a history of successfully treated IFI prior to 
HSCT procedure.

Voriconazole has extended spectrum of activity against 
medically important yeasts and filamentous fungi such as 
Aspergillus spp. and most black molds. In high-risk HSCT 
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patients, voriconazole prophylaxis is an appealing alternative 
to fluconazole. A randomized, double-blind study compared 
voriconazole 200  mg twice daily with fluconazole 400  mg 
once daily given for first 100  days after transplantation. 
Patients underwent assessment of serum galactomannan 
twice weekly for 60 days, then weekly until day 100; empiric 
antifungal therapy was therefore given for individuals with 
probable breakthrough IFI. Patients with prior systemic can-
didiasis in 2 months and mold IFIs in 4 months prior were 
excluded from participation in this study. There was no sig-
nificant difference in the incidence of IFIs or fungus- free sur-
vival [67]. However, in patients with acute myeloid leukemia 
(AML) who underwent allogeneic HSCT, fewer IFIs (8.5 vs. 
21%; p = 0.04) and improved fungus-free survival in voricon-
azole vs. fluconazole prophylaxis group  was encouraging 
(78% vs. 61%, respectively; p = 0.04). There was no differ-
ence in overall survival in any of the subgroups including 
patients with AML [67]. Based on this data, specific patients 
such as those with AML undergoing allogeneic HSCT, in 
whom the risk of IA and invasive candidiasis due to flucon-
azole nonsusceptible organisms is high, may be suitable can-
didates for prophylaxis with voriconazole.

Micafungin is another agent recommended for prophy-
laxis in patients undergoing autologous or allogeneic 
HSCT.  The multi-institutional, randomized trial included 
882 adult and pediatric autologous or allogeneic HSCT 
recipients who were given 50 mg of micafungin (n = 425) or 
400 mg of fluconazole (n = 457) once daily and continued 
through stem cell engraftment. Successful prophylaxis was 
defined as the absence of suspected, proven, or probable IFIs 
through the end of therapy and no evidence of proven or 
probable IFIs 4 weeks after prophylaxis was completed. The 
overall efficacy of micafungin was 80% vs. 73.5% in flucon-
azole group (p = 0.03). In patients given micafungin prophy-
laxis, a trend toward lower rates of aspergillosis was also 
encouraging. There was no difference in mortality between 
the two groups. Breakthrough infections in this study 
included four cases of candidemia and one case of probable 
aspergillosis in the micafungin group, whereas two cases of 
candidemia and seven cases of aspergillosis (four proven, 
three probable) in  the  HSCT recipients given fluconazole 
prophylaxis. A major limitation of this study was the short 
duration of prophylaxis (until engraftment), which did not 
allow assessment of efficacy of micafungin prophylaxis 
in patients at continued risk for IFI during other at risk posten-
graftment period that coincide with acute GVHD [16, 68–
70]. A small prospective, randomized, open-labeled trial 
included 104 HSCT recipients given antifungal prophylaxis 
with 150 mg daily micafungin compared with 400 mg a day 
of fluconazole. There were no differences in the rate of 
breakthrough IFI in this small study [68, 70]. The duration of 
prophylaxis in this study was 5  days after engraftment or 
42 days after HSCT. Currently, micafungin 50 mg daily is 

approved in the United States for prophylaxis in patients 
undergoing HSCT [13].

In stem cell transplant recipients with severe GVHD, an 
expanded antifungal coverage against mold infections is desir-
able. The role of posaconazole was assessed in a trial involv-
ing 600 patients, and the overall frequency of breakthrough 
IFIs within 16 weeks of randomization was 5.3% in posacon-
azole group given 600 mg in three divided doses vs. 9% in 
patients who were given 400 mg fluconazole daily (p = 0.07). 
Furthermore, frequency of proven or probable aspergillosis in 
posaconazole treatment cohort was 2.3% compared with 7% 
noted in patients, in whom fluconazole prophylaxis was given 
(p = 0.006). The rate of breakthrough invasive candidiasis was 
not significantly different between the two groups. The overall 
mortality in patients given posaconazole and fluconazole pro-
phylaxis was 25% and 28%, respectively [16, 71].

The newer antifungal agents such as voriconazole, mica-
fungin, posaconazole and isavuconazonium sulfate (pres-
ently only approved for the treatment of invasive aspergillosis 
and invasive mucormycosis)  have made prophylactic itra-
conazole use obsolete due to higher rates of adverse events 
and drug-drug interactions [65, 66, 72, 73]. Efficacy and 
safety of voriconazole and itraconazole was evaluated in 234 
patients undergoing allogeneic HSCT. In this study, the pri-
mary composite endpoints were success of prophylaxis, abil-
ity to tolerate study drug for more than 100 days, and survival 
past 180  days after HSCT without proven or probable 
IFI.  Superiority of voriconazole in the composite primary 
endpoint was that patients given voriconazole prophylaxis 
were able to tolerate prophylaxis for 100 plus days with min-
imal treatment interruption [73]. Based on the toxicity pro-
file of AmB deoxycholate, its use for antifungal prophylaxis 
in transplant patients is very limited.

Selection of antifungal agent for primary prophylaxis in 
transplant population should include the following consider-
ations: (a) identify the type of HSCT procedure that por-
tends greater risk for IFI such as T cell-depleted grafts, cord 
blood stem cell grafts, and mismatched allografts; (b) iden-
tify patients for  high IFI  vulnerability like heavily treated 
individuals with  recurrent or treatment-refractory hemato-
logic malignancy, high yeast colonization index, and evolv-
ing understating in disruptions in hosts’ microbiota and 
various  genetic polymorphisms in innate and adaptive 
immune pathways that may eccentuate post-transplant pro-
clivity for fungal infections; the last two parameters are not 
routinely monitored. In addition, drug-related factors such as 
(1) oral bioavailability, (2) spectrum of antifungal activity, 
(3) voids in the antifungal coverage such as voriconazole’s 
lack of efficacy against agents of human mucormycosis, (4) 
safety and tolerability, and (5) importantly, potential for 
drug-drug interaction. The optimum duration of antifungal 
prophylaxis in HSCT recipients is not certain; most experts 
surmise  that antifungal prophylaxis  be continued beyond 
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pre-engraftment neutropenic period [66]. A gathering con-
sensus is  for  prophylaxis to be continued through the 
period(s) of moderate to severe GVHD. Since death in HSCT 
recipients in most cases, is cumulation of a number of fac-
tors, both infectious (i.e., CMV, IFIs, bacterial sepsis)  and 
noninfections (i.e.,  GVHD, cancer recurrence, graft fail-
ure) complications, it is, therefore, perhaps unwise to assess 
efficacy of IFI prophylaxis on the impact on overall mortality 
in this highly vulnerable complex population.

 Primary Antifungal Prophylaxis in SOT 
Recipients

Among SOT population, recipients of orthotopic liver 
transplantation (OLT) are at an increase  risk for locally 
invasive or systemic yeasts infections, whereas those under-
going lung and heart-lung transplantation have higher sus-
ceptibility for invasive mold disease [74–77]. Risk factors 
for invasive candidiasis in OLT recipients include (1) 
retransplantation, (2) serum creatinine >2.0  mg/dL, (3) 
 choledochojejunostomy, (4) intraoperative use of >40 units 
of blood products, (5) prolonged intraoperative time > 1 h, 
and (6) demonstration of fungal colonization 2 days prior 
and 3 days following transplant surgery [77, 78]. In a ran-
domized, placebo- controlled trial, fluconazole 400  mg 
given daily for 70 days after transplant surgery was associ-
ated with fungal infection rate of 6% compared with 23% 
in no prophylaxis group (p < 0.001). A significantly lower 
IFI-related deaths in patients given fluconazole prophylaxis 
compared with no antifungal prophylaxis were encourag-
ing (2% vs. 13%, respectively; p  =  0.003); however, the 
overall mortality was similar in both groups [76].

In a retrospective review of 445 consecutive pancreas 
transplant recipients, overall rate of intra-abdominal fungal 
infections (IAFIs) was 9.2%. In patients who received fluco-
nazole 400 mg daily for 7 days after transplantation had 6% 
vs. 10%  IAFIs  in patients without prophylaxis. Donor age 
was noted as a significant risk factor. However, it was impor-
tant to note that 1-year graft survival rate in recipients with 
IAFI was 17%, compared with 65% in patients without 
such infections (p = 0.0001) [79].

In a prospective review of 19 small bowel transplant 
recipients, 28% had at least 1 episode of fungal infections 
during the 524 days post-transplant follow-up [80]. There are 
no randomized trials of antifungal prophylaxis in this at risk 
visceral allograft  group. According to Clinical Practice 
Guideline for the Management of Candidiasis, 200–400 mg 
(3–6 mg/kg) fluconazole for 7–14 days is recommended as 
postoperative prophylaxis for liver transplant recipients who 
have at least two key risk factors, whereas prophylaxis is rec-
ommended for all patients undergoing pancreas and small 
bowel transplantation surgery [81]. The risk of invasive can-

didiasis in kidney, heart, and lung transplant recipients is low 
and has significantly declined over the past 25 years [81, 82]. 
A detailed review on SOT antifungal prophylaxis is provided 
elsewhere in this volume.

 Treatment of IFIs in HSCT and SOT

Despite the standard use of antifungal prophylaxis in patients 
undergoing HSCT and SOT, IFIs continue to be a significant 
cause of morbidity and mortality. Transplant-Associated 
Infection Surveillance Network (TRANSNET) is a network 
of 23 US transplant centers performing HSCT and SOT, or 
both. TRANSNET reported 983 proven (56%) and probable 
(44%) IFIs in 875 HSCT recipients between 2001 and 2006. 
IA was common (43%), followed by invasive candidiasis 
(28%), zygomycosis (8%), and invasive Fusarium spp. 
infection (3%). The incidence of IFIs was nearly 8% in the 
recipients of mismatched-related and matched-unrelated 
allogeneic HSCT; for matched-related allogeneic SCT,  the 
incidence was marginally lower (5.8%), and as expected, IFI 
complication was reported in only 1% of patients undergoing 
autologous stem cell transplantation. Overall 1-year survival 
after infections was 6% for patients with fusariosis, 25% for 
aspergillosis, 28% for zygomycosis, and 34% for transplant 
recipients with invasive candidiasis [83]. This database 
received reports of 1,208 proven (42%) and probable (58%) 
IFIs among 1,063 SOT recipients during the same period. 
Invasive candidiasis was common (53%), followed by asper-
gillosis (19%), cryptococcosis (8%), non-Aspergillus molds 
(8%), endemic fungi (5%), and zygomycosis (2%). The 
12-month cumulative incidence of first IFI was 12% for 
small bowel, 9% in lung, 5% in liver, 4% in heart, 3% in 
pancreas, and 1% in recipients of renal allograft transplanta-
tion. The 1-year survival after the diagnosis of IA was 59%; 
61% for non-Aspergillus mold infections, 66% in patients 
with invasive candidiasis, and 73% among SOT recipients 
with cryptococcal infection [84].

 fluconazole prophylaxis in patients undergo-
ing  HSCT  has  resulted in a noteworthy decline in cases 
of invasive candidiasis. The widespread use of systemic anti-
fungal agent given for infection prevention, as  expected, 
has  influenced epidemiology of Candida spp. infection 
as  drug-resistant or inherently  nonsusceptible  yeast stains 
and species become more common in clinical practice. It is 
important to recognize that IA is the most common fungal 
infection  in HSCT recipients, whereas locally invasive or 
systemic candidiasis is more frequently encountered in 
patients undergoing SOT.

In this section, we discuss the current literature support 
for primary and salvage therapy for primary and break-
through invasive candidiasis, IA, zygomycosis, and other 
non-Aspergillus mold infections.
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 Invasive Candidiasis

A randomized study comparing IV fluconazole 400 mg daily 
with AmB deoxycholate for the treatment of candidemia in 
non-neutropenic patients found both regimens were compa-
rable [85]. Therefore, fluconazole and AmB were considered 
as standard-of-care treatment for candidemia in patients with 
intact peripheral blood  neutrophil counts. Clinical efficacy 
and safety of echinocandins including caspofungin, micafun-
gin, and anidulafungin as the initial treatment for invasive 
candidiasis has been established in four randomized multi-
center trials. The first trial compared caspofungin 70 mg dose 
followed by 50 mg daily dose vs. AmB given (0.6–1.0 mg/kg 
daily) in 224 patients, which also included 14 patients with 
severe neutropenia and 7 SOT recipients. Successful out-
comes following caspofungin and AmB therapy were 73 vs. 
62%, respectively (95% confidence interval [CI]; −0.7–26.0) 
[86]. A double-blind, randomized, multinational trial included 
531 patients with invasive candidiasis given either micafun-
gin 100 mg daily or L-AmB given 3 mg/kg daily [87]. In this 
study, 62 patients had neutropenia and 32 had undergone 
SOT.  Micafungin was as effective as L-AmB, resulting in 
nearly 90% successful outcome in either group. Anidulafungin 
200 mg followed by 100 mg daily dose was compared with 
800 mg of fluconazole followed by 400 mg daily for treat-
ment of invasive candidiasis in a double-blind, noninferiority 
trial [88]. The study included 12 SOT recipients. Efficacy 
analysis in 245 patients showed anidulafungin therapy was 
associated with higher response rates of 76% vs. 60% in 
patients given fluconazole (95% CI; 3.9–27.0). Another large 
multicenter trial assessed efficacy and safety of micafungin 
vs. caspofungin for the treatment of invasive candidiasis [89]. 
The results of these trials consistently have shown superior 
efficacy and safety of echinocandins for the treatment of inva-
sive candidiasis. There is insufficient clinical data to favor 
one echinocandin over the another. It is worth pointing out 
that HSCT and SOT recipients are underrepresented in these 
trials. Breakthrough infections in patients receiving azoles are 
most likely due to fluconazole-resistant Candida spp., espe-
cially C. glabrata and C. krusei; echinocandins or L-AmB as 
first-line therapy in patients undergoing hematopoietic or vis-
ceral allograft transplantation is strongly recommended.

In the 2016 Infectious Diseases Society of America 
(IDSA) guidelines for the treatment of candidiasis, an echi-
nocandin is recommended as initial therapy in  (a) patients 
with neutropenia, (b) critically ill patients, (c) those with 
recent triazole drug exposure, or (d) patients with suspected 
or proven C. glabrata and C. krusei infection [90]. If an 
organism is identified as fluconazole-susceptible and patient 
is hemodynamically stable and no longer neutropenic, with 
sterile blood cultures, and has no prior exposure to azole pro-
phylaxis, in such situations treatment with fluconazole at 
6–12 mg/kg daily may be considered. NCCN and IDSA do 

not recommend using AmB products routinely for candi-
demia, patients with Candida spp. meningitis or endocarditis 
being an exception [66, 81]. Patients who fail to respond to 
echinocandins or those intolerant to these agents, treatment 
with L-AmB may thereupon commenced. There is no clini-
cal trial-based experience for voriconazole use as first-line 
treatment in neutropenic patients with invasive candidiasis, it 
is often used as transition to oral therapy or given as second- 
line agent.

Most C. glabrata and C. krusei clinical isolates retain sus-
ceptibility to the mold-active triazoles like  voriconazole, 
posaconazole and isavuconazonium sulfate [91]. The recom-
mended duration of treatment for patients with uncompli-
cated candidemia is 2  weeks after the first sterile blood 
culture and resolution of signs and symptoms associated 
with these infections [81]. In patients with Candida retinal or 
other ophthalmic involvement, treatment is given for an 
extended duration. Those with candidemia associated with 
an infected intravascular devise, infected devices should be 
removed expeditiously. In patients with persistent neutrope-
nia and candidemia without secondary complication, treat-
ment may also be discontinued after 2 weeks of therapy.

 Invasive Aspergillosis

For decades, AmB deoxycholate  was the only treatment 
option for patients with IA. Voriconazole has replaced 
amphotericin as the first-line drug for the treatment of 
IA. The open-label, multicenter randomized trial in severely 
immunocompromised patients included 67 HSCT and 14 
SOT recipients with probable or proven IA who were ran-
domized to receive either voriconazole 6 mg/kg two doses 
followed by 4 mg/kg twice daily (n = 144) or AmB deoxy-
cholate given as 1 to 1.5 mg/kg daily dose (n = 133) [92]. 
Twelve weeks after treatment commenced, voriconazole 
resulted in a significantly higher rate of complete and partial 
response compared with patients treated with AmB deoxy-
cholate  (53% vs. 32%, respectively; 95% CI, 10.4–32.9). 
Additionally, treatment with voriconazole also resulted in 
improved survival after 12 weeks of therapy (71% vs. 58% in 
patients given AmB deoxycholate; hazard ratio = 0.59; 95% 
CI, 0.40–0.88). In 67 HSCT recipients, 32% had a response 
to voriconazole compared with a dismal response of 13% in 
patients treated with AmB deoxycholate. In a retrospective 
study of 192 patients, 137 with proven and 55 with probable 
central nervous system (CNS) aspergillosis, 48% responded 
to treatment with voriconazole [93].

L-AmB is an alternative option for initial therapy in patients 
with IA. The AmBiLoad trial was a double-blind dose com-
parison trial of L-AmB 3 or 10 mg/kg/day given for the first 
2 weeks, followed by 3 mg/kg daily maintenance dose as pri-
mary treatment of IFI [94]. Of 201 patients with confirmed 
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invasive mold infection, 107 patients received the lower dose 
and 94 patients received 10 mg/kg daily dose. IA accounted 
for 97% of all IFIs in this study. Severe neutropenia was noted 
in 73% of patients at the start of therapy. The trial included 35 
HSCT patients, and one patient after SOT. No significant dif-
ference in efficacy between the two groups was an unex-
pected finding. A 50% response in patients initially given low 
dose vs. 46% in those treated with 10 mg/kg dose during the 
first 2  weeks along with an improved survival at 12 weeks 
favored patients initially given 3 mg/kg dose (72% vs. 59% in 
high-dose treatment group; 95% CI, −0.2−26%). These 
results demonstrated efficacy of L-AmB 3 mg/kg daily dose, 
whereas no benefit could be seen in patients given initial 
2 weeks of high-dose L-AmB therapy. L-AmB has been used 
as an alternative agent for the treatment of IA in transplant 
patients intolerant to voriconazole or those with concerns for 
drug toxicity and potential drug-drug interactions.

The optimum  therapy for breakthrough IA in patients 
receiving mold-active prophylaxis is not clear. A switch in 
the class of antifungals is suggested, and for patients with 
treatment of refractory IA, salvage combination therapy may 
be entertained, albeit, stellar prospective large cohort data to 
support such combination antifungal drug treatment regi-
mens is currently lacking.

Posaconazole has not been evaluated for primary therapy 
of IA. It was effective as salvage therapy given 800 mg daily 
in three to four divided doses for patients with IA and under-
lying hematologic malignancies, HSCT, and SOT [95–97]. 
In Europe, posaconazole is approved as salvage therapy for 
IA and other IFIs refractory to standard antifungal agents. In 
the United States, posaconazole is approved as prophylaxis 
for IA in high-risk patient.

Isavuconazonium sulfate is the newest triazole mold- 
active drug to be introduced for clinical use. A phase III, 
double-blind, global comparative study in 527 adults 
assessed safety and efficacy of isavuconazonium sulfate 
372 mg prodrug, which is equivalent to 200 mg isavucon-
azole given three times daily for first 2  days followed by 
372 mg prodrug taken once daily compared with standard IA 
dose voriconazole therapy. The primary efficacy endpoint 
was all-cause mortality after the first dose through 42 
days after the treatment commenced. Safety was assessed in 
patients who received even a single dose of the study drugs. 
All-cause mortality was 19% and 20% in patients given isa-
vuconazole or voriconazole, respectively. Drug-related 
adverse events were 42% in patients treated with isavucon-
azole compared with 60% in the voriconazole treatment 
group (p < 0.001). It is important to note that patients given 
isavuconazole had significantly lower hepatobiliary dysfunc-
tion, 9% vs. 16% in voriconazole treatment arm (p = 0.016). 
Similarly, eye disorders, 15% vs. 27% (p = 0.002), and skin 
and skin structure disorders, 33% vs. 42% (p  =  0.037), 
favored isavuconazole vs. voriconazole, respectively [98]. 

This drug may be utilized as an alternative first-line therapy 
for transplant patients with IA, with a potential benefit in 
significantly less ocular and hepatotoxicity.

Caspofungin 70 mg single dose followed by 50 mg daily 
was evaluated as first-line IA therapy in patients with hema-
tologic malignancy, autologous and allogeneic HSCT [99, 
100]. The results from these two noncomparative trials 
showed a modest complete or partial response assessed as 
12 week survival was 33% and 50–53%. Caspofungin was 
evaluated in 90 patients with IA who were refractory to or 
intolerant of amphotericin products or triazoles and 
showed success rate of 45% [101]. Caspofungin is approved 
by FDA as salvage therapy in patients with IA. A noncom-
parative study for micafungin alone or in combination with 
other antifungal agents as primary or salvage therapy for IA 
in HSCT recipient did not permit definitive conclusion 
regarding drug efficacy and clinical utility [102, 103].

A potential synergist antifungal effect of echinocandin in 
combination with a triazole agent was observed in vitro exper-
iments  [104]. The rationale is that echinocandins target the 
fungal cell wall, which is distinct from the polyenes and azoles 
that target the fungal cell membrane. The clinical database is 
limited, combination antifungal  therapy  may be  considered 
with due caution in management of difficult- to- treat IA, espe-
cially in severely immunosuppressed transplant patients with 
a greater risk of failure to conventional single drug antifungal 
therapy. Its role remains to be formally defined by prospec-
tive,  randomized comparative studies. A retrospective study 
reported an improved 3-month survival of 78% in SOT recipi-
ents treated with voriconazole plus caspofungin compared 
with voriconazole alone as salvage therapy for IA [103]. 
Combination of voriconazole plus caspofungin as primary 
therapy for IA also showed potential promise in SOT recipi-
ents in a prospective observational study [104].

Both NCCN and the 2008/2016 [105] IDSA guidelines for 
treatment of IA recommend IV or oral voriconazole as first-
line therapy in patients with IA [66, 106]. A combination of 
antifungal drugs from different classes other than initial regi-
men or an additional antifungal agent to current therapy may 
be used as salvage therapy. Patients who have responded to 
initial IV therapy and are clinically stable may be switched to 
appropriate oral agents. The duration of therapy for IA is 
defined by the resolution of all clinical and radiographic fea-
tures associated with IA; in patients with persistent immune 
defect(s), a secondary suppressive antifungal therapy is often 
needed to prevent infection recurrence.

 Zygomycosis

Zygomycosis is now referred as mucormycosis. Mucormycosis 
typically manifests as invasive sino-orbital and pulmonary dis-
ease [107]. Voriconazole and echinocandins have no activity 
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against the agents of mucormycosis. Mucormycosis is  an 
uncommon infection even in the severely immunosuppressed 
transplant recipients. It may become marginally more promi-
nent in patient presenting with sino-orbital or intracranial fun-
gal disease, patients who may develop voriconazole-breakthrough 
IFIs, and patients with heavy metal overload conditions. There 
are no randomized studies to assess selection of ideal therapy 
for patients with this rare fungal disease. Most data regarding 
therapy is in patients with poorly controlled diabetes mellitus 
with or without ketoacidosis. High-dose lipid AmB prepara-
tions such as L-AmB or ABLC (5 mg/kg/day) are considered 
treatment of choice. Surgical debridement of necrotic 
 devitalized tissue should be approached with a sense of urgency, 
when feasible, aggressive surgical debridement forms the cor-
nerstone of comprehensive care for patients with this life- 
threatening fungal disease [107]. Posaconazole and 
isavuconazole show  in vitro activity against the agents of 
mucormycosis. Posaconazole was given as 800  mg divided 
daily dose with a mixed result as salvage therapy in patients of 
AmB refractory disease or patients who were  intolerant to 
AmB formulations [108, 109]. Rates of treatment success 
including partial or complete response or disease stabilization 
were between 60% and 80%. Posaconazole has also been used 
for prolonged infection suppression after an initial response with 
amphotericin and surgical debridement [66]. 

In a single-arm open-label trial (VITAL study), adult 
patients from 34 centers worldwide with rare mold disease 
including mucormycosis between 2008 and 2013 were given 
isavuconazole 200 mg three times daily for six doses, followed 
by 200 mg daily until infection resolved, or treatment failed, or 
for 180 days or more after treatment commenced. The primary 
endpoint was complete or partial response, which was regarded 
as treatment success; or treatment failure in patients with stable 
or progressive disease. In 37 patients with mucormycosis, isa-
vuconazole was given for a median of 84  days and ranged 
between 2 and 882 days. Forty-two days after treatment began, 
54% of patients had a partial or complete response, and in 43% 
disease became stable, whereas only one patient exhibited pro-
gression of fungal disease. Crude all-cause mortality was 33% 
after 42 days of isavuconazole therapy comparable to 39% in 
AmB-treated matched controls [110].

Free iron availability in fungal microenvironment supple-
ments mucormycete growth and plays a fundamental role in 
the disease pathogenesis. Conventional iron chelators such 
as deferoxamine when given to patients with iron overload 
conditions promote iron ion-rich environment in which, 
agents of mucormycosis flourish and thrive. Whereas, the 
new-generation chelating agents like deferiprone and defera-
sirox reduce the concentration of free iron ions, thereby cre-
ating a nutritionally truncated  milieu that impedes fungal 
growth and propagation. Iron chelation with deferasirox 
had encouraging results in experimental mucormycosis mod-
els. In a small phase II study, however, patients with mucor-

mycosis treated with deferasirox plus L-AmB had a higher 
mortality rate at 90 days. Population imbalances may have 
contributed to this unexpected result. However, at present 
adjunctive deferasirox therapy for mucormycosis cannot be 
recommended [111, 112].

 Other Invasive Mold Diseases

Fusarium spp. and Scedosporium spp. are uncommon causes 
of IFIs in the transplant population. However, these infec-
tions are on a gradual rise among all cause IFIs in certain 
geographic regions. These pathogens are associated with 
life-threatening disease that often fails to respond to conven-
tional antifungal drug therapy [112, 113]. Therapy for inva-
sive fusariosis generally involves drugs like voriconazole, 
posaconazole, and isavuconazole and lipid formulations of 
AmB [115–118]. Scedosporium species are resistant to 
AmB, although itraconazole, voriconazole, posaconazole, 
and isovuconazole retains  activity against clini-
cal Scedosporium isolates [118, 119].

Cryptococcus spp. infection typically manifest as CNS or 
lung infection, with proclivity for disseminated infection. 
The first-line therapy for cryptococcal meningoencephalitis 
is the combination of liposomal L-AmB (3–4 mg/kg/day) or 
ABLC (5 mg/kg/day) plus flucytosine (100 mg/kg/day orally 
in four divided doses) for the first 2 weeks, followed by flu-
conazole (400–800 mg, 4–6 mg/kg/day) for 8 weeks, then 
200–400  mg/day orally fluconazole for another 
6–12 months for secondary infection suppression. If flucyto-
sine is not available, consider L-AmB or ABLC for at least 4 
to 6 weeks of induction therapy L-AmB (6 mg/kg/day) might 
be considered in patients with relapsed infection or infection 
associated with high fungal burden. For mild-to-moderate 
pulmonary cryptococcosis, fluconazole 400  mg daily is 
given for 6–12  months. Patients with severe lung disease 
should be treated as those with CNS infection. For crypto-
coccemia or disseminated disease, consider fluconazole 
400 mg or 6 mg/kg daily dose for 6–12 months [120].

 Summary

Selection of antifungal agent for prophylaxis or treatment of 
IFIs in transplant recipients should be based on criteria out-
lined in this chapter. Status of hosts’ immune response, local 
fungal epidemiology, drug pharmacology, spectrum of anti-
fungal activity, drug toxicity, and importantly, potential for 
drug-drug interaction should all play an important part in such 
decision making. Management of IFIs requires optimization 
of immune function, which in most high- risk allograft trans-
plant recipients  remains unattainable. To abrogate this criti-
cal  limitation, a number of ancillary immune boosting 
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measures are currently under consideration including the 
evolving understanding of potential immune modulatory 
effects of the antifungal drugs. In the future, this may be an 
additional feature to consider in the selection of best possible, 
pathogen-targeted drug  regimen for the highly vulnerable 
patients undergoing lifesaving transplantation procedures.
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Immunomodulatory Properties 
of Antifungal Agents on Immune 
Functions of the Host

Maria Simitsopoulou and Emmanuel Roilides

 Introduction

During the past two to three decades, an increasing incidence 
of invasive fungal diseases among immunocompromised 
patients has been witnessed [1, 2]. The rising number of 
patients undergoing allogeneic hematopoietic stem cell 
transplantation and solid  organ allograft  transplantation 
receiving immunosuppressive drug regimens  is in  part 
responsible for this epidemiologic trend. The overall immu-
nosuppressed status of these patients makes them highly sus-
ceptible to viral, bacterial, fungal, and protozoal opportunistic 
pathogens [3]. Fungi are a significant cause of morbidity and 
mortality in patients undergoing allogeneic graft transplanta-
tion  [4, 5]. While Candida and Aspergillus species are the 
cause  for most of the post-transplant invasive fungal dis-
eases, a number of other less frequent pathogens, such as 
Zygomycetes, Fusarium, and Scedosporium species may 
sporadically cause serious disease [5–8].

These recent epidemiologic trends coupled with emergence 
and spread of drug-resistant fungal pathogens, i.e., multidrug-
resistant Candida spp. like Candida auris; azole and polyene-
resistant Aspergillus spp. such as Aspergillus terreus [9, 10]. 
Furthermore, antifungal drug toxicity, and drug-drug interac-
tion have foster interest in exploring pharmacodynamic prop-
erties of antifungal drugs with emphasis on the  potential 
immune modifying aspect on host-fungus interplay.

In this chapter the main in vitro and in vivo immunomod-
ulatory effects of antifungal drugs on phagocytic cells  in 
response to fungal stimulation with reference to their interac-

tion with phagocyte functions is presented. When applicable, 
the underlying mechanism(s) and potential clinical relevance 
of such antifungal effects are given.

 Host-Fungal Pathogen Interplay

The innate immune system is based not only on barrier and 
chemical defense mechanisms to combat infection, but also 
on various immune cells that recognize invading pathogens 
and activate a series of antimicrobial immune responses. 
Upon fungal invasion, ciliated respiratory epithelium and 
gastrointestinal and vaginal mucosa secrete antimicrobial 
compounds to neutralize or kill invading organisms. 
Similarly, resident or recruited phagocytic macrophages, 
polymorphonuclear leukocytes (PMNs), or dendritic cells 
(DCs), the cellular components of innate immunity, play a 
central role in cytokine production and T-cell-mediated 
immunity.

Phagocytic cells recognize fungal particles through spe-
cific cell-surface pattern recognition receptors (PRRs), lead-
ing to the activation of phagocytosis, production of 
inflammatory molecules for the recruitment of additional 
Th1 and Th2 cell adaptive immune response, and production 
of microbicidal products. Pathogen detection involves recog-
nition of conserved pathogen-associated molecular patterns 
(PAMPs), either secreted by or located on the surface of fun-
gal particles, by the well-known Toll-like receptors (TLRs) 
like  dectin-1, dectin-2, mannose receptors (MR), dendritic 
cell-specific ICAM3-grabbing non-integrin (DC-SIGN), and 
the nucleotide-binding domain and leucine-rich repeat con-
taining (NLR) family of cytosolic receptors that mediate 
both inflammatory and cell death pathways [11, 12]. Most 
TLRs transduce the signal received from the surface to the 
nucleus via a signaling pathway that depends on the adaptor 
myeloid differentiation factor 88 (MyD88) and its down-
stream mediators interleukin-receptor-associated kinase 4 
(IRAK-4) and tumor necrosis factor receptor-associated 
 factor 6 (TRAF-6) that activate nuclear factor (NF)-κΒ in 
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order for the appropriate cellular responses needed to be ini-
tiated [13–15]. The final effector response profile in the tar-
get cell depends on the cell type. For example, activation of 
TLR2 or dectin-1 in macrophages results in the production 
of several pro-inflammatory cytokines and chemokines, such 
as IL-1α/β, IL-6, TNF-α, IL-8, and RANTES, that initiate a 
protective immune response against fungal invasion. 
Upregulation of epithelial TLR4 is involved in mediating a 
secondary protective effect against Candida albicans inva-
sion in the presence of PMNs [16]. Recognition of Aspergillus 
fumigatus and activation of PMNs occur through the involve-
ment of other TLRs. Signaling through TLR2 promotes the 
oxidative fungicidal pathway of PMNs with the participation 
of pro-inflammatory cytokines and results in killing fungal 
microconidia. TLR4 signaling on the other hand, is essential 
for the induction of nonoxidative mechanisms mediated by 
the release of PMN azurophilic granule constituents and 
IL-10 upregulation, important for fungal hyphal damage. 
Both pathways are affected to various degrees by TLR3, 
TLR5, TLR6, TLR7, TLR8, and TLR9 signaling [17]. As 
PMNs are important for pathogen elimination in the early 
stages of fungal invasion, an excessive release of toxic reac-
tive species may also result in tissue injury and SIRS vs. sep-
sis like syndrome. Therefore, PMNs through TLR cross talk 
mount a robust antifungal response which, however, is tightly 
regulated in order to balance between protection and inflam-
mation. The specificity of immune host response is dictated 
not only by the different PAMP structures present in the fun-
gal cell wall, but also by the complex interactions between 
the PRR pathways demonstrated in a number of studies [18].

Fungal conidia are damaged through a phagocytic process 
effected primarily by the incoming mononuclear cells (MNCs) 
or resident tissue macrophages; by comparison, hyphae are 
damaged through the extracellular release of fungicidal prod-
ucts of the oxidative burst and nonoxidative mechanisms of 
PMNs. During the oxidative burst, phagocytic cells generate 
reactive oxygen species (ROS), such as superoxide anion, 
hydrogen peroxide, and nitrogen intermediates; this microbi-
cidal system employed primarily by PMNs is catalyzed by 
the nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase, a multisubunit enzyme complex embedded in the 
plasma membrane of the cells. Patients with chronic granulo-
matous disease (CGD), in which superoxide anion is not pro-
duced due to mutations in the NADPH oxidase, these patients 
are predisposed to severe systemic bacterial and fungal infec-
tions. Despite the absence of ROS production, the CGD neu-
trophil phagosome is able to kill significant microbial load by 
microbicidal molecules that are independent of the respira-
tory burst [19]. The oxygen- independent system, which relies 
on the microbicidal properties of proteases, cationic peptides, 
defensins, lactoferrin, or lysozyme stored in azurophilic gran-
ules, is essential for the optimal antifungal activity of phago-
cytes [20]. Myeloperoxidase (MPO), a granular enzyme 
released into the phagosome, catalyzes the conversion of 

superoxide into several reactive oxygen molecules such as 
hypochlorous acid, chloramines, hydroxyl radicals, and sin-
glet oxygen. A study conducted with MPO−/− and X-linked 
CGD mice demonstrated that both MPO and NADPH oxi-
dase are equally important for host defense against a large 
fungal inoculum [21]. Recently, PMN extracellular traps 
(NETs) consisting of decondensed chromatin and antimicro-
bial proteins released from dying PMNs have also been added 
to the protective mechanisms employed by the host against 
fungal invaders [22, 23].

While PMNs and macrophages are important effectors of 
innate immunity involved in the immediate killing of patho-
gens, DCs by being potent antigen-presenting cells needed 
for T-cell activation via appropriate signals are regarded as 
the principle communication between the innate and adap-
tive immune responses. Depending on the fungal morphot-
ype ingested by DCs, different downstream signaling 
programs are activated: conidial ingestion leads to the pro-
duction of pro-inflammatory cytokines and activation of pro-
tective Th1-cell responses; in contrast, hyphal ingestion 
results in production of IL-4 and/or IL-10 and activation of 
Th2/Treg cells [24–26].

 Antifungal Drug-Induced Effects on Host- 
Fungus Interplay

The main antifungal agents currently used for treatment of 
invasive fungal diseases belong to the following three cate-
gories: (1) polyenes represented by deoxycholate and lipid 
formulations of amphotericin B; (2) azoles most importantly 
fluconazole, voriconazole, posaconazole  and isavuconazo-
nium sulfate; and (3) echinocandins class consists of caspo-
fungin, micafungin, and anidulafungin. Amphotericin B 
binds to ergosterol in the fungal  cell  membrane forming 
transmembrane channels, through which intracellular mole-
cules leak out; azoles act by inhibiting synthesis of ergos-
terol; whereas echinocandins are cell-wall active drugs 
inhibiting 1,3-β-d-glucan synthesis. Members of each cate-
gory exert various modulatory effects on host-pathogen 
interactions. In addition, certain antibacterial agents have 
interactions with antifungals and hosts' cytokine response.

In the phagocyte-fungus-antifungal drug interplay, drugs 
may directly interact with the immune effector cells through 
cell receptors, leading to altered antifungal activities. 
Following cellular uptake and intracellular accumulation, 
antifungals may modify immune responses by release of pro- 
or anti-inflammatory cytokines and influence production of 
reactive oxygen species or affect enzymatic pathways, 
such products are shown to possess antifungal properties [27–
29]. In addition, antifungal agents at subinhibitory concentra-
tions may indirectly affect phagocyte activities by alteration 
of fungal morphology, resulting in increased pathogen sus-
ceptibility to phagocyte actions, and by acting upon the fun-
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gal organisms either by fungistatic or fungicidal effect reduce 
fungal burden, thereby providing  time for host to mount a 
robust and durable antifungal response needed to  eradicate 
the invading pathogen, while keeping excessive uncon-
strained  inflammation  in check. Modulation of phagocyte 
behavior has also been observed after priming of phagocytes 
with cytokines, increasing the intracellular antifungal effect 
of drugs [30, 31].

The following drug-fungus or drug-host or drug-fungus- 
host interactions are described in the following parts of the 
chapter as:

 1. Drug-phagocyte communication through cellular 
receptors

 2. Antifungal drug-induced cytokine and chemokine expres-
sion profiles in human phagocytes

 3. Modulation of phagocytes’ activity by antifungal agents
 4. Modulation of phagocytes’ activity by the combined 

effect of cytokines and antifungal agents

 Immunomodulatory Effects of Amphotericin 
B Formulations

During the past several  years, studies have suggested that 
antifungal agents may alter phagocytes’ immune responses 
against fungi by affecting specific PRRs. Amphotericin B is 
a broad-spectrum polyene antifungal agent. Deoxycholate 
compound is the oldest amphotericin B formulation and 
remains among the most useful agents against invasive fun-
gal diseases especially in resource-limited countries. Its use 
is wide, despite the infusion-related reactions and risk 
for dose-dependent nephrotoxicity; the drug induced kidney 
injury  is postulated to originate from a potent pro- 
inflammatory response by innate immune cells elicited by its 
affinity for cholesterol binding in mammalian cell  mem-
brane[32]. Two complementary studies have demonstrated 
that amphotericin B is probably perceived as a PAMP by 
CD14, TLR1, and TLR2 receptors, which are coactivated 
through a reorganization of lipid raft proteins in the microdo-
mains of cell membrane serving as centers for assembly of 
signaling molecules, which promotes  secretion of pro- 
inflammatory cytokines and chemokines [33, 34] 
(Table 53.1). A detailed investigation of the intracellular sig-
naling induced by amphotericin B in a monocytic cell line 
has shown that pro-inflammatory cytokine production is 
mediated by B-cell progenitor tyrosine kinase (Btk), phos-
pholipase C (PLC), protein kinase C (PKC), cellular tyrosine 
kinase (c-Src), and NF-κB signaling molecules [35]. These 
studies provide a molecular basis for the recognized inflam-
matory adverse effects associated with amphotericin B in 
patients and identify potential targets for agents that could 
minimize such effects.

Lipid formulations of amphotericin B were developed in 
order to avoid or minimize toxicity and contribute to the 
overall improvement of therapeutic index. Exposure of 
murine and human PMNs to A. fumigatus in the presence of 
liposomal amphotericin B (LAMB) involves different TLR- 
activation pathways as compared to deoxycholate ampho-
tericin B (DAMB). While DAMB activates the oxidative 
antifungal response leading to an increased pro- inflammatory 
state through TLR2 signal transduction, LAMB by diverting 
signaling from TLR2 to TLR4, induces more IL-10 and less 
TNF-α or superoxide anion production in PMNs stimulated 
with A. fumigatus conidia (Table 53.1). In addition, LAMB 
augments the conidiocidal activity of both murine and human 
PMNs suggesting that it either has an immunomodulatory 
role on PMN antifungal functions or increases conidial sus-
ceptibility to PMN conidiocidal activity altering fungal 
membrane [36] (Table 53.2).

As stated above, infusion-related adverse drug reactions 
observed in patients treated with amphotericin B are associ-
ated with the ability of DAMB to induce the release of pro- 
inflammatory cytokines after activation of immune cells via 
TLRs and CD14 with the subsequent activation of MyD88 
and NF-κB signal transducer molecules. In an attempt to 
understand the molecular mechanisms by which lipid 
amphotericin B formulations induce a specific gene expres-
sion profile as compared to DAMB, studies using human 
MNCs have identified a number of immune molecules that 
are induced and released following exposure to different 
amphotericin B formulations [37–45] or after challenge with 
A. fumigatus hyphae [46, 47] (Table  53.3). These studies 
indicated that DAMB and amphotericin B colloidal disper-
sion (ABCD) upregulate gene expression and production of 
pro-inflammatory cytokines and chemokines. By  comparison, 
LAMB and ABLC generally downregulate or do not affect 
gene expression of pro-inflammatory cytokines and chemo-
kines, which may explain the relatively lower frequency of 
adverse infusion-related reactions of these agents reported in 
clinical trials.

Table 53.1 Effects of antifungal agents on pattern recognition recep-
tors of phagocytes

Antifungal agent Recognition receptors Fungus studied
Fluconazole Up-regulation of TLR9 in 

PMNs
C. albicans

Voriconazole Up-regulation of TLR2, 4, 
9 in PMNs

A. fumigatus

Up-regulation of TLR2 in 
MNCs

A. fumigatus

Deoxycholate 
amphotericin B

Up-regulation of TLR1, 
TLR2, CD14 in MNCs

A. fumigatus

Liposomal 
Amphotercin B

Up-regulation of TLR4 in 
PMNs

A. fumigatus, C. 
albicans

Caspofungin Up-regulation of TLR2, 4, 
9, in PMNs dectin-1 in 
MNCs, PMNs

A. fumigatus, C. 
albicans A. 
fumigatus
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Membrane cation channel formation measured in model 
cholesterol-containing large unilamellar vesicles showed 
that only DAMB and ABCD induce significant ion currents, 
providing an additional rationale for the different cytokine- 
mediated adverse effects observed with amphotericin B for-

mulations [40]. Moreover, these studies demonstrated that 
DAMB and lipid formulations affect gene expression and 
release of IL-1β, IL-1Ra, MCP-1, MIP-1β, and TNF-α vari-
ably, which may further modulate host response to invasive 
fungal infections.

Table 53.2 Effects of antifungal agents on the antifungal activities of phagocytes

Immunomodulatory agent Phagocyte function Fungus/animal model studied
FLC Moderate anticonidial activity in PMNs C. albicans
FLC + G-CSF Enhanced survival Disseminated candidiasis
FLC + sIL-4R or FLC + rIL-12 Synergistic effect on survival C. albicans; immunosuppressed murine model
VRC Unaffected anticonidial activity in PMNs C. albicans
VRC Drug- and time-dependent anticonidial activity in MNCs Candida spp.
VRC Additive antihyphal activity in PMNs R. microsporus
VRC + GM-CSF or G-CSF Increased anticandidal activity in MNCs and PMNs Candida spp., Cryptococcus neoformans
VRC + GM-CSF No effect on antihyphal activity in MNCs; increased 

antihyphal activity in PMNs
A. fumigatus

PSC Modest efficacy R. microsporus; immunosuppressed murine 
model

PSC + GM-CSF Increased hyphal damage S. prolificans; ex vivo
PSC + G-CSF Modest survival or antagonistic effect A. fumigatus, R. microsporus; 

immunosuppressed murine model
DAMB Increased anticonidial activity in MNCs A. fumigatus, C. albicans
DAMB Increased antihyphal activity in MNCs, PMNs A. fumigatus, F. solani
DAMB Reduction in fungal load, induction of Th1 immune response disseminated aspergillosis
DAMB + sIL-4R or rIL-12 Synergistic effect on survival C. albicans; immunosuppressed murine model
DAMB + IFN-γ Additive inhibitory effect C. neoformans
LAMB Increased antihyphal activity in MNCs, PMNs A. fumigatus, F. solani
ABLC Increased antihyphal activity in MNCs, PMNs A. fumigatus, F. solani
ABLC Additive antihyphal activity in PMNs S. prolificans, S. apiospermum
ABCD Increased antihyphal activity in MNCs, PMNs A. fumigatus, F. solani
CAS Increased intracellular killing; unaffected phagocytosis C. albicans
CAS Augmented antihyphal activity in PMNs A. fumigatus
CAS + GM-CSF Increased anticandidal activity C. glabrata
MICA Augmented antihyphal activity in PMNs, MNCs A. fumigatus
AND Increased intracellular killing, unaffected phagocytosis C. albicans
AND Additive antifungal activity in PMNs C. parapsilosis biofilms
AND Additive antifungal activity in MNCs C. albicans biofilms
AND Augmented antihyphal activity in PMNs A. fumigatus
CIP + AMB Synergistic anticonidial activity in PMNs A. fumigatus

FLC fluconazole, VRC voriconazole, PSC posaconazole, DAMB deoxycholate amphotericin B, LAMB liposomal amphotericin B, ABLC ampho-
tericin B lipid complex, ABCD amphotericin B colloidal dispersion, CAS caspofungin, MICA micafungin, AND anidulafungin, AMB amphotericin 
B, CIP ciprofloxacin, G-CSF granulocyte colony stimulating factor, sIL4R soluble IL-4 receptor, rIL12 recombinant IL-12, GM-CSF granulocyte 
macrophage colony stimulating factor, IFN-g interferon gamma

Table 53.3 Effects of antifungal agents on phagocytes’ immune gene expression

Antifungal agents MNCs function Fungal morphotype
Voriconazole Down-regulation of TNF-α

Pro-inflammatory response
A. fumigatus conidia
A. fumigatus hyphae

Deoxycholate amphotericin B Pro-inflammatory response, signal transduction, cell 
differentiation, complement activation

A. fumigatus hyphae

Amphotericin B colloidal dispersion
Liposomal amphotericin B

Substantial pro-inflammatory cytokine release
Decreased Th1 immune response

A. fumigatus hyphae
A. fumigatus hyphae

Amphotericin B lipid complex Decreased Th1 immune response A. fumigatus hyphae
Caspofungin Up-regulation of TNF-α

Down-regulation of TNF-α
A. fumigatus hyphae
A. fumigatus conidia

Micafungin Up-regulation of TNF-α
Down-regulation of TNF-α

A. fumigatus hyphae
A. fumigatus conidia

VRC voriconazole, DAMB deoxycholate amphotericin B, LAMB liposomal amphotericin B, ABLC amphotericin B lipid complex, ABCD ampho-
tericin B colloidal dispersion, CAS caspofungin, MICA micafungin
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Microarray studies have expanded the previous observa-
tions on the effects of amphotericin B formulations in MNCs 
and identified new immunomodulatory proteins that are 
responsive to amphotericin B. In particular, DAMB induces 
the expression of IL-1α and the chemokines IL-8, MIP-1α, 
the signal transduction proteins nuclear factor of κ light 
polypeptide gene enhancer in B-cell inhibitor α (NFKBIA), 
COX2, and G6PD. The ability of IL-8 and MIP-1α to recruit 
MNCs and PMNs could mediate the pulmonary toxicity 
occasionally observed with amphotericin B formulations. 
COX2 regulates prostaglandin production and release 
believed to mediate fever and chills observed during ampho-
tericin B administration. G6PD has a key role in the produc-
tion of NADPH, which is required for the respiratory burst in 
PMNs; therefore, upregulation of G6PD could explain the 
stimulatory effects the drug has on PMNs [44].

Another microarray study evaluated the effects of DAMB 
and ABLC on gene expression of immune molecules by 
MNCs exposed to A. fumigatus hyphae; considerably fewer 
genes associated with inflammatory and chemotactic activity 
were induced in MNCs exposed to the combination treat-
ments of A. fumigatus-DAMB or A. fumigatus-ABLC as 
compared to each component alone, suggesting that both 
antifungal agents act by damaging Aspergillus hyphae rather 
than by activating phagocytes for cell recruitment and 
enhancement of antihyphal activity [47].

The potential impact that antifungal agents, primarily 
directed against fungal organisms, could also have on modi-
fying immune cell functions through intracellular drug 
accumulation was readily recognized. This occurred after 
initial observations on the influence of amphotericin B to 
augment the fungicidal activity of human MNCs against 
ingested C. albicans and A. fumigatus conidia [48, 49]. 
Similar enhancement of killing was demonstrated to occur 
with fluconazole, voriconazole, caspofungin, and anidula-
fungin on phagocytized C. albicans, Candida glabrata, and 
Candida krusei [50–55]. Results of these studies indicate 
the impact of drug accumulation and on intracellular anti-
fungal activity.

Amphotericin B has direct antifungal activity against 
Cryptococcus neoformans, and it also possesses an immu-
nomodulating activity by augmenting the anticryptococcal 
response of murine peritoneal macrophages via upregula-
tion of nitric oxide synthesis mediated by either TNF-α or 
IL-1 [56]. Furthermore, DAMB and lipid amphotericin B 
formulations enhance fungicidal activity of human or rabbit 
phagocytes against hyphae or conidia of A. fumigatus and 
Fusarium solani. This upregulatory activity of amphotericin 
B formulations is associated with supplement production of 
H2O2 and H2O2-dependent intracellular intermediates [57–
59] (Table 53.2). In addition, while LAMB exhibits syner-
gistic activity with PMNs in inducing hyphal damage to 
Rhizopus microsporus, ABLC has synergistic or additive 

activity with PMNs against all three Zygomycetes tested, 
Rhizopus oryzae, Rhizopus microsporus, and Absidia cor-
ymbifera [60]. Similarly, both LAMB and ABLC interacted 
with phagocytes and produced additive antifungal activity 
against A. fumigatus and Scedosporium spp. selectively [61, 
62] (Table 53.2). The mechanism(s) underlying these com-
binational activities may be related to the structure of the 
compounds and their molecular interaction with the fungal 
organisms. The ribbon-like structure of ABLC may have 
more hydrolysis sites exposed to the action of fungal or host 
cell-derived phospholipases than the lipid bilayer structure 
of LAMB, thus amphotericin B could be released more 
readily and in greater amounts from ABLC than from 
LAMB [63].

 Immunomodulatory Effects of Azoles

Among azoles, voriconazole and fluconazole have been 
shown to interact with phagocytes through TLR receptors in 
response to A. fumigatus or C. albicans as stimuli [64, 65]. 
Specifically, voriconazole enhances pro-inflammatory 
phagocyte programs by signaling an upregulation of TLR2, 
this effect is mediated by NF-κB activation and nuclear 
translocation, resulting in increased MNC fungicidal activity 
following challenge with A. fumigatus hyphae [64]. In addi-
tion, interaction of voriconazole or fluconazole with PMNs 
stimulated with A. fumigatus or C. albicans induces upregu-
lation of TLR9 receptor, whereas caspofungin induces PMNs 
to increase expression of TLR2 in response to A. fumigatus 
and TLR4 and TLR9 following C. albicans exposure  [65] 
(Table  53.1). These findings indicate that host response to 
antifungal agents are mediated through different PRRs elic-
ited via fungal stimuli.

Reduction of TNF-α mRNA expression was  observed 
upon evaluation of the immunomodulatory effects of ampho-
tericin B, voriconazole, and micafungin on human MNCs 
stimulated with A. fumigatus conidia [66]. A hypothesis pro-
vided is that intracellular accumulation of these drugs may 
have influenced conidial metabolism, which in turn changed 
fungal-cell interactions causing a reduced TNF-α produc-
tion. In contrast, incubation of voriconazole with MNCs in 
the presence of A. fumigatus hyphae upregulates 
inflammation- related genes such as  IFN-γ, IL-1R1, and 
TNF-α potentially leading to a more efficient host resistance 
to A. fumigatus [64] (Table 53.3).

 Immunomodulatory Effects of Echinocandins

Echinocandins modify dectin-1-dependent inflammatory 
response against A. fumigatus through modulation of the sur-
face β-glucan content. The immune modulating effects of 
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β-glucans, a major fungal cell wall component, are attributed 
to the ability to bind PRRs including dectin-1 receptor. This 
receptor, primarily expressed by PMNs, macrophages, and 
DCs, mediate activation of various cellular functions from 
fungal binding, uptake, and fungal neutralization to cytokine 
and chemokine production [67, 68].

Preincubating A. fumigatus conidia with subinhibitory con-
centrations of caspofungin results in diminished TNF-α and 
CXCL2 release by macrophages; this molecular response is 
associated with diminished dectin-1 signaling, reflecting the 
minimal amounts of dectin-1 molecules present on the surface 
of conidia. In contrast, caspofungin or micafungin- treated A. 
fumigatus hyphae trigger enhanced inflammatory response, 
which is also highly associated with increased dectin- 1 signal-
ing [69] (Table 53.3). A complementary study [70] has con-
firmed that exposure to subinhibitory concentrations of 
caspofungin increases β-glucan exposure on the surface of A. 
fumigatus, A. terreus, Fusarium solanii, F. oxysporum, and 
Scedosporium apiospermum and augments PMN antihyphal 
activity. Similarly, in an in vivo animal model of disseminated 
candidiasis, subtherapeutic doses of caspofungin administered 
to mice resulted in exposure of the pro-inflammatory β-glucan 
epitope and augmentation of binding to dectin-1, leading to 
activation of innate immunity. In this study, direct measure-
ment of morphotype-specific β-glucan exposure in mouse tis-
sues during infection has shown that caspofungin causes 
hyphal-specific exposure of β-glucans with very few yeast-
form cells to have exposed β-glucan molecules on their sur-
face. These findings suggest that, during the normal course of 
infection, echinocandin- mediated unmasking and fungicidal 
activities are filament- biased. Such morphotype bias may be 
due to intrinsic structural differences between hyphal and 
yeast walls [71–73]. Of note, a recent report demonstrated that 
caspofungin- treated C. albicans is able to suppress ROS pro-
duction in phagocytes, suggesting that suppression of ROS is 
independent of β-glucan exposure. Since phagocyte-generated 
ROS have microbicidal activity against many pathogenic 
microorganisms, suppression of ROS production may repre-
sent an evasion mechanism for Candida blastoconidia to 
escape phagocytic killing [74].

Modulation of phagocyte functions seems to be drug- 
specific as well as time- and organism-dependent. In particu-
lar, caspofungin significantly influences oxidative burst 
metabolism and improves intracellular killing rates of C. albi-
cans, but has no effect on phagocytosis. Caspofungin used in 
clinically relevant concentrations synergizes with PMNs for 
intracellular killing of ingested C. albicans blastoconidia, pro-
viding indirect evidence of the drug’s ability to pass through 
the cell membrane and remain in a biologically active form to 
clear intracellular proliferating C. albicans blastoconidia [75].

Infectious complications in renal transplant recipients, 
especially in the early post-transplant period, are mainly due 
to C. albicans [5]. A study evaluating the immunomodulating 

influence of caspofungin on PMNs isolated from such 
patients, in response to C. albicans echinocandin exerted anti-
fungal activity by interacting with both the PMNs and the 
yeast. The drug interacted with the PMNs by entering cells 
and killing proliferating blastoconidia, and it also unmasked a 
virulence factor on C. albicans outer cell wall, rendering the 
fungus susceptible to PMNs lytic mechanisms [76].

Furthermore, when A. fumigatus hyphae are generated in the 
presence of sub-MIC values of micafungin and they are subse-
quently cultured with PMNs or MNCs, their metabolic activity 
is inhibited by >80% or  >  60%, respectively. These findings 
support the hypothesis that the greater efficacy of micafungin 
could be due to the combined effect of phagocytic cells and anti-
mold activity [77]. Similarly, anidulafungin was noted to sig-
nificantly improve intracellular killing rates of C. albicans after 
2 h of incubation [51] (Table 53.2). The encouraging data on the 
immunomodulating properties of echinocandins and particu-
larly caspofungin come to reinforce their favorable pharmaco-
dynamic  and pharmacokinetic characteristics and clinical 
efficacy, supporting their use as empiric treatment in high-risk 
populations with impaired immune functions [78–80].

Candida, the most frequent pathogen isolated in blood-
stream infections, form biofilm , a characteristic that increas-
esits  disease causing potential and  morbidity, especially 
among immunocompromised patients [81–83]. Biofilms are 
formed after single Candida cells attach to a suitable substrate 
i.e., vascular or urinary catheters, stents, pacemakers, or artifi-
cial joints; they then proliferate and grow into microcolonies 
forming well-organized cellular communities held together by 
pseudohyphae and a carbohydrate-rich extracellular matrix. 
Biofilms show increased resistance to antifungals compared to 
their planktonically grown forms and can withstand hosts' 
antifungal immune response [84–86]. In vitro biofilm models 
designed to evaluate MNC-mediated phagocytosis show that 
immune cells are unable to inhibit C. albicans to form biofilm 
and respond to the fungal form by differentially expressing 
several pro- and anti-inflammatory cytokines [87]. Although 
activities [this 'activity'] of voriconazole in combination with 
human MNCs have shown indifferent results in suppressing 
the metabolic activity of C. albicans within biofilms, the com-
bined treatment of anidulafungin with MNCs have demon-
strated additive interactions against the  biofilm forms [88]. 
Similarly, anidulafungin in combination with PMNs also exert 
additive activity against C. parapsilosis biofilms [89].

 Immunomodulatory Effects of Antibacterial 
Agents on Antifungal Activity

Immunocompromised patients are at high risk for Candida 
and Aspergillus infections, but they are also at high risk for 
bacterial infections. For this reason, antibacterial and anti-
fungal agents may be administered simultaneously for pre-
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vention and treatement of an established  infection. 
Fluoroquinolones, such as ciprofloxacin, moxifloxacin, or 
levofloxacin, when combined with antifungal agents show 
improved  antifungal effect. In drug  combination studies, 
where fluoroquinolones were combined with amphotericin 
B, voriconazole, or caspofungin, a synergistic pharmacody-
namic interaction  was  observed against C. albicans and 
for  A. fumigatus resulting in  alterated  growth inhibitory 
activity. Fluoroquinolones, by binding to fungal topoisomer-
ases, may interfere with DNA replication and inhibit fungal 
proliferation; since fluoroquinolones are unable to gain intra-
cellular access due to lack of fungal cell membrane permea-
bility, it has been hypothesized that antifungal agents may 
increase intracellular concentrations of fluoroquinolones 
[90, 91]. More importantly, the effectiveness of the com-
bined action of ciprofloxacin and amphotericin B in modu-
lating the antifungal activity of PMNs against A. fumigatus 
has recently been shown, suggesting that both antimicrobial 
agents exert a beneficial effect on the oxidative mechanisms 
of PMNs thereby optimizing antifungal effect [92].

 Modulation of Phagocytes’ Activity by 
the Combined Effect of Cytokines 
and Antifungal Agents

Indirect modulation of phagocyte behavior was demon-
strated after pretreatment with cytokines and exposure to anti-
fungal drugs. In vitro and in  vivo preclinical studies of the 
combined effect of cytokines with antifungal agents on the 
antifungal activity of phagocytes have promised a better out-
come for combined drug-cytokine therapy in treating life- 
threatening invasive fungal disease. Activation of phagocytes 
with granulocyte-macrophage colony-stimulating factor 
(GM-CSF) or IFN-γ enhances the intracellular anticandidal 
activity of voriconazole against fluconazole-resistant Candida 
spp. or C. neoformans [52, 93]. Caspofungin and the voricon-
azole-caspofungin combination enhances activity of GM-CSF-
primed monocytes in both time- and dose- dependent manner 
[53]. In another in vitro study G-CSF- or GM-CSF-activated 
PMNs were shown to  enhance collaboration with voricon-
azole against A. fumigatus hyphae [94] (Table  53.2). 
Pretreatment of murine macrophages with IFN-γ and subse-
quent amphotericin B exposure was able to activate the syn-
thesis of nitrogen reactive intermediates inhibiting replication 
of ingested C. neoformans [95]. Most in vivo studies using 
hematopoietic growth factors or recombinant interleukins as 
adjunctive agents in antifungal therapy have reported either a 
beneficial response [96–99] or no significant difference [100, 
101] (Table 53.2) in the survival of infected mice.

An important issue raised by these experimental models of 
invasive fungal infections is the impact of the host predispos-
ing factors on the outcome of combined therapies with anti-

fungal agents and cytokines. Early in infection, neutralization 
of the protective Th1 pro-inflammatory cytokines like IFN-γ, 
TNF-α, or IL-12 leads to the development of Th2 rather than 
Th1 cellular  response, which promotes progressive fun-
gal disease, whereas neutralization of IL-4 and IL-10 upregu-
lates the desirable Th1 rather than Th2 response [102, 103]. 
In immunocompetent mice with lethal disseminated candidi-
asis, treatment with amphotericin B or fluconazole is associ-
ated with Th1 immune response. Leukopenic or neutropenic 
mice respond differently to the therapeutic efficacy of anti-
fungal agents combined with cytokines. In particular, the effi-
cacy of combined therapy with soluble IL-4 receptor and 
amphotericin B is higher in leukopenic than in neutropenic 
mice, whereas coadministration of recombinant IL-12 and 
fluconazole is higher in neutropenic than in leukopenic mice. 
The synergistic effect of the combination treatments is 
retained in immunocompromised mice [97]. Corticosteroids, 
another major predisposing factor for invasive fungal infec-
tions, maintain the number of dysfunctional PMNs, which are 
unable to restrict fungal growth; administration of G-CSF to 
corticosteroid-treated mice with disseminated aspergillosis 
contributes to the development of progressive disease by 
increasing the number of dysfunctional PMNs and antagoniz-
ing the therapeutic effect of posaconazole [100]. These data 
indicate that the host immune reactivity influences the effi-
cacy of antifungal drugs given in combination with cer-
tain cytokines. The immune modulatory role that combined 
treatment of antifungal agents and cytokines play in promot-
ing defenses against fungal pathogens; preclinical and limited 
clinical data for adjunct combination therapy with antifungals 
is periodically reviewed and perhaps such combination regi-
mens  may improve antifungal activity of neutrophils and 
monocytes/macrophages as well as upregulate protective 
T-helper type 1 adaptive immune response, however at pres-
ent, such combinations are not routinely recommneded in the 
management of  IFIs  even in severely immunosuppressed 
patients undergoing allogeneic transplantation [104–109].

 Conclusions

In addition to their capacity to affect the development and 
proliferation of fungi, antifungal agents directly interact with 
the hosts'  immune system. Immunomodulatory effects of 
antifungals include alteration of phagocytosis, augmentation 
of oxidative and nonoxidative mechanisms of first line 
immune defense cells, chemotaxis, and pro-inflammatory or 
anti-inflammatory cytokine production.

DAMB interacts with CD14, TLR1, and TLR2 receptors, 
inducing a MyD88-dependent intracellular signaling cas-
cade that culminates in the activation of NF-κB transcription 
factor and the subsequent upregulation of pro-inflammatory 
cytokines and chemokines. By diverting signaling from 
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TLR2 to TLR4, LAMB augments antifungal activity of 
phagocytes while attenuating the pro-inflammatory effects 
observed with DAMB. Similarly, ABLC downregulates the 
pro-inflammatory response and increases the antihyphal 
activity of phagocytes, whereas ABCD shows similar gene 
expression and antifungal profiles noted with DAMB. These 
observations offer a putative molecular basis for optimiza-
tion of LAMB/ABLC therapeutic efficacy for invasive fun-
gal diseases as opposed to the cytokine-mediated adverse 
effects in response to DAMB/ABCD drug formulations.

Among azoles, voriconazole interact with TLR2, TLR4, 
or TLR9 thereby enhancing pro-inflammatory programs of 
phagocytes and augment their antifungal activity, a feature 
that is maintained after activation of phagocytes with 
GM-CSF or G-CSF. In contrast, fluconazole by interacting 
with TLR9 induces a moderate antifungal phagocytic activ-
ity; however, pretreatment of immune cells with G-CSF and 
subsequent exposure to fluconazole appears to  synergisti-
cally effect in confronting fungal infections.

Among echinocandins, the immunomodulatory role of 
caspofungin was mediated via cross talk between TLR2, 
TLR4, TLR9, and dectin 1 receptor leading to the induction 
of Th1 pro-inflammatory program in activation of antifungal 
host defense. Similarly, anidulafungin and micafungin have 
a favorable effect on intracellular killing, especially for 
yeasts in biofilm. Antibacterial agents, such as ciprofloxacin, 
when combined with amphotericin B exert a positive effect 
on the oxidative antifungal mechanisms of phagocytes.

Considerable information has been accumulated on immu-
nomodulatory properties of antifungal agents on hosts' immune 
response,  there is still much to be deciphered regarding the 
potential interference between pathogen- targeting drugs and 
the phagocytic effector cell response, especially among 
allograft transplant recipients. Powerful new technology plat-
forms for data acquisition and processing are urgently needed 
to perform genome-wide association studies comparing vari-
ous treatment  regimens in the context of antifungal-host-
pathogen interaction. Presently,  limited clinical data exist to 
conclude clinical feasibility and potential benefit from immu-
nomodulatory therapy. The possible synergistic role of new 
antifungal agents on hosts' cytokines response offers an oppor-
tunity to optimize treatment for life- threatening fungal dis-
ease in the at risk transplant population.
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Antiviral Consideration 
for Transplantation Including Drug 
Resistance

Sunwen Chou and Nell S. Lurain

 Introduction

Antiviral therapy is routinely used in transplant recipients for 
the prevention and treatment of herpesvirus infections and 
influenza, as well as treatment of chronic viral hepatitis and 
HIV. In addition, therapy is often considered for respiratory, 
gastrointestinal, and disseminated viral syndromes, for 
which in many cases no FDA-approved treatments are cur-
rently available. Where proven therapy is available for acute 
viral infections, a good outcome requires prompt treatment 
facilitated by rapid molecular viral diagnostic testing.

Active post-transplant viral infections arise from preexist-
ing latent and persistent infections in the recipient and/or 
donor, and from nosocomial or community sources reflect-
ing current epidemiology. Assessment of the timing and 
probabilities of these sources of infection enables a preven-
tive or prophylactic antiviral approach that is more likely to 
be successful than the treatment of viral disease that has 
caused end-organ damage.

Host factors strongly influence the selection, duration, 
and expected outcome of antiviral treatment. Critical fac-
tors include prior host immunity to the infecting virus and 
the extent of post-transplant immunosuppression. 
Approved uses and benefits of antiviral treatment that are 
based on clinical trials in normal hosts or other patient 
populations do not necessarily apply to transplant recipi-
ents, leaving many unresolved questions on optimal use of 
current antivirals.

Natural history and treatment responsiveness of acute and 
chronic infections may depend on baseline genetic differ-

ences of infecting strains of viruses such as herpes simplex, 
influenza, and hepatitis C.  Prolonged exposure to antiviral 
drugs may lead to the selection of drug-resistant mutants and 
a need for laboratory confirmation and/or alternative 
treatment.

Antiviral drug development requires multiple testing 
stages to evaluate potential benefits for various indica-
tions and patient populations, in relation to toxicity, phar-
macological complexity, and cost. At each stage, candidate 
compounds are eliminated, or controlled trials may not be 
done. It is important to refrain from a presumption of effi-
cacy based on promising preliminary uncontrolled find-
ings. Case reports are problematic because the outcome of 
viral infection is highly dependent on host defenses. 
Favorable individual outcomes coincidental with unproven 
treatments may lead to complicated and costly recom-
mended practices that should not be mistaken as evidence-
based treatments.

In this chapter, we review antiviral drug therapy other 
than for HIV infection from the standpoint of mechanisms of 
action, clinical applications, and antiviral drug resistance. 
Recommendations for antiviral therapy of specific condi-
tions and patient subsets are discussed in chapters dealing 
with the individual viruses.

 Herpesvirus Antivirals

Several licensed herpesvirus antiviral drugs (see Table 54.1) 
are available, which target the viral DNA polymerase that is 
essential for viral replication. Herpesvirus genomes encode 
many other important gene products that are attractive tar-
gets for antiviral therapy. Issues of toxicity and emerging 
antiviral resistance associated with the longstanding 
approved drugs have led to clinical trials of promising exper-
imental compounds.
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Table 54.1 Antiviral agents approved for therapy of herpesviruses (mid-2017)

Antiviral agent 
(abbreviation) Structure and mechanism of action

Therapeutic uses and doses 
(see important cautions)a Adverse effects

Resistance 
mechanisms

Acyclovir 
(ACV)

Acyclic guanosine nucleoside analog. 
Inactive until converted to 
monophosphate by viral thymidine 
kinase and then converted to 
triphosphate by cellular kinases. ACV 
triphosphate inhibits viral DNA 
polymerase; obligate DNA chain 
terminator when incorporated into 
growing DNA strands

Treatment of active disease:
  Mucocutaneous (oral, 

genital, skin) HSV 
infection

    PO, 400 mg 3×/day
    IV, 5 mg/kg every 8 h
  Visceral and disseminated 

HSV infection
   IV, 10 mg/kg every 8 h
  VZV infection: localized 

zoster
   PO, 800 mg 5×/day 

(VACV or FCV preferred)
   IV, 5 mg/kg every 8 h
  VZV infection, primary or 

disseminated
   IV, 10 mg/kg every 8 h
Prevention of HSV and VZV 
reactivation
  PO, 400–800 mg 2×/day 

(not needed if receiving 
GCV or VGCV for CMV)

Nephrotoxicity: crystalluria 
with rapid IV infusion or 
renal dysfunction
Neurotoxicity: headache, 
encephalopathy, seizures 
with drug accumulation 
resulting from high doses 
and/or renal dysfunction

Viral thymidine kinase 
mutations resulting in 
deficient, altered or 
partial activity; DNA 
polymerase mutations 
less common
Cross-resistance with 
penciclovir and 
ganciclovir expected 
because resistant 
mutants are usually 
thymidine kinase 
deficient

Valacyclovir 
(VACV)

L-valyl ester prodrug of 
ACV. Metabolically converted to ACV 
in intestinal and liver cells and then 
same action as acyclovir

Treatment of active disease:
  Mucocutaneous HSV 

infection
   PO, 1000 mg 2×/day
  VZV infection: localized 

zoster
   PO, 1000 mg 3×/day
Prevention of HSV and VZV 
reactivation
  PO, 500 mg 2×/day (not 

needed if receiving GCV 
or VGCV for CMV)

Same as ACV; GIb

Thrombotic angiopathy at 
high doses (8 g/day) in AIDS

Same as ACV

Famciclovir 
(FCV)

Diacetyl ester prodrug of penciclovir 
(PCV), an acyclic guanosine analog. 
PCV is phosphorylated by viral 
thymidine kinase and cellular 
enzymes, as with acyclovir. PCV 
triphosphate inhibits DNA polymerase 
although not obligate DNA chain 
terminator

Treatment of active disease:
  Mucocutaneous HSV 

infection
   PO, 500 mg 2×/day
  VZV infection: localized 

zoster
   PO, 500 mg 3×/day
Prevention of HSV and VZV 
reactivation
  PO, 500 mg 2×/day (if not 

receiving CMV 
prophylaxis; see below)

Headache, GIb Thymidine kinase 
mutation more 
common than DNA 
polymerase mutations. 
Cross-resistance with 
ACV expected

Ganciclovir 
(GCV)

Acyclic guanosine nucleoside analog. 
Converted to monophosphate by viral 
kinase (HSV TK, CMV UL97), then 
to triphosphate by cellular kinases. 
GCV triphosphate inhibits viral DNA 
polymerase although not obligate 
DNA chain terminator

Treatment of active CMV 
disease:
  IV 5 mg/kg every 12 h
Preemptive treatment of 
CMV reactivation:
  IV 5 mg/kg every 12 h
Prophylaxis of CMV 
infection:
  IV 5 mg/kg per day
Oral ganciclovir no longer 
marketed

Bone marrow suppression: 
Granulocytopenia, anemia, 
thrombocytopenia, GIb

Avoid coadministration of 
GCV with imipenem- 
cilastatin; may cause seizures

Mutations in UL97 
kinase, commonly 
M460V/I, H520Q, 
C592G, A594V, 
L595S, and 
C603W. Others mostly 
at codons 590–607
Less common DNA 
polymerase mutations, 
usually confer 
cross-resistance to 
CDV and less often to 
FOS
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 Acyclovir, Valacyclovir, Penciclovir, 
and Famciclovir

All of these drugs are structurally related guanosine nucleo-
side analogs that are selectively phosphorylated by a viral 
kinase during conversion to the active triphosphate form that 
inhibits the viral DNA polymerase (see Table  54.1). 
Valacyclovir is an oral prodrug of acyclovir, and famciclovir 
is the oral prodrug of penciclovir.

Acyclovir is active against herpes simplex (HSV-1 and 
HSV-2) and varicella-zoster (VZV) viruses, which all encode 
a thymidine kinase (TK) that phosphorylates acyclovir. 
Acyclovir is not a good substrate for the Epstein-Barr virus 
(EBV) TK [1]. However, EBV and cytomegalovirus (CMV) 
encode other kinases (BGLF4 and UL97, respectively), 
which can phosphorylate acyclovir to some extent [1, 2].

Traditionally, the drug concentration required to reduce 
viral growth by 50% (EC50) in a cell culture plaque reduc-

Table 54.1 (continued)

Antiviral agent 
(abbreviation) Structure and mechanism of action

Therapeutic uses and doses 
(see important cautions)a Adverse effects

Resistance 
mechanisms

Valganciclovir 
(VGCV)

L-valyl ester prodrug of 
GCV. Metabolically converted to GCV 
in intestinal and liver cells. Then same 
antiviral action as GCV

Treatment of mild-moderate 
CMV disease:
  PO 900 mg 2×/day
Preemptive treatment of 
CMV reactivation:
  PO 900 mg 2×/day
Prophylaxis of CMV 
infection:
  PO 900 mg per day for 

100–200 days after solid 
organ transplantation (see 
text)

Same as GCV; GIb Same as GCV

Foscarnet 
(FOS)

Trisodium phosphonoformate; 
pyrophosphate analog. 
Noncompetitive inhibitor of DNA 
polymerase pyrophosphate binding 
site

Treatment of tissue-invasive 
CMV disease when 
intolerant, resistant or 
refractory to GCV;
  IV, 90 mg/kg over 1.5–2 h 

every 12 h with 
prehydration; can be 
reduced to 90 mg/kg daily 
for maintenance therapy

Treatment of ACV-resistant 
VZV disease: same dose as 
above
Treatment of ACV-resistant 
HSV disease
  IV 40 mg/kg over 1 h 

every 8 or 12 h

Nephrotoxicity (25%), 
metabolic and electrolyte 
abnormalities, seizures; fluid 
load from saline 
prehydration. Must carefully 
monitor and replete multiple 
electrolytes as needed
Avoid other nephrotoxic 
drugs

DNA polymerase 
mutations
For CMV, some 
low-grade cross- 
resistance with GCV, 
rarely CDV
For HSV and VZV, 
some cross-resistance 
with ACV

Cidofovir 
(CDV)

Cytosine monophosphate nucleotide 
analog. Phosphorylated by cellular 
kinases to cidofovir diphosphate 
(nucleoside triphosphate analog). Viral 
kinase not needed for antiviral activity

Treatment of CMV, HSV or 
VZV disease when 
intolerant, resistant, or 
refractory to GCV and FOS:
  IV, 5 mg/kg 1×/week for 2 

weeks, then 5 mg/kg 
every 2 weeks, with saline 
pre- and post-hydration 
and oral probenecid 2 g, 
3 h before dose, then 1 g 2 
and 8 h after dose

Treatment of disseminated 
adenovirus infection (same 
dosing)

Nephrotoxicity (25%); 
monitor closely and stop 
CDV if present
Probenecid-related toxicity: 
GIb, rash, drug interactions 
(e.g., decreased GCV renal 
clearance)
Avoid other nephrotoxic 
drugs

DNA polymerase 
mutations
For CMV, cross- 
resistance with GCV, 
rarely with FOS

aRecommended uses for adult transplant recipients with normal renal function. Doses of all drugs must be adjusted for renal function. Many of the 
listed uses are not FDA-approved; see text. See package insert for FDA-approved indications and doses. Abbreviations: IV intravenously, PO orally
bGI (gastrointestinal) symptoms include diarrhea, nausea, and vomiting
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tion assay is used to assess HSV, VZV, and CMV susceptibil-
ity in vitro. Acyclovir is most active in vitro against HSV-1 
(EC50 about 1 μM) and HSV-2 (EC50 about 2 μM), and 
VZV and EBV are less susceptible with EC50 about 4–6 μM 
[1], while CMV is relatively resistant with EC50 ≥40 μM 
[2]. The in vitro activity of penciclovir against herpesviruses 
is comparable to acyclovir. Penciclovir is more effectively 
phosphorylated in HSV-infected cells than is acyclovir, and 
the triphosphate persists within infected cells longer than 
acyclovir triphosphate, but the latter is a more potent inhibi-
tor of the viral DNA polymerase than penciclovir triphos-
phate [3].

 Pharmacology
Acyclovir is available for intravenous (IV) use, with peak 
plasma concentrations of 30–60 μM and elimination half-life 
by renal secretion and glomerular filtration of about 3 h [4]. 
Dose adjustment is required for impaired renal function. CSF 
levels of acyclovir are about 25% of plasma levels [5]. The 
oral bioavailability of acyclovir is poor (15–20%), but low cost 
and adequate achievable plasma concentrations (3–7  μM) 
resulted in widespread use for less severe HSV and VZV dis-
ease (Table 54.1) before the advent of generic valacyclovir.

The acyclovir prodrug valacyclovir has much better bio-
availability [6] and achieves circulating levels comparable to 
IV therapy, which is useful for the prophylaxis and treatment 
of mild to moderate HSV and VZV disease (Table  54.1). 
Penciclovir itself is marketed only as a topical cream, but its 
oral prodrug famciclovir has bioavailability and therapeutic 
indications similar to valacyclovir.

Acyclovir, valacyclovir, and famciclovir are relatively 
well tolerated, with lack of bone marrow toxicity being a 
significant advantage. Problems may arise when high doses 
are used, infused too quickly, or where renal impairment is 
present. Good hydration and monitoring for renal function 
are essential during high-dose IV therapy. Excessive acyclo-
vir doses may cause crystalluria and encephalopathy. Very 
high oral doses of valacyclovir (8 grams per day) have been 
associated with thrombotic microangiopathy and hemolytic 
uremic syndrome and should be avoided [7].

 Clinical Indications
The routine use of acyclovir in transplantation is for the pre-
vention of mucocutaneous HSV disease and herpes zoster 
(Table 54.1). For hematopoietic cell transplantation, current 
guidelines [8, 9] recommend acyclovir or valacyclovir pro-
phylaxis for HSV and VZV starting at the beginning of con-
ditioning therapy and continuing until engraftment or until 
mucositis resolves, usually about 1  month of prophylaxis. 
Prophylaxis can be extended beyond the early post- transplant 
period in patients with a history of recurrent symptomatic 
disease. Adequate doses are suggested to reduce the inci-
dence of incomplete suppression and drug resistance, includ-

ing recommendation for twice daily dosing of valacyclovir. 
Analogous recommendations apply in solid organ transplan-
tation: if ganciclovir or valganciclovir is not being used to 
prevent CMV disease, acyclovir-based prophylaxis may be 
given for at least 1 month [10, 11].

Active post-transplant HSV and VZV infection can be 
treated with IV acyclovir (Table 54.1). Although oral acyclo-
vir, valacyclovir, and famciclovir are not specifically FDA- 
approved for these indications in transplant recipients, they are 
widely used for less severe infections [10, 11]. Disseminated 
or visceral disease in transplant recipients should be treated 
with IV acyclovir until progressive disease has resolved, and 
then considered for conversion to oral therapy for several addi-
tional weeks. HSV encephalitis is rare in the transplant popu-
lation, but disseminated HSV infection may present as 
pneumonia, severe hepatitis, and gastrointestinal disease and 
requires timely diagnosis to enable prompt initiation of IV 
acyclovir. Despite controlled clinical trials demonstrating a 
benefit of acyclovir or valacyclovir prophylaxis in reducing 
post-transplant CMV disease [12], ganciclovir and valganci-
clovir are currently preferred, as discussed below.

 Drug Resistance Mechanisms
In over 90% of cases, HSV or VZV resistance to acyclovir 
results from a mutation in the TK gene [13, 14]. Because this 
gene is nonessential for viral replication, any mutation that 
prevents the translation of a functional kinase can confer 
resistance to both acyclovir and famciclovir. Frameshift 
mutations at homopolymer tracts (3–7 repeats of the same 
nucleotide) in the TK gene, resulting in a truncated mole-
cule, are collectively the most common genetic basis for 
drug resistance in HSV and VZV. Premature stop mutations 
are also relatively frequent in VZV. Mutations causing single 
amino acid substitutions, clustering in the adenosine triphos-
phate (ATP) and nucleoside binding domains, can result in a 
functionally deficient kinase or one with decreased affinity 
for the antiviral nucleoside analog [13, 15]. The latter class 
of mutations may confer resistance to a specific drug, but 
acyclovir and famciclovir cross-resistance is the rule for TK 
mutants [16]. TK-defective HSV strains have been reported 
to be less pathogenic or less neurovirulent in animal models 
[17] but in clinical practice progressive disease due to 
acyclovir- resistant HSV is well described [13].

Mutations in the viral DNA polymerase gene (pol) can 
also confer resistance to nucleoside analogs and have the 
potential for cross-resistance to other drugs with the same 
target [18], but are far less common than TK mutations after 
acyclovir treatment. HSV pol mutations conferring acyclovir 
resistance have been mapped to conserved functional 
domains in herpesviruses DNA polymerases, with clustering 
in the palm and finger structure domains for both HSV and 
VZV [13, 18]. Available data suggest that such mutations 
frequently confer acyclovir-foscarnet cross-resistance.
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 Ganciclovir and Valganciclovir

Ganciclovir is structurally related to acyclovir and is also ini-
tially phosphorylated by a viral kinase, but unlike acyclovir 
its triphosphate is not an obligate chain terminator. 
Valganciclovir is the oral prodrug (Table 54.1). CMV does 
not encode a thymidine kinase, but the CMV UL97 protein 
kinase incidentally phosphorylates ganciclovir. Ganciclovir 
has much greater in vitro potency against CMV than acyclo-
vir and is FDA-approved solely for this virus [19], although 
it has strong in  vitro activity against HSV-1, HSV-2, and 
VZV as well [20].

 Pharmacology
Ganciclovir is available for IV use (Table 54.1), with expected 
peak plasma concentrations of 30–40  μM and elimination 
half-life of about 3.5 hours primarily by renal clearance. After 
monophosphorylation by a virally encoded kinase and then 
by cellular enzymes, the resulting intracellular ganciclovir 
triphosphate has a prolonged half-life estimated at >24 h [21]. 
This probably accounts for the slower resumption of CMV 
growth after removal of ganciclovir from culture media, in 
comparison with some other CMV antivirals [22]. Oral gan-
ciclovir has poor bioavailability [23] and is no longer mar-
keted despite FDA approval for prevention of CMV disease 
in transplantation and AIDS.  Valganciclovir has better oral 
bioavailability of about 60% and is the preferred oral formu-
lation. Ganciclovir and valganciclovir toxicity manifests pri-
marily as bone marrow suppression, which can become dose 
limiting [24, 25]. Granulocyte colony-stimulating factors 
may help with marrow recovery.

 Clinical Indications
The introduction of ganciclovir did little to alter the fatal out-
come of advanced CMV pneumonia [26]. Thus, the preven-
tion of serious CMV disease became the main antiviral goal 
in transplant recipients. Two approaches to prevention were 
formulated: early identification of CMV viremia prior to 
end-organ disease by regular monitoring, followed by prompt 
“preemptive” treatment; or antiviral prophylaxis for planned 
durations after transplantation. Clinical trials showed that 
either approach using IV or oral ganciclovir was effective, 
more so than acyclovir-based regimens [12, 27].

Randomized clinical trials resulted in the current FDA- 
approved indications for valganciclovir in transplantation 
(Table 54.1). A trial of 100 days of valganciclovir vs. oral 
ganciclovir in high-risk solid organ recipients (mainly liver 
and kidney) showed comparable efficacy at preventing CMV 
disease when assessed at 6 and 12  months post-transplant 
[28]. FDA approval of valganciclovir was withheld for liver 
transplant recipients because of a higher incidence of inva-
sive CMV disease, but valganciclovir therapy for this recipi-
ent subset is widely used and recommended [29]. Another 

trial concluded that valganciclovir prophylaxis for 200 days 
was superior to 100  days in preventing CMV disease at 
12 months in high-risk kidney recipients [30], resulting in 
FDA approval for extended prophylaxis in this patient 
subset.

For treatment of overt CMV disease, ranging from an 
undifferentiated febrile syndrome to invasive disease such as 
colitis or pneumonia, IV ganciclovir remains a standard 
option. A controlled trial showed noninferiority of oral val-
ganciclovir when compared to IV ganciclovir for the treat-
ment of nonthreatening CMV disease in solid organ 
recipients [31], but this use of valganciclovir is not FDA- 
approved. Duration of therapy is dependent on clinical 
response but is typically several weeks followed by oral 
maintenance therapy until viremia is cleared.

 Drug Resistance Mechanisms
Over 90% of ganciclovir-resistant clinical isolates contain a 
mutation in the UL97 kinase gene [32]. The most relevant 
mutations reduce the phosphorylation of ganciclovir while 
preserving biologically important UL97 kinase activity and 
near-normal viral growth. One of seven UL97 amino acid 
substitutions (Table 54.1) is found in about 80% of 
ganciclovir- resistant clinical isolates [32]. These substitu-
tions generally confer five- to tenfold increases in ganciclo-
vir EC50, except for C592G which confers only a threefold 
increase. In the UL97 codon range 590–607, less common 
sequence variants include point mutations and in-frame 
codon deletions, which confer degrees of ganciclovir resis-
tance ranging from none to 15-fold [33].

Many CMV DNA polymerase (UL54 pol) mutations 
found in clinical specimens have been analyzed for their 
drug resistance phenotype [32, 34]. Such mutations may 
confer resistance to one or more of the currently approved 
CMV drugs ganciclovir, foscarnet and cidofovir, and in the 
case of ganciclovir may combine with a preexisting UL97 
mutation to increase the overall level of drug resistance sev-
eral fold. Rarely, ganciclovir may select for a pol resistance 
mutation before a UL97 mutation is detected. In general, 
ganciclovir and cidofovir dual resistance without foscarnet 
cross-resistance results from mutation in the exonuclease 
domains or codon 987 in the thumb domain.

 Foscarnet

Foscarnet is trisodium phosphonoformate, a pyrophosphate 
analog, which inhibits the viral DNA polymerase by interfer-
ing with the release of pyrophosphate from the incoming 
nucleotide during DNA replication. The antiviral spectrum 
of foscarnet in  vitro includes all herpesviruses, HIV, and 
hepatitis B virus [35], but it is FDA-approved only for treat-
ment of HSV and CMV.
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 Pharmacology
Foscarnet is available as a solution containing 24 mg/mL for 
IV use [35]. To reduce toxicity, saline prehydration of up to 
a liter is recommended. Foscarnet is not further metabolized 
but is renally excreted by glomerular filtration and secretion, 
and is significantly deposited in bone. Variable uptake in 
bone may explain the great variation in plasma pharmacoki-
netics of foscarnet, with peak concentrations expected 
around 500 μM and a plasma elimination half-life of about 
4.5 h. There is a prolonged phase of slow clearance of accu-
mulated drug from bone.

Foscarnet therapy is frequently limited by nephrotoxicity 
and metabolic disturbances, such as hypocalcemia, hypo-
phosphatemia, hypomagnesemia, and hypokalemia, all of 
which can become symptomatic (including tetany, seizures, 
and arrhythmias) and always require close monitoring and 
electrolyte repletion as needed. The infusion rate must be 
controlled to avoid acute impact on electrolyte concentra-
tions. The need for prolonged IV infusions and access 
devices complicates treatment planning. The fluid and salt 
load of the saline prehydration may be poorly tolerated. 
Concentration of foscarnet in the urine may cause uroepithe-
lial cytotoxicity and genital ulceration.

 Clinical Indications
For treatment of overt CMV disease, FDA approval of fos-
carnet remains limited to retinitis, because there have been 
no controlled treatment trials for other tissue-invasive dis-
ease. There are, however, case series on the use of foscarnet 
especially in stem cell transplant recipients to avoid the dose- 
limiting hematologic toxicity of ganciclovir [36], and for 
treatment of ganciclovir-resistant infection [37]. Overall data 
suggest similar virologic efficacy as ganciclovir, but with a 
different set of major toxicities as outlined above. Comparison 
of 14 days of preemptive therapy with IV ganciclovir or fos-
carnet after allogeneic stem cell transplantation [38] showed 
similar efficacy in preventing CMV disease, with the 
expected toxicities for each drug.

Foscarnet is FDA-approved for treatment of acyclovir- 
resistant mucocutaneous HSV infection in immunocompro-
mised hosts [13]. Although unapproved, this indication is in 
practice extended to the treatment of acyclovir-resistant her-
pes zoster.

 Drug Resistance Mechanisms
Foscarnet resistance mutations in HSV, VZV, and CMV are 
clustered in the palm and finger structure domains of their 
corresponding DNA polymerases [13, 18, 32]. However, 
some mutations map to locations well outside these domains. 
Acyclovir and foscarnet cross-resistance of HSV and VZV 
may result from mutations that cluster in the same poly-
merase domains for both drugs [13]. CMV foscarnet resis-
tance mutations may show variable low-grade or borderline 

ganciclovir and/or cidofovir cross-resistance. A few specific 
mutations such as A834P or deletion of codons 981–982 
confer moderate triple drug resistance. The level of ganciclo-
vir or foscarnet resistance conferred by CMV pol mutations 
is usually in the two- to fivefold range [32].

 Cidofovir

Cidofovir is an acyclic nucleoside phosphonate nucleotide 
analog. It does not require initial phosphorylation by a viral 
kinase. Instead, cellular enzymes convert cidofovir to its 
active diphosphate form, which is a nonobligate DNA chain 
terminator. Cidofovir was FDA-approved in 1996 for treat-
ment of CMV retinitis in AIDS. This narrow approved usage 
is in contrast with its wide in vitro antiviral spectrum which 
includes herpesviruses, adenoviruses, poxviruses, and even 
papovaviruses that do not encode their own DNA polymerase 
[39]. Cidofovir has good in vitro potency against HSV, VZV, 
and CMV.

 Pharmacology
The specified cidofovir dosing protocol (see Table  54.1) 
includes extensive pre- and post-hydration and three doses of 
probenecid in an attempt to reduce nephrotoxicity. Cidofovir 
is renally cleared and renal function must be closely moni-
tored both to guide dosing and to discontinue use for deterio-
rated renal function or proteinuria. The medication is given 
at long intervals, in part to avoid the rapid development of 
nephrotoxicity, and because the cidofovir diphosphate has a 
long intracellular half-life. In clinical trials, about a quarter 
of subjects developed nephrotoxicity, a similar fraction as 
foscarnet therapy despite the use of hydration and probene-
cid [40]. Ophthalmologists using cidofovir as systemic or 
intravitreal therapy have reported uveitis and intraocular 
hypotony as distinctive complications [41]. Intolerance of 
cidofovir therapy may also result from adverse reactions to 
the significant saline hydration and probenecid that accom-
panies each dose.

 Clinical Indications
No controlled trials have established the efficacy of cidofovir 
for treating any tissue-invasive CMV disease in the trans-
plant setting, whether as initial therapy or for salvage. In the 
stem cell transplant population, a retrospective series was 
collected of cidofovir use as salvage or preemptive therapy 
for CMV disease [40]. Such uncontrolled studies carry a risk 
of reporting bias. As salvage therapy, there was apparent 
benefit in 9 of 16 cases of CMV pneumonia, and the efficacy 
of cidofovir as preemptive therapy was estimated at about 
65%. Nephrotoxicity was noted in 26% and was persistent in 
more than half of the cases where it occurred. Cidofovir is 
generally regarded as a third line treatment for resistant or 
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refractory CMV disease in transplant populations. Efficacy 
is poorly documented, with both optimistic reports and those 
indicating only a transient virologic benefit followed by 
emergence of cidofovir resistance.

An orally bioavailable lipid conjugate of cidofovir, 
hexadecyloxypropyl- cidofovir or brincidofovir (CMX001), 
has undergone clinical trial. Nephrotoxicity is reduced with 
this formulation because cidofovir is not concentrated in 
renal tubular cells [42]. The in vitro antiviral potency of brin-
cidofovir is orders of magnitude greater than the parent com-
pound, but this did not allow a corresponding decrease in the 
prophylactic dose in a Phase II dose ranging trial in stem cell 
recipients [43]. At the selected dose, severe diarrhea and 
associated increased mortality caused the failure of a Phase 
III CMV prophylaxis trial in stem cell recipients (clinicaltri-
als.gov NCT01769170). Use of brincidofovir may possibly 
be revisited if an improved risk-benefit profile is established 
by use of new formulations or careful selection of treatment 
candidates.

There is interest in the antiviral activity of cidofovir 
against adenoviruses and polyomaviruses (BK, JC), which 
are significant pathogens in transplant recipients [39]. Use of 
cidofovir has been suggested for adenovirus infections in 
allogeneic stem cell transplantation [44]. More recently, 9 of 
13 subjects with adenovirus disease appeared to have a viro-
logic response to brincidofovir [45]. An expanded access 
protocol (clinicaltrials.gov NCT02596997) was registered in 
late 2015 to provide brincidofovir for treatment of serious 
adenovirus infection or disease.

 Drug Resistance Mechanisms
Mutations conferring drug resistance to cidofovir in the 
CMV DNA polymerase gene are clustered in the exonucle-
ase and thumb domains [32], and cross-resistance with gan-
ciclovir is expected. In some cases, a relatively large increase 
in cidofovir EC50 (10–20-fold) is conferred by these muta-
tions. There is little information on resistance mutations of 
HSV and VZV that develop after cidofovir treatment.

 Incidence and Clinical Diagnosis 
of Herpesvirus Drug Resistance

The risk of drug resistance increases with the duration and 
intensity of active viral replication while under treatment. 
Contributory host factors include severe immunosuppression 
and lack of preexisting immunity. Resistance usually emerges 
after weeks to months of drug exposure, and is suspected 
when there is active viral replication or progressive disease 
despite adequate antiviral drug delivery.

The prevalence of acyclovir- and penciclovir-resistant 
HSV isolates among immunocompetent populations is gen-
erally <1% [13, 14, 17], except that those repeatedly treated 

for herpes keratitis may have a higher frequency of acyclovir 
resistance, reported at 6.4% [46]. In immunocompromised 
transplant recipients, prevalence of acyclovir-resistant HSV 
can reach 7–10% and higher in allogeneic marrow recipients 
[17, 47]. Limited data appear similar for VZV [48].

CMV-seronegative recipients of a CMV-seropositive 
transplanted solid organ (D+/R-subset) are at the highest risk 
of drug resistance because of prolonged prophylaxis or ther-
apy for post-transplant primary CMV infection and disease 
[32]. Incidence of ganciclovir resistance in this subset is 
5–12% and higher among lung recipients. Transplant recipi-
ents who have profound and prolonged T-cell depletion 
resulting from anti-CD52 alemtuzumab therapy, are also a 
high-risk population. Drug-resistant CMV disease is associ-
ated with increased morbidity and mortality, probably 
reflecting underlying conditions that predisposed the host to 
the development of resistant virus [49].

In high-risk populations, treated subjects should be moni-
tored regularly for a virologic and clinical response. Rising 
plasma viral loads or progressive disease after more than 
2 weeks of full treatment doses may be an early indicator of 
emerging drug resistance. The rapidity of development of 
resistance depends on the intensity of viral replication while 
under treatment, but is rarely detectable until after at least 
6 weeks and usually a few months of drug exposure.

An unsatisfactory response to antiviral therapy may result 
from adverse host factors, inadequate drug potency at tissue 
sites of infection, or development of antiviral drug resis-
tance. Laboratory confirmation of drug resistance is desir-
able to evaluate alternative therapeutic options.

For HSV, phenotypic testing of a patient’s viral isolate 
against drug in cell culture to determine an EC50 value is 
recommended, because HSV grows easily and rapidly [13], 
whereas slow growth makes this assay less feasible for 
VZV.  Genotypic assays for HSV and VZV involve poly-
merase chain reaction (PCR) amplification and sequencing 
of the viral TK and pol genes. TK deficiency can be inferred, 
if a TK frameshift or stop mutation is detected, but uncer-
tainty can arise from the many uncharacterized TK and pol 
amino acid substitutions in HSV [13]. VZV has fewer TK 
sequence polymorphisms and strong clustering of pol muta-
tions, which may facilitate interpretation [13, 15, 18]. TK 
deficient strains can be expected to be highly resistant to acy-
clovir while pol mutants would typically show more moder-
ate resistance [15].

CMV drug resistance testing relies mainly on geno-
typic assays of viral sequences directly amplified from 
clinical specimens, usually the same plasma specimens 
used for viral load determinations. It is inadvisable to 
attempt genotyping on plasma loads of less than 1000 
genome copies/mL because of the risk of nonrepresenta-
tive PCR amplification [50]. Assays are available from 
academic and commercial reference laboratories. 
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Interpretation of the results is  straightforward if a known 
UL97 or pol resistance mutation is reported [32]. 
Uncharacterized UL54 pol sequence variants can be dif-
ficult to interpret because of significant baseline sequence 
polymorphisms, mostly outside conserved functional 
domains and technical artifacts that can arise during geno-
typic testing [51]. Newly recognized mutations can be 
tested for relevance to drug resistance after transferring 
them into baseline laboratory CMV strains. This recombi-
nant phenotyping procedure is too slow to resolve a cur-
rent diagnostic uncertainty [32].

 Management of Herpesvirus Drug Resistance

Clinical guidelines have been developed that take into 
account a lack of prospective data to address the natural his-
tory of drug-resistant infection, the efficacy of alternative 
therapy, and criteria for their use [13, 29]. Proposed manage-
ment algorithms require individual interpretation, given the 
great variability in host factors and prior antiviral drug expo-
sure. At the outset, it is important to improve host antiviral 
defenses as much as possible, such as by minimizing immu-
nosuppressive therapy. Another concern is for adequate anti-
viral drug delivery, including dosage, formulation, duration, 
and patient adherence.

The urgency with which antiviral treatment must be 
switched depends on the severity of the current infection as 
judged by measured viral loads and symptomatic disease. 
Severe disease in a seriously immunocompromised host may 
warrant empiric foscarnet therapy. Otherwise, full doses of 
IV acyclovir for HSV or VZV infection, or higher doses of 
IV ganciclovir for CMV infection, up to 10  mg/kg twice 
daily in patients with normal renal function can be contin-
ued, pending genotypic testing; high-dose ganciclovir is not 
FDA-approved [13, 29].

For confirmed acyclovir-resistant HSV or VZV, foscarnet 
is the main alternative therapy because resistance usually 
results from TK mutations [13]. However, acyclovir- 
foscarnet cross-resistance is typical for the uncommon pol 
mutants of HSV and VZV that may emerge [18]. In these 
instances, cidofovir may be an option [13].

Full- or high-dose IV ganciclovir may retain meaningful 
anti-CMV activity in the presence of mutations that confer 
lower-grade resistance to ganciclovir [33]. Foscarnet is the 
usual alternative therapy for ganciclovir-resistant CMV as it 
has less cross-resistance than cidofovir. Cidofovir should not 
be chosen for ganciclovir-resistant CMV infection without 
genotypic testing for a pol mutation conferring cross- 
resistance. Even if one is not detected, there is concern that 
undetected resistant pol mutant subpopulations may emerge 
relatively rapidly [52].

 Other Herpesvirus Antivirals

Antiviral compounds that do not target the viral DNA poly-
merase are being developed with objectives of oral bioavail-
ability, improved safety profile and lack of cross-resistance 
with existing drugs. The potential benefit of combination 
therapy directed at multiple viral targets is appealing in 
immunocompromised hosts.

 Pritelivir and Amenamevir

Pritelivir and amenamevir are orally dosed helicase/primase 
inhibitors. They target enzymes other than DNA polymerase 
that are essential for viral DNA replication [53, 54]. The 
in vitro spectrum of activity of pritelivir includes HSV-1 and 
HSV-2, while amenamevir is active against HSV and VZV. A 
Phase II study showed amenamevir and valacyclovir to have 
similar efficacy in treating episodes of genital herpes [55]. 
Pritelivir has undergone two Phase II trials for suppression of 
recurrent HSV-2 in normal hosts. When compared with pla-
cebo, daily or weekly doses of pritelivir for 4 weeks reduced 
the incidence and quantity of genital lesions and HSV shed-
ding [56]. In a crossover trial, pritelivir 100 mg daily was 
superior to valacyclovir 500 mg daily as measured by HSV 
detection in frequently sampled genital swabs [57]. After 
clinical trials were placed on hold pending review of primate 
toxicity data, a new trial was listed in 2017 to compare prite-
livir with foscarnet for the treatment of acyclovir-resistant 
mucocutaneous herpes simplex infections in immunocom-
promised adults (clinicaltrials.gov NCT03073967). 
Mutations in the HSV helicase gene UL5 and to a lesser 
extent in the primase gene UL52 have been described that 
confer pritelivir and amenamevir cross-resistance, including 
high-level resistance conferred by UL5 K356N (HSV-1 
codon numbering) with retained in vitro viral growth fitness 
[58, 59]. As expected, no pritelivir resistance was observed 
after short-term, 4-week exposure to pritelivir for prevention 
of genital herpes [60].

 Maribavir

Maribavir is a benzimidazole L-riboside CMV UL97 kinase 
inhibitor [61] that has good anti-CMV activity in  vitro 
depending on cell culture conditions [62]. CMV replication 
is greatly reduced but not entirely prevented in the absence 
of the UL97 kinase. After early studies showing low host 
toxicity and indications of antiviral efficacy, two random-
ized Phase III clinical trials of low-dose oral maribavir at 
100 mg twice daily failed as prophylaxis for CMV reactiva-
tion after stem cell [63] or liver transplantation [64]. Open-
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label use of higher doses suggested a possible benefit as 
salvage therapy for refractory or resistant CMV disease [65] 
but resulted in the first documented instance of maribavir 
resistance in a clinical CMV isolate [66]. Additional Phase 
II trials were conducted in 2012 through 2015 to explore the 
use of maribavir as treatment of CMV viremia without end-
organ disease (EudraCT 2010-024247-32) or for salvage 
treatment of resistant or refractory disease. Preliminary data 
suggested that oral doses ranging from 400 to 1200  mg 
twice daily all showed anti-CMV activity (clinicaltrials.gov 
NCT01611974), and corresponding Phase III trials were 
launched (clinicaltrials.gov NCT02927067 and 
NCT02931539). Major maribavir resistance mutations map 
to the UL97 kinase target, commonly T409 M and H411Y/N 
located at the ATP binding domain that is the presumed site 
of competitive binding of maribavir [67]. These specific 
mutations increase the maribavir EC50 by ~80-fold 
(T409 M) or 9- to −12-fold (H411 mutants) without signifi-
cant ganciclovir cross-resistance. Unusual UL97 p-loop 
mutations, for example, at codon 342, can confer dual gan-
ciclovir-maribavir resistance without knocking out biologi-
cal kinase activity [68]. Diverse UL27 gene mutations 
confer low-grade maribavir resistance probably by modulat-
ing cell cycle conditions to compensate partially for the 
effects of UL97 kinase inhibition [69, 70].

 Letermovir

Letermovir is an orally bioavailable CMV terminase inhibi-
tor [71] with potent in vitro antiviral potency (low nanomo-
lar EC50). The terminase complex includes components 
encoded by CMV genes UL56, UL89, and UL51 [72] and 
performs essential functions including cleavage of repli-
cated viral DNA into unit length genomes and their translo-
cation across the portal protein (UL104) into newly formed 
viral capsids. Phase II and III clinical trials for prophylaxis 
of CMV infection in stem cell transplant recipients were 
successful [73] (clinicaltrials.gov NCT02137772), and 
letermovir was FDA-approved for this indication in late 
2017. Lack of hematologic toxicity is a distinct advantage 
over ganciclovir or valganciclovir, and is expected to be 
most useful in the period immediately following stem cell 
transplantation, as studied in the clinical trials. There are 
insufficient data to assess the efficacy of letermovir as ther-
apy for active CMV disease, including cases resistant or 
refractory to treatment with standard DNA polymerase 
inhibitors. CMV UL56 gene mutants are readily selected in 
cell culture to confer letermovir resistance [74, 75], but no 
meaningful clinical correlation yet exists. In a letermovir 
prophylaxis trial, UL56 amino acid substitution V236M 
emerged to confer ~40-fold increased letermovir EC50 
[76]. Amino acid substitutions at the C325 residue of UL56 

confer absolute letermovir resistance in  vitro and are a 
locus of interest for diagnostic testing. Cross-resistance 
with DNA polymerase inhibitors or maribavir is not 
expected given the different antiviral drug targets.

 Antivirals for RNA Respiratory Viruses

Influenza, parainfluenza, respiratory syncytial virus (RSV), 
and other RNA viruses cause diffuse pneumonias often 
resulting in respiratory failure and death, especially in hema-
topoietic cell and lung transplant recipients. The role of anti-
viral therapy in reducing mortality and lung damage has not 
been proven by controlled trials, leaving many controversies 
regarding the proper application of available therapies 
(Table 54.2). Approved antiviral drugs include the neuramin-
idase inhibitors (NAIs) oseltamivir, peramivir, and zanamivir 
for influenza A and B, M2 ion channel blockers amantadine 
and rimantadine for influenza A only, and ribavirin, which is 
FDA-approved for aerosol use only in pediatric RSV infec-
tion. When considering antiviral therapy for these infections, 
attention should simultaneously be paid to infection control 
measures to prevent nosocomial spread, pending diagnostic 
confirmation.

 Oseltamivir, Peramivir, and Zanamivir

Influenza types A and B are major human pathogens. Subtypes 
within type A are grouped by the antigenicity of the hemag-
glutinin (H) and neuraminidase (N) proteins. Currently circu-
lating influenza A strains are subtypes H3N2 and to a lesser 
extent H1N1 2009 pandemic strain, with occasional human 
cases related to avian influenza strains H5, H7, and H9. 
Neuraminidase cleaves the sialic acid containing cell surface 
receptor that binds viral hemagglutinin, thus enabling the 
release of newly formed virions from infected cells. Oseltamivir 
and zanamivir are sialic acid analog neuraminidase inhibitors 
(NAIs) initially marketed in 1999 [77], with the former modi-
fied for oral bioavailability and the latter delivered by inhala-
tion. Peramivir is an intravenously administered transition-state 
analog NAI approved by the FDA in 2014. Influenza A and B 
neuraminidases are susceptible to inhibition as long as they 
have not developed resistance mutations, although there may 
be strain variation in the degree of susceptibility.

 Pharmacology
Oseltamivir phosphate in oral capsules is metabolized by 
hepatic esterases to the active drug oseltamivir carboxyl-
ate (Table 54.2) that has a bioavailability of at least 75% 
and plasma elimination half-life of 6–10  h. It is renally 
cleared and the dosing interval is doubled for creatinine 
clearance <30 mL/min. The drug is generally well toler-
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Table 54.2 Antiviral agents approved for respiratory viral infections (2017)

Antiviral 
agent

Structure and mechanism 
of action Therapeutic usea Route and adult doseb

Side effects
Adverse interactions Resistance

Oseltamivir Ethyl ester prodrug 
converted in liver to a 
cyclohexene carboxylic 
acid derivative
Sialic acid analog 
competitive neuraminidase 
(NA) inhibitor targeting 
release of virus particles 
from host cells

Influenza A and B: 
treatment and prophylaxis
Prompt initiation needed 
for best outcome. Some 
benefit possible with 
delayed treatment
Pandemic 2009 H1N1 flu 
A: most strains initially 
susceptible. May become 
resistant after drug 
exposure and 
transmission
Seasonal H1N1 (2008) flu 
A: almost all strains 
resistant

Oral
Treatment:
Standard dose: 75 mg 2×/
day for 5 days, longer if 
severely ill
Prophylaxis:
75 mg/day for at least 
10 days (until 1 week after 
last case during influenza 
outbreaks in health care 
facilities; 10 days after 
household exposure)
Not approved for age 
<1 year

GIc, headache, rare 
neuropsychiatric 
symptoms

Most common 
NA mutationsd 
some are 
cross-resistant to 
zanamivir (*)
H1N1: H275Y
pH1/N1: N294S, 
H275Y, E119V*, 
I222V,
H3N2: N294S, 
R292K*, 
E119V/I, I222V
H5N1: N294S, 
H275Y
Influenza B: 
R152K*, 
D198N*, 
R371K*

Peramivir Cyclopentane carboxylic 
acid derivative
Transition state analog NA 
inhibitor

Influenza A and B Intravenous infusion
Treatment:
18 years and older
One 600 mg dose by 
infusion for 
15–30 minutes

GIc, hypersensitivity NA mutationsd 
with some 
cross-resistance 
to oseltamivir (*)
H1N1: H275Y
H3N2: R292K*,
Influenza B: 
R152K*, H275Y
HA mutation 
K189E

Zanamivir Dihydropyran carboxylic 
acid derivative
Sialic acid analog NA 
inhibitor

Influenza A and B: 
treatment and prophylaxis
Marketed as powder for 
inhalation. Intravenous 
form is experimental

Powder for inhalation:
Treatment: 10 mg (2 
puffs) 2 times/day for 
5 days
Not approved for age 
< 7 year
Prophylaxis:
10 mg/day for durations as 
described for oseltamivir
Not approved for 
age < 5 year or with 
underlying lung disease

Allergic reactions 
oropharyngeal or facial
Cough, nasal and 
throat discomfort, 
bronchospasm
GIc, headache

NA mutationsd 
with occasional 
cross-resistance 
to oseltamivir (*)
H1N1: E119G, 
E119V*, Q136K
H3N2: R292K*, 
Q136K, 
D151A/D
H5N1: E119G, 
D198G
Influenza B: 
R152K, D198N*, 
R371K*

Amantadine 1-aminoadamantane
Blocks viral M2 protein, 
prevents internalization 
and uncoating of virus

Influenza A: treatment 
and prophylaxis
(susceptible strains only)
No activity against 
influenza B

Oral
Treatment:
200 mg/day for 3–5 days
Prophylaxis:
200 mg/day for 2–4 week

GIc, CNS symptomse

Avoid use with 
anticholinergics and 
antihistamines

M2 mutations at 
residues 26, 27, 
30, 31, 34, most 
commonly S31 N
H3N2 and 
pandemic 
H1N1 > 90% 
resistant
Cross-resistance 
to rimantadine

Rimantadine (RS)-1-(1-adamantyl) 
ethanamine
Mechanism same as 
amantadine

Same as amantadine Oral
Treatment:
100 mg 2 times/day for 
7 days

Side effects similar to 
amantadine but less 
severe

M2 mutations at 
residues 26, 27, 
30, 31, 34
Cross-resistance 
to amantadine
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ated, with adverse effects limited to nausea and vomiting 
[78], but controversially associated neuropsychiatric 
events have been described mainly in children and from 
Japan [79].

Peramivir is intravenously administered as a single 
600 mg dose adjusted for renal function since it has a pro-
longed duration of neuraminidase inhibitory activity [80]. 
Reported adverse effects were infrequent, including diarrhea 
and hypersensitivity reactions.

Zanamivir is administered as a powder for inhalation 
(Table 54.2) and is not approved for use in young children or 
patients with underlying chronic lung disease. Less than 
20% of the inhaled drug reaches the lung, but the high local 
concentrations may be an advantage [77]. The drug is renally 
cleared but no dose adjustment is needed for renal failure 
given the low systemic bioavailability.

 Clinical Applications
Because influenza genotypes evolve in unpredictable ways, 
efficacy of antiviral drugs against prevailing influenza strains 
will vary over time. Early and preventive use of antiviral 
therapy is much more effective than trying to resolve an 
established viral pneumonia. This may require presumptive 
treatment pending diagnostic testing.

Oseltamivir, peramivir, and zanamivir are FDA-approved 
for treatment of influenza A and B within 48 h of onset of 
symptoms, preferably sooner. Under these conditions, 
healthy adults and children with laboratory-confirmed influ-
enza are shown to have a 1–2-day reduction in symptoms 
with any of the three NAIs and a little more if treatment is 
started within 12  h [77, 78]. Although delayed treatment 
beyond 48 h is unlikely to be statistically effective in normal 
hosts [81], treatment is recommended in transplant recipients 
regardless of duration of illness when diagnosed, because of 
the greater likelihood of prolonged viral replication and 
severe disease [82, 83]. Depending on clinical response and 
severity of illness, extension of treatment beyond the FDA- 
approved 5-day course may be warranted. No controlled 
studies have shown a mortality benefit from antiviral treat-
ment of influenza, but low-confidence observational studies 
taken together appear to support a meaningful impact of 
oseltamivir on mortality if treated within 48 h and possibly 
later [81]. Comparison of oseltamivir and IV peramivir treat-
ment showed similar outcomes in hospitalized adults with 
seasonal influenza [84].

As prophylaxis, oseltamivir, and zanamivir are recom-
mended for use as shown in Table 54.2, in conjunction with 
vaccination [8]. Effectiveness has been shown when started 

Table 54.2 (continued)

Antiviral 
agent

Structure and mechanism 
of action Therapeutic usea Route and adult doseb

Side effects
Adverse interactions Resistance

Ribavirin 1-β-D-ribofuranosyl-1,2,4- 
triazole- 3-carboxamide
Single antiviral mechanism 
not established
Proposed mechanisms:
  1. Depletion of 

guanosine triphosphate 
by inhibition of inosine 
monophosphate 
dehydrogenase

  2. Inhibition of viral 
polymerase or induction 
of error-prone 
replication

  3. Inhibition of RNA 
capping

  4. Immunomodulatory 
or cell signaling effects

Respiratory syncytial 
virus (RSV)
No FDA-approved 
indications in adult 
respiratory viral 
infections
Treatment: lower 
respiratory tract infection
Preventive treatment: to 
reduce lower respiratory 
tract extension of 
nasopharyngeal infection 
detected by PCR
Ribavirin also proposed 
for parainfluenza, 
influenza (as adjunct), 
metapneumovirus

Inhaled aerosol 20 mg/
mL:
Treatment of RSV:
6 g by aerosol over 18 h/
day for 7 days using a 
small particle aerosol 
generator and face mask ± 
intravenous 
immunoglobulin or 
palivizumab
Oral:
Efficacy in respiratory 
viral infections is not 
established but suggested 
by case series
Intravenous:
Request through FDA 
emergency investigational 
new drug program

Inhaled form:
Bronchospasm, 
respiratory distress, 
cough
Oral form:
Hemolytic
anemia, neutropenia, 
thrombocytopenia, GIc, 
headache, insomnia, 
asthenia
Intravenous form:
Hemolytic anemia

No resistance 
mutations 
characterized for 
RSV

aRecommended usage may differ from FDA-approved indications and doses
bDosage information as suggested for normal adults. See full dosing information provided in package insert
cGI (gastrointestinal) symptoms include nausea and vomiting (diarrhea less often)
dN2 numbering system used for mutations except H275Y
eCNS (central nervous system) symptoms include confusion, difficulty concentrating, dizziness, hallucinations, and seizures
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within 2 days of exposure to symptomatic influenza [85] or 
within 36 h of exposure for zanamivir [86], with reduction in 
incidence of symptomatic infection of about 80% in institu-
tional and household contacts. Heightened surveillance of 
acute illness and prompt initiation of therapy has been pro-
posed to address the concern for selection of resistant viruses 
during prophylaxis [83].

 Drug Resistance
Drug resistance is a major determinant of the utility of NAIs 
against circulating influenza strains. Because information 
changes rapidly, updated information is regularly posted to 
the CDC web site (http://www.cdc.gov/flu). As an example 
of evolving trends, the presently circulating seasonal H3N2 
influenza A strain is generally susceptible to oseltamivir, 
while the seasonal H1N1 influenza A prevalent in 2008 
became almost 100% resistant, leading to a recommendation 
not to use this drug [82]. In 2009, a pandemic strain of H1N1 
influenza A susceptible to oseltamivir rapidly displaced the 
previous H1N1 strain, thus making the drug again widely 
suitable for presumptive therapy and prophylaxis.

Neuraminidase mutations conferring drug resistance may 
involve residues that form a framework for the enzyme or 
catalytic residues that contact sialic acid substrates [87]. The 
most common mutation H275Y, or H274Y in N2 nomencla-
ture, detected in H1N1 and H5N1 strains is a framework 
mutation, which confers high-level oseltamivir and perami-
vir resistance but retains susceptibility to zanamivir. 
Depending on the genetic context, this mutation may have 
little adverse effect on viral growth and can easily be trans-
mitted without continued drug exposure, as shown by the 
2008 seasonal H1N1 strains. H3N2 influenza A strains tend 
to develop the framework mutation E119V and a variety of 
catalytic mutations such as R292K.  Zanamivir resistance 
characteristically involves the framework mutation E119G 
which confers low-grade cross-resistance to oseltamivir. 
Resistance to zanamivir is so far less common than resis-
tance to oseltamivir. Phenotypic determination of influenza 
drug resistance can be performed in cell culture or by enzy-
matic assays, with significant interassay variability, or more 
practically by genotypic assays which should test for the 
range of reported mutations (Table 54.2) rather than just the 
signature mutations such as H275Y [87].

 Amantadine and Rimantadine

These adamantanes act by blocking the function of the M2 
ion channel involved in viral uncoating and ribonucleopro-
tein release for nuclear entry and initiation of replication. 
This antiviral mechanism is valid only for influenza A 
because influenza B does not have the same M2 protein. 
Unfortunately M2 mutations, typically S31  N, can easily 

develop with little growth penalty, enabling the worldwide 
spread of resistant influenza A, to the point of making this 
drug class therapeutically ineffective [88]. The last prevalent 
strain for which amantadine susceptibility was observed was 
the 2008 seasonal H1N1 strain. The drugs were administered 
orally for influenza A prophylaxis and early therapy, with 
cautions for neurologic side effects (Table 54.2).

 Ribavirin

Ribavirin is FDA-approved for oral use as adjunctive therapy 
for hepatitis C virus (HCV) and aerosol use for severe pedi-
atric RSV bronchiolitis. Its use in transplant recipients is 
controversial, because the typical inhalation mode of deliv-
ery is not FDA-approved, insufficiently evidence-based, and 
involves extraordinary costs and logistical complexity [89, 
90]. Evidence for efficacy of oral or intravenous ribavirin for 
respiratory viral infections is inconclusive at best.

No single antiviral mechanism of action has been estab-
lished for ribavirin. It is a carboxamide triazole riboside, 
which can be considered a synthetic nucleoside analog that is 
converted to a triphosphate by cellular enzymes. Several 
mechanisms of action have been proposed [91] (see 
Table  54.2). The claimed spectrum of antiviral activity of 
ribavirin is very broad, covering many RNA viruses and 
some DNA viruses such as adenovirus and poxviruses [91]. 
Ribavirin is often mentioned as a potential off-label unproven 
treatment for various life-threatening infections including 
viral pneumonias and hemorrhagic fevers [92].

 Pharmacology
Ribavirin is supplied as a powder for use in making a 20 mg/
mL aqueous solution to be delivered using a small particle 
aerosol generator (SPAG-2 device) (Table  54.2). The sub-
stance is teratogenic usually interpreted as requiring a nega-
tive pressure ventilated isolation room, and that it may 
precipitate in ventilator tubing or airways causing mechani-
cal obstruction and respiratory deterioration. Patients may 
object to the prolonged attachment of a mask. Symptoms 
include cough, respiratory distress, bronchospasm, or claus-
trophobia. The delivered dose is unpredictable but systemic 
toxicity is not expected.

As an oral formulation ribavirin is available as generic 
capsules and tablets. Oral bioavailability is about 60%, and 
increases with a high fat meal. For HCV, dosing is weight 
based, ranging from 800 to 1400 mg total per day; no stan-
dard has been set for respiratory viruses. The plasma half-life 
varies from 79 to 170 h, but ribavirin persists for much lon-
ger in other body compartments [93]. It is not protein bound 
and does not inhibit CYP450 enzymes. Drug interactions 
prominently include nucleoside antiretroviral drugs, in par-
ticular didanosine and zidovudine [94], and azathioprine. 
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It is renally cleared (61%) and dose adjustments or discon-
tinuation are indicated in patients with renal dysfunction. 
Hemolytic anemia is the major serious adverse effect; others 
are as listed in Table 54.2. An IV form of ribavirin has lim-
ited availability through an FDA emergency investigational 
drug protocol [92]. Hemolytic anemia appears to be the main 
adverse effect of this formulation as well.

 Clinical Applications
Aerosol ribavirin for treatment of severe pediatric RSV bron-
chiolitis was initially supported by controlled trials reporting 
beneficial effects such as reduction of ventilatory support 
and hospitalization in normal infants requiring mechanical 
ventilation [95]. No mortality benefit has been proven in any 
controlled trial. The reported benefits have been strongly dis-
puted, including negative results in a subsequent controlled 
trial [96]. In a 2006 guideline [97], the American Academy 
of Pediatrics suggested that ribavirin might be considered for 
use in highly selected situations involving severe disease and 
risk factors for it, but the 2014 updated guideline [98] makes 
no mention of ribavirin use under any circumstances.

Among hematopoietic cell recipients, lymphopenia is a 
strong predictor for RSV morbidity and mortality [99]. RSV 
infection in this population frequently progresses to lower 
respiratory tract disease and death. The majority of observa-
tional studies support a benefit of aerosolized ribavirin treat-
ment in preventing these outcomes, but evidence is of poor 
quality [90, 100]. An attempted prospective clinical trial was 
terminated without definitive results because of slow patient 
accrual [101].

Given the inconclusive data, transplant programs have 
tended to develop their own clinical protocols, which may 
involve early use of aerosol ribavirin in an attempt to prevent 
progression of RSV upper respiratory infection in higher- 
risk patient subsets such as those with lymphopenia or 
receiving anti-lymphocyte regimens, or to improve outcomes 
of established lower respiratory tract disease. Because of the 
high cost and complexity of aerosol ribavirin administration, 
use of oral or IV ribavirin as an alternative has been reported, 
with weak evidence for apparently favorable outcomes [90, 
102, 103]. Additional benefit has been attributed to the 
administration of nonspecific or specific RSV antibody 
(IVIG or palivizumab) [90], which may be included in insti-
tutional protocols for lower respiratory tract disease despite 
weak data supporting their routine use.

Use of ribavirin to treat other respiratory viral infections 
such as parainfluenza and metapneumovirus is based on 
insufficient observational data [104–106]. A review of FDA 
emergency drug requests for IV ribavirin showed adenovirus 
to be the most commonly targeted virus, accounting for 55% 
of all requests, followed by RSV, parainfluenza, influenza, 
hantavirus, measles (SSPE), and rabies. The reported out-
comes were variable [92]. For example, a controlled trial 

showed no benefit in hantavirus pulmonary syndrome, and 
published cases of adenovirus infection treated with IV riba-
virin had a 63% overall mortality rate [92].

 Drug Resistance
No resistance mutations have been described for RSV to sup-
port the existence of a specific antiviral drug target for riba-
virin despite its tendency to increase the viral mutation rate 
[107].

 Presatovir (GS-5806)

Presatovir (GS-5806) is a small molecule inhibitor of RSV 
acting on the viral fusion process involved in entry into host 
cells [102]. It is active against a variety of RSV subtype A 
and B isolates in vitro, has low cellular cytotoxicity, and is 
undergoing Phase II clinical trials in lung and hematopoietic 
cell transplant recipients and in hospitalized adults. Treatment 
emergent mutations in the RSV F gene such as F140L and 
T400I have been identified in human subjects treated with 
1–3 doses of presatovir, which confer >200-fold increases in 
EC50 [108].

 Hepatitis C Virus Antivirals

Direct-acting small molecule drugs with specific antiviral 
targets disrupted old treatment paradigms based on inter-
feron and ribavirin and now enable the successful treatment 
of chronic HCV infection in the vast majority of cases after 
8–24 weeks of combination therapy [109]. Clearance of cir-
culating HCV RNA at 12 or 24 weeks after completion of 
therapy is defined as a sustained virologic response (SVR, 
SVR12, or SVR24), with nearly all cases of SVR12 achiev-
ing SVR24 and essentially a virologic cure [110], thus halt-
ing the progression of HCV disease [111], although prior 
liver damage and its sequelae including hepatocellular carci-
noma may persist. The goal of early cure of chronic HCV 
infection before evidence of liver damage should eventually 
displace the historical practice of prioritizing patients accord-
ing to disease severity for receiving older, poorly tolerated 
therapeutic regimens of dubious efficacy. At present, the 
high cost of newer treatments is limiting universal access to 
therapy. In this rapidly evolving field, a joint society (IDSA- 
AASLD) online resource (http://www.hcvguidelines.org) is 
available for continuously updated authoritative guidance on 
treating HCV infection.

HCV therapy (Table 54.3) [112–122] currently involves 
three antiviral targets, the NS3/NS4A protease, the NS5A 
accessory protein, and the NS5B viral polymerase. Used in 
combination the drugs are highly effective in those not previ-
ously treated for HCV, with SVR rates routinely exceeding 
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90% [109] (Table  54.4). Some approved regimens require 
the addition of ribavirin to improve response rates, but with 
significant ribavirin adverse effects. Further drug develop-
ment is aimed at optimizing therapy for all genotypes with-
out use of ribavirin, reducing adverse effects and drug 
interactions, and improving efficacy in difficult situations 
such as cirrhosis, immune compromise, or failure of prior 
therapy. Combination therapy directed at multiple viral tar-
gets is needed to achieve satisfactory response rates. As with 
HIV therapy, fixed combinations as tested in clinical trials 
are offered for treatment convenience but limit the flexibility 
to use nonstandard combinations for special situations.

 HCV NS3/4A Protease Inhibitors

The prototype compounds telaprevir and boceprevir [123, 
124], were approved in 2011 for treatment of HCV genotype 
1 in combination with Peg-IFN/ribavirin, but were discontin-
ued shortly thereafter because of limited efficacy, unfavor-

able adverse effects and drug interaction profiles. They have 
been superseded by newer protease inhibitors including pari-
taprevir, grazoprevir, glecaprevir, and voxilaprevir (Tables 
54.3 and 54.4). Drug interactions with post-transplant immu-
nosuppressive therapy remain an important consideration for 
use of this drug class. The severe skin rash associated with 
telaprevir has been less problematic for the newer com-
pounds, which are generally well tolerated, except that no 
protease inhibitors are approved for use in decompensated 
cirrhosis (Table  54.4). Although the prototype protease 
inhibitors were mainly active against genotype 1 (1b more 
than1a), newer compounds are active against multiple geno-
types, which simplifies the formulation of pangenotypic 
treatment regimens (Table 54.4).

Resistance to earlier generation protease inhibitors devel-
oped readily, with NS3 amino acid substitutions typically at 
codons V36, Y56, Q80, R155, A156, and D168 (Table 54.3) 
combining to confer high-grade resistance and cross- 
resistance [112, 121]. Amino acid substitutions conferring 
drug resistance are found as baseline polymorphisms at 

Table 54.3 Individual direct-acting HCV antiviral agents and amino acid loci of substitutions associated with drug resistancea

Antiviral agent
HCV genotype
1a 1b 2 3 4 5 6

NS3/4A protease inhibitors
Glecaprevir Q80 A166, Y56, Q168
Grazoprevir V36, Q80, S122,

R155, A156, D168
V36, T54,
A156, D168,

V36, A156,
D168,

V36, Q168, V36, R155,
A156, D168,

V36, D168 V36, T54, Y56,
A156, D168

Paritaprevir V36, F43, Y56,
Q80, R155, D168

Y56, Q80, 
A156,
R155, D168

R155, A156,
D168

Y56, R155,
A156, D168

Y56, R155,
A156

Y56, R155,
A156, D168

Y56, A156,
D168

Simeprevir F43, Q80, S122,
R155, A156, D168

F43, Q80, S122,
R155, D168

S122, R155,
A156, D168

D168 R155, A156 R155, D168 R155, A156,
D168

Voxilaprevir V36, Q41, Q80,
D168

NS5A inhibitors
Daclatasvir M/L28, Q/R30,

L31, P32,
H58, Y93

L23, L28, Q/
R30,
L31, P32, Y93

L30, L31,
C92, Y93

L28, A30,
L31, Y93

L28, L30,
M31, Y93

L31 M28, L31,
P32, T58

Elbasvir Q30, L31,
H58, Y93

L28, L31,
Y93

A30, L31,
Y93

L28, M31,
P58, Y93

F28, L31

Ledipasvir K24, M28, Q30,
L31, H58, Y93

Q30, L31, P58,
A92, Y93

L31, Y93 M28, A30,
L31, Y93

Y93 P32

Ombitasvir M28, Q30,
H58, Y93

L28, R30, L31,
P58, Y93

T24, F28, 
L31,
L28, Y93

M28, L31,
Y93

L28, M31,
Y93

L28, L31 L31, T58

Pibrentasvir Q30, H58, E62 L31 S24, M28, A30,
L31,Y93H

Velpatasvir M28, Q30, L31,
H58, Y93

L31, Q30, Y93 Y93 M28, A30, Y93 Y93 L31, P32

NS5B inhibitors
Sofosbuvir L159, S282 L159, S282,

C316
L159, S282,
M289

L159, V321,
S282

S282 S282 S282

Dasabuvir C316, M414,
Y448, A553,
S556

C316, S368, 
M414, C445,
A553, G554,
S556, D559

S556 S556 S556 S368, A553,
S556

aReferences for resistance substitutions [112–122]
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 varying frequency across genotypes and geographical regions, 
an important factor affecting treatment responses [112, 120, 
121]. For example, the common baseline HCV genotype 1a 
polymorphism Q80K reduces susceptibility to simeprevir and 
combines with the easily selected substitution R155K to con-
fer high-grade resistance associated with a lower SVR rate 
reported in some clinical trials [118, 120, 125]. Thus, simepre-
vir was not recommended for treatment of genotype 1a when 
Q80K is present at baseline [126], and its marketing has since 
been discontinued. NS3 resistance mutations usually fade or 
disappear after inhibitor therapy is withdrawn, but the muta-
tions may be archived to affect responses to retreatment [127]. 
However, newer protease inhibitors have been successful in 
salvage regimens. Voxilaprevir added to a previously approved 
combination of sofosbuvir and velpatasvir enabled the suc-
cessful salvage therapy of those who failed prior direct-acting 
antiviral therapy [128], as did a combination of glecaprevir 
and the NS5A inhibitor pibrentasvir [129].

 HCV NS5A Inhibitors

The viral NS5A gene product is involved in viral replication 
and assembly and interacts with the NS5B polymerase and 
cellular proteins [130]. In general, NS5A inhibitors add few 

adverse effects and have important roles as part of 2- or 
3-drug combinations (Table  54.4). The currently approved 
drugs ledispasvir, daclatasvir, ombitasvir, velpatas-
vir, pibrentasvir and elbasvir tend to be potent against mul-
tiple genotypes. However, viral genetic changes present at 
baseline or readily selected after drug exposure can confer 
high-grade resistance and cross-resistance to other NS5A 
inhibitors, the same weakness reported for protease inhibi-
tors (Table 54.3). Commonly involved NS5A codons include 
28, 30–32, 58, and 93 [112, 120, 121]. For example, NS5A 
substitution Y93H, as a baseline polymorphism or drug- 
selected variant, factors in high-grade resistance to almost all 
of the NS5A inhibitors listed above, producing a >100-fold 
increase in EC50. Pibrentasvir, a newer NS5A inhibitor, also 
selected for Y93H in vitro, but the mutation conferred only 
low-grade resistance (< ten-fold EC50 increase) [131]. 
Unlike NS3 resistance mutations, NS5A mutations may per-
sist long after treatment is withdrawn [120].

 HCV NS5B Inhibitors

HCV NS5B inhibitors target the RNA-dependent RNA poly-
merase and may be categorized as nucleoside/nucleotide or 
non-nucleoside [132]. The nucleotide phosphoramidate  prodrug 

Table 54.4 Approved direct-acting antiviral combinations for HCV therapy (2018)

Trade name 
(pharmaceutical company) Componentsa Approved indications for genotypesb

Common adverse 
reactions

Epclusa (Gilead) Sofosbuvir
Velpatasvir

GT1,2,3,4,5,6: < Cc, C, or DCd + RBV (12 week) Headache, fatigue
+ribavirin: see 
Table 54.2

Harvoni (Gilead) Sofosbuvir
Ledipasvir

GT1:
GT4,5,6:
GT1:
GT1,4:

< C (12 week), C (24 week)
< C or C (12 week)
DC (12 week + RBV)
Liver Transplant <C or C (12 week + RBV)

Headache, fatigue, 
asthenia

Vosevi (Gilead) Sofosbuvir
Velpatasvir
Voxilaprevir

GT1,2,3,4,5,6: < C or C (12 week) Headache, fatigue, 
diarrhea, nausea

Viekira Pak (Abbvie) Ombitasvir
Paritaprevir
Ritonavir
Dasabuvir

GT1a:
GT1a:
GT1b:

< C 12 week + RBV
C 24 week + RBV
< C or C 12 week

Nausea, pruritus, 
insomnia
+ribavirin: see 
Table 54.2

Zepatier (Merck) Elbasvir
Grazoprevir

GT1,4: < DC, 12 week
GT1a with baseline NS5A polymorphisms, retreatment 
cases may need RBV and 16 week

Headache, fatigue, 
nausea
+ribavirin: see 
Table 54.2

Mavyret (Abbvie) Glecaprevir
Pibrentasvir

GT1,2,3,4,5,6: < C (8 week), C (12 week)
Avoid if previously treated with HCV protease 
inhibitors

Headache, fatigue

Sovaldi (Gilead)
Daklinza (BMS)

Sofosbuvir
Daclatasvir
+Ribavirin

GT1,3:
GT1,3:

< C (12 week), or < DC (GT1, 12 week)
DC or Liver Tx (12 week with RBV)

Headache, fatigue
+ribavirin: see 
Table 54.2

aDosage for combinations is 1 tablet once daily except for the following: Technvie 2 tablets once daily; Viekira Pak 2 tablets containing ombitasvir/
paritaprevir/ritonavir once daily plus 1 tablet dasabuvir twice daily
bGT genotype, RBV ribavirin
cC cirrhosis, compensated (Child-Pugh class A), <C non-cirrhotic
dDC decompensated cirrhosis (Child-Pugh class B or C), < DC non-cirrhotic or compensated cirrhosis
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sofosbuvir shows high potency against most genotypes, but less 
for genotype 3 [109]. It is a key component of several effective 
multi-drug treatment regimens in combination with ledipasvir, 
daclatasvir, or velpatasvir and voxilaprevir [109] (Table 54.4). 
Sofosbuvir is well tolerated in combination therapies, but cau-
tion is required for those with renal failure or taking interacting 
cardiac medications. Lack of interaction with cyclosporine and 
tacrolimus is an advantage. For those with severe renal impair-
ment, alternative regimens should be selected such as elbasvir-
grazoprevir or glecaprevir-pibrentasvir. Sofosbuvir has a 
relatively high barrier to resistance; resistant mutants selected 
after drug exposure such as S282T have low growth fitness 
[132]. Non- nucleoside NS5B inhibitors tend to have a more 
restricted genotype range, lower potency, and lower barrier to 
resistance. An example is dasabuvir, with activity limited to 
genotype 1 (with ribavirin added for genotype 1a), but it has 
achieved high SVR rates in combination with ombitasvir and 
ritonavir-boosted paritaprevir [133–135], including in liver 
transplant recipients [136]. NS5B amino acid substitutions such 
as C316Y confer high-grade dasabuvir resistance resulting in 
1000-fold or more increased EC50, but S556G, which confers 
~30-fold increased EC50 for genotype 1a, was more commonly 
encountered in treated individuals [116].

 Drug Resistance Testing

Drug resistance testing is expected to have a limited role in 
the management of HCV therapy as potent pangenotypic 
regimens with a better barrier to resistance become available, 
because high rates of SVR have been achieved even in 
treatment- experienced subjects. Diagnostic HCV genotyp-
ing technology is not well standardized for the representative 
amplification and accurate detection of mutations in the 
specimen being tested [120]. Deep sequencing approaches 
may enable the detection of smaller subpopulations (<15%) 
of mutant sequences than conventional Sanger sequencing, 
but has no proven added benefit in optimization of therapy 
[120]. If reliable diagnostic genotyping services are avail-
able, it is appropriate to screen for baseline mutations or 
polymorphisms that may affect response to drugs under con-
sideration, for example, NS3 Q80K for simeprevir or NS5A 
amino acid substitutions at codons listed above for elbasvir 
[120, 126]. Findings may influence decisions on selection 
and duration of therapy and use of ribavirin. Resistance test-
ing may have a larger role when evaluating retreatment regi-
mens in those who have failed prior therapy.

 Hepatitis B Antivirals

The virion of HBV contains a small partially double-stranded 
circular 3.2 kb DNA genome, which becomes a covalently 
closed circular (cccDNA) molecule in the infected cell [137]. 
Replication of the genome occurs through an RNA interme-

diate and is carried out by a virus-encoded reverse transcrip-
tase. This enzyme is the target of HBV-specific antiviral 
drugs as well as some HIV-1 reverse transcriptase inhibitors. 
These drugs are approved for chronic hepatitis B (CHB) 
infection. Antiviral therapy is unable to eliminate the 
cccDNA, which persists indefinitely in the nucleus of 
infected cells and serves as the template for viral rebound 
when therapy is terminated. Consequently, there are ongoing 
drug-screening efforts to identify molecules that inhibit pro-
duction of cccDNA [138].

Drugs approved for CHB antiviral therapy fall into 2 
classes: (1) standard and pegylated IFN-α2; and (2) four 
available  nucleoside/nucleotide analog (NA) reverse tran-
scriptase inhibitors, counting tenofovir as one drug with two 
formulations (Table 54.5). Therapeutic algorithms are based 
on HBe antigen (positive or negative), HBV DNA levels, and 
status of liver disease [139, 140]. The goal of HBV antiviral 
therapy is durable suppression of viral replication and 
decreased risk of cirrhosis, liver decompensation, and hepa-
tocellular carcinoma [139]. In contrast to HCV, indefinite 
NA maintenance therapy may be needed to prevent relapse 
in those patients who have not cleared hepatitis B surface 
antigen (HBsAg), thus favoring regimens that minimize the 
emergence of drug resistance. Entecavir and tenofovir diso-
proxil fumarate (TDF) or tenofovir alafenamide (TAF) are 
preferred drugs because of a higher genetic barrier to resis-
tance. In those receiving liver transplants for HBV-related 
liver failure, antiviral treatment may be given prior to trans-
plantation to suppress circulating viral loads, followed by 
use of hepatitis B immunoglobulin (HBIG) and antivirals 
post-transplant. This strategy was initially proven successful 
using lamivudine and later improved by use of entecavir or 
tenofovir instead, to the extent that HBIG use can be reduced 
or eliminated [141].

 Pegylated Interferon

Peg-IFN-α2 therapy offers the possibility of a durable viro-
logic response with no antiviral resistance, but many do not 
respond optimally [140]. Given the significant adverse 
effects that limit its use in those with advanced disease, 
comorbidities and post-transplant immunosuppressive ther-
apy, patient selection is important. Additional factors to con-
sider are age, transaminase levels, HBV genotype, levels of 
HBV DNA, and HBsAg [139, 140]. Peg-IFN has been stud-
ied in combination with lamivudine, but the superiority of 
the combination over Peg-IFN alone has not been demon-
strated [142].

 Lamivudine

Lamivudine was initially developed for HIV-1 and was the 
first NA to be approved for treatment of CHB, a major 
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Table 54.5 Antiviral agents approved for HBV therapy (2018)

Antiviral agent Structure and mechanism of action
Therapeutic uses and 
dosesa Adverse effects Resistance

Adefovir 
dipovoxil

Diester prodrug of adenosine 
monophosphate analog requires 
intracellular enzymatic activation
Inhibition of HBV reverse 
transcriptase (RT). Viral DNA chain 
terminator

Chronic HBV > age 
12
Oral administration: 
10 mg, 1×/day

Nephrotoxicity, asthenia, 
gastrointestinal symptoms, lactic 
acidosis and severe hepatomegaly 
with steatosis, exacerbation of 
hepatitis on discontinuation of 
therapy

Reverse transcriptase (RT): 
N236 T, A181T/V
Intermediate genetic 
barrier to resistance

Entecavir Guanosine analog
Inhibition of 3 functions of HBV 
RT DNA: priming, negative strand 
reverse transcription, positive strand 
synthesis. Non-obligate chain 
terminator

Chronic HBV in 
adults with evidence 
of active viral 
replication
Oral administration
Treatment naïve: 
0.5 mg 1×/day
Previous exposure to 
lamivudine or 
telbivudine or 
decompensated 
disease:
1 mg 1×/day

Mild GIb and CNSc symptoms, 
acute, lactic acidosis and severe 
hepatomegaly with steatosis, 
exacerbation of hepatitis on 
discontinuation of therapy

RT: M204V/I with or 
without L180M, V173L, 
L80I, T184G, S202I, 
M250V (multiple 
mutations required for 
high-level resistance)
High genetic barrier to 
resistance

Lamivudine Dideoxycytidine analog
DNA chain terminator, Inhibition of 
HBV RT polymerization

Chronic HBV in 
adults with evidence 
of active viral 
replication
Oral administration:
100 mg once/day

Minimal toxicity. Lactic acidosis, 
severe hepatomegaly with 
steatosis, acute exacerbation of 
hepatitis with termination of 
therapy

RT: M204V/I,L180M, 
V173L, L80M, A181T/V
cross-resistance to 
adefovir, entecavir, and 
telbivudine
Low genetic barrier to 
resistance

Pegylated 
interferon 2a
(PEG-IFN2a)

Covalent conjugate of IFN-α 2a and 
branched polyethylene glycol (PEG) 
chains; molecular mass 60,000 Da
Binds to cell receptors, induces 
innate immune response, stimulates 
IFN response genes, and inhibits 
viral replication in infected cells. 
Broad biological effects on 
uninfected cells

Chronic HBV
Subcutaneous 
injection:
180 μg/week

Fever, myalgia, headache, fatigue, 
neuropsychiatric disordersd

Unknown

Interferon 
alpha 2b

Unconjugated IFN-α 2b
molecular mass 19,271 Da
Mechanism same as PEG-IFN-α

Chronic HBV
Subcutaneous or 
intramuscular 
injection
10 million IU 3×/
week for 16 weeks

Fever, headache, chills, myalgia 
neuropsychiatric disordersd

Unknown

Tenofovir 
disoproxil 
fumarate 
(TDF)

Diester prodrug of acyclic analog of 
adenosine monophosphate
Competitive inhibitor of adenosine 
triphosphate, DNA chain terminator

Treatment of chronic 
HBV
Oral administration
300 mg 1×/day

GIb and CNSc symptoms, 
nephrotoxicity, reduced bone 
density, lactic acidosis, severe 
hepatomegaly with steatosis, acute 
exacerbation of hepatitis with 
termination of therapy

No TDF-specific mutations 
identified
Reduced susceptibility to 
ADV, LdT, and 
3TC-resistant isolates 
(A181V/T, N236T, 
M204I/V)
High genetic barrier to 
resistance

Tenofovir 
alafenamide 
fumarate 
(TAF)

Phosphonamidate prodrug of 
tenofovir. Acyclic analog of 
adenosine monophosphate
Competitive inhibitor of adenosine 
triphosphate, DNA chain terminator

Treatment of chronic 
HBV
Oral administration
25 mg (one tablet) 
1×/day

GIb, headache, cough, fatigue, 
back pain, lactic acidosis, severe 
hepatomegaly with steatosis, acute 
exacerbation of hepatitis with 
termination of therapy
Lower reduction of bone density 
compared to TDF

No TAF-specific mutations 
identified
High genetic barrier to 
resistance

aDosage information includes only most common applications. See full dosing information provided by pharmaceutical company package insert
bGI (gastrointestinal) symptoms include diarrhea, nausea, and vomiting
cCNS (central nervous system) symptoms include confusion, difficulty concentrating, dizziness, hallucinations, and seizures
dNeuropsychiatric disorders include suicide, depression, and self-injury
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advance in therapy at the time. Although lamivudine has 
been shown to decrease the rate of development of fibrosis as 
well as the incidence of HCC [143], HBV antiviral resistance 
develops in 65% of cases after 5 years and is associated with 
clinical relapse [144]. Thus, it is no longer a preferred treat-
ment. The characteristic amino acid substitution M204V/I 
that develops in the YMDD motif of the HBV DNA poly-
merase confers very-high-level lamivudine resistance 
(>10,000-fold increased IC50) and is followed by the devel-
opment of L180M that increases viral fitness [145].

 Adefovir Dipovoxil

Adefovir is administered as a prodrug that is converted intra-
cellularly to the active adefovir diphosphate. Adefovir treat-
ment resulted in biochemical and histologic improvement in 
patients with HBeAg-negative CHB with sustained treat-
ment, but evidence of resistance mutations were identified in 
6% at 3 years and 29% after 5 years of therapy [146]. Because 
of the intermediate genetic barrier to resistance, adefovir is 
not a preferred drug for long-term therapy. Adefovir resis-
tance mutations differ from those of lamivudine and mainly 
involve polymerase amino acid substitutions A181V and 
N236T [146].

 Telbivudine

Telbivudine is a thymidine nucleoside analog and a stronger 
inhibitor of HBV than lamivudine but likewise has a low 
genetic barrier to resistance. It selects for amino acid substi-
tution M204I (YMDD motif), which also confers cross- 
resistance to lamivudine [147]. While it performed better 
than lamivudine [148] or adefovir [149] in comparison trials 
of CHB treatment, telbivudine was withdrawn from market-
ing after 2016. Telbivudine cannot be combined with Peg- 
IFN because of increased risk of neuropathy [150].

 Entecavir

Entecavir undergoes intracellular anabolism to the active 
deoxyguanosine triphosphate analog, which has a 3′-hydroxyl 
group that makes it a nonobligate chain terminator of HBV 
DNA synthesis. It inhibits three polymerase functions: prim-
ing, reverse transcription, and second-strand synthesis [151]. 
Entecavir has a relatively high genetic barrier for drug resis-
tance, requiring multiple mutations that reduce viral fitness. 
Selection of DNA polymerase substitution M204V ± L180M 
from previous lamivudine therapy facilitates entecavir resis-
tance through additional substitutions T184G/L, S202G, and 
M250V [152], but the reported rate of resistance after ente-

cavir therapy is only 1.2% after 5 years [151]. It remains a 
first-line agent for CHB antiviral therapy, although tenofovir- 
based therapy would be a better option in those previously 
exposed to lamivudine or telbivudine [139].

 Tenofovir Disoproxil Fumarate (TDF)

This prodrug undergoes intracellular hydrolysis followed by 
phosphorylation to an adenosine triphosphate analog. It has 
become a first-line drug for CHB therapy, because it has a 
high genetic barrier to resistance and potent antiviral activity 
[139, 140]. TDF resistance has not been observed after up to 
8 years of therapy [153]. TDF therapy is generally well toler-
ated but requires periodic monitoring for renal toxicity. TDF 
is also available as a combined formulation (Truvada) with 
the nucleoside analog emtricitabine, which has anti-HBV 
activity similar to lamivudine [154]. This combined formula-
tion has been investigated for treatment of CHB, but did not 
perform any better than TDF alone in patients with 
lamivudine- resistant infection [155]. Emtricitabine mono-
therapy is not recommended, because it has the same low 
genetic barrier to resistance and resistance profile (M204V/I 
with or without L180M) as lamivudine [156].

 Tenofovir Alafenamide (TAF)

Tenofovir alafenamide (TAF) was approved for treatment of 
CHB in 2016. This alternative prodrug formulation of teno-
fovir achieves equally effective intracellular levels of the 
active tenofovir diphosphate at much lower doses of 300 mg 
for TDF vs. 25 mg for TAF and lower plasma tenofovir levels 
with less consequent toxicity [157]. In a comparison trial, 
TAF was non-inferior to TDF for the treatment of CHB, with 
fewer adverse changes in bone mineral density and renal 
function detected in the TAF group [158, 159]. TAF may be 
preferable to TDF in older subjects and those with renal 
function impairment or bone mineral disorders [139].

 Summary

A basic principle of antiviral therapy in immunosuppressed 
hosts is to anticipate and screen for infections that can be 
prevented or treated early before irreversible damage from 
invasive disease. For herpesviruses, guanosine nucleoside 
analogs acyclovir and ganciclovir, selectively activated by 
viral kinases and ultimately targeting the viral DNA poly-
merase, have long been preferred antivirals. Orally bioavail-
able prodrugs valacyclovir, famciclovir, and valganciclovir 
greatly simplify outpatient management and are suitable for 
mild to moderate disease and extended prophylactic use. 
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Acyclovir and related prodrugs have a superior safety profile 
for use in herpes simplex and varicella-zoster infections, but 
are insufficiently active against cytomegalovirus, for which 
ganciclovir and valganciclovir are used instead, with moni-
toring for bone marrow suppression. Long-term use with 
incomplete viral suppression may select for drug resistance 
mutations, typically in the viral kinase gene that initially 
phosphorylates these drugs. Foscarnet and cidofovir are 
alternative herpesvirus treatments that evade drug resistance 
resulting from kinase mutations, but viral DNA polymerase 
mutations can confer cross-resistance. They are available for 
intravenous use only and have significant dose-limiting tox-
icity. Orally bioavailable drugs with alternative viral targets 
are being introduced for cytomegalovirus infection, such as 
the terminase inhibitor letermovir.

Neuraminidase inhibitors available for oral, intravenous, and 
inhalation use are the current treatments of choice for influenza 
infections. Optimum benefit requires early diagnosis and pre-
sumptive treatment or post-exposure prophylaxis, whereas it is 
difficult to show a mortality benefit of antiviral therapy for any 
viral pneumonia that has caused respiratory failure. Ribavirin in 
aerosolized or systemic form has been proposed for treatment of 
respiratory syncytial virus with a lesser evidence base and lack 
of clarity in balance of risks and benefits.

Hepatitis C virus is a leading cause of liver failure requir-
ing transplantation. The complexity and toxicity of previous 
interferon and ribavirin regimens for this virus required care-
ful evaluation of treatment indications and risks, but newer 
direct-acting antivirals targeting the protease and viral repli-
cation proteins offer far higher cure rates with shorter com-
bination regimens applicable to a wider range of viral 
genotypes and disease states. Therapeutic options are being 
further improved with potent, pangenotypic, ribavirin-free 
regimens that can be applied to populations with historically 
lower treatment response rates.

Treatment of chronic hepatitis B is primarily directed at 
the viral DNA polymerase (reverse transcriptase). Current 
antivirals such as tenofovir offer good potency and ade-
quately high genetic barrier to the development of drug resis-
tance, but are unable to clear the covalently closed circular 
form of viral DNA responsible for viral persistence. 
Strategies to overcome this limitation are in development.
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Pharmacokinetics 
and Pharmacodynamics of Antiviral 
Drugs in Special Population

Marco R. Scipione and John Papadopoulos

 Introduction

Viral infections are a serious public health concern and can 
contribute significantly to patients’ morbidity and mortality. 
It is estimated that there are 350 million people worldwide 
who are carriers of the hepatitis B virus (HBV) and 17,000 
new cases per year of hepatitis C (HCV) are identified [1]. 
Herpes viruses remain a threat with an estimated 50% sero-
prevalence of herpes simplex virus type-1 (HSV-1) and 20% 
seroprevalence of HSV-2 among adults in the United States 
[2]. Influenza is also a global health problem with thousands 
of deaths each year and specifically 18,500 confirmed deaths 
worldwide from the 2009 influenza A H1N1 pandemic alone 
[3, 4]. It is imperative that clinicians have an intimate knowl-
edge of any medication used in their practice and a working 
knowledge base of pharmacokinetics (PK) and pharmacody-
namics (PD) is especially true in the discipline of infectious 
diseases. This chapter will review in detail the pharmacoki-
netic and pharmacodynamic parameters of antiviral agents 
utilized to treat selected viral infections in the immunosup-
pressed transplant population.

 Anti-herpes Virus Agents

 Acyclovir

 Mechanism of Action and Resistance
Acyclovir is a synthetic purine nucleoside analogue with 
in vitro and in vivo inhibitory activity against herpes simplex 
virus type 1 (HSV-1), herpes simplex virus type 2 (HSV-2), 

and varicella zoster virus (VZV) [5]. Acyclovir competitively 
inhibits viral DNA polymerase, incorporates and terminates 
the growing viral DNA chain, and inactivates viral DNA poly-
merase only after it has been phosphorylated by the enzyme 
thymidine kinase (TK) encoded by HSV and VZV.  This 
enzyme converts acyclovir into acyclovir monophosphate, 
which is then further converted into diphosphate by a cel-
lular guanylate kinase and finally into a triphosphate, which 
exerts its antiviral activity [6]. Resistance to acyclovir is due 
to mutations on the UL23 gene that encodes the TK enzyme, 
or the UL30 gene that encodes for viral DNA polymerase [2]. 
Approximately 95% of clinical isolates with acyclovir resis-
tance have a UL23 gene mutation. Mutations in the UL30 gene 
are less common in clinical isolates [2]. The concentration 
of acyclovir needed to inhibit viral plaques by 50% in vitro 
is 0.01 μg/mL to 2.7 μg/mL for HSV-1 and 0.01 μg/mL to 
4.4 μg/mL for HSV-2. The concentration of acyclovir needed 
for inhibition of VZV in vitro is 0.17 μg/mL to 26 μg/mL [7].

 Pharmacokinetics
Plasma protein binding of acyclovir ranges from 9% to 33% 
with an average plasma elimination half-life (t1/2) of 2.5–3.3 h 
after oral administration [8, 9] (Table  55.1). The bioavail-
ability of acyclovir is low, with only 10–20% bioavailability 
after administration of enteral acyclovir, and proportional 
increases in dose do not provide proportional increases in 
plasma acyclovir concentrations [7]. Peak plasma concentra-
tions (Cmax) at steady state after multiple doses of oral acy-
clovir are approximately 0.83 μg/mL after 200 mg, 1.21 μg/
mL after 400  mg, and 1.61 μg/mL after 800  mg [9]. The 
Cmax after intravenous (IV) administration of acyclovir 5 mg/
kg every 8  hours is 9.8 μg/mL, and the trough concentra-
tion (Cmin) is 0.7 μg/mL [9, 10]. After 10 mg/kg every 8 h of 
IV acyclovir, the Cmax is 20.7 μg/mL, and the Cmin is 2.3 μg/
mL [9, 10]. Food does not affect the rate or extent of oral 
acyclovir absorption. Plasma elimination t1/2 and total body 
clearance (Cltotal) are dependent on renal function, and Cltotal 
is markedly reduced in anuric patients [10, 11]. Renal excre-
tion is the major route of elimination and is dependent on 
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active tubular secretion [10, 12]. As a result, the dose of acy-
clovir should be adjusted based on renal function. Acyclovir 
concentrations are decreased by 60% after a 6-h hemodialy-
sis (HD) period, and less than 10% of acyclovir is removed 
during peritoneal dialysis [13, 14].

Acyclovir is extensively distributed in a wide variety of 
tissues and body fluids. After administration of IV acyclovir, 
the level in cerebral spinal fluid (CSF) is approximately 50% 
of plasma concentration; however, one study estimated the 
penetration ratio which ranges from 13% to 52% of plasma, 
with a mean value of 31% [10, 15]. The concentration of acy-
clovir in aqueous humor is 3.26 μmol/L [16]. Concentrations 
in amniotic fluid of 1.3 μg/mL are higher than corresponding 
maternal plasma concentrations of 0.2 μg/mL at the time of 
labor in pregnant women taking acyclovir three times daily 
[17]. There is minimal systemic absorption seen after appli-
cation of topical acyclovir 5% cream or ointment on intact 
skin [18].

 Pharmacokinetics in Pediatric Patients
The pharmacokinetics of acyclovir in pediatric patients is 
similar to adults, with a t1/2 of 2.6 h after oral administra-
tion of acyclovir and a bioavailability of 12% [19]. The peak 
concentrations after IV acyclovir doses of 250  mg/m2 and 
500 mg/m2 in children are 10 μg/mL and 21 μg/mL, respec-
tively [10]. In neonates the t1/2 of acyclovir is 3.8 h, and the 
Cmax is 30 μg/mL after a 5  mg/kg dose, 61 μg/mL after a 
10 mg/kg dose, and 86 μg/mL after a 15 mg/kg dose [20].

 Dosing and Drug Interactions
The dose of IV acyclovir for the treatment of HSV enceph-
alitis or VZV in immunocompromised hosts is 10–15 mg/
kg given every 8  h (Table  55.2). The dose of oral acyclo-
vir depends on the indication with 400  mg every 8  h rec-
ommended for treatment of the first episode of genital HSV 
or 400 mg five times daily if the patient is immunocompro-
mised. For VZV, the oral dose of acyclovir is 800 mg five 
times daily. Acyclovir concentrations are increased when 
used in combination with probenecid due to decreased renal 
tubular secretion (Table 55.3). Combination of acyclovir and 
zidovudine may cause lethargy (Table 55.4).

 Valacyclovir

 Mechanism of Action and Resistance
Valacyclovir is the L-valyl ester of acyclovir which is rapidly 
converted to acyclovir and L-valine by first-pass metabolism 
[21]. Plasma concentrations of unconverted valacyclovir 
are low and undetectable 3 h after oral administration [22]. 
Valacyclovir plasma concentrations are 0.5 μg/mL, 0.4 μg/
mL, and 0.8 μg/mL after a single administration of 1000 mg 
of valacyclovir in patients with hepatic dysfunction, renal 

dysfunction, and health volunteers, respectively [23, 24]. 
Once valacyclovir is converted to acyclovir, it undergoes the 
same phosphorylation to triphosphate as acyclovir to exert 
its antiviral activity [6]. As valacyclovir is rapidly converted 
to acyclovir, aforementioned mechanisms of drug resistance 
remain identical.

 Pharmacokinetics
The absolute bioavailability of acyclovir after administration 
of valacyclovir is approximately 55% after a 1000 mg dose 
(Table 55.1). Similar to oral acyclovir, increases in acyclovir 
Cmax and area under the curve (AUC) after single and mul-
tiple doses of valacyclovir are not proportional to increases 
in dose. The Cmax is 3.3 μg/mL and the AUC is 11.6 μg*h/mL 
after a single dose of 500 mg of valacyclovir compared to a 
Cmax and AUC of 5.7 μg/mL and 19.5 μg*h/mL, respectively, 
after a single dose of 1000 mg of valacyclovir [25]. Plasma 
protein binding of valacyclovir ranges from 14% to 18%.

Forty-one percent of acyclovir is recovered in urine after 
a single dose of 1000 mg of valacyclovir. In patients with 
end-stage renal disease, the acyclovir t1/2 increases from 2 
to 3  h to approximately 14  h after administration of vala-
cyclovir [24]. In patients undergoing hemodialysis (HD), 
approximately 33% of acyclovir gets removed during a 4-h 
dialysis session [26]. Since valacyclovir needs to get con-
verted to acyclovir by first-pass intestinal or hepatic metabo-
lism, there is a concern that patients with moderate to severe 
liver disease may not have adequate conversion to acyclovir 
after administration of valacyclovir [27]. However, the rate 
and not the extent of conversion of valacyclovir to acyclovir 
is reduced, and the t1/2 is not affected [28].

Distribution of acyclovir after administration of valacy-
clovir is similar to the distribution seen after administration 
of IV or oral acyclovir. After administration of 1000 mg of 
valacyclovir every 8-h regimen, the concentration of acyclo-
vir in CSF is 2.5 μmol/L at 2 h and 2.3 μmol/L at 8 hours 
[29]. In patients with normal renal function the AUC in CSF 
to AUC in serum ratio is approximately 19% after adminis-
tration of 1000 mg of valacyclovir every 8 h and 25% after 
administration of 2000 mg of valacyclovir every 6 h [29, 30].

 Pharmacokinetics in Pediatric Patients
The pharmacokinetics of acyclovir has been evaluated in 
pediatric patients after administration of valacyclovir oral 
suspension. The Cmax and AUC are 7.0 μg/mL and 27.6 μg*h/
mL in children 1–2 months old, 5.2 μg/mL and 17.7 μg*h/
mL in children 3–5 months old, 4.9 μg/mL and 14.1 μg*h/
mL in children 6–11 months, and 4.7 μg/mL and 15.3 μg*h/
mL in children 12–23  months after doses of 25  mg/kg of 
valacyclovir [31]. In children 2–5  years old who received 
20 mg/kg of valacyclovir, the Cmax and AUC were 3.8 μg/mL 
and 10.1 μg*h/mL; and in children 6–11 years, the Cmax and 
AUC were 4.7 μg/mL and 13.1 μg*h/mL [31].
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Table 55.2 Dose of antiviral agents for treatment of herpes viruses

Virus Agent Route Usual adult dosage Duration
Herpes simplex virus (HSV)
Genital first episode Acyclovir IV 5 mg/kg q8ha,b 5 daysc

PO 400 mg q8ha,d 7–10 dayse

PO 200 mg five times dailya,d,f 7–10 days
Topical Apply q3h (6 times per day) 7 days

Valacyclovir PO 1000 mg q12ha,d,g 7–10 dayse

Famciclovir PO 250 mg q8ha,f 7–10 days
PO 500 mg q12ha 5–14 days

Genital recurrent episode Acyclovir PO 800 mg q8ha,b 2 days
PO 400 mg q8ha,b 5 dayse

PO 200 mg five times dailya 5 days
Valacyclovir PO 500 mg q12ha,b,f 3 days

PO 1000 mg q24ha,b,f 5 days
PO 1000 mg q12ha,b,g 7–10 days

Famciclovir PO 125 mg q12ha,b 5 days
PO 500 mg × 1 followed by 250 mg q12ha,b 2 days
PO 1000 mg q12ha,b 1 day

Genital suppression Acyclovir PO 400 mg q12ha 12 months
PO 200 mg q8ha,f 12 months

Valacyclovir PO 500 mg q24ha,h 12 months
PO 1000 mg q24ha,i 12 months
PO 250 mg q12ha 12 months
PO 500 mg q12ha 12 months

Encephalitis Acyclovir IV 10–15 mg/kg q8ha 14–21 days
Mucocutaneous in 
immunocompromised patients

Acyclovir IV 5–10 mg/kg q8ha,j 7–14 days
PO 400 mg five times dailya 7–14 days

Valacyclovir PO 500 mg q12ha 7–10 days
PO 1000 mg q12ha 7–10 days

Famciclovir PO 500 mg q12ha 7–10 days
Foscarnet IV 40 mg q8ha 14–21 days

IV 60 mg q12ha 14–21 days
Orolabial Acyclovir PO 400 mg q8ha 5–10 days

Topical Apply five times daily 4 days
Valacyclovir PO 2000 mg q12ha 1 day
Famciclovir PO 500 mg q12ha 5–10 days

PO 1500 mg × 1 1 day
Penciclovir Topical Apply q2h while awake 4 days

Varicella zoster virus (VZV)
Herpes zoster (shingles) in normal 
host

Acyclovir PO 800 mg five times dailya 7–10 days
Valacyclovir PO 1000 mg q8ha 7 days
Famciclovir PO 500 mg q8ha 7 days

Herpes zoster (shingles) in 
immunocompromised host

Acyclovir IV 10 mg/kg q8ha,c 7–10 days
PO 800 mg five times dailya,k 7–10 days

Valacyclovir PO 1000 mg q8ha,k 7–10 days
Famciclovir PO 500 mg q8ha,k 7 days

Cytomegalovirus (CMV)
Retinitis Ganciclovir IV 5 mg/kg q12ha (induction) 21 days

IV 5 mg/kg q24ha (maintenance)
Valganciclovir PO 900 mg q12ha (induction) 21 days

PO 900 mg q24ha (maintenance)
Cidofovir IV 5 mg/kg once weekly × 2 then 5 mg/kg every 

other week
Foscarnet IV 60 mg/kg q8ha

Or
90 mg/kg q12ha (induction)

21 days

Iv 90–120 mg/kg q24ha,l (maintenance)
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Table 55.2 (continued)
aDose adjustment required for renal insufficiency
bStart within 24 h of onset of symptoms
cTherapy may be completed with oral acyclovir for a total of 10 days
dStart within 48 h of onset of symptoms
eDuration for patients with HIV should be 5–14 days
fDo not use for immunocompromised patients or patients with HIV
gDose of 1000 mg PO q12h should be used for treatment of all initial and recurrent episodes in patients with HIV
hIf <10 episodes per year
iIf ≥10 episodes per year
jAcyclovir 10 mg/kg should be reserved for progressive infections
kOral therapy should only be used in patients with an acute localized dermatome
lChronic suppression may be necessary with valganciclovir 900 mg PO q24h

Table 55.3 Pharmacokinetic drug-drug interactions with antiviral agents

Object antiviral 
agent

Increased levels 
of object 
antiviral agent

Decreased levels of object 
antiviral agent Increased levels due to object antiviral agent

Decreased levels 
due to object 
antiviral agent

Acyclovir Probenecid:
Decreased renal 
tubular secretion

Adefovir Ibuprofen:
Increased 
bioavailability

Amantadine Quinidine, 
quinine, 
triamterene, 
trimethoprim:
Decreased renal 
tubular secretion

Boceprevir:
Strong inhibitor 
of CYP4503A4 
and 
p-glycoprotein

Amiodarone, 
voriconazole:
Decreased 
hepatic 
metabolism

Carbamazepine, 
efavirenz, dexamethasone, 
fosphenytoin, 
phenobarbital, phenytoin, 
rifabutin, rifampin, 
ritonavir, St. John’s wort:
Increased hepatic 
metabolism

Alfuzosin, alprazolam, amiodarone, colchicine, 
conivaptan, cyclosporine,dronedarone, eplerenone, 
felodipine, flecainide, lovastatin, methadone, 
midazolam, nicardipine, nifedipine, propafenone, 
ranolazine, rivaroxaban, sildenafil, simvastatin, 
sirolimus, tacrolimus, tadalafil, ticagrelor, tolvaptan, 
triazolam, vardenafil, voriconazole, warfarin:
Decreased hepatic metabolism
Digoxin, rivaroxaban:
Decreased p-glycoprotein-mediated elimination

Cidofovir – – – –
Entecavir – – – –
Famciclovir Probenecid:

Decreased renal 
tubular secretion

Foscarnet – – – –
Ganciclovir Probenecid:

Decreased renal 
tubular secretion

Interferon alpha
Inhibits 
CYP4501A2

Theophylline, zidovudine:
Decreased hepatic metabolism

Lamivudine Trimethoprim:
Decreased renal 
tubular secretion

(continued)
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Table 55.3 (continued)

Object antiviral 
agent

Increased levels 
of object 
antiviral agent

Decreased levels of object 
antiviral agent Increased levels due to object antiviral agent

Decreased levels 
due to object 
antiviral agent

Oseltamivir Probenecid:
Decreased renal 
tubular secretion

Ribavirin – – – –
Rimantadine – – – –
Telaprevir
Inhibitor of 
CYP4503A4 and 
p-glycoprotein

Amiodarone, 
voriconazole:
Decreased 
hepatic 
metabolism

Carbamazepine, 
efavirenz, dexamethasone, 
fosphenytoin, 
phenobarbital, phenytoin, 
rifabutin, rifampin, 
ritonavir, St. John’s wort:
Increased hepatic 
metabolism

Alfuzosin, alprazolam, amiodarone, bosentan, 
colchicine, conivaptan, cyclosporine,dronedarone, 
eplrenenone, felodipine, flecainide, lovastatin, 
methadone, midazolam, nicardipine, nifedipine, 
propafenone, ranolazine, rivaroxaban, sildenafil, 
simvastatin, sirolimus, tacrolimus, tadalafil, tenofovir, 
ticagrelor, tolvaptan, triazolam, vardenafil, voriconazole, 
warfarin:
Decreased hepatic metabolism
Digoxin, rivaroxaban:
Decreased p-glycoprotein-mediated elimination

Tenofovir
Inhibitor of 
CYP4501A2 and 
inducer of
p-glycoprotein

Didanosine:
Increased bioavailability
Theophylline, zidovudine:
Decreased hepatic metabolism

Dabigatran, 
linagliptin:
Increased 
elimination by 
p-glycoprotein 
induction

Valacyclovir Probenecid:
Decreased renal 
tubular secretion

Valganciclovir Probenecid:
Decreased renal 
tubular secretion

Zanamivir – – – –

Table 55.4 Pharmacodynamic drug-drug interactions with antiviral 
agents

Increased pharmacodynamics (drug effect)
Acyclovir Interferon

Additive antiviral effect
Zidovudine
May cause lethargy

Adefovir Aminoglycosides, amphotericin, 
cyclosporine, tacrolimus, vancomycin
Increased nephrotoxicity
Ribavirin
Increased hepatotoxicity

Amantadine Anticholinergic agents
Additive anticholinergic effects
May prolong the QT interval
Use with caution with other agents that 
prolong the QT interval

Boceprevir
Cidofovir Aminoglycosides, amphotericin B, foscarnet, 

pentamidine
Increased nephrotoxicity

Entecavir Ribavirin
Increased hepatotoxicity

Famciclovir

 Dosing and Drug Interactions
The dose of valacyclovir for treatment of the first episode of 
HSV is 1000 mg every 12 h and 500 mg every 12 h for any 
recurrent episodes (Table 55.2). The dose of valacyclovir is 
1000 mg every 8 h for the treatment of VZV. Similar to acy-
clovir, valacyclovir concentrations are increased when used 
concurrently with probenecid, and the combination of vala-
cyclovir and zidovudine may cause lethargy (Table 55.3).

 Ganciclovir

 Mechanism of Action and Resistance
Ganciclovir is an acyclic nucleoside analogue of 2′-deoxy-
guanosine that inhibits replication of cytomegalovirus 
(CMV), HSV, and VZV [32]. In order to exhibit its antiviral 
activity, ganciclovir similar to acyclovir must be phosphory-
lated. The phosphorylation unlike acyclovir does not depend 
on viral TK; in fact it is mediated via CMV-encoded (UL97 
gene) protein kinase homologue [32]. After conversion to 
ganciclovir monophosphate, it is converted to di- and triphos-
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phate forms by cellular kinases. Ganciclovir triphosphate 
concentrations are 100-fold greater in CMV-infected cells 
than uninfected cells [33]. Ganciclovir triphosphate inhibits 
viral DNA synthesis by competitive inhibition of viral DNA 
polymerases and incorporation into viral DNA, resulting in 
slowing of viral DNA elongation [33]. Resistance to ganci-
clovir is commonly a result of a mutation in the UL97 gene; 
mutation in DNA polymerase is a less common mechanism 
of viral drug resistance [34]. The 0.1–1.6 μg/mL ganciclovir 
concentration leads to inhibit 50% of viral plaques in cell 
line CMV cultures [32].

 Pharmacokinetics
After administration of 5  mg/kg IV ganciclovir, the Cmax 
ranges from 8.0 to 9.0 μg/mL, and the AUC ranges from 22.1 
to 26.8 μg*h/mL [35] (Table 55.1). The bioavailability of oral 
ganciclovir is only 5–8%, with a Cmax of 1.2 μg/mL and AUC of 
15.4 μg*h/L [35]. Intravenous ganciclovir exhibits linear phar-
macokinetics up to 5 mg/kg and oral ganciclovir exhibits linear 
pharmacokinetics up to 4000 mg/day [36]. Protein binding of 
ganciclovir is only 1–2%, and the average t1/2 is 3.5 h following 
IV administration and 3–7 h following oral administration [37, 
38]. The volume of distribution (Vd) of IV ganciclovir is 0.7 L/
kg. Ganciclovir is also available as a 0.15% ophthalmic gel 
and 4.5 mg intraocular implant for treatment of CMV retinitis. 
The estimated daily dose of ganciclovir that is obtained after 
administration of the 0.15% ophthalmic gel is 0.04% and 0.1% 
of the oral and IV doses, respectively, limiting the systemic 
exposure [39]. After insertion of the intraocular implant, the 
release rate of ganciclovir and the mean vitreous ganciclovir 
level are 1.4 μg/h and 4.1 μg/mL, respectively [40].

The renal clearance (Clrenal) of ganciclovir is 3.2 mL/min/
kg, which accounts for 91% of Cltotal in patients with normal 
renal function [41, 42]. The major route of elimination of 
ganciclovir is unchanged drug by glomerular filtration and 
active renal tubular secretion. The t1/2 of ganciclovir increases 
from 3.6 h in patients with normal renal function to 11.5 h 
in patients with renal insufficiency after receiving 5 mg/kg 
of IV ganciclovir [43]. In patients undergoing HD, plasma 
 concentrations of ganciclovir are reduced by approximately 
50% [43]. The concentration obtained in CSF 3.5 hours after 
administration of IV ganciclovir 2.5  mg/kg is 0.7  μg/mL, 
while the serum concentration is 2.2 μg/mL [44].

 Pharmacokinetics in Pediatric Patients
The Cmax after IV doses of 4 mg/kg or 6 mg/kg of ganciclovir 
are 5.5 μg/mL and 7.0 μg/mL in neonates aged 2–49 days, 
respectively [45, 46]. The t1/2 is 2.4 h for both dosing regi-
mens. In pediatric patients aged 6 months to 17 years, the 
Cmax is 6.6 μg/mL after doses of 5 mg/kg IV ganciclovir [47].

 Dosing and Drug Interactions
The dose of IV ganciclovir for the treatment of CMV retini-
tis is 5 mg/kg every 12 h for 14–21 days followed by 5 mg/
kg every 24  h (Table  55.2). Oral ganciclovir should not be 
used for the treatment of CMV due to poor bioavailability. 
Ganciclovir concentrations increase with concurrent probene-
cid use (Table 55.3). Hematological toxicities may be increased 
when ganciclovir is used in combination with azathioprine, 
cyclosporine, didanosine, or zidovudine. Ganciclovir may 
antagonize the effects of didanosine and zidovudine against 
HSV. Caution should be used when ganciclovir is combined 
with aminoglycosides, amphotericin B, cidofovir, foscarnet, 

Table 55.4 (continued)

Increased pharmacodynamics (drug effect)
Foscarnet May prolong the QT interval

Use with caution with other agents that 
prolong the QT interval
Can cause significant electrolyte disturbances 
(hypokalemia, hypocalcemia, 
hypomagnesemia, hypophosphatemia)
Use with caution with aminoglycosides, 
amphotericin B, diuretics, and pentamidine
Aminoglycosides, amphotericin B, cidofovir, 
pentamidine
Increased nephrotoxicity

Ganciclovir Azathioprine, cyclosporine, didanosine, 
zidovudine
Increased hematological toxicity
Ganciclovir may antagonize the effect of 
didanosine and zidovudine against HIV
Aminoglycosides, amphotericin B, cidofovir, 
foscarnet, pentamidine
Increased nephrotoxicity
Imipenem-cilastatin
Increased seizure risk

Interferon alpha Aldesleukin
Increased myocardial and renal toxicity

Lamivudine Ribavirin
Increased hepatotoxicity

Oseltamivir
Ribavirin Adefovir, entecavir, lamivudine
Rimantadine
Telaprevir
Tenofovir Adefovir

May diminish therapeutic effect
Valacyclovir Interferon

Additive antiviral effect
Zidovudine
May cause lethargy

Valganciclovir Azathioprine, cyclosporine, didanosine, 
zidovudine
Increased hematological toxicity
Aminoglycosides, amphotericin B, cidofovir, 
foscarnet, pentamidine
Increased nephrotoxicity
Imipenem-cilastatin
Increased seizure risk

Zanamivir –
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or pentamidine due to the increased risk of nephrotoxicity 
(Table 55.4). The combination of ganciclovir and imipenem-
cilastatin may increase the risk of seizures.

 Valganciclovir

 Mechanism of Action and Resistance
Valganciclovir is the L-valyl ester of ganciclovir and exists 
as a mixture of two diastereomers, which are rapidly con-
verted to ganciclovir by intestinal and hepatic esterases [33, 
48]. Plasma concentrations of unconverted valganciclovir 
are low with an AUC of 1% and Cmax of 3% of ganciclovir 
[49]. Once valganciclovir is converted to ganciclovir, it is 
phosphorylated by the same mechanism in order to inhibit 
viral DNA synthesis [33, 48].

 Pharmacokinetics
The bioavailability of ganciclovir after administration of 
900 mg once daily of enteral valganciclovir in healthy sub-
jects was 59%, which is significantly higher than the 5% bio-
availability after administration of oral ganciclovir [50–52] 
(Table 55.1). The time to Cmax after administration of oral val-
ganciclovir is 1–2 h [51]. The ganciclovir AUC increases by 
30% and the Cmax increases by 14% when valganciclovir is 
administered with a high fat meal; however, there is no change 
in the time to Cmax [49]. The t1/2 of valganciclovir and IV gan-
ciclovir is 4 h and 3.8 h, respectively [38, 49]. Similarly, AUC 
for oral valganciclovir and IV ganciclovir are comparable 
(24.8 μg*h/mL vs. 26.5 μg*h/mL), although valganciclovir 
Cmax is 30% lower compared to IV ganciclovir (6.1 μg/mL 
vs. 9.0 μg/mL) [35, 51]. The pharmacokinetics of ganciclovir 
after administration of oral valganciclovir has been evaluated 
in solid organ transplant patients. The AUC, Cmax, and t1/2 of 
ganciclovir after administration of valganciclovir are similar 
regardless of type of solid organ transplantation including 
heart, liver, and kidney organ graft transplants [53].

Valganciclovir is mainly eliminated by renal excretion as 
ganciclovir through glomerular filtration and active tubular 
secretions. The elimination t1/2 is increased and Cltotal of gan-
ciclovir is reduced following administration of valganciclo-
vir in patients with renal impairment. The t1/2 of ganciclovir 
increases from 4.9  h in patients with creatinine clearance 
(CrCl) 51–70  mL/min to 22  h and 68  h in patients with 
CrCl 11 to 20 mL/min and ≤10 mL/min, respectively [54]. 
Hemodialysis reduces plasma concentrations of ganciclovir 
by 50% following valganciclovir administration [54].

 Pharmacokinetics in Pediatric Patients
The bioavailability of ganciclovir after administration of oral 
valganciclovir is slightly lower in children at 42–54% compared 
to adults at 60%, and clearance is related to body surface area 
and renal function [53, 55, 56]. A lower Cmin may be seen in 

younger children with mean age of 4.5 years compared to older 
children with a mean age of 11 years [56, 57]. The pharmaco-
kinetics of oral valganciclovir was compared to IV ganciclovir 
in neonates >7 days to 3 months of age with congenital CMV 
infection of the CNS. After 6 weeks of therapy with 14–20 mg/
kg twice-daily oral valganciclovir solution, the AUC0–12h was 
27.4 μg*h/mL which is similar to the AUC0–12h of 25.4 μg*h/
mL achieved from 5 mg/kg of IV ganciclovir [55, 58].

 Dosing and Drug Interactions
The dose of valganciclovir for the treatment of CMV retinitis 
is 900 mg every 12 h for 21 days followed by 900 mg every 
24 h (Table 55.2). Drug interactions with valganciclovir are 
the same as those seen with ganciclovir (Table 55.3).

 Foscarnet

 Mechanism of Action and Resistance
Foscarnet is an organic analogue of inorganic pyrophosphate 
that inhibits replication of herpes virus by selective inhi-
bition at the pyrophosphate binding site on virus-specific 
DNA polymerases at concentrations that do not affect cel-
lular DNA polymerases [59]. Unlike acyclovir, valacyclovir, 
ganciclovir, or valganciclovir, foscarnet does not require 
phosphorylation by TK or other kinases such as UL97. As 
a result, foscarnet has activity against HSV, VZV, and CMV 
including TK deficient mutants and CMV UL97 mutants 
[59]. Foscarnet resistance has been identified and is a result 
of single base substitutions in conserved and nonconserved 
regions of the DNA polymerase [2]. Some of these isolates 
can retain susceptibility to acyclovir; however, mutants with 
alterations in both TK and DNA polymerase would result in 
resistance to both acyclovir and foscarnet [2]. The concen-
trations of foscarnet needed to inhibit viral plaques in cell 
line cultures were 0.4 μmol/mL to 3.5 μmol/L for HSV-1 
and 0.6 μmol/L to 22 μmol/L for HSV-2. The concentration 
of foscarnet needed for inhibition of VZV in cultures was 
0.4 μmol/L, and for CMV inhibition it was 0.3 μmol/L [59].

 Pharmacokinetics
The pharmacokinetics of foscarnet has been established dur-
ing induction therapy in AIDS patients with CMV retinitis 
(Table 55.1). After administration of 60 mg/kg IV q8h, the 
Cmax is 589 μmol/L, and Cmin is 114 μmol/L at steady state 
[60, 61]. The Vd is 0.31 to 0.74 L/kg and the plasma t1/2 is 4 h 
[62–64]. After administration of 90 mg/kg IV every 12 h, the 
Cmax and Cmin are 623 μmol/L and 63 μmol/L, respectively, 
while the Vd is 0.52 L/kg with a plasma t1/2 of 3 hours and 
Cltotal of 7.0 L/h [62–64]. A total of 14–17% of foscarnet is 
protein bound. Although not approved in the United States, 
foscarnet has been given as an intravitreal injection for treat-
ment of acute retinal necrosis [65–67].
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The Cltotal of foscarnet is 6.2 L/h, with 78–86% of this 
agent cleared via renal elimination [62–64]. The clear-
ance of foscarnet is significantly reduced with reduced 
renal function and the elimination t1/2 increases by ten-fold 
[68]. As a result of the reduced clearance, the t1/2 of foscar-
net increases from 2  hours in patients with a mean CrCl 
of 108  mL/min to 3.4  h in patients with a mean CrCl of 
68 mL/min to 13 and 25 h in patients with a mean CrCl of 
34 mL/min and 20 mL/min, respectively [68]. It is mportant 
to note that foscarnet terminal t1/2 based on urinary excre-
tion is 88 h, which is significantly higher than the plasma 
t1/2, and this possibly in part reflects release of foscarnet 
from the bone [62, 64, 68].

 Dosing and Drug Interactions
The dose of foscarnet for the treatment of CMV is 60 mg/kg 
every 8 h followed by 90–120 mg/kg every 24 h (Table 55.2). 
An alternative dosing regimen of 90 mg/kg every 12 hours 
has also been used. Chronic suppression with oral valgan-
ciclovir may still be necessary. As foscarnet may prolong 
the QT interval, caution should be taken when it is used 
with other agents that may also prolong the QT interval 
(Table  55.4). Caution should be used when foscarnet is 
used with aminoglycosides, amphotericin B, diuretics, and 
pentamidine due to the risk of significant electrolyte abnor-
malities including hypokalemia, hypocalcemia, hypomagne-
semia, and hypophosphatemia. There is also an increased risk 
of nephrotoxicity when foscarnet is used concurrently with 
aminoglycosides, amphotericin B, cidofovir, or pentamidine.

 Cidofovir

 Mechanism of Action and Resistance
Cidofovir is a nucleoside analogue, which suppresses viral 
replication by selective inhibition of viral DNA synthesis. 
Cidofovir must be phosphorylated by cellular enzymes 
to cidofovir diphosphate, which is the active intracellular 
metabolite. Incorporation of cidofovir into the growing viral 
DNA chain results in reductions in viral DNA synthesis [69]. 
Cidofovir is active against HSV, VZV, and CMV, including 
acyclovir and ganciclovir resistant isolates, as cidofovir does 
not require activation by TK or UL97 [34]. Mutations in 
DNA polymerase can cause resistance to cidofovir. Almost 
all DNA polymerase mutations that confer ganciclovir resis-
tance will also confer cidofovir resistance [34]. Ganciclovir- 
resistant isolates due to mutations in UL97 genes retain 
susceptibility to cidofovir [69]. The concentrations of cido-
fovir needed to inhibit viral plaques by 50% in cell cultures 
were 12.7–31.7 μmol/L for HSV-1 and HSV-2. The concen-
trations of cidofovir needed for inhibition of VZV and CMV 
were 0.79 μmol/L and 0.5 μmol/L to 2.8 μmol/L, respec-
tively [70].

 Pharmacokinetics
Pharmacokinetics of cidofovir has been evaluated in patients 
who received cidofovir with or without probenecid in HIV- 
infected patients. Less than 6% of cidofovir is protein bound 
[71]. Probenecid competitively inhibits the renal tubular 
secretion of cidofovir, reducing the Clrenal to a level consis-
tent with glomerular filtration [72]. In patients who receive 
cidofovir without probenecid, the Cmax and AUC are 7.3 μg/
mL and 20  μg*h/mL after 3  mg/kg and 11.5  μg/mL and 
28.3 μg*h/mL after 5 mg/kg dose [71]. After administration of 
5 mg/kg of IV cidofovir without probenecid, the Vd is 556 L/
kg, the Cltotal is 177 mL/h/kg, and the Clrenal is 149 mL/h/kg, 
which is greater than glomerular filtration [71]. When pro-
benecid is administered along with cidofovir, the Cmax and 
AUC increase to 9.8 μg/mL and 25.7 μg*h/mL after 3 mg/
kg and 19.6 μg/mL and 40.8 μg*h/mL after 5  mg/kg [69, 
72]. The Vd decreases to 388 L/kg, and the Cltotal decreases to 
138 mL/h/kg, and the Clrenal is reduced to 96 mL/h/kg, which 
is consistent with glomerular filtration [72].

In patients with normal renal function, 80–100% of the 
cidofovir dose is recovered unchanged in the urine within 
24 h [71]. Approximately 70 to 85% of the cidofovir dose 
is excreted unchanged in the urine when it is administered 
with probenecid [69]. Cidofovir’s renal tubular secretion 
and renal clearance decrease proportionally to glomerular 
filtration CrCl [73]. Hemodialysis reduces serum cidofovir 
levels by 75% [73]. Due to therapy-related renal failure, 
cidofovir bladder irrigation has been used for treatment of 
polyomavirus- associated hemorrhagic cystitis; however, 
there is only limited data on its use in this situation [74]. 
Topical cidofovir gel has been used successfully for the 
treatment of cutaneous acyclovir- and foscarnet-resistant 
herpes virus; however, there is limited information regard-
ing the pharmacokinetics of this dosage form [75]. As there 
is no commercially available product, topical cidofovir must 
be prepared using specific compounding instructions [75]. 
Topical eye drops with cidofovir have also been used for the 
treatment of viral conjunctivitis [76].

 Dosing and Drug Interactions
The dose of cidofovir for the treatment of CMV is 5  mg/
kg once weekly for two doses followed by 5 mg/kg every 
other week (Table 55.2). There is a potential for increased 
nephrotoxicity when cidofovir is used concurrently with 
aminoglycosides, amphotericin B, foscarnet, and pentami-
dine (Table 55.4).

 Famciclovir

 Mechanism of Action and Resistance
Famciclovir is the diacetyl 6-deoxy analogue of the active anti-
viral agent penciclovir. After oral administration, famciclovir 
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is rapidly converted to penciclovir, along with other inactive 
metabolites including 6-deoxy penciclovir (5%), monoacet-
ylated penciclovir (<0.5%), and 6-deoxy- monoacetylated 
penciclovir (<0.5%) by aldehyde oxidase with little to no 
famciclovir detected [77]. Similar to acyclovir, penciclovir 
undergoes phosphorylation to the active form penciclovir 
triphosphate [77]. Resistance to penciclovir is due to muta-
tions in the UL23 gene, encoding the TK enzyme, with cross-
resistance noted between penciclovir and acyclovir [2]. The 
concentration of penciclovir needed to inhibit viral plaques 
by 50% in vitro was 0.6 μg/mL to 0.8 μg/mL for HSV-1 and 
2.2 μg/mL to 2.4 μg/mL for HSV-2 [78].

 Pharmacokinetics
The bioavailability of penciclovir after administration of 
500 mg of oral famciclovir is 77% [79] (Table 55.1). Unlike 
acyclovir and valacyclovir, penciclovir concentrations are 
proportionally increased with increasing doses of famci-
clovir. The Cmax and AUC of penciclovir are 1.6 mg/L and 
4.3 mg*h/L after a single dose of 250 mg famciclovir, and the 
Cmax and AUC increase to 3.3 mg/L and 9.3 mg*h/L, respec-
tively, after a single dose of 500 mg. After a single dose of 
750  mg famciclovir, the Cmax of penciclovir is 5.1  mg/L 
and the AUC is 14.1 mg*h/L [79]. Plasma protein binding 
of penciclovir is <20%, and the Vd is 1.5  L/kg in healthy 
males after a single IV dose of penciclovir [80]. The t1/2 of 
penciclovir is approximately 2 h in healthy male volunteers 
after oral administration of famciclovir [79–81]. Famciclovir 
is not available as a topical preparation; however, there is a 
topical penciclovir 1% cream that is commercially available 
for the treatment of herpes labialis [82].

Approximately 94% of penciclovir is recovered in the 
urine over 24 hours with 83% of the dose recovered in the 
first 6 hours after administration of IV penciclovir [83]. After 
administration with 500 mg of oral famciclovir, 73% of the 
dose is recovered in the urine with penciclovir and 6-deoxy 
penciclovir accounting for 82% and 7%, respectively [81]. 
Only 27% of the administered dose of famciclovir is recov-
ered in the feces [79]. Clearance of penciclovir after admin-
istration of famciclovir is via renal elimination with active 
tubular secretion, a contributing factor [79, 81]. The clear-
ance of penciclovir decreases linearly with declining renal 
function [81]. The t1/2 of penciclovir increases from 2.2 h in 
patients with no renal impairment to 2.5 h, 3.9 h, and 9.9 h in 
patients with mild (CrCl 60 to 80 mL/min), moderate (CrCl 
30 to 59 mL/min), and severe (CrCl 5 to 29 mL/min) renal 
impairment, respectively [81].

Patients with mild to moderate hepatic impairment have 
no effect on the AUC of penciclovir following 500  mg of 
famciclovir dose, although the Cmax was reduced by 43% and 
the time to Cmax was increased by 0.75 h [84]. The pharmaco-

kinetics of penciclovir after administration of famciclovir has 
not been studied in patients with severe hepatic impairment.

 Dosing and Drug Interactions
The treatment dose for HSV of famciclovir is 250 mg every 
8 h for the first episode and 125 mg every 8 h for any recur-
rent episodes (Table 55.2). In immunocompromised patients 
with HSV the dose of famciclovir is 500  mg every 12  h 
and the dose for treatment of VZV is 500  mg every 8  h. 
Concentrations of famciclovir will increase with concurrent 
use of probenecid due to decreased renal tubular secretion 
(Table 55.3).

 Anti-influenza Agents

 Amantadine

 Mechanism of Action and Resistance
Amantadine is a symmetric tricyclic amine that inhibits the 
replication of influenza A virus isolates and has very little 
to no activity against influenza B [85]. Amantadine pre-
vents the release of viral nucleic acid into the host cell by 
interfering with the function of the transmembrane domain 
of the viral M2 protein [86, 87]. Amantadine resistance 
has limited its use, as resistance can emerge after 2–4 days 
of treatment due to an amino acid substitution in the M2 
protein [88, 89].

 Pharmacokinetics
Amantadine is well absorbed.  Oral bioavailability, which 
is 86–92%, and Cmax are directly related to doses up to 
200 mg/day (Table  55.5). In subjects given doses above 
200 mg/day, greater increases in Cmax may occur [85]. An 
N-acetylated metabolite accounts for 5–15% of the admin-
istered dose found in urine. Following 200  mg dose of 
amantadine, plasma acetylamantadine accounted for 80% 
of the concurrent amantadine plasma concentration in 5 
healthy volunteers, while 7 volunteers did not have any 
acetylamantadine detected [85]. The Cmax of amantadine 
is 0.29 μg/mL, and the time to Cmax is 1–12 h with a t1/2 of 
10–45 h [85, 90]. Amantadine Clplasma is 7–22 L/h and the 
Vd is 3–12  L/kg and amantadine is 67% plasma protein 
bound [85, 90, 91].

Amantadine is primarily excreted unchanged in the urine 
by glomerular filtration and tubular secretion. The Clplasma is 
reduced and t1/2 and plasma concentrations are increased in 
elderly patients compared to young adults [85, 92]. These 
changes could be a result of a decrease in renal function. The 
Clplasma of amantadine is reduced and the t1/2 increase by 2 to 3 
times when CrCl <40 m L/min/1.73m2 [90]. The t1/2 increases 
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to 8 days and amantadine is not removed in anuric patients 
receiving HD with less than 5% removed during a 4-h HD 
session [90]. After a single 200 mg dose, the maximum nasal 
mucus concentrations of amantadine after 1, 4, and 8 h were 
0.15 μg/g, 0.28 μg/g, and 0.39 μg/g with a Cmax of 0.42 μg/g, 
which is 31%, 59%, 95%, and 71% of the plasma concentra-
tions, respectively [92].

 Dosing and Drug Interactions
The dose of amantadine for the treatment of influenza A is 
100 mg every 12 h for 5 days (Table 55.6). Amantadine should 
not be used for the treatment of influenza B. Amantadine lev-
els increase when used concurrently with quinidine, quinine, 
triamterene, or trimethoprim due to decreased renal tubular 
secretion (Table 55.3). Caution should be taken when aman-
tadine is used with anticholinergic agents due to additive 
anticholinergic effects (Table  55.4). Furthermore, amanta-
dine should be used with caution when given with agents 
that prolong the QT interval.

 Rimantadine

 Mechanism of Action and Resistance
Rimantadine is a symmetric tricyclic amine that inhibits the 
replication of influenza A virus isolates and has very little to 
no activity against influenza B [93, 94]. The mechanism of 
action is similar to amantadine as it prevents the release of viral 
nucleic acid in the host cell by interfering with the function of 
the transmembrane domain of the viral M2 protein [88, 89].

 Pharmacokinetics
Approximately 90% of a rimantadine dose is absorbed, the 
Cmax after a single 100 mg dose of rimantadine is 0.074 μg/
mL, and the time to Cmax is 6 h [95] (Table 55.5). The t1/2 after 
a single dose ranges from 25 to 37 h [95]. In elderly patients 
aged 71–79 years old, the t1/2 is 32 h [95]. Similar to t1/2 the 
AUC also increases by 20–30% in elderly patients.

Rimantadine is metabolized in the liver and only 25% is 
excreted in the urine as unchanged drug [95]. There are no 

Table 55.5 Pharmacokinetics of antiviral agents for treatment of influenza viruses

Rimantadine Amantadine Oseltamivir Zanamivir
Maximum concentration (ng/mL) Single dose

100 mg
74

Single dose
100 mg
220 ± 30
200 mg
510 ± 140
Steady state
100 mg q12h
240 ± 40

Oseltamivir
65
Oseltamivir carboxylate
348

17 to 142

Minimum concentration (ng/mL) Steady State
100 mg q12h
118 to 468

ND ND ND

Time to maximum concentration Single dose
100 mg
6 h

Single dose
100 mg
3.3 ± 1.5 h
Steady state
2–4 h

ND 1–2 h

AUC (ng*h/mL) Steady state
100 mg q12h
30% > single dose

ND Oseltamivir
112
Oseltamivir carboxylate
2719

111 to 1364

Clearance (L/h/kg) ND IV
0.2–0.3

ND ND

Volume of distribution (Vd) ND IV
3–8 L/kg

Oseltamivir carboxylate
23–26 L

ND

Half-life (t1/2) Single dose
100 mg
25.4 ± 6 h

16–17 h Oseltamivir
1–3 h
Oseltamivir carboxylate
6–10 h

2.5–5 h

Protein binding 40% 67% Oseltamivir
42%
Oseltamivir carboxylate
3%

<10%

Bioavailability ND ND ND 4–17%

ND no data available
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differences in Cmax, Cmin, and AUC in patients with normal 
renal function compared to patients with mild to moderate 
renal insufficiency (CrCl 30–80 mL/min). However, there is 
an increase in Cmax by 75%, Cmin by 82%, and AUC by 81% 
in patients with severe renal impairment (CrCl 5–29  mL/
min) [95]. In HD patients the t1/2 increases by 1.6-fold, and 
there is a 40% decrease in clearance after a single 200 mg 
oral dose [95]. Nasal fluid concentrations of rimantadine are 
1.5 times higher than plasma concentrations [95].

 Dosing and Drug Interactions
The dose of rimantadine for the treatment of influenza A is 
100 mg every 12 hours for 5 days (Table 55.6). Rimantadine 
should not be used for the treatment of influenza B. There are no 
significant drug-drug interactions with rimantadine (Table 55.3).

 Oseltamivir

 Mechanism of Action and Resistance
Oseltamivir is an ethyl ester prodrug that requires ester hydro-
lysis to convert it to the active form, oseltamivir carboxylate, 
which inhibits influenza virus neuraminidase affecting the 
release of viral particles [96]. Oseltamivir is absorbed from 
the GI tract and is converted by hepatic esterases to osel-
tamivir carboxylate, with less than 5% remaining as osel-
tamivir [97]. Approximately 75% of the oral dose is found 
as oseltamivir carboxylate in the systemic circulation [97, 
98]. Reduced susceptibility of influenza virus to oseltamivir 
carboxylate may be due to amino acid substitutions in viral 
neuraminidase and/or hemagglutinin [99, 100]. Substitutions 
in hemagglutinin amino acids may reduce viral dependency 
on neuraminidase activity but do not confer resistance to 
oseltamivir on their own [99, 101]. Cross- resistance has been 
observed between zanamivir and oseltamivir; however, some 
oseltamivir resistance-associated substitutions do not reduce 
susceptibility to zanamivir [102–105]. There has not been a 
single amino acid substitution that confers cross-resistance 

between neuraminidase inhibitors and the M2 ion channel 
inhibitors, although two separate substitutions may be pres-
ent in a single virus [101].

 Pharmacokinetics
Following multiple doses of oseltamivir 75 mg twice daily, 
the Cmax and AUC0–12 of oseltamivir are 65  ng/mL and 
112 ng*h/mL, and the Cmax and AUC0–12 of oseltamivir car-
boxylate are 348 ng/mL and 2719 ng*h/mL [97] (Table 55.5). 
The Vd at steady state of oseltamivir carboxylate following 
IV administration is 23 to 26 L, and the protein binding is 
only 3% [97, 98]. The protein binding of oseltamivir is 42%. 
Approximately 90% of oseltamivir is converted to oseltami-
vir carboxylate. The t1/2 of oseltamivir is 1–3 h, and the t1/2 of 
oseltamivir carboxylate is 6–10 h [96, 97, 106].

Almost all (>99%) of oseltamivir carboxylate is elimi-
nated unchanged in the urine [97]. Oseltamivir carboxylate 
is removed via renal tubular secretion as well as glomeru-
lar filtration [97]. As elimination of oseltamivir carboxylate 
is via renal clearance, the exposure of oseltamivir carbox-
ylate is inversely proportional to declining renal function. 
The Cmax of oseltamivir carboxylate is 494 μg/L in patients 
with normal renal function (CrCl >90  mL/min) compared 
to 4052  μg/L in patients with a CrCl <30  mL/min after 
receiving oseltamivir 100  mg every 12  h. The AUC0–12 of 
oseltamivir carboxylate also increases from 4187 μg*h/L to 
43,086 μg*h/L [97]. In patients undergoing HD the Cmax for 
oseltamivir carboxylate is 943 ng/mL after a single dose and 
1120 ng/mL after repeated doses [107]. Oseltamivir carbox-
ylate exposure is not different in patients with mild to moder-
ate hepatic impairment [98, 108].

 Pharmacokinetics in Pediatric Patients
Pediatric patients clear oseltamivir and oseltamivir carboxylate 
faster than adults, resulting in lower drug exposure [109]. The 
Cltotal of oseltamivir carboxylate decreases linearly with increas-
ing age up to 12 years. The pharmacokinetics of oseltamivir 
carboxylate in children >12 years old is similar to adults [109].

Table 55.6 Dose of antiviral agents for treatment of respiratory viruses

Virus Agent Route Usual adult dosage Duration
Influenza A Rimantadine PO 100 mg q12ha 7 daysb

Amantadine PO 100 mg q12ha,c 5 daysb

Oseltamivir PO 75 mg q12ha,d 5 daysb

Zanamivir Oral inhalation 10 mg q12he 5 daysb

Influenza B Oseltamivir PO 75 mg q12ha,d 5 daysb

Zanamivir Oral inhalation 10 mg q12he 5 daysb

Respiratory syncytial virus or human metapneumovirus Ribavirin Inhalation 6 g/dayf 7–10 days
aDose adjustment required for renal insufficiency
bDuration prophylaxis for influenza should be continued for at least 10 days following known exposure
cAmantadine 200 mg PO q24h can also be used for influenza A
dOseltamivir 75 mg PO q24h for 10 days should be used for prophylaxis of influenza A or B virus
eZanamivir 10 mg inhaled orally q24h for 10 days should be used for prophylaxis of influenza A or B virus
fShould be given as 2  g over 2–3  h every 8  h or 6  g over 18  h continuously. Must be administered via Small Particle Aerosol Generator-2 
(SPAG-2)
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 Dosing and Drug Interactions
The dose of oseltamivir for the treatment of influenza A or 
B is 75 mg every 12 h and the dose for prophylaxis is 75 mg 
every 24 h (Table 55.6). Oseltamivir levels may be increased 
if used with probenecid due to decreased renal tubular secre-
tion (Table 55.3).

 Zanamivir

 Mechanism of Action and Resistance
Zanamivir is an orally inhaled inhibitor of influenza virus 
neuraminidase that affects the release of viral particles [110]. 
Reduced susceptibility in cell culture to zanamivir is asso-
ciated with mutations that result in amino acid changes in 
the viral neuraminidase, viral hemagglutinin, or both [101]. 
Cross-resistance has been observed between some zanamivir- 
resistant and oseltamivir-resistant influenza viruses [101]. 
The Q136K zanamivir resistance-associated substitution 
observed in N1 neuraminidase confers resistance to zanami-
vir but not oseltamivir [101].

 Pharmacokinetics
After inhalation, approximately 13% of the dose is deposited 
in the lungs and 78% in the oropharynx [111] (Table 55.5). 
The Cmax in serum occurs within 2 h after an inhaled dose 
of zanamivir [112]. Zanamivir has limited protein binding 
of <10%, and 90% of the drug is excreted unchanged in the 
urine after intravenous administration, whereas only 4% of 
the dose is recovered in the urine after intranasal administra-
tion [112]. The t1/2 of zanamivir after inhalation is 3.6 h [112].

 Pharmacokinetics in Pediatric Patients
Serum zanamivir concentrations in pediatric patients ≤5 years 
of age was similar to adults after administration of inhaled zana-
mivir 10 mg (183 ng*h/L vs. 194 ng*h/L, respectively) [113].

 Dosing and Drug Interactions
The dose of zanamivir for the treatment of influenza A or B is 
10 mg via inhaler every 12 h and the dose for prophylaxis is 
10 mg via inhaler every 24 h (Table 55.6). There are no sig-
nificant drug-drug interactions with zanamivir (Table 55.3).

 Anti-hepatitis Virus Agents

 Adefovir Dipivoxil

 Mechanism of Action and Resistance
Adefovir is an acyclic nucleotide analogue of adenosine 
monophosphate. Once phosphorylated by cellular kinases 
to the active metabolite, adefovir diphosphate, it inhibits 
Hepatitis B virus (HBV) DNA polymerase and reverse tran-
scriptase, by competing with deoxyadenosine triphosphate 

causing DNA chain termination after incorporation into viral 
DNA [114]. Adefovir dipivoxil is a prodrug and is rapidly 
converted to the active agent adefovir. Amino acid substi-
tutions rtN236T and rtA181T/V are the primary mutations 
that are associated with adefovir resistance causing a two- 
to ninefold decrease in susceptibility to adefovir [115–118]. 
Adefovir resistance-associated substitution rtA181V is also 
associated with decreased susceptibility to lamivudine [116].

 Pharmacokinetics
The bioavailability of adefovir after administration of adefovir 
dipivoxil is 59% [114]. The Cmax of adefovir is 18 to 19 ng/mL 
after a single oral dose of 10 mg of adefovir dipivoxil, and the 
time to Cmax is 2 h [114, 119] (Table 55.7). The AUC of adefo-
vir is 204 ng*h/mL and the t1/2 is 7.1–7.5 h [114, 119]. The 
plasma protein binding of adefovir is <4%. The Vd at steady 
state is 392 mL/kg after IV administration of 1 mg/kg/day of 
adefovir and 352 mL/kg after 3 mg/kg/day [114].

Adefovir is excreted by glomerular filtration and active renal 
tubular secretion; 40–45% of the adefovir dipivoxil dose was 
recovered as adefovir in the urine 24 h after administration [114, 
119, 120]. In patients who receive 10 mg/day of adefovir dipiv-
oxil suspension with a CrCl 50–79 mL/min, the Cmax is 34 ng/
mL and the AUC is 361 ng*h/mL at 48 weeks [121]. In patients 
with CrCl 20–49 mL/min who receive 5 mg/day, the Cmax is 
20  ng/mL and the AUC is 277  ng*h/mL at 48  weeks [121]. 
For patients undergoing HD who receive 1 mg × 1 followed by 
0.5 mg three times weekly, the Cmax is 10 ng/mL at week 12 and 
the AUC is 213 ng*h/mL. Plasma concentrations of adefovir 
decrease by 70–90% after HD [121].

 Pharmacokinetics in Pediatric Patients
The pharmacokinetics of adefovir dipivoxil has been evalu-
ated in pediatric patients with chronic hepatitis B [122]. 
In children aged 2–6 years, the Cmax and AUC were 15 ng/
mL and 105  ng*h/mL, respectively, following 0.14  mg/kg 
of adefovir dipivoxil dose. The Cmax and AUC were 27 ng/
mL and 224 ng*h/mL, respectively following 0.3 mg/kg of 
adefovir dipivoxil. In children aged 7–11 years who receive 
0.14 mg/kg dose, the Cmax was 14 ng/mL, and the AUC was 
129 ng*h/mL compared to 33 ng/mL and 292 ng*h/mL for 
children who receive 0.3 mg/kg, respectively. For adolescents 
aged 12–17 years who were given 10 mg dose, the Cmax was 
23 ng/mL, and the AUC was 237 ng*h/mL and was similar to 
parameters noted in adults [122].

 Dosing and Drug Interactions
The dose of adefovir for the treatment of chronic HBV is 10 mg 
every 24  h (Table  55.8). The use of ibuprofen with adefovir 
may increase the bioavailability of adefovir (Table 55.3). The 
combination of adefovir and ribavirin may increase the risk of 
hepatotoxicity and the use of adefovir with aminoglycosides, 
amphotericin B, cyclosporine, tacrolimus, or vancomycin may 
enhance the risk for nephrotoxicity (Table 55.4).

55 Pharmacokinetics and Pharmacodynamics of Antiviral Drugs in Special Population
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 Entecavir

 Mechanism of Action and Resistance
Entecavir is a guanine nucleoside analogue with activity 
against HBV reverse transcriptase. Entecavir must be phos-
phorylated to the active triphosphate form, which competes 
with the natural substrate deoxyguanosine triphosphate to 
functionally inhibit base priming, reverse transcription of 
the negative strand from the pregenomic messenger RNA, 
and synthesis of the positive strand of HBV DNA [123–125]. 
Entecavir is also a weak inhibitor of cellular DNA polymer-
ases and mitochondrial DNA polymerase [123–125]. There 
is a slight reduction in entecavir susceptibility observed for 
lamivudine-resistant strains [126]. A reduction in entecavir 
susceptibility is seen in the presence of rtM204I/V substitu-
tions with or without rtL180M. Additional substitutions at 
rt184, rtS202, and rtM250, or a combination of these may 
also reduce susceptibility to entecavir [127].

 Pharmacokinetics
The Cmax of entecavir at steady state is 4.2 ng/mL following 
a 0.5 mg dose and 8.2 ng/mL after a 1 mg dose [128, 129] 
(Table  55.7). The Cmax occurs between 0.5 and 1.5  h after 
the dose [129]. The Cmax and AUC at steady state increase 
proportionally to the dose. Administration of entecavir with 

a high fat containing meal or a light meal causes a delay in 
absorption, a decrease in Cmax of 45%, and a decrease in AUC 
of 20% [129]. Protein binding of entecavir is 13%, and the 
apparent Vd is in excess of total body water [129]. The termi-
nal t1/2 of entecavir is approximately 128–149 h [128, 129].

Entecavir is primarily cleared by the kidneys; 62–73% 
of unchanged drug was recovered in urine [129]. Entecavir 
undergoes both glomerular filtration and net tubular secre-
tion [128]. The Cmax of entecavir increases to 10.4  ng/
mL in patients with CrCl 50–80 mL/min, 15.3 ng/mL in 
patients with CrCl of <30  mL/min, and 15.4  ng/mL in 
patients undergoing HD [128]. The pharmacokinetics of 
entecavir is similar in patients with normal hepatic func-
tion compared to patients with moderate or severe hepatic 
dysfunction [129].

 Dosing and Drug Interactions

The dose of entecavir for the treatment of chronic HBV is 
0.5 mg every 24 h (Table 55.8). Entecavir 1 mg every 24 h 
should be used for patients with lamivudine resistant or 
refractory HBV infection or those with hepatic decompensa-
tion. The use of entecavir and ribavirin may increase the risk 
of hepatotoxicity (Table 55.4).

Table 55.8 Dose of antiviral agents for treatment of hepatitis viruses

Virus Agent Route Usual adult dosage Duration
Chronic hepatitis C Telaprevira,b PO 750 mg q8hc 12 weeksd

Boceprevira,b PO 800 mg q8h Based on virologic 
responsee

Ribavirin PO 800–1400 mg/day in 2 divided dosesf,g,h 48 weeksi

PO 800–1200 mg/day in 2 divided dosesf,g,j,k 48 weeksi

Peg- interferon- alfa-2a SQ 180 μg weeklyf,l 48 weeksi

Peg- interferon- alfa-2b SQ 1.5 μg weeklyf,l 48 weeksi

Chronic hepatitis B Adefovir dipivoxil PO 10 mg q24hf

Entecavir PO 0.5–1 mg q24hf,m

Lamivudine PO 100 mg q24hf

Tenofovir PO 300 mg q24hf

aTelaprevir and boceprevir should only be used in patients infected with Hepatitis C Virus genotype-1
bShould always be used in combination with peg-interferon-alfa and ribavirin
cNo data is available regarding use in renal insufficiency
dContinued treatment with peg-interferon-alfa and ribavirin is based on clinical response. The three-drug regimen should be discontinued at week 
4 or 12 if viral RNA levels are ≥1000 international units/mL. Peg- interferon- alfa and ribavirin should be discontinued if viral RNA levels are 
detectable at week 24
eBoceprevir should be added to peg-interferon-alfa and ribavirin after 4 weeks of treatment. The three-drug regimen should be discontinued at 
week 12 if viral RNA levels ≥100 international units/mL or at week 24 if confirmed detectable viral-RNA levels
fDose adjustment required for renal insufficiency
gShould be used in combination with interferon-alfa ± boceprevir or telaprevir
hRebetol® dose is based on weight and is approved for use in combination with peg-interferon-alfa-2b for patients following prior treatment failure 
in compensated liver disease
iDuration of therapy should be 24 weeks for patients infected with HCV-genotype-2 or -3
jCopegus® should be used in combination with peg-interferon-alfa-2a for interferon-alfa naïve patients with compensated liver disease
kRibavirin dose should be 1000–1200mg/day for HCV-genotype-1 or -4, and 800mg/day for HCV-genotype-2
lShould be used in combination with ribavirin +/- boceprevir or telaprevir
mEntecavir 1mg PO q24h should be used for lamivudine-refractory or -resistant HCV or for patients with decompensated liver disease
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 Lamivudine

 Mechanism of Action and Resistance
Lamivudine is a synthetic nucleoside analogue, which is 
phosphorylated to its active 5′-triphosphate metabolite, 
lamivudine triphosphate [130]. The monophosphate form 
is incorporated into viral DNA by HBV reverse transcrip-
tase that results in DNA chain termination. Lamivudine tri-
phosphate also inhibits the RNA- and DNA-dependent DNA 
polymerase activities of HIV-1 reverse transcriptase [130]. 
Lamivudine resistance results from M204  V/I substitu-
tion in the viral reverse transcriptase [131]. HBV contain-
ing lamivudine resistance-associated substitutions may still 
retain susceptibility to adefovir dipivoxil; however, such 
viral strains may have a 30-fold reduced susceptibility to 
entecavir [131]. The substitution rtA181T will also result in 
decreased response to entecavir [131]. Entecavir-resistance 
HBV exhibit 1000-fold reduced susceptibility to lamivudine 
[131].

 Pharmacokinetics
Lamivudine is rapidly absorbed after oral administration 
with a Cmax in HBV infected patients of 1.3 μg/mL follow-
ing a single dose of 100 mg [132] (Table 55.7). The time to 
Cmax occurs between 0.5 and 2 hours after the dose is admin-
istered [132]. The AUC following a single 100 mg dose of 
lamivudine is 4.3 μg*h/mL, and the AUC at steady state fol-
lowing repeated doses is 4.7 μg*h/mL [132]. There is no dif-
ference in AUC in fasting or fed states, although Cmax may 
be lower. The bioavailability of lamivudine is 86% after a 
dose of 150 mg tablet and 87% after 10 mg/mL oral solution 
with a t1/2 of approximately 5 hours [133, 134]. Plasma pro-
tein binding is <36%, and the Vd after IV administration of 
lamivudine in HIV patients is 1.3 L/kg, which suggests that 
it distributes widely into extravascular space [132, 133]. Five 
to ten percent of a 300 mg dose of lamivudine is excreted as 
a trans-sulfoxide metabolite in the urine [132]. The serum 
concentration of the trans-sulfoxide metabolite has not been 
measured [132].

Lamivudine is eliminated in the urine as unchanged drug 
by active cationic secretion Clrenal accounting for 71% of 
total drug clearance [135]. Compared to patients with nor-
mal renal function, patients with moderate to severe renal 
impairment have 4- to 13-fold increases in AUC and a 1.2- 
to 1.8- fold longer half-life [132, 135]. A 4-hour HD session 
does not affect the overall exposure of lamivudine due to the 
large Vd even though 50% of lamivudine is extracted from 
plasma [132, 136]. The pharmacokinetic parameters of lami-
vudine are not significantly altered by reduced hepatic func-
tion. After a single dose of 300 mg of lamivudine, the Cmax is 
2.6 μg/mL in patients with normal hepatic function compared 
to 2.9 μg/mL in patients with moderate hepatic impairment 
and 3.1 μg/mL patients with severe hepatic impairment. The 

AUC is also similar between patients with normal hepatic 
function (11.8 μg*h/mL) and moderate (11.4 μg*h/mL) to 
severe (12.8 μg*h/mL) hepatic impairment [137].

 Pharmacokinetics in Pediatric Patients
In neonates, the median t1/2 of lamivudine is 6  h, the Cmax 
is 1969 μg/L, and the AUC is 16,883 μg*h/L when a dose 
of 4 mg/kg every 12 h is administered for 1 week [138]. In 
infants and adolescents, lamivudine is rapidly absorbed with 
a time to Cmax of 0.5 to 1 h. The Cmax and AUC of lamivudine 
are proportional to the dose for patients aged 2–12  years; 
however, the absolute bioavailability is reduced by 59% 
[132, 139]. The mean AUC in patients <12 years old receiv-
ing 4 mg/kg is 5056 μg*h/L, which is roughly half of the 
adult dose [132, 139].

 Dosing and Drug Interactions
The dose of lamivudine for the treatment of chronic HBV is 
100 mg every 24 h (Table 55.6). Use of trimethoprim with 
lamivudine may increase the levels of lamivudine due to 
decreased renal tubular secretions (Table 55.3). Lamivudine 
given along with ribavirin may increase the risk for hepato-
toxicity (Table 55.4).

 Tenofovir Disoproxil Fumarate

 Mechanism of Action and Resistance
Tenofovir disoproxil fumarate (TDF) is an acyclic nucleo-
side phosphate diester analogue of adenosine monophos-
phate. TDF requires initial diester hydrolysis for conversion 
to tenofovir and subsequent phosphorylation by cellular 
enzymes to form tenofovir diphosphate [140]. Tenofovir 
diphosphate inhibits the activity of HBV reverse transcrip-
tase by competing with the natural substrate deoxyadenosine 
5′-triphosphate and incorporates into DNA causing chain 
termination [141]. Tenofovir has demonstrated the highest 
barrier to resistance in clinical studies [142, 143]. Tenofovir 
has been shown to be effective in patients with lamivudine 
resistance and in patients with an incomplete response to 
adefovir, but not necessarily in all patients with adefovir 
resistance [142, 144].

 Pharmacokinetics
The oral bioavailability of tenofovir in fasting patients was 
25%, and the Cmax after a single dose in HIV-1 infected 
individuals was 0.2 μg/mL to 0.3 μg/mL, which is reached 
in 1  h, and the AUC is 2.3–2.5 μg*h/mL [141, 145, 146] 
(Table 55.7). Protein binding of tenofovir is 7% and the Vd 
at steady state is 1.3  L/kg [141]. After a single oral dose, 
the t1/2 of tenofovir was 17 h, whereas intracellular half-life 
was 95 hours [147]. Administration of TDF with a high-fat 
meal increases oral bioavailability, and AUC and Cmax are 
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increased by 40% and 14%, respectively. Albeit, administra-
tion of light meal has not affected the bioavailability of the 
drug [141, 145].

Approximately 70–80% of the tenofovir dose is recov-
ered unchanged in the urine within 72 h after IV adminis-
tration [148]. Tenofovir is eliminated via a combination of 
glomerular filtration and active tubular secretion [141]. After 
a single dose of 300 mg of TDF, the Cmax is 0.34 μg/mL in 
patients with CrCl ≥80 mL/min, 0.33  μg/mL in patients 
with CrCl 50–80  mL/min, 0.37  μg/mL in patients with 
CrCl 30–49 mL/min, and 0.60 μg/mL in patients with CrCl 
12–29 mL/min [146]. The AUC is 2.2 μg*h/mL in patients 
CrCl >80  mL/min compared to 3.1  μg*h/mL in patients 
with CrCl of 50–80 mL/min, 6.0 μg*h/mL in patients with 
CrCl 30–49  mL/min, and 15.9  μg*h/mL in patients with 
CrCl 12–29 mL/min [146]. Approximately 10% of tenofovir 
is removed during a 4-hour HD session following a single 
300 mg dose of TDF [149]. There are no differences in teno-
fovir pharmacokinetics in patients with moderate or severe 
hepatic impairment [146, 149].

 Pharmacokinetics in Pediatric Patients
Tenofovir exposure in pediatric patients aged 2–18 is similar 
to adult patients with a Cmax of 0.27 μg/mL and an AUC of 
2.2 μg*h/mL [150].

 Dosing and Drug Interactions
The dose of TDF for the treatment of HBV is 300 mg every 
24  h (Table  55.8). Tenofovir is an inhibitor of CYP 450 
1A2; therefore, tenofovir will decrease the hepatic metabo-
lism of theophylline and zidovudine causing increased con-
centrations of these agents (Table  55.3). Tenofovir is also 
an inducer of p-glycoprotein (P-gp), which may thereby 
increase dabigatran and linagliptin elimination.

 Telaprevir

 Mechanism of Action and Resistance
Telaprevir is an inhibitor of the hepatitis C Virus (HCV) 
NS3/4A serine protease, necessary for the proteolytic cleav-
age of the HCV-encoded polyprotein into mature forms of 
the NS4A, NS4B, NS5A, and NS5B proteins and essential 
for viral replication. In a biochemical assay, telaprevir inhib-
its the proteolytic activity of the recombinant HCV NS3 pro-
tease domain [151]. Resistance to telaprevir is due to genetic 
changes in the RNA that codes for the amino acid residues 
of the NS3/NS4A protease active site [152–154]. In treat-
ment naïve patients, high levels of HCV variants conferring 
telaprevir resistance were uncommon. However, resistance 
may develop in patients undergoing treatment, although the 
incidence is low in patients receiving combination therapy 
with ribavirin and peg-interferon-alfa [152, 155, 156].

 Pharmacokinetics
The pharmacokinetic properties of telaprevir have been eval-
uated in healthy adult individuals and in patients with chronic 
HCV infection (Table 55.7). After multiple doses of telapre-
vir (750 mg every 8 h) in combination with peg-interferon- 
alfa and ribavirin in treatment-naïve subjects with genotype 
1 with chronic HCV infection, the Cmax is 4036–4523  ng/
mL, Cmin is 2476 to 2624 ng/mL, and the AUC is 80,420 to 
85,890 ng*h/mL [157, 158]. Telaprevir is absorbed from the 
small intestine, there is no evidence of absorption in the colon 
[151, 158]. Plasma Cmax after a single oral dose were gen-
erally achieved after 4–5 h. Exposure to telaprevir is higher 
during coadministration with peg-interferon-alfa and ribavi-
rin compared with telaprevir given alone [151]. The AUC of 
telaprevir increases by 237% when it was administered with a 
standard fat meal compared to fasting conditions [151, 159]. 
When telaprevir is administered with a low-fat meal, the AUC 
increases by 117% compared to 330% with a meal high in fat 
content [151, 159]. Protein binding of telaprevir was 59–76% 
and it binds primarily to alpha 1-acid glycoprotein and albu-
min. Protein binding was concentration dependent, decreas-
ing with higher telaprevir concentrations [151, 159]. The Vd 
after oral administration of telaprevir was 252 L [151, 159]. 
The t1/2 after a 750 mg single oral dose ranged from 4.0 to 
4.7 h and at steady state, the t1/2 was 9 to 11 h [151, 159]. 
Telaprevir is extensively metabolized in the liver with multi-
ple active and inactive metabolites detected in feces, plasma, 
and urine. Cytochrome p450 3A4 (CYP3A4) is responsible 
for telaprevir metabolism; however, non-CYP- mediated 
metabolism may play a role after multiple doses. Telaprevir is 
also a substrate of P-glycoprotein (P-gp) [151, 159].

Approximately 82% of telaprevir is recovered within 96 h 
in feces and only 1% in urine after a single 750 mg dose. 
Unchanged drug accounts for 32% of the recovered dose, 
while 19% is the R-diastereomer [151, 159]. The AUC of tela-
previr decreases by 46% in HCV-negative patients with mod-
erate hepatic impairment (Child-Pugh Class B) compared to 
healthy patients. In patients with mild hepatic impairment 
(Child-Pugh Class A), the AUC is only reduced by 15% in 
HCV-negative subjects [151, 159]. Patients with cirrhosis 
have similar pharmacokinetic parameters compared to those 
without cirrhosis in whom telaprevir was used in combina-
tion with peg-interferon-alfa and ribavirin. Compared with 
healthy adults, in patients with CrCl of <30 mL/min, Cmax 
and AUC increased by 3% and 21%, respectively, after a 
single 750 mg telaprevir dose [151, 159].

 Dosing and Drug Interactions
The dose of telaprevir for the treatment of HCV is 750 mg 
every 8 h in combination with peg-interferon-alfa and riba-
virin (Table  55.8). Telaprevir is a substrate of CYP450 
3A4; therefore, concurrent use with CYP450 3A4 inhibi-
tors, such as amiodarone and voriconazole, will result in 
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increased telaprevir levels (Table  55.3). A reduced tela-
previr concentration may occur when given with CYP450 
3A4 inducers, such as carbamazepine, efavirenz, rifampin, 
and phenytoin. Telaprevir is also an inhibitor of CYP450 
3A4 and p- glycoprotein; therefore the use of telaprevir 
with substrates of either enzymes will cause increased 
concentrations of those substrates due to reduced hepatic 
metabolism.

 Boceprevir

 Mechanism of Action and Resistance
Boceprevir is an inhibitor of the HCV NS3/4A protease that 
is necessary for the proteolytic cleavage of the HCV encoded 
polyprotein into mature forms [160, 161]. Boceprevir forms 
a covalent, yet reversible bond to the NS3 protease active 
serine site to inhibit viral replication in HCV-infected 
cells [160, 161]. Monotherapy with NS3/4 protease inhibi-
tors results in rapid selection of resistant viral strains [162, 
163]. The activity of boceprevir against the HCV NS3/4A 
protease or genotype 1b is reduced by amino acid substi-
tutions in the NS3 protease domain [162, 164]. Patients 
who filed to respond to boceprevir therapy are more likely 
to have boceprevir-resistant mutants at the end of treatment 
[162]. Treatment-emergent NS3 amino acid substitutions 
detected in boceprevir-treated subjects, in whom SVR was 
not achieved, demonstrate a reduced activity of other HCV 
NS3/4A protease inhibitors [162, 165, 166].

 Pharmacokinetics
Boceprevir capsules contain a 1:1 mixture of two diaste-
reomers, which change to a 2:1 ratio, favoring the active 
diastereomer in plasma. Boceprevir demonstrates linear 
pharmacokinetics and the oral bioavailability is 26–34% in 
animals [167] (Table 55.7). After a single dose of boceprevir 
400 mg, the Cmax and AUC are 557 ng/mL and 2020 ng*h/mL 
in healthy subjects [168]. After receiving 400 mg every 8 h 
for 7 days, the AUC and Cmax of boceprevir in HCV-positive 
patients were 1990  ng*h/mL and 523  ng/mL, respectively 
[169]. In subjects who receive monotherapy with 800  mg 
every 8 h, the AUC was 5408 ng*h/mL, and the Cmax was 
1723 ng/mL [162]. The time to Cmax after oral administration 
was 2 h; AUC, Cmax, and Cmin all increase in a less-than-dose- 
proportional manner, indicating decreased absorption at 
higher dose concentrations [162, 167]. The AUC of bocepre-
vir when administered as 800 mg every 8 h is 65% higher 
when it is given with food compared to given in a fasting 
state [162]. However, there is no difference whether it is 
given with a high or low fat meal [162]. The Vd at steady 
state was 772 L and 75% protein binding after a single dose 
[167]. The t1/2 of boceprevir is approximately 3 h with a Cltotal 
of 161 L/h [162].

The primary mechanism of metabolism of boceprevir 
is through the aldo-keto reductase (AKR)-mediated path-
way, which produces inactive metabolites [162, 168, 170]. 
Boceprevir also undergoes oxidative metabolism mediated 
by CYP3A4/5, although this is to a lesser extent [161, 168, 
169]. Approximately 79% of the boceprevir dose is excreted 
in feces compared to only 9% in urine [162]. The mean AUC 
of the active diastereomer of boceprevir is 2050  ng*h/mL 
and 2690 ng*h/mL in subjects with moderate (Child-Pugh 
7–9) and severe (Child-Pugh 10–12) hepatic impairment 
compared to 2020 ng*h/mL in normal patients following a 
single 400 mg dose of boceprevir [168]. Subjects with mild 
hepatic impairment have similar active diastereomer expo-
sure as subjects with normal hepatic function. The mean 
AUC of boceprevir is 10% lower in subjects undergoing HD 
relative to subjects with normal renal function after a single 
dose of 800 mg of boceprevir [168]. Hemodialysis removes 
less than 1% of the boceprevir dose.

 Dosing and Drug Interactions
The dose of boceprevir for the treatment of HCV is 800 mg 
every 8 h in combination with peg-interferon-alfa and riba-
virin (Table 55.8). Boceprevir is a substrate of CYP450 3A4 
therefore concurrent use with CYP450 3A4 inhibitors will 
cause an increase in boceprevir levels and concurrent use 
with CYP450 3A4 inducers will result in decrease bocepre-
vir concentration (Table 55.3). Boceprevir is a strong inhibi-
tor of CYP450 3A4, and concomitant boceprevir use with 
amiodarone, cyclosporine, simvastatin, tacrolimus, voricon-
azole, and warfarin will reduce their hepatic metabolism and 
potentially lead to toxic drug concentration unless appropri-
ate dose adjustment has been undertaken. Boceprevir is also 
an inhibitor of p-glycoprotein, causing increases in digoxin 
and rivaroxaban concentrations.

 Ribavirin

 Mechanism of Action and Resistance
Ribavirin has direct antiviral activity in tissue culture against 
many RNA viruses, and increases the frequency of genomic 
mutation among several RNA viruses. Ribavirin triphosphate 
inhibits HCV polymerase in a biochemical reaction; the pre-
cise mechanism that confers antiviral activity of ribavirin is 
not known [171–173]. The combination of peg- interferon- 
alfa-2a and ribavirin is more effective at inhibiting HCV RNA 
replication than either agent alone [171]. Several studies have 
suggested that ribavirin has immunomodulatory effects, and 
HCV-specific T-cell responses have been observed in patients 
on combination therapy with interferon; however, this effect 
may be due to the reduction in viral load [171, 174]. Evidence 
of immunomodulation by ribavirin acting synergistically with 
interferon is lacking, but the loss of infected HCV cells by 
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immune-mediated damage is thought to underlie the second 
phase decline in HCV RNA following interferon use [171, 
175–177]. Ribavirin has been shown to enhance this second 
phase decline, suggesting that it also has an immunomodula-
tory effect [171, 176, 178]. It is suggested that the faster decline 
in HCV RNA with combination therapy may be related to rib-
avirin-induced restoration of hosts’ immune response and per-
haps independent of concurrent interferon use [171, 177]. This 
suggests that ribavirin may garner hosts’ anti-HCV immune 
response; however, mechanism and immune pathways to sup-
port this hypothesis remain evasive [171].

 Pharmacokinetics
After a single dose of 600 mg of ribavirin, the Cmax and AUC 
were 782 ng/mL and 13,400 ng*h/mL, respectively, and time 
to Cmax was 1.7 h [171, 179, 180] (Table 55.7). The t1/2 after 
a single oral dose of ribavirin was 120–170 h and ribavirin 
tends to accumulate, therefore the Cmax is higher after mul-
tiple doses [171]. Following multiple 600  mg twice-daily 
doses of ribavirin, Cmax was 3677 ng/mL, a fivefold increase 
compared to single-dose therapy [171, 180]. The AUC after 
multiple doses also increased to 227,867 ng*h/mL, and the 
terminal t1/2 was higher (274–298 h) [171, 173]. The absolute 
bioavailability of ribavirin after oral administration was 64% 
[171, 181]. When a single dose of ribavirin was given with a 
meal high in fat content the time to Cmax was extended. The 
AUC0-192h and Cmax increased by 42%, and 66%, respectively, 
when given with a high fat meal compared to fasting state 
[182]. Administration of ribavirin with antacids caused a 
14% reduction in the AUC after a single dose [182]. Ribavirin 
is not a substrate of CYP450 enzymes, and the exact mecha-
nism of elimination and metabolism is not known [171].

Ribavirin is also available as an aerosol for inhalation for 
treatment of respiratory syncytial virus (RSV) and human 
metapneumovirus (hMNV) [183]. After administration of 
aerosolized ribavirin by facemask for 2.5 h three times daily, 
the plasma concentrations ranged from 0.44 to 1.55 μmol/L 
after 3 days of therapy. When administered by facemask or 
mist tent for 20 h each day, the plasma concentration ranged 
from 1.5 to 14.3 μmol/L after 5 days of therapy [184].

The clearance of ribavirin is reduced in subjects with CrCl 
of ≤50 mL/min, including those undergoing HD. The clear-
ance is reduced by approximately 30% compared to subjects 
with normal renal function. In patients with end- stage kidney 
disease on HD who were given a 200  mg daily dose, the 
ribavirin exposure was 20% lower compared to patients with 
normal renal function who received standard ribavirin dose 
[182]. Approximately 50% of plasma ribavirin is removed by 
HD; however, the plasma exposure should not change with 
HD because of the large Vd of ribavirin [182]. Hepatic dys-
function (Child-Pugh A, B, or C) has no effect on ribavirin 
AUC when compared to patients with intact liver function 
[171, 179].

 Pharmacokinetics in Pediatric Patients
The pharmacokinetics of ribavirin is similar in adults and 
pediatric patients. The Cmax and AUC were 3275 ng/mL and 
29,774  ng*h/mL, respectively, after 15  mg/kg daily dose 
given in two divided doses [185]. The 2-h time to Cmax was 
also similar [185].

 Dosing and Drug Interactions
The dose of ribavirin for the treatment of HCV ranges 
from 1000 to 1200  mg daily given in combination with 
peg- interferon- alfa (Table  55.8). The dose of ribavirin for 
treatment of RSV is 6 g per day administered via a Small 
Particle Aerosol Generator-2 (SPAG-2) nebulizer. The use 
of oral ribavirin with adefovir, lamivudine, or entecavir may 
increase the risk of hepatotoxicity (Table 55.4).

 Interferon

 Mechanism of Action and Resistance
Interferons exert a vast array of biological functions, includ-
ing development of innate immunity, and cellular and humoral 
adaptive immune responses, as well as exhibiting direct anti-
viral activity [186]. Interferons bind to high- affinity recep-
tors on the surface of virus-infected cells, which activate 
an intracellular signal transduction pathway that results in 
rapid activation of gene transcription for proteins that inhibit 
viral protein translation and RNAases leading to inhibit of 
viral replication [187–189]. In addition to the direct antiviral 
effect, interferons cause an upregulation of major histocom-
patibility complex (MHC) class-I and class- II molecules; an 
increase in IL-10, IL-12, and TNF-α production; and activa-
tion of dendritic cells [190–194].

 Pharmacokinetics
After subcutaneously administered, approximately 80% of 
the interferon-alfa dose is absorbed [195] (Table 55.7). The 
Cmax occurs after 1–8  h, followed by a measureable con-
centration for 4–24 h after administration [195]. The Vd of 
interferon- alfa is 12–40 L with a terminal t1/2 of 4–16 h [195]. 
Wide fluctuations in serum concentrations of interferon-alfa 
have been observed, which may result in impaired suppres-
sion of viral replication [196]. The development of pegylated 
interferon (peg-interferon) has greatly improved the poor 
pharmacokinetic profile of nonpegylated conventional inter-
feron, delaying its clearance and allowing it to be given less 
frequently while ensuring effective concentrations [196].

The Vd for peg-interferon-alfa-2a was 4–16 L, and it dis-
tributes primarily in the blood and interstitial fluid resulting 
in high concentrations in the liver [196]. A single dose of 
peg-interferon-alfa-2a produces a Cmax of 14.2  mg/L in a 
mean duration of 78 h [197]. After administration of mul-
tiple doses of peg-interferon-alfa-2a to patients with chronic 
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HCV infection, the Cmax was 25.6 mg/L in a mean duration of 
45 h [197]. Peg-interferon-alfa-2a has a low peak to trough 
ratio indicating less fluctuation in the serum concentration of 
the drug during the weekly dosing interval. Peg-interferon- 
alfa-2a is cleared by both the kidney and the liver; due to its 
large size, the pharmacokinetics of the drug is unaffected in 
patients with renal failure [197].

Peg-interferon-alfa-2b has a smaller polymer attached 
causing it to have a slightly different pharmacokinetic pro-
file to peg-interferon-alfa-2a. Peg-interferon-alfa-2b reaches 
a Cmax after 15–44 h, which is sustained for 48–72 h after 
the dose [196]. Peg-interferon-alfa-2b had a Vd of 0.99 L/
kg [187]. The absorption t1/2 of peg-interferon-alfa-2b was 
4–5 h compared to 50 h for peg-interferon-alfa-2a [187]. Free 
interferon-alfa-2b is released from the pegylated form soon 
after administration and undergoes renal excretion, whereas 
interferon-alfa-2a does not get released and the pegylated 
form interacts with cell surface receptors. The Cmax and AUC 
of peg-interferon-alfa-2b increases in a dose-related manner 
and week 48, and Cmin is threefold higher than Cmin observed 
at week 4 [198]. Renal elimination accounts for 30% of the 
clearance of peg-interferon-alfa-2b [198].

 Pharmacokinetics in Pediatric Patients
The clearance of peg-interferon-alfa-2a in children is nearly 
fourfold lower compared to the clearance reported in adults, 
although the steady-state trough levels in children with a body 
surface area (BSA)-adjusted dosing are similar to trough 
levels observed in adults given 180 μg fixed dosing [199]. 
Time to reach the steady state in children is approximately 
12 weeks, whereas in adults, steady state is reached within 
5–8 weeks. In children receiving the BSA-adjusted dose, the 
AUC during the dosing interval is 25–70% higher than that 
observed in adults receiving 180 μg fixed dosing [199].

 Dosing and Drug Interactions
The dose of peg-interferon-alfa-2a for the treatment of HCV 
in adults is 180 μg subcutaneously once weekly in combina-
tion with ribavirin, while the dose for peg-interferon-alfa-
2b is 1.5 μg/kg subcutaneously once weekly in combination 
with ribavirin (Table 55.8). The use of interferon-alfa with 
aldesleukin can cause increased myocardial and renal toxic-
ity (Table  55.4). Interferon-alfa is an inhibitor of CYP450 
1A2; therefore, the concentrations of theophylline and zid-
ovudine will increase due to reduced hepatic metabolism, 
when used concurrently with interferon-alfa (Table 55.3).

 Summary

Intense research has led to introduction of a number of new 
agents available to treat infections caused by major viral 
pathogens among the highly susceptible patients undergo-

ing hematopoietic stem cell and solid organ transplantation. 
Clinicians caring for such patients face ongoing challenge in 
selection of the best drug therapy of various viral illness. The 
understanding and application of pharmacokinetics and phar-
macodynamics principles may improve selection of appropri-
ate agent or regimens, dose optimization, minimization for 
potential drug-drug interaction, and avoidance of drug toxic-
ity when possible in the vulnerable transplant population.
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 Introduction

The increasing availability and success of solid organ trans-
plant (SOT) programs are an unequivocal success story for 
contemporary medicine and for the thousands of patients 
who receive SOT.  A large part of that success is due to 
potent immunosuppressive drugs that prevent the body 
from rejecting transplanted organs. The highly desirable 
effect of immunosuppression is unfortunately accompanied 
by the predictable and inevitable risk of infection as a con-
sequence of immunosuppression. Tuberculosis (TB) and 
nontbuerculous mycobacteria (NTM) are two important 
infections that can occur in this setting. Tuberculosis is an 
especially important concern because of its public health 
implications. Additionally, because of the increasingly 
international background of SOT participants, donors, and 
recipients, the risk of drug-resistant TB is also increasingly 
apparent. In this chapter we will discuss the mechanisms of 
mycobacterial drug resistance, the epidemiology of drug-
resistant mycobacteria, the clinical presentation of myco-
bacterial disease in SOT recipients, the treatment options 
for drug-resistant mycobacterial pathogens, and the strate-
gies for avoiding drug-resistant mycobacterial infection. 
Because of the overarching public health importance of TB 
as well as the greater risk for TB in SOT versus NTM infec-
tion, the emphasis of this chapter will be on TB.

 Mechanisms of Mycobacterial Drug 
Resistance

Resistance to antituberculous drugs occurs during selective 
multiplication of drug-resistant mycobacteria which sponta-
neously emerge in any population of M. tuberculosis. These 
resistant mutants are able to proliferate and replace the wild- 
type strains most frequently when there are a suboptimal 
number of effective companion medications. For instance, 
organisms with spontaneous mutations in the rpoβ gene con-
ferring rifamycin resistance can flourish if rifampin is used 
as monotherapy with elimination of the rifamycin suscepti-
ble organisms. This phenomenon is the basis for the well- 
known admonishment that TB patients should never be 
treated with a single antituberculosis drug or with inadequate 
companion drugs to protect against the emergence of drug- 
resistant organisms. Molecular epidemiology indicates that 
multidrug-resistant TB (MDR-TB) strains arise by sequen-
tial accumulation of resistance mutations for individual 
drugs as a consequence of inadequate or inappropriate TB 
medication regimens [1]. In that context, it is noteworthy that 
clinically apparent drug-resistant TB did not exist until anti-
tuberculosis drugs were introduced with subsequent selec-
tion of the naturally occurring resistant strains. Resistance is 
not linked between classes of antituberculous drugs. Drug 
resistance which develops during or after a course of treat-
ment has been called “acquired drug resistance” (the name 
that will be used in this chapter) but is also now referred to as 
“resistance among previously treated cases” by the World 
Health Organization (WHO) [2]. Similarly, drug resistance 
which develops when there is no history of TB treatment has 
been labeled as “primary drug resistance” but is now also 
called “resistance among new cases” [2]. For Mycobacterium 
tuberculosis isolates, there is generally good and predictable 
correlation between in vitro susceptibility results and in vivo 
response to the antimycobacterial agents. There are potent 
bactericidal agents for treating TB so that drugs can be tested 
individually in patients over short time periods, not long 
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enough to result in acquired mutational resistance, which 
allows reasonable assurance that in vitro findings will trans-
late into in vivo results.

Multidrug-resistant TB (MDR-TB), caused by strains 
resistant to at least isoniazid and rifampin [2], is difficult to 
treat effectively and requires medications that are expensive, 
toxic, and less effective than first-line antituberculosis ther-
apy [2]. Extensively drug-resistant TB (XDR-TB) is defined 
as TB resistant to isoniazid, rifampin, second-line injectable 
drug (kanamycin, amikacin, or capreomycin), and any fluo-
roquinolone [2]. MDR- and XDR-TB strains are resistant to 
the most potent antituberculous medications that are predict-
ably associated with successful outcomes.

The origins of drug resistance for NTM are more compli-
cated and include both innate and acquired drug resistance 
mechanisms. For Mycobacterium avium complex (MAC), 
the only antibiotics that show a correlation between in vitro 
MIC and in vivo response are clarithromycin, azithromycin, 
and amikacin [3, 4]. This observed concordance between 
in vitro susceptibility and in vivo response has a genetic cor-
relate with the development of 23S rRNA gene mutations for 
macrolide resistance and 16S rRNA gene mutations for ami-
kacin resistance [3, 4]. In this regard, MAC behaves like TB 
so that acquired mutational resistance to macrolides and to 
amikacin can occur if these drugs are used improperly [4, 5]. 
This correlation has not been established for any other agents 
used for treating MAC which means that the in vitro MICs 
for drugs like ethambutol, the rifamycins, and the fluoroqui-
nolones do not help guide therapeutic choices [3]. For 
instance, ethambutol appears to be a critically important 
agent for protecting against the emergence of acquired muta-
tional macrolide resistance regardless of the in vitro MIC, 
while there is no apparent role for fluoroquinolones in the 
therapy of MAC regardless of the MIC [5]. It is assumed that 
innate resistance factors, independent of the MIC of the drug 
for that organism, govern the response of MAC to these anti-
biotics [6].

For M. abscessus subsp. abscessus, it is even more com-
plicated. Mycobacterium abscessus subsp. abscessus has an 
active inducible macrolide resistance gene or erm gene [7]. 
Because of the erm gene, these isolates may appear macro-
lide susceptible with low macrolide MICs on initial in vitro 
testing, but with macrolide exposure, the MICs increase to 
resistant levels. This is perhaps the best described type of 
innate mycobacterial drug resistance. Innate resistance likely 
accounts for the majority of in vivo drug resistance seen with 
many NTM.  The erm gene is probably just the tip of the 
NTM drug resistance iceberg. To add a further complicating 
factor, some M. abscessus isolates have an erm gene muta-
tion that inactivates the erm gene rendering the isolate mac-
rolide susceptible [8]. In this circumstance, if a macrolide is 
used inappropriately, the isolates can still develop acquired 
mutational macrolide resistance (23S rRNA gene).

Preventing the emergence of drug-resistant TB and NTM 
isolates is paramount and requires familiarity with the indi-
vidual mycobacterial organisms and their sometimes unpre-
dictable behavior. It remains critically important to have 
adequate laboratory services in transplant recipients for ade-
quate drug susceptibility testing and to identify molecular 
mechanisms of resistance.

 Tuberculosis

Solid organ transplant recipients are at a 36- to 74-fold higher 
risk of developing TB risk of developing infection with 
Mycobacterium tuberculosis compared with the general pop-
ulation [9–16]. Infection may come from the transplant 
donor and recipient or be community acquired. Posttransplant 
TB has been reported to be more common in lung recipients 
than in liver transplant patients although the variation may 
depend on the local incidence of infection rather than the 
organ transplanted [17, 18]. The incidence of posttransplant 
TB varies greatly depending on the local prevalence of TB 
infection ranging from 1% in Germany to 13.7% in India 
[12, 13]. Studies in the United States and Europe suggest that 
0.35–6.6% of SOT recipients develop TB and 4% of those 
cases are donor derived [13]. Most patients develop TB 
infection in the first year post transplantation, but a bimodal 
distribution has also been observed, with the incidence of TB 
at a peak 2 years after SOT [12].

While the majority of SOT patients develop pulmonary 
TB, the risk of disseminated infection and death due to TB is 
higher in transplant recipients than in the general population 
[12–16]. The high incidence of disseminated infections is up 
to tenfold greater than in immunocompetent TB patients 
[12–14]. Tuberculosis mortality in SOT recipients is variable 
but ranges from 9.5 to 17% [12–16]. Because of the nonspe-
cific clinical manifestations of extrapulmonary and dissemi-
nated MAC which is also associated with a lack of clearly 
diagnostic symptoms, the diagnosis may be problematic and 
elusive [12–14]. The delayed diagnosis results in a delayed 
therapeutic intervention with attendant excess morbidity and 
mortality.

The majority of posttransplant TB cases occur secondary 
to reactivation in recipients with unrecognized or untreated 
latent TB infection (LTBI) although transmission of TB 
through the allograft can also occur [12–16]. One study 
reported that 20–25% of all TB diagnosed post transplanta-
tion was in people who had positive TST before transplanta-
tion [15]. Donor-derived TB is often unrecognized especially 
in areas of low TB prevalence contributing to significant 
morbidity and mortality [12–14]. Global travel and immi-
gration have resulted in an increasingly diverse transplant 
donor population in lower-incidence countries, while organ 
transplantation has increased in some of the higher-inci-
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dence regions, both factors affecting the overall incidence of 
donor- derived TB and the risk for drug-resistant TB.  The 
United States is among the nations with the lowest rates of 
TB, approximately 3 cases per 100,000 population, with the 
majority of cases occurring in individuals born outside the 
United States [19]. Thus in the United States, it is more 
likely that donor-derived TB may be associated with a donor 
who is foreign born or has lived for significant period of 
time in TB-endemic countries. In several of the reported 
SOT, TB transmission events, the donor was born in an area 
of high TB endemicity; in most cases the transmitted TB 
could be typed to a strain from the area where the donor was 
born [17, 18].

 Epidemiology

Because of the increasing impact of international patients 
on SOT as well as TB epidemiology in the United States, 
it is absolutely essential to understand global TB trends in 
general and global trends for drug-resistant TB in particular. 
Global TB rates declined at the slow pace of 1.5% from 2014 
to 2015. Based on a limited number of countries reporting 
longitudinal TB drug resistance data, the WHO concludes 
that during that time period, there was a slight trend for an 
increase in MDR-TB cases as a proportion of all TB cases 
in the reporting countries [2]. The estimates for the num-
ber of incident rifampin-resistant (RR-TB), MDR-TB and 
XDR-TB, cases increased to a combined total of 580,000 
[2]. The inclusion of rifampin-resistant cases is the result of 
increasing the use of GeneXpert technology in the develop-
ing world which identifies TB isolates with rpoβ mutations 
and is frequently an indication of MDR-TB isolates [2].

The prognosis for MDR-TB and XDR-TB worldwide is 
very poor. In 2015 a total of 125,000 (20%) of the estimated 
580,000 patients with MDR-/RR-TB were enrolled in treat-
ment [2]. The treatment success rate in the 2013 cohort 
(cured or completed therapy) was only 52%. Patients with 
XDR-TB who started on treatment in 2013 had successful 
completion of therapy (28%), death (27%), and treatment 
failure (21%) or were lost to follow-up (23%) [2].

Overall, the percentage of MDR-TB cases in the United 
States decreased slightly from 1.4% (96 cases) in 2013 to 
1.3% (91 cases) in 2014 [19]. Of the total number of reported 
MDR-TB cases, the proportion occurring among foreign- 
born persons increased from 31% (149 of 484) in 1993 to 
88% (80 of 91) in 2014 [19]. There were no reported cases of 
XDR-TB in 2014 [19].

Knowing the country of origin for SOT donors and recipi-
ents is an essential information for determining the risk of 
drug-resistant TB. Of the estimated 580,000 cases of MDR-/
RR-TB that emerged in 2015, over 45% were in India 
(130,000), the People’s Republic of China (70,000), and the 

Russian Federation (60,000) [2]. Other countries with large 
numbers of cases include Indonesia (32,000), Nigeria 
(29,000), Pakistan (26,000), Ukraine (20,000), and South 
Africa (20,000) [2]. The top 30 countries with the highest 
number of TB cases accounted for nearly 90% of MDR-/
RR-TB [2]. These countries are primarily in sub-Saharan 
Africa, Southeast Asia, and Eastern Europe. The estimated 
percentage of new MDR-/RR-TB cases for the 30 high- 
burden countries was 4.3% for new cases and 22% for previ-
ously treated cases [2].

 Diagnosis of LTBI and Active TB

All potential transplant donors and recipients should be 
screened for LTBI and active TB. The sometimes precipitous 
nature of organ availability precludes rigorous evaluation of 
some donors, but an effort must be made to assess the risk of 
LTBI or active TB despite often rapidly evolving circum-
stances as with deceased donors. When there is adequate 
time, a deliberate and thorough evaluation should be under-
taken. While current screening and diagnostic modalities 
were designed primarily to identify cases of LTBI, it is, of 
course, essential that screening protocols identify donors 
with unrecognized active TB, to facilitate diagnosis and 
management of TB and improve transplantation outcome.

The current method for donor screening for both latent 
and active TB includes history and symptom assessment 
(prior TB exposures, history of active TB, travel or residence 
in endemic regions, history of pneumonia, fever, weight loss, 
and past tuberculin skin test results), physical examination 
(cachexia or lymphadenopathy), cultures, and thoracic imag-
ing. For living donors, the tuberculin skin test (TST) or 
interferon- gamma release assay (IGRA) screening should 
also be used. Cultures may be helpful when active TB is sus-
pected although cultures can take up to 6 weeks before turn-
ing positive and thus may occur post transplantation. Nucleic 
acid amplification tests (NAAT) will identify Mycobacterium 
tuberculosis in clinical specimens with active infection and 
should be obtained routinely from sputum of pulmonary TB 
suspects.

The major risk factors for likelihood of TB infection in 
the United States are recent TB exposure and prior residence 
in a country with high TB endemicity. Once infected, patients 
undergoing immunosuppression following SOT are at very 
high risk for progression from LTBI to active TB. It is also 
clear that treatment of LTBI among high-risk groups reduces 
the risk of progression from LTBI to active tuberculosis [19].

The currently FDA-approved screening methods for LTBI 
in the United States include the tuberculin skin test (TST) 
and the IGRA and QuantiFERON-TB gold in-tube (QFT- 
GIT) assay and T-SPOT.TB test (T-SPOT). None of these 
tests are definitive for diagnosing LTBI, and none of these 
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tests differentiate active from latent TB. As many as 10–25% 
of people with active TB do not react to TST with 5 mm or 
greater of induration, and patients with disseminated TB 
have a false-negative test rate of approximately 50% [20].

IGRAs are primarily a reflection of CD4 T-cell immune 
response to mycobacterial antigens manifested by the 
clonal expansion of antigens specific T cells. Effector 
memory T cells respond to subsequent antigen expo-
sure which is characterized by the release of cytokines, 
including interferon gamma, and further cellular expan-
sion. IGRA reflect the presence of these antigen-specific 
memory T cells. Currently there are two commercially 
available IGRA platforms that measure interferon-gamma 
release in response to M. tuberculosis- specific antigens. 
The QuantiFERON-TB gold in-tube (QFT-GIT) assay and 
T-spot. TB test (T-spot). The QFT measures interferon-
gamma plasma concentration using an enzyme-linked 
immunoabsorbant assay (ELISA), while the T-spot assay 
enumerates T cells releasing interferon gamma using an 
enzyme-linked immunospot assay.

The IGRAs offer advantages over the TST for several rea-
sons. Importantly, they require only one patient encounter to 
perform the test. The IGRAs also eliminate the need for tech-
nical skill required for TST placement and the subjectivity 
associated with manual reading of the TST. A main strength 
of the IGRAs is that they are not influenced by BCG vaccina-
tion and therefore have increased specificity compared with 
a TST in BCG-vaccinated patients due to the use of highly 
specific antigens that were derived from Mycobacterium 
tuberculosis which are absent in all strains of BCG and most 
NTM [20]. Thus a specific T-cell response toward those anti-
gens is a more specific marker for true M. tuberculosis infec-
tion and then a TST response toward purified protein 
derivative (PPD). In people from TB-endemic areas where 
BCG vaccination is common, IGRAs have clear advantages 
over TST because of increased specificity of the results. This 
is an especially important performance characteristic of the 
IGRAs in the United States with the preponderance of TB 
including resistant TB, occurring in BCG-vaccinated patients 
born out outside of the United States. Problems associated 
with the IGRAs include indeterminate/invalid IGRA 
responses, poor reproducibility of IGRA results (especially 
in low-risk populations), and frequent discordance between 
the IGRAs and the TST [20].

Studies have compared the TST and IGRAs in immuno-
compromised patients [20–27]. Both diagnostic tests have 
diminished sensitivity in this setting, but data suggest that 
IGRAs are at least as sensitive as TST in the setting of HIV 
infection [26, 27]. Studies have been done comparing 
IGRAs with TST in populations that are heterogeneous with 
respect to the type of underlying immunocompromised [20–
27]. These studies demonstrate significant discordance 
between TST an IGRA results. Overall it does not appear 

that there are sufficient data to recommend a preference for 
either a TST or an IGRA as the first-line diagnostic test in 
individuals likely to be infected with TB or have a high risk 
of progression to TB disease, such as organ transplant 
patients receiving immunosuppressive drugs to prevent 
allograft rejection [20]. The exception is for patients who 
have had BCG vaccination where the IGRA is clearly pre-
ferred to the TST. Both TST and IGRAs are less sensitive in 
the diagnosis of new TB exposure after solid organ 
transplant.

While TST is not feasible in deceased donor site due to 
the delay in development of a reaction, IGRA testing in 
deceased donors is possible [12]. In a deceased donor, it is 
important to assess whether antigen-presenting cells and T 
cells are functional enough to produce an appropriate 
immune response. Therefore, an advantage of IGRAs in the 
deceased donor setting is that specific stimulation reactions 
are accompanied both by a negative control that allows 
assessment of nonspecific background reactivity and also by 
a mitogen stimulus that is used as a positive control to assess 
general T-cell responsiveness. This may allow for interpre-
table results. Unfortunately, there are no data on the clinical 
utility or test performance of IGRAs in the deceased donor 
population. It is also unknown whether brain death may 
impact the performance of the assays.

Another issue about testing for LTBI in the deceased 
donor population is that the donor may be from a potentially 
low-risk population. Positive tests in a low-risk population 
may represent a false-positive result rather than a true latent 
TB infection [20]. Donors with an indeterminate or positive 
IGRA should not be excluded from donation although they 
should be carefully screened for active disease. In these cases 
it may be advantageous to procure tissue and blood for addi-
tional testing.

The epidemiologic history is more reliable compared 
with currently available tests for living donors who are gen-
erally healthy but may be from an area of high TB prevalence 
or have received BCG vaccine. Either IGRA or TST is rou-
tinely recommended to screen for LTBI in living donors with 
the exception of BCG-vaccinated individuals who should be 
tested with an IGRA.  For living kidney and liver donors, 
transplant can often be delayed until a full evaluation of pos-
sible latent or active TB is performed. Although there are no 
formal studies of TST or IGRAs in the living donor popula-
tion, test characteristics in living donors should be similar to 
those of healthy adults.

There is no specific guidance for patients with a severe 
immunocompromised state such as those who have under-
gone SOT who undergo both TST and IGRA. Some experts 
recommend that if either test is positive, then treatment for 
presumed LTBI would be appropriate regardless of the BCG 
status of the patient if the patient is from a country highly 
endemic for TB.
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 Treatment of LTBI

It is absolutely essential to exclude the presence of active TB 
disease in any patient with a positive TST or IGRA, either 
donor or recipient. The initiation of LTBI therapy in a patient 
with active disease would likely result in the development of 
drug-resistant TB.

There are several approved and effective treatment regi-
mens for LTBI.  The treatment regimen supported by the 
most experience and evidence of efficacy is INH monother-
apy administered for at least 9 months [28]. Isoniazid LTBI 
therapy is effective for preventing active TB in both pre- and 
post-renal transplant recipients even in TB-endemic areas 
[29]. Isoniazid is also effective for preventing reactivation 
TB in liver transplant patients [30]. The problems with this 
regimen include the long duration of treatment and the risk 
for hepatic toxicity [28]. For patients who are awaiting 
transplant, there may not be adequate time to complete 
9 months of INH therapy prior to the transplant. A recent 
meta- analysis of INH in renal transplant patients reported 
that the risk of developing liver dysfunction among those 
who received TB prophylaxis was 59% higher than those 
who received no chemoprophylaxis [29]. However, most 
reported instances of liver dysfunction were mild and revers-
ible and did not warrant discontinuation of treatment. Liver 
transplant recipients present a high risk of hepatotoxicity 
with INH therapy including the need for emergency trans-
plantation [31]. Other investigators have not reported 
increased hepatotoxicity associated with INH in the liver 
transplant population [32–35]. Clinicians may still be reluc-
tant to use this approach for patients with impending hepatic 
failure who are waiting for liver transplantation or for 
patients who have recently received a liver transplant. The 
advantage of this regimen is the relatively low risk for sig-
nificant drug-drug interactions with immunosuppressive 
agents to prevent allograft rejection compared to rifamy-

cins. Specifically the interaction between INH with calci-
neurin inhibitors is limited [36] (see Table 56.1).

The second regimen involves rifampin monotherapy for 
4 months [20]. The major problem with this regimen is the 
drug-drug interactions that are encountered with multiple 
immunosuppressive agents because of the stimulation by 
rifampin of hepatic cytochrome P450 enzymes (CYP3A4) 
that increase metabolism of the antirejection drugs [36]. 
When rifamycins are used, levels of immunosuppressive 
drugs should be closely monitored, and the dose of calcineu-
rin inhibitors, mTOR, and corticosteroids should be 
increased. The advantages of rifampin in this setting are 
shorter duration of therapy and decreased risk of hepatic tox-
icity than with INH although the risk of hepatotoxicity is not 
completely avoided. The 5-month difference in regimen 
duration may allow some patients awaiting transplantation to 
complete LTBI therapy before transplantation. The use of 
rifamycins in the treatment of active TB is discussed below.

The challenges and benefits of LTBI therapy in SOT 
patients was recently reported in a study of 189 SOT patients 
with LTBI who were initially prescribed isoniazid (73%), 
rifampin (12.7%), or another regimen (14.3%) [37]. Adequate 
LTBI therapy occurred in 122 (64.5%). Patients who were 
liver transplant candidates or recipients were less likely to 
complete therapy than nonliver transplant patients as were 
patients treated in the posttransplant phase. Liver enzyme 
elevation led to discontinuation of therapy more often in liver 
transplant candidates and recipients and posttransplant treat-
ment. After a mean follow-up of 4.9 year/patient, there were 
no cases of active TB.

A third and more recent approach involves 12 weekly 
doses of INH and rifapentine [38–40] given by directly 
observed therapy. The major problems with this approach are 
the potential for hepatic toxicity with isoniazid and the poten-
tial for drug-drug interactions with rifapentine, although the 
stimulation of hepatic cytochrome P450 enzymes with rifa-

Table 56.1 Mycobacterial disease and transplant drug-drug interactions

Drug and mechanism
Cyclosporin drug levels 
available Mycophenolate

Sirolimus drug 
levels available

Tacrolimus drug levels 
available Prednisone

Rifampin
Cytochrome P450 
inducer
RIF > RPT > RBT

↑ Drug clearance
↓ Serum drug levels

↑ Drug clearance
↓  Serum drug 

levels

↑ Drug clearance
↓  Serum drug 

levels

↑ Drug clearance
↓ Serum drug levels

↑  Drug 
clearance

↓  Serum drug 
levels

Isoniazid
Cytochrome P450 
inhibitor

↓ Drug clearance
↑ Serum drug levels

↓ Drug clearance
↑  Serum drug 

levels

↓ Drug clearance
↑ Serum drug levels

Clarithromycin
Cytochrome P450 
inhibitor

↓ Drug clearance
↑ Serum drug levels

↓ Drug clearance
↑  Serum drug 

levels

↓ Drug clearance
↑ Serum drug levels

Ethambutol NSa NSa NSa NSa NSa

Aminoglycosides Possible additive or synergistic 
risk of renal impairment

Possible additive or 
synergistic risk of renal 
impairment

aNS no significant interaction
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pentine may be somewhat less than with rifampin. This regi-
men has been shown to be associated with fewer instances 
of hepatic toxicity than INH alone in both HIV seropositive 
and seronegative populations [38–40]. A major advantage of 
this approach is the relatively rapid completion of therapy 
for LTBI (3 months vs. 4 months for rifampin and 9 months 
for INH) and a demonstrably improved completion rate 
compared with INH. Because of the short duration and asso-
ciation with improved treatment completion, this regimen 
appears to be superior to the alternative regimens.

As discussed in detail in the section on multidrug- resistant 
TB (MDR-TB), fluoroquinolone monotherapy is another 
choice [41]. An advantage of this approach is the relative 
safety of fluoroquinolones from a hepatic perspective. The 
major drawback to this regimen is the lack of conclusive data 
demonstrating its efficacy in the setting of either drug- 
susceptible or drug-resistant TB. In patients exposed to drug- 

resistant TB isolates, there is also the risk of developing 
fluoroquinolone resistance if there is occult active disease, 
which could transform a patient with MDR-TB into one with 
XDR-TB.

From the risk/benefit perspective related to TB, any 
patient with LTBI should receive therapy. Each patient must 
be assessed individually so that the best and most appropri-
ate LTBI regimen can be chosen.

A major concern for treating LTBI and active TB is the 
drug-drug interactions that may occur between the antimy-
cobacterial medications, especially the rifamycins, and the 
immunosuppressive antirejection agents. The following dis-
cussion about these interactions is pertinent to both LTBI 
and active TB therapy.

Significant drug-drug interactions can occur with antimy-
cobacterial medications and most immunosuppressive agents 
used to deter allograft rejection (Table 56.2). The rifamycins 

Table 56.2 Recommended treatment regimens for TB and NTM

Organism and 
resistance Recommended regimen Extent/duration of therapy
No first-line 
drug resistance

RIF 10 mg/kg daily
INH 5 mg/kg daily
PZA 20–25 mg/kg daily initial 2 months)

6–9 months

INH resistance RIF 10 mg/kg daily
EMB 15 mg/kg daily
PZA, 20–25 mg/kg daily

Rifampin + at least two other drugs, 6–9 months
Extensive
Add LEVO 1000–1500 mg daily or
Amikacin or capreomycin 15 mg/kg 5×/week

RIF
Resistance

EMB 15 mg/kg daily
PZA, 20–25 mg/kg daily
LEVO, 750–1000 mg dailyb

Amikacin or capreomycin 15 mg/kg 5×/week

Amikacin or capreomycin, 5×/week until culture conversion and then 
3×/week for at least 6 months
Oral drugs for 18 months
Extensive
Amikacin or capreomycin, 5×/week for 6 months and then 3×/week 
for 6–12 months
Oral drugs for 18–24 months

MDR-TB
INH
RIF
Rifabutin

Amikacin or capreomycin 15 mg/kg 5×/week
LEVO, 750–1000 mg dailyb

PZA, 20–25 mg/kg daily
EMB, 15 mg/kg daily
Ethionamide, 500–750 mg daily
B6, 100 mg daily

Primary or limited
Amikacin or capreomycin, 5×/week for 4–6 months and then 3×/week 
for 6–12 months
Oral drugs for 18–24 months
Extensive
Amikacin or capreomycin, 5×/week for 4–6 months and then 3×/week 
until culture negative for 12 months
Oral drugs for 24 months
PAS or cycloserine may be added

XDR-TB
INH
RIF
Rifabutin
Kanamycin and/
or amikacin 
and/or 
capreomycin
Ofloxacin
±Others

Use any new fluoroquinolone that is sensitive
Use any injectable that may be active
Any first-line drug available
Linezolid, 600 mg daily
Ethionamide if available
PAS, 6–8 g daily
Cycloserine, 500–750 mg daily
Other third-line drugs if needed to have at least five 
drugs availableb

Primary or limited
Amikacin (capreomycin or kanamycin), if available, 5×/week for 
6 months and then 3×/week until culture negative for 12 months
Include linezolid for entire 24 months
Oral drugs, at least four or five, for 24 months
Extensive
Amikacin (capreomycin or kanamycin), if available, 5×/week for 
6 months and then 3×/week until culture negative for 12 months
Include linezolid for entire 24 months
Oral drugs, at least four or five, for 24 months

MACc

Macrolide 
susceptible

Azithromycin 250 mg/day or clarithromycin 500 mg 
BID
EMB 15 mg/kg daily
RIF 10 mg/kg daily

Extensive, cavitary, or severe
Amikacin, 5×/week for 6 months and then 3×/week until culture 
negative for 12 months
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are the major concern, but isoniazid also has the potential to 
alter the pharmacokinetics of several agents as well. The 
interactions between the antituberculosis drugs and the anti-
rejection immunosuppressive drugs is mediated primarily 
through the hepatic cytochrome P450 enzyme system 
(CYP3A4) with either stimulation (rifamycins) or inhibition 
(isoniazid) of the hepatic enzymes resulting in either 
decreased or increased serum drug levels, respectively. 
Among the rifamycins, rifampin is the most potent cyto-
chrome P450 enzyme stimulant followed by rifapentine and 
then rifabutin. It is important to remember that the rifamy-
cins, especially rifampin, are the best and most effective 
drugs for treating TB disease. If a rifamycin is not included 
in a TB treatment regimen, the shortest duration of therapy 
becomes 12  months with likely exposure to more hepato-
toxic drugs such as INH.  Maintaining rifamycins in a TB 
treatment regimen is a very high priority, and abandoning 
rifamycins in a post SOT patient should only be done as a 
last resort. The rifamycins are generally less important for 
the treatment of NTM pathogens, with the exception of M. 
kansasii. Mycophenolate levels are significantly reduced in 
the presence of rifampin [36]. Isoniazid does not apparently 
have a significant effect on mycophenolate metabolism. 
Cyclosporin is metabolized by hepatic cytochrome P450 
enzymes, and stimulation of these enzymes by rifampin sig-
nificantly increases metabolism and clearance of cyclosporin 
with subsequent decrease in cyclosporin serum concentra-
tions. Inhibition of the cytochrome P450 enzymes by INH 
diminishes metabolism and clearance of cyclosporin with 
subsequent increase in serum cyclosporin concentrations and 
the potential for cyclosporin toxicity. Similarly clarithromy-
cin can increase serum cyclosporin concentrations. The rifa-
mycins also increase the metabolism of tacrolimus and 
sirolimus through stimulation of cytochrome P450 enzymes. 
The effect of INH is not as clear as with cyclosporin. 
Clarithromycin also decreases the metabolism and clearance 

of the drugs and increases the serum concentration with the 
potential for nephrotoxicity. The rifamycins also increase 
prednisone metabolism but do not have a significant effect 
on Imuran metabolism. Serum levels are available for myco-
phenolate, cyclosporin, tacrolimus, and sirolimus which may 
be helpful for guiding therapy with concomitant use of a 
rifamycin.

 Diagnosis of Active TB

Although primary pulmonary TB can be a presenting illness 
in the recipient, fever of unknown origin, sepsis, and organ 
dysfunction are more typical of transmission from non- 
pulmonary organs or in a donor site with disseminated dis-
ease at the time of donation. About one third to one half of all 
active TB cases after transplantation are disseminated or 
occur at extrapulmonary sites, compared to about 15% of 
cases in immunocompetent persons [12–14]. Any SOT 
patient with unexplained pulmonary densities should be sus-
pected of having active TB.  Any SOT patient with unex-
plained fever or evidence of multi-organ involvement should 
be suspected of having active TB. False-negative TST and 
IGRA results may occur with miliary or disseminated dis-
ease [19, 42]. Therefore, neither IGRA nor TST should be 
relied upon to exclude active TB disease.

Clinicians should be aware of the risk of donor-derived 
reactivation and an occult infection and when clinically indi-
cated test for disease in the allograft and elsewhere, using 
cultures, NAAT, radiology, pathology, and clinical acumen, 
maintaining a low threshold to diagnose this disease clini-
cally. In several transmission events, appropriate cultures for 
TB were collected but became positively well after the trans-
plants had occurred [12].

Early recognition of risk factors for drug resistance is impor-
tant. Drug resistance should be suspected in those who were 

Table 56.2 (continued)

Organism and 
resistance Recommended regimen Extent/duration of therapy
MAC
Macrolide 
resistant

EMB 15 mg/kg daily
RBT 150–300 mg daily
Amikacin, 5×/week for 6 months and then 3×/week 
until culture negative for 12 months

Extensive or severe disease, consider:
Clofazimine 100 mg daily
Linezolid 300–600 mg/daily
Bedaquiline

M. abscessus 
subsp. 
abscessus

Amikacin, 5×/week for 6 months and then 3×/week 
until culture negative for 12 months
Tigecycline 25–50 mg daily
Cefoxitin 3–4 mg twice daily
Imipenem 500–1000 mg twice daily
Clofazimine 100 mg daily

aTreatment should always be in consultation with an expert in management of MDR-TB, XDR-TB, macrolide-resistant MAC, or M. abscessus 
subsp. abscessus. Extensive disease consists of extensive infiltrates, cavities, or pulmonary destruction
bWe usually prefer LEVO (with a dosage of at least 750 mg daily), but patients with decreased renal failure or those with possible resistance to 
LEVO should receive moxifloxacin (see text)
cMycobacterium avium complex
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born or lived in countries with a high rate of drug resistance, 
were exposed to a person with drug resistance, or have a history 
of prior TB treatment, TB treatment failure, or if treatment was 
not directly observed, the regimen was inadequate, medication 
supply was inconsistent, or there was poor adherence.

For any AFB smear- or culture-positive specimen from an 
SOT donor or recipient, a GeneXpert® analysis should be 
requested. The GeneXpert utilizes both an NAAT for determin-
ing the presence of M. tuberculosis and is a screening test for 
rifampin resistance by evaluating the presence of rpoβ muta-
tions that confer rifampin resistance [20, 43]. Pretest prepara-
tion of samples with this technology is minimal, and the results 
are available within hours. The sensitivity and specificity of the 
GeneXpert for detecting rifampin-resistant M. tuberculosis iso-
lates from AFB smear- positive respiratory specimens are >95% 
[20, 43]. As previously noted, the presence of rifampin resis-
tance is strongly associated with MDR-TB especially in high-
incidence countries. In the setting of SOT, a positive smear or 
culture specimen must be evaluated by GeneXpert to screen for 
rifampin resistance. Standard in vitro susceptibility testing is 
also always mandatory because both false-positive and false- 
negative results can occur with GeneXpert, although rare. In 
most instances of discordant GeneXpert and phenotypic drug 
susceptibility results, the GeneXpert result is most predictive of 
treatment response [20].

If a specimen appears rifampin resistant by GeneXpert, it 
should be referred to the Centers for Disease Control and 
Prevention (CDC) for molecular detection of drug resistance 
(MDDR) which analyzes mutations that are associated with 
resistance to other antimycobacterial agents [44]. For drugs 
other than rifampin, MDDR is approximately 80–85% sensi-
tive depending on the drug in question [45]. Results are typi-
cally available within 48 h after receipt of the specimen by 
the CDC.  Standard phenotypic in  vitro drug susceptibility 
testing is always necessary for confirmation of results, again 
because of the potential for false-positive or false-negative 
MDDR results.

The two major concerns for treating active mycobacterial 
disease after transplantation are the immunosuppression nec-
essary to avoid allograft rejection which may hinder effec-
tive treatment response and the drug-drug interactions that 
may occur between the antimycobacterial medications, espe-
cially the rifamycins, and the immunosuppressive agents. 
The first concern is a strong argument for inclusion of rifa-
mycins in the treatment regimen of SOT TB patients. The 
use of rifampin with multiple antirejection medications can 
increase the risk of acute rejection [46, 47]. Conversely, a 
study evaluating the impact of rifampin-based anti-TB regi-
mens found that neither rejection rate nor mortality after TB 
differed between those treated with and without rifampin 
[48]. Another study also demonstrated similar graft rejection 
and mortality between rifampin-containing and levofloxacin- 
containing groups [49]. Additionally few rejections were 

reported in SOT recipients with TB treated with rifampin 
[50, 51]. Given the importance of rifampin in the treatment 
of TB, some experts prefer the use of rifampin for SOT with 
TB with at least twofold to fivefold increase of doses of cal-
cineurin inhibitors and close monitoring of their serum levels 
[52, 53].

Examples of TB treatment regimens based on in  vitro 
drug susceptibility results are given in Table  56.1. The 
importance of rapid identification of drug-resistant M. tuber-
culosis disease cannot be overstated. Because of the risks of 
treatment failure posed by the extreme immunosuppression 
following SOT, the risks for allograft rejection posed by 
drug-drug interactions between immunosuppressive drugs 
(Table 56.2), and the risks for drug toxicity posed by the anti-
mycobacterial drugs and TB drug, especially second-line TB 
drug, empiric TB therapy is extremely difficult and fraught 
with potential pitfalls.

Treatment for MDR-TB should be guided by an expert in 
the management of MDR-TB and should preferably begin 
with six but not fewer than four new drugs with proven sus-
ceptibility, two of which should be bactericidal [2, 54]. A 
standard approach is to (a) use any first-line drugs to which 
the isolate remains susceptible; (b) add a second-line inject-
able drug (SLID) such as streptomycin, kanamycin, amika-
cin, and capreomycin unless the patient has specific 
contraindications to the use of these drugs such as over age 
60, baseline chronic kidney disease, baseline hearing loss, 
young children, or persons with decreased body mass (an 
SLID is recommended for 8  months of treatment, unless 
contraindicated; this period defines the intensive phase); (c) 
add a fluoroquinolone (high-dose levofloxacin or moxifloxa-
cin); and (d) choose additional remaining drugs to bring the 
number of drugs in the regimen to at least five, preferably 
six, if all susceptibility tests are not yet available. Initial con-
sideration should be given to linezolid and high-dose 
PZA. The remaining drugs should be chosen from the weaker 
second-line oral agents such as ethionamide, cycloserine, 
clofazimine, and PAS. In interactions with transplant rejec-
tions, medications must be considered, adjusted, and moni-
tored through the treatment course. The recent WHO 
guidelines allow for extension of the intensive phase when 
treatment response has been slow, when there is extensive 
pulmonary or extrapulmonary TB disease, and when patients 
have failed prior treatment for MDR-TB [2]. At least three, 
preferably four, effective medications are recommended in 
the continuation phase of therapy. This phase is extended 
12 months past the initial phase for a total duration of ther-
apy of 20 months in most patients. However, in patients with 
extensive cavitary disease, longer therapy, i.e., at least 
12 months of the injectable after conversion of cultures to 
negative and 24–26 months of treatment with the oral regi-
men, is likely to be needed to decrease the incidence of 
relapse [2, 54].
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 Short Course MDR-TB Treatment Regimens

Standardized short-course treatment regimens, lasting 12 months 
or less, are a new treatment option recommended by the 2016 
WHO Guidelines for any patient with MDR-TB who has not 
previously been treated with second-line TB drugs for greater 
than 1 month and whose M. tuberculosis isolate is proven or 
thought likely to be susceptible to all medications in the regimen 
[2]. The isolate should be shown to be susceptible to at least the 
fluoroquinolones and SLID agents prior to starting the regimen.

The WHO short-course regimen is standardized and divided 
into two phases. The initial intensive phase is 4 months (which 
can be extended to 6 months if sputum conversion is slow) and 
includes high-dose gatifloxacin (or moxifloxacin), kanamycin, 
ethionamide (or prothionamide), clofazimine, high-dose INH, 
PZA, and ethambutol. This is followed by the 5-month-long 
continuation phase of treatment which includes high-dose gati-
floxacin (or moxifloxacin), clofazimine, PZA, and ethambutol. 
The applicability of this approach for SOT recipients is 
unknown and as with any MDR-TB treatment regimen should 
only be undertaken with consultation from experts.

Just as treatment for MDR-TB is largely based on expert 
opinion and observational studies, so is treatment for 
XDR-TB. Treatment is even more difficult, as there is less 
information available to guide providers. It is essential to 

have both first- and second-line drug susceptibility tests, 
including tests for all injectable agents, ethionamide, and a 
newer-generation fluoroquinolone in order to maximize the 
therapeutic regimen. Treatment should be guided by an 
expert in the management of MDR- and XDR-TB.

Treatment of XDR-TB is based on the same principles as is 
the treatment of MDR-TB [2]. The treatment regimen is built 
the same way. It is especially important to include any first-line 
drug to which the isolate remains susceptible. An injectable 
should always be used if any is identified as effective. Testing 
should be done against each SLID, kanamycin, amikacin, and 
capreomycin, as inclusion of an injectable to which the isolate 
is susceptible will improve treatment outcomes. If susceptibil-
ity to levofloxacin or moxifloxacin is determined, one of these 
should be used. Additional second- and third-line drugs should 
be added to bring the number of drugs in the regimen to at least 
six. Usually, treatment with both the injectable and the oral 
drug regimen should be longer and more aggressive than for 
MDR-TB, although definite guidelines do not exist [2].

Treatment regimens for MDR- and XDR-TB include 
drugs with significant toxicity [2, 54, 55]. Patients should be 
warned to expect some adverse effects but encouraged that 
once they complete treatment, most drug-related side effects 
and toxicities will resolve. Suggestions for monitoring TB 
medication toxicity are provided in Table 56.3.

Table 56.3 Commonly used antimycobacterial drugs: toxicity, side effects, and monitoring

Drug Side effects, toxicitya,b Drug monitoring
Rifampin, 
rifapentine

Orange staining of body fluids, GI discomfort, flu-like 
symptoms, hepatotoxicity, renal failure, hemolytic anemia, 
thrombocytopenia

Baseline and monthly liver enzymes, bilirubin, creatinine, CBC

Rifabutin Leukopenia, thrombocytopenia, skin discoloration, 
hepatotoxicity, arthralgias, anterior uveitis

Baseline and monthly liver enzymes and bilirubin, CBC
Drug interactions

Isoniazid (INH) Hepatitis, peripheral neuropathy, optic neuritis, arthralgias, 
drug-induced lupus

Clinical monitoring for hepatotoxicity is essential. Baseline and 
monthly liver enzymes and bilirubin

Ethambutol Retrobulbar neuritis, visual acuity and color vision loss, 
peripheral neuropathy

Baseline and monthly visual acuity and color vision checks

PZA Hepatotoxicity, arthralgias, photosensitivity, nausea, 
abdominal discomfort, gout

Baseline and monthly liver enzymes and bilirubin. Baseline 
uric acid then as dictated by symptoms

Amikacin, 
streptomycin

Nephrotoxicity, ototoxicity, vestibular toxicity, electrolyte 
imbalances (hypokalemia, hypocalcemia, 
hypomagnesemia)

Baseline and monthly creatinine, electrolytes, magnesium, 
calcium Baseline and monthly audiometry and vestibular exams

Levofloxacin, 
moxifloxacin

Nausea, headache, dizziness, insomnia, arthralgia, 
tendonitis, rarely tendon rupture, QTc prolongation

Symptomatic monitoring
No routine laboratory monitoring recommended

Linezolid Myelosuppression, diarrhea, nausea, optic and peripheral 
neuropathy

Symptomatic monitoring
Baseline and monthly CBC, visual acuity, and color vision 
testing

Clofazimine Discoloration of skin, nausea, photosensitivity, GI bleeding, 
and bowel obstruction

Symptomatic monitoring
No routine laboratory, monitoring recommended

Cefoxitin Abdominal discomfort, leukopenia Baseline and monthly CBC
Imipenem Diarrhea, nausea, vomiting, seizure Symptomatic monitoring
Tigecycline Nausea and vomiting Symptomatic monitoring

No routine laboratory monitoring
Clarithromycin Diarrhea, nausea, abnormal taste, abdominal pain, 

hepatotoxicity, hearing loss
Symptomatic monitoring
No routine laboratory monitoring is recommended

aAll drugs used for treating mycobacterial infections have the potential for causing hypersensitivity reactions
bAll drugs require clinical monitoring on at least a monthly basis
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 Medications Recommended for MDR-TB

Injectable agents include streptomycin, amikacin, and 
kanamycin, which are aminoglycosides, and the closely 
related polypeptide capreomycin act at the 30S ribosome 
to inhibit protein synthesis [54]. Adverse events include 
ototoxicity, nephrotoxicity, and rare neuromuscular block-
ade. Aminoglycoside and capreomycin use may be com-
plicated by reductions in serum calcium, magnesium, and 
potassium [54, 55]. Cross resistance is not seen between 
streptomycin and amikacin, so unless patients have had 
prior treatment with either kanamycin or amikacin, these 
isolates are  generally sensitive to amikacin. Isolates which 
are kanamycin resistant are usually resistant to amikacin 
(Table 56.4).

Fluoroquinolones including ciprofloxacin, ofloxacin, 
levofloxacin, and moxifloxacin are bactericidal against both 
extracellular rapidly multiplying bacteria and intracellular 
nonmultiplying bacteria [56–59]. They inhibit bacterial 
DNA gyrase, an enzyme that is essential for the maintenance 
of DNA supercoils, which are needed for chromosomal rep-
lication [54]. The fluoroquinolones penetrate well into tis-
sues (alveolar macrophages), respiratory secretions, and 
body fluids, with concentrations equal to or higher than those 
in serum. Central nervous system (CNS) penetration is good, 
allowing these drugs to be used for tuberculous meningitis 
[54]. Despite the absence of prospective clinical trials using 
fluoroquinolones for MDR-TB, because of considerable 

experience with levofloxacin and moxifloxacin, they are 
regarded as critical to good treatment outcomes [2, 54].

Fluoroquinolone resistance develops as a two-step pro-
cess, and higher serum levels protect against selection of 
mutants [60, 61]. Resistance to fluoroquinolones develops 
rapidly when they are used as monotherapy [60]. Single- 
fluoroquinolone prescriptions for community-acquired 
pneumonia in a Canadian study were not associated with 
development of resistant M. tuberculosis, whereas multiple- 
fluoroquinolone prescriptions were [61]. Cross resistance 
within the class of fluoroquinolones was previously felt to be 
complete. Recent anecdotal experience noted ofloxacin 
resistance but retained in  vitro susceptibility to the newer 
agents [54]. Toxicity with the fluoroquinolone class of drugs 
most commonly is reported as gastrointestinal upset such as 
nausea and bloating. Myalgia is relatively common, and, 
rarely, tendon rupture has been reported [54]. Prolongation 
of the QT interval has been noted in patients taking moxi-
floxacin, but a detrimental clinical impact of that observation 
has not been demonstrated.

Most reports note that 20–30% or more of MDR-TB iso-
lates retain sensitivity to rifabutin [62]. Rifabutin is bacteri-
cidal, with an MIC for TB less than or equal to 2  μg/ml 
regarded as susceptible. Although peak serum levels are 
1 μg/ml, the drug has excellent activity and penetrates into 
polymorphonuclear leukocytes, lymphocytes, and macro-
phages. Tissue levels are significantly higher than serum lev-
els. In the lungs, tissue levels are five to ten times higher than 

Table 56.4 Key recommendations

It is imperative to test potential transplant recipient and donors for LTBI as early in the process as possible. That means testing potential SOT 
candidates for LTBI as soon as the possibility of SOT is considered, hopefully well before the patient is put on a transplant list.
The TST or IGRA are acceptable tests for screening for LTBI. In the case of discrepant results, any positivity (unless related to a documented 
BCG vaccination) should be considered for treatment of LTBI.
Prior to the initiation of LTBI therapy, it is imperative to exclude active TB.
It is imperative to treat LTBI in potential transplant recipient site and donors as expeditiously as possible, preferably completing that therapy 
prior to transplantation but if necessary, continuing therapy posttransplant.
Options for treating LTBI include INH for 9 months, rifampin for 4 months, and INH/rifapentine for 3 months. The optimal regimen for each 
patient must be determined individually.
It is imperative to assess carefully the risk of both LTBI and active TB in deceased donors especially those from areas of high TB endemicity.
Patients who are posttransplant must be assessed very carefully for active TB prior to initiation of LTBI therapy. Mycobacterial disease, 
especially TB, should be suspected in posttransplant patients with unexplained fever or evidence of disease dissemination. In the presence of 
active TB, LTBI therapy could result in the development of acquired drug resistance.
Cultures and NAAT from suspected sites of TB diseases are necessary for confirming the diagnosis.
Invasive techniques such as bronchoscopy with transbronchial biopsy for pulmonary disease or direct sampling from an extrapulmonary site of 
involvement should be performed if routine evaluation is not diagnostic.
For severe forms of TB or disseminated TB, the use of a rifamycin (rifampin or rifabutin) should be considered.
When rifamycins are used, levels of immunosuppressive drugs should be closely monitored, and the dose of calcineurin inhibitors, mTOR, and 
corticosteroids should be increased.
Treatment of drug-resistant TB, including multidrug-resistant TB (MDR-TB), should be managed by an expert in TB treatment.
Diagnosis of NTM pulmonary disease requires fulfilling four criteria, (a) a compatible clinical presentation, (b) radiographic abnormalities 
consistent with NTM disease, (c) exclusion of other diagnoses, and (d) isolation of a pathogenic NTM species from sputum (at least two 
positive cultures), bronchoalveolar lavage, or tissue biopsy (one positive culture).
Diagnosis of extrapulmonary disease requires isolation of a pathogenic NTM from a normally sterile body site such as blood, cerebrospinal 
fluid, or other sterile fluids.
Treatment of NTM disease should be managed by an expert in NTM treatment.
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in plasma [54]. Patients whose M. tuberculosis isolates are 
rifampin resistant but rifabutin susceptible should receive 
rifabutin as part of their MDR-TB treatment regimen [2].

Ethionamide is structurally similar to isoniazid and also 
appears to inhibit cell wall mycolic acid synthesis [54]. The 
drug is bactericidal, well absorbed orally, and widely distrib-
uted. The most frequent adverse effect is gastrointestinal 
intolerance, including nausea, epigastric pain, and metallic 
taste. Significant hepatitis occurs in about 4.3% of patients, 
but transient abnormalities in liver tests are more common. 
Hypothyroidism develops in a significant number of patients 
treated with ethionamide.

Cycloserine is bacteriostatic for mycobacteria, acting to 
inhibit cell wall synthesis [54]. It is rapidly absorbed after 
oral administration and is widely distributed. The most com-
mon side effects pertain to the CNS seizures, psychosis, 
mania, depression, other emotional disturbances, and drows-
iness. Neurotoxicity appears to be dose dependent and is 
rarely seen if serum drug levels remain below 30 μg/ml.

Clofazimine is a riminophenazine dye compound used to 
treat Mycobacterium leprae with activity against TB [54]. 
The mechanism of action is unknown but may involve DNA 
binding. Concentrated in macrophages, clofazimine has 
proven effective in a murine TB model. Generally well toler-
ated except for occasional gastrointestinal complaints, the 
most frequent patient concern is reversible skin darkening 
due to drug deposition.

Linezolid is an oxazolidinone antibacterial agent that 
blocks ribosomal protein synthesis. It acts by binding to the 
50S bacterial ribosomal subunit, which prevents formation 
of the initiation complex for protein synthesis [54]. The drug 
has good in vitro activity against Mycobacterium tuberculo-
sis, with modest early bactericidal activity and minimal 
extended bactericidal activity during days 2–7 [63].

In observational studies linezolid in multidrug regimens 
has been associated with improved outcomes in patients with 
MDR- and XDR-TB even when added to a chronically fail-
ing regimen as salvage therapy [63–68]. The dosage of line-
zolid for bacterial infections is 600 mg twice daily, but most 
studies have used 600 mg once daily for treatment of TB, in 
an effort to limit toxicity and cost. Serum drug levels are suf-
ficiently above the MIC with this dosage [67].

Unfortunately, administration of 600  mg daily has not 
shown significant reduction in toxicity [65–67]. More 
recently, good outcomes with less frequent and severe tox-
icity have been reported for small series of patients treated 
with linezolid at 300 mg daily [66]. Most reports show fre-
quent serious adverse events occur in a significant proportion 
of patients treated with linezolid and may lead to discon-
tinuation of the drug. These reactions, which are caused by 
inhibition of mitochondrial protein synthesis, include myelo-
suppression, peripheral and optic neuropathy, and lactic aci-
dosis [69–72]. Peripheral neuropathy has been especially 

concerning, as it may persist after stopping treatment [72]. 
Toxicity is related to duration of therapy. Hematological tox-
icity may occur in the first weeks to months of therapy, but 
neurologic toxicity usually occurs after 3–4 months. Lactic 
acidosis occurs during the initial weeks of therapy [72]. 
Linezolid is associated with the serotonin syndrome in up to 
25% of patients given selective serotonin reuptake inhibitors 
or other medications that increase serotonin concentrations 
in the CNS [72]. Patients should also be counseled to avoid 
foods, dietary supplements, and beverages high in tyramine. 
The toxicity of linezolid is significant, and patients must be 
monitored carefully and the risks and benefits repeatedly 
reviewed and discussed with the patients [73].

 Treatment of Latent Infection Possibly 
Due to MDR-TB

All persons identified as MDR-TB contacts are at risk and 
should be quickly evaluated for latent infection and active 
disease. The optimal management of established LTBI is a 
matter of debate. No regimen has been proved unequivocally 
effective, and it is unlikely that a definitive study will be 
done to guide management. Those who are tuberculin skin 
test positive are close contacts of an MDR-TB case, have no 
history of a previously positive tuberculin test, and can be 
considered for treatment of latent MDR-TB. Most clinicians 
agree that LTBI treatment should be offered to tuberculin 
skin test-positive, immunosuppressed individuals with docu-
mented exposure to MDR-TB.  If assessment indicates the 
likelihood of exposure to drug-susceptible TB, isoniazid 
therapy may be preferred.

The selection of agents should be guided by the suscepti-
bility profile of the index case. One possible regimen is a 
combination of pyrazinamide (25–30 mg daily) and etham-
butol (15–25 mg daily). If fluoroquinolone susceptibility is 
documented, a regimen that combines ofloxacin (800 mg), 
levofloxacin (750 mg), or moxifloxacin (400 mg) daily with 
pyrazinamide might be used. A pyrazinamide- fluoroquinolone 
combination appears to result in enhanced activity within the 
macrophage [74]. The pyrazinamide-based regimens have 
been associated with high levels of hepatotoxicity [75]. A 
fluoroquinolone also can be combined with ethambutol. 
There is preliminary data that suggests fluoroquinolone 
administration alone prevents early disease progression in 
patients with LTBI who are contacts to MDR-TB patients 
[41]. The fluoroquinolones are also relatively nontoxic to the 
liver. Some experts recommend fluoroquinolone monother-
apy, although emergence of fluoroquinolone resistance is a 
concern. LTBI treatment with fluoroquinolone is usually pre-
scribed for 6–12 months (see above).

Nevertheless, it is important to monitor all persons with 
presumed latent MDR-TB for at least 2 years following the 
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exposure. Periodic assessments should include clinical 
exams and chest radiographs every 3  months for persons 
with HIV or other immunosuppressing illness and every 
6 months for all others [54].

 Nontuberculous Mycobacteria

The pathophysiology of nontuberculous mycobacterial lung 
disease is not well-known, and specifically it is not known if 
there is a latent infection stage similar to that of Mycobacterium 
tuberculosis. There are no tests similar to the TST and IGRAs 
to evaluate the possibility of latent nontuberculous mycobac-
terial infection. Therefore, there is no possibility of screening 
for latent nontuberculous mycobacterial infection in SOT 
donors or recipients. The diagnosis of nontuberculous myco-
bacterial disease can only be made on the basis of positive 
cultures and by clinical history. There are no surrogate mark-
ers of infection or disease. A positive culture from biopsy is 
usually adequate for diagnosis of nontuberculous mycobacte-
rial infection, but diagnoses of nontuberculous mycobacterial 
lung disease are more difficult due to the possibility of respi-
ratory specimen contamination by NTM.

In contrast to MTB, DST for NTM remains controversial 
and problematic providing less reliable therapeutic guid-
ance. For many species such as the Mycobacterium avium 
complex (MAC), the correlation between in  vitro DST 
results and in  vivo response to antimycobacterial medica-
tions remains inconsistent and unpredictable. An important 
example is MAC where the only antimicrobial agents for 
which a correlation between in vitro DST for MAC and clini-
cal response has been demonstrated in controlled clinical tri-
als are the macrolides (clarithromycin and azithromycin) and 
amikacin.

This frustrating phenomenon is due to multiple factors 
unrelated to resistance factors not tested by DST and MICs. 
Natural resistance to antimicrobial drugs is conferred by a 
variety of mechanisms that interfere with uptake of the drug, 
enable it biotransformation in the cell, or decrease the affin-
ity with the drug target. The most frustrating aspect of these 
natural drug resistance mechanisms is that they are generally 
not reflected in the in vitro MIC of specific drugs utilized for 
treatment of NTM. Natural drug resistance likely determines 
a large part of the multidrug resistance that is commonplace 
in NTM. This multidrug resistance, in turn, is a likely expla-
nation of the limited efficacy of current treatment regimens 
for NTM disease. Testing the susceptibility of individual 
clinical isolates is of limited value for drugs to which natural 
resistance occurs. Ultimately, for most drugs used for treat-
ing NTM pathogens, there is no clear correlation between 
in vitro activity and the outcome of treatment, in vivo.

In contrast to MTB, DST of NTM should be performed 
on the initial isolate only for clinically significant isolates 

that exhibit variability in susceptibility to clinically useful 
antimicrobial agents and/or significant risk of acquired muta-
tional resistance to one or more of these agents. For slowly 
growing NTM such as MAC, DST should be performed 
using a broth-based method, either macrodilution or 
microdilution.

Molecular analysis of MAC isolates that have developed 
resistance to macrolides in vitro has shown that these isolates 
have acquired a point mutation for the 23S rRNA gene. DST 
is indicated for clinically significant MAC isolates from 
patients on prior macrolide therapy, isolates who develop 
bacteremia while on macrolide prophylaxis, and isolates 
from patients who relapse while on macrolide therapy or ini-
tial isolates to establish baseline values. DST should be 
repeated after 3 months of treatment for patients with dis-
seminated disease and after 6  months of treatment for 
patients with pulmonary disease if the patient shows either 
no clinical improvement or clinical deterioration while on 
therapy.

Other important NTM species that exhibit poor correla-
tion between in vitro susceptibility and in vivo response to 
therapy include M. xenopi, M. malmoense, M. marinum and 
M. szulgai, and M. simiae.

M. kansasii is a clinically significant slowly growing 
mycobacterium which can cause disease resembling TB. For 
M. kansasii, the MICs for rifampin, INH, and ethambutol for 
untreated strains fall within a narrow range, and routine sus-
ceptibility testing is generally not needed. Treatment failure 
can occur and is invariably associated with resistance to 
rifampin. Given that treatment failure is associated with 
rifampin resistance and drug treatment histories are gener-
ally unavailable, susceptibility to the single drug rifampin is 
the only one currently recommended for primary testing. 
Susceptibility testing should be repeated for patients who fail 
initial therapy or remain AFB culture positive after 3 months 
of therapy. For secondary drug testing of isolates resistant to 
rifampin, a total of eight drugs could be tested including 
macrolides and fluoroquinolones.

For rapidly growing mycobacteria, broth microdilution 
testing of pathogenic RGM requires skill acquired through 
experience with the test method and knowledge of the 
expected susceptibility patterns of different species. 
Therefore, in general, for laboratories that encounter these 
organisms infrequently, referring those isolates for which 
susceptibility testing is indicated to an established reference 
laboratory is recommended. Susceptibility testing is indi-
cated for any RGM that is considered clinically significant. 
These organisms may cause pulmonary disease, but they also 
may be recovered as a contaminant so that not all RGM 
recovered from sputum is clinically significant. Isolates 
recovered in low numbers from only one of multiple sputum 
specimens are not likely to cause disease and therefore do 
not warrant susceptibility testing. Agents that should be 
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tested against the RGM are amikacin, cefoxitin, ciprofloxa-
cin, clarithromycin, doxycycline, imipenem, sulfamethoxa-
zole, and tobramycin. Other drugs that should be considered 
include linezolid, tigecycline, and moxifloxacin.

While macrolides have traditionally been used in this role, 
recent studies have questioned the importance of macrolides 
in the treatment of Mycobacterium abscessus subsp. absces-
sus as the organism contains the erm(41) gene [76]. This is an 
inducible gene so that when the organism is incubated in the 
presence of clarithromycin, induction occurs and the organ-
ism rapidly acquires macrolide resistance. In contrast, M. 
massiliense has a nonfunctional copy of the gene, so macro-
lide resistance is not induced in the presence of clarithromy-
cin. Patients infected with M. massiliense are more likely to 
improve clinically, radiographically, and bacteriologically 
with macrolide-based therapy than those with M. abscessus 
[77]. Limited data suggest that azithromycin may be more 
effective against M. abscessus than clarithromycin [78].

Species identification discriminating between M. absces-
sus and M. massiliense informs clinicians about the presence 
of an active erm gene and presumptive antibiotic choices but 
is frequently not available from reference laboratories. 
However, the presence of an active erm gene can be ascer-
tained in most mycobacteriology laboratories in a relatively 
short time frame and is the critical information needed by the 
clinician to guide antibiotic therapy for isolates initially 
identified as M. abscessus.

M. chelonae is an RGM that causes skin and soft tissue 
disease similar to that of M. abscessus. Unlike M. abscessus 
and M. fortuitum, M chelonae does not carry an erm gene, 
and therefore effective therapy with a macrolide may be 
more obtainable in these individuals. Isolates of M. chelonae 
are susceptible to doxycycline (25% of isolates), ciprofloxa-
cin (25% of isolates), tobramycin (100% of isolates), clar-
ithromycin (100% of isolates), imipenem (70% of isolates), 
clofazimine, and linezolid (65% of isolates). M. chelonae is 
resistant to cefoxitin.

M. fortuitum is also a rapid grower similar to that of M. 
abscessus. It is recognized as a rare cause of lung disease, 
almost always associated in patients with gastroesophageal 
issues and/or achalasia [3]. It is also a cause of skin and soft 
tissue disease. Multidrug therapy with agents shown to be 
susceptible in vitro, including amikacin, newer quinolones, 
tetracyclines, and trimethoprim/sulfamethoxazole, should be 
given for 12  months or until clinical resolution of disease 
recognizing that without therapy for the underlying gastroin-
testinal disorder, symptoms rarely improve. M. fortuitum iso-
lates are usually susceptible to fluoroquinolones, doxycycline 
and minocycline (50%), sulfonamides and trimethoprim/
sulfamethoxazole, amikacin, imipenem, and tigecycline, and 
approximately one half of the isolates are susceptible to 
cefoxitin. Most M. fortuitum isolates have a functional erm 
gene so most are macrolide resistant.
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Adaptive Immunotherapy 
for Opportunistic Infections

Aspasia Katragkou, Thomas J. Walsh, 
and Emmanuel Roilides

 Introduction

Infectious complications of viral, bacterial, fungal, or para-
sitic origin are a major cause of morbidity and mortality in 
patients undergoing solid organ or stem cell transplantation 
[1–3]. The risk of infection after transplantation is a dynamic 
interplay between the intensity of immunosuppression and 
the patient’s exposure to infectious organisms. The latter 
include mainly the patient’s endogenous opportunists: the 
organisms transferred along with the transplant organ and 
pathogens from the exogenous hospital or community envi-
ronment [4]. The incidence of opportunistic infections after 
transplantation varies from center to center, and, according 
to the classical perception, it is maximal during the first 
months after transplantation. Moreover, severe infections 

could occur late after transplantation in patients with particu-
lar risk factors such as acute rejection in the early period, 
chronic graft malfunction, reoperation, previous infections, 
or lung transplantation [5].

Almost all transplant recipients require lifelong immuno-
suppression as donor-specific immunotolerance is hard to 
achieve [6]. Most of the currently used immunosuppressive 
agents inhibit activation and proliferation of T-cells, weaken 
antibody response, and cause leucopenia. Conventional anti- 
infective therapeutic modalities are often compromised by 
the emergence of bacterial resistance, their side effects, or 
the emergence of pathogens like Fusarium spp. or 
Scedosporium spp., which are intrinsically resistant to most 
available antifungal agents. Therefore, the current develop-
ments in the management and care of transplanted patients 
have not proven to be a panacea. Knowing the limitations of 
the current anti-infective armamentarium, approaches that 
target the host through manipulations to augment the host 
immune response without increasing the risk of rejection 
provide a helpful aid to conventional treatment options.

A substantial body of evidence has demonstrated that 
strategies aiming to stimulate immune response could be fea-
sible approaches that would benefit immunocompromised 
patients. In the present chapter, we present the immunomod-
ulatory therapeutic and prophylactic approaches that have 
received interest and have clinical implications in the trans-
plantation field. In particular, we discuss adoptive T-cell 
immunotherapy and administration of cytokines.

 Adoptive T-Cell Therapy After 
Transplantation

Adoptive immunotherapy typically involves infusion of 
donor-derived lymphocytes or antibodies to patients suffer-
ing from a specific deficiency. T-cells are the most common 
lymphocytes infused as they play a critical role in control-
ling viral and fungal infections. The selective restoration of 
cellular immunity has been a particularly attractive strategy 
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in the context of hematopoietic stem cell transplantation 
(HSCT) for the treatment of hematologic malignancies and 
the prophylaxis or treatment of opportunistic infections. 
For immunotherapy against infections, peripheral blood 
 lymphocytes of the donor containing pathogen-specific 
T-cells are stimulated in vitro and then transfused into the 
patient resulting in control of the specific pathogen rep-
lication (Fig.  57.1). An important limitation of this kind 
of therapy is the potential fatal complication caused by 
the alloreactive T-cells that are also present in the donor 
lymphocyte infusion and the low concentration of patho-
gen-specific T-cells in the donor lymphocyte preparation. 
However, enrichment of pathogen- specific T-cell by in vitro 
culture before transfer reduces the risk of graft-versus-host 
disease (GVHD) [7].

After the pioneering work by Riddell et  al. and Walter 
et  al. showing, in the hematopoietic setting, that adoptive 
transfer of CMV-specific CD8+ T-cell clones into patients at 
risk protects them from CMV-related complications, Einsele 
et  al. have shown that the adoptively transferred donor- 
derived CMV-specific T-cell lines have a therapeutic effect, 
too [8–10]. The most recent single-arm open-label phase I/II 
trial has shown that the translation of cellular therapy into 

clinic could be feasible and effective in restoring anti-CMV 
immunity in patients after HSCT [11]. There are no data 
available for solid organ transplant recipients for the prophy-
lactic or therapeutic effect of adoptively transferred donor- 
derived CMV-specific T-cell lines. As recommended by the 
Transplantation Society International CMV consensus 
group, this strategy may be an experimental strategy for 
CMV disease in those who are unresponsive to standard ther-
apies [12].

Polyclonal donor-derived T-cell lines specific for EBV 
have been used either to treat EBV-associated posttrans-
plant lymphoproliferative disease (PTLD) or to prevent 
EBV- related immunoblastic lymphoma in HSCT patients 
[13, 14]. Among the six PTLD-treated patients, five 
showed complete regression, and the one failure involved 
a patient with the resolution of immunoblastic lymphoma 
[14]. The prophylactic administration of T-cell lines in 39 
pediatric HSCT patients proved effective as it elicited an 
immediate decrease in the EBV DNA load, and none of the 
infused patients developed PTLD [13]. Similar results 
have been reported by other independent investigators 
[15–17]. The therapeutic potential of EBV-specific T-cells 
against EBV-associated PTLD has been investigated in 
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Fig. 57.1 Concept of 
adoptive T-cell therapy for 
infections (viral, fungal) after 
allogeneic hematopoietic stem 
cell transplantation. HSCT, 
hematopoietic stem cell 
transplantation [31]. (Adapted 
from Tramsen et al. [31])
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solid organ transplant recipients. EBV T-cell-specific 
preparations either derived from the patients themselves or 
selected on the basis of the best HLA class I antigen match 
from a bank of such preparations that has been generated 
and cryopreserved from healthy allogeneic donors [18–
22]. The feasibility and effectiveness of adoptive T-cell 
transfer have been applied for other viral infections such 
as adenovirus, varicella for HSCT recipients, or BK virus 
in renal transplant recipients [23–25]. Collectively, all 
these proof-of-principle studies have shown encouraging 
results about the safety and efficacy of adoptive T-cell 
therapy against viral infections which, if could be verified 
in clinical trials, then would represent an appreciable pro-
phylactic and therapeutic modality for transplanted 
patients. However, technical requirements and regulatory 
burdens do not make adoptive T-cell therapy widely popu-
lar in the transplant community.

Concerning fungal infections, the first successful adop-
tive transfer of donor-derived Aspergillus-specific T-cells 
after haplo-identical HSCT without triggering GVHD has 
been described by Perruccio et al. [26]. The basis of adoptive 
immunotherapeutic strategies has been studied for 
Aspergillus [27], Candida [28], and Zygomycetes [29]. 
Nevertheless, as the therapeutic approach of fungal infec-
tions in the posttransplant setting is complicated, future clin-
ical trials assessing the potential of antifungal adoptive 
immunotherapies should be able to answer questions as 
which patient subpopulation would benefit from adoptive 
immunotherapy or whether the prophylactic or therapeutic 
strategy is related with better outcome [30, 31].

 Colony-Stimulating Factors: Preclinical Data

Colony-stimulating factors (CSFs) are a group of pleiotropic 
glycoproteins that stimulate the growth of specific blood 
cells and were considered to be a therapeutic “breakthrough” 
during the early 1990s. Three CSFs with activity on white 
blood cells have been developed and used clinically: granu-
locyte colony-stimulating factor (G-CSF), granulocyte- 
macrophage colony-stimulating factor (GM-CSF), and 
macrophage colony-stimulating factor (M-CSF).

 Granulocyte Colony-Stimulating Factor (G-CSF)

Granulocyte colony-stimulating factor (G-CSF) is pro-
duced by macrophages, fibroblasts, and endothelial cells in 
virtually all organs in the body. It exerts its biological 
actions by binding to its specific cell surface receptors, 
which are expressed mainly on precursors as well as on 
mature neutrophils. In particular, G-CSF accelerates the 
maturation and differentiation of neutrophil precursors and 
delays the apoptosis of mature neutrophils, hence increas-

ing the number of circulating neutrophils [32]. G-CSF 
effects not only neutrophil production but also their func-
tions including promotion of chemotaxis, phagocytosis, 
priming of neutrophil respiratory burst, as well as antibody-
dependent cell-mediated cytotoxicity [33]. Moreover, 
G-CSF has been shown in  vitro to promote antibacterial 
and antifungal activities of mature neutrophils [34–36]. 
Especially in transplant recipients, ex vivo studies have 
demonstrated that incubation with G-CSF enhanced the 
impaired respiratory burst response of neutrophils against 
Candida and Cryptococcus [37]. G-CSF, in addition to 
increasing and activating neutrophils, modulates the inflam-
matory response exerting anti-inflammatory effects. Ex 
vivo studies have shown that G-CSF attenuates the capacity 
of neutrophils to release pro-inflammatory cytokines, such 
as tumor necrosis factor (TNF)-α, interferon (IFN)-γ, inter-
leukin (IL)-6, IL-1β, and IL-12, whereas it increases the 
production of the anti-inflammatory soluble TNF receptor 
p55 and p75, IL-1 receptor antagonist (IL-1ra), and prosta-
glandin E2 [38–40]. This type of G-CSF-induced immuno-
modulatory effect has been proven in animal transplantation 
models to be advantageous for the control of acute graft-
versus-host disease and for acute graft rejection reactions. 
Pretreatment of either the donor before organ retrieval [41, 
42] or the recipient [43–45] with G-CSF has been shown to 
significantly facilitate organ acceptance. Simultaneously, 
this G-CSF-induced host immune hyporesponsiveness 
could reduce immunosuppressive agents’ requirement and 
their subsequent adverse events [46].

 Granulocyte-Macrophage Colony-Stimulating 
Factor (GM-CSF)

Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is produced by T lymphocytes, monocytes, 
macrophages, fibroblasts, and endothelial cells [34]. Like 
G-CSF, GM-CSF stimulates numerous activities of mature 
effector cells, including neutrophils, monocytes, macro-
phages, and dendritic cells, such as the respiratory burst 
in vitro and their antibacterial and antifungal activities [47–
49]. GM-CSF, however, does not seem to play a significant 
role in normal neutrophil development and, unlike G-CSF, 
raises the number of neutrophils by redistributing them and 
increasing the number of cells from other hematopoietic 
lineages. The latter finding has raised a theoretical concern 
of an augmented adaptive immune response and, thus, an 
increased risk of allograft rejection in transplant recipients 
or of more severe infections due to intracellular organisms 
[50]. Nevertheless, in vitro, ex vivo, and in vivo studies have 
shown that GM-CSF therapy has a differential immune res-
toration potential. GM-CSF selectively boosts the innate 
immune response improving host’s resistance against infec-
tions upon transplantation while simultaneously suppressing 
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the adaptive immune response and thus preventing rejec-
tion [51, 52] (Fig. 57.2). Moreover, in ex vivo experiments 
from  immunosuppressed or liver transplant blood donors, 
GM-CSF treatment restored the production of TNF without 
inducing IL-2 production and T-cell proliferation. Moreover, 
gene array technology was able to identify the differential 
reconstitution capacity of GM-CSF after immunosuppres-
sion. Namely, gene array experiments demonstrated that 
in addition to the TNF gene, the reconstitution potential 
of GM-CSF extends to more genes encoding transcription 
factors, involved in the innate inflammatory response such 
as NF-κB (p65 subunit), the stress-activated protein kinase 

(SAPK)/c-JUN N-terminal kinase (JNK), mitogen-activated 
protein kinase 38, IL-6, IL-8, and platelet-activating factor 
receptor. On the contrary, GM-CSF has not been shown to 
reactivate genes involved to adaptive immunity, such as IL-2, 
CD27, and T-cell-specific RANTES (regulated upon activa-
tion, normally T-cell expressed and presumably secreted) 
production, T-cell proliferation, and mixed leukocyte reac-
tion [51, 52]. Collectively, these preclinical findings showing 
the differential pharmacological profile of GM-CSF able to 
improve host defense resistance to infection without com-
promising the graft are in favor of GM-CSF clinical use in 
the transplantation setting.
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Fig. 57.2 Panel A: Survival of lethal bacterial (Salmonella 
typhimurium) infection of immunosuppressed mice (CBA/Ca) treated 
with GM-CSF.  Mice were immunosuppressed with dexamethasone 
(Dex) or cyclosporine (CsA). GM-CSF treatment allowed immunosup-
pressed mice to survive the lethal bacterial infection without inducing 
graft rejection. Panel B: GM-CSF differential immune restoration 

potential. In immunocompromised organ transplant recipients GM-CSF 
has the capacity of supporting the anti-infectious defense (innate immu-
nity) while continuing the suppression of the adaptive immune response, 
preventing, thus rejection [51, 52]. (Adapted from Xu et al. [51, 52]). ~, 
normal; NA, not applicable; ↑, increased; ↓, decreased; Dex, dexameth-
asone; CsA, cyclosporine A

A. Katragkou et al.



1023

 Macrophage Colony-Stimulating Factor 
(M-CSF)

Macrophage colony-stimulating factor (M-CSF) is produced 
by monocytes/macrophages, fibroblasts, and endothelial 
cells. M-CSF accelerates proliferation and differentiation 
of the monocyte/macrophage lineage, recruits mononuclear 
cells to sites of infection, and activates macrophages. Some 
effects of M-CSF may also be through indirect mechanisms, 
comprising stimulation of other cytokines (G-CSF, GM-CSF, 
interleukin-1, tumor necrosis factor-α) which may further 
stimulate activities against infecting organisms [34, 35]. In 
vitro, M-CSF augmented antifungal and antibacterial activ-
ity of monocytes and tissue macrophages against C. albi-
cans [53], Trichosporon asahii [54], Aspergillus fumigatus 
[55], Penicillium marneffei [56], and Staphylococcus aureus 
[57] partly by enhancing oxidation-dependent mechanisms. 
Accordingly, in animal models with yeast infections, M-CSF 
showed a favorable effect in terms of improved survival and 
reduced fungal burden [58–60]. Administration of high-dose 
M-CSF has been shown to significantly prolong skin graft 
survival in mice through inhibition of TNF-α production [61].

 Clinical Applications of CSFs 
in Opportunistic Infections

CSFs have been evaluated by an appreciable amount of ran-
domized controlled studies in oncologic settings [62–65]. 
These studies have concluded that G-CSF and GM-CSF 
reduce the duration of neutropenia, length of hospitalization, 
and duration of parenteral antimicrobial therapy and permit 
intensification of chemotherapy [65].

Data concerning CSF clinical utility in the prevention or 
treatment of opportunistic infections in transplant recipients are 
relatively scarce. On the basis of the above preclinical data, two 
clinical applications of CSFs as adjunctive anti- infective ther-
apy have been proposed: first to increase the production of neu-
trophils in neutropenic patients and second to enhance the 
function of existing neutrophils in non- neutropenic patients.

 G-CSF

 Prophylaxis During Neutropenia
Neutropenia has long been considered a significant risk factor 
for infection especially in immunocompromised patients. In 
transplant recipients, neutropenia could be due to immunosup-
pressive agents as well as to viral infections (most commonly 
cytomegalovirus) and antiviral therapy (ganciclovir and 
related agents) [66]. Given that immunosuppression is inten-
tional and critical for a successful transplantation and antiviral 
agents should be used, on many occasions, either prophylacti-

cally or therapeutically for prolonged periods, the benefit of 
factors like CSFs able to raise circulating neutrophils appears 
a viable strategy to prevent opportunistic infections.

In HSCT, G-CSF has been used before transplantation for 
stem cell priming and after transplantation for better stem cell 
engraftment to minimize the morbidity and mortality associated 
with prolonged neutropenia [67]. Administration of G-CSF in 
the posttransplant period has been associated with an acceler-
ated rate of neutrophil engraftment, shorter duration of hospital-
ization, and decreased incidence of febrile episodes [68–71]. 
According to the most recent guidelines of the American Society 
of Clinical Oncology (ASCO), the use of G-CSF is recom-
mended after autologous but not after allogeneic HSCT [72]. 
The rationale behind this recommendation is that while among 
autologous HSCT recipients posttransplant G-CSF use has been 
associated with shortened duration of hospitalization and sav-
ings in the overall medical costs [70], the same has not been 
noted for allogeneic transplant recipients [73]. Moreover, the 
use of G-CSF after allogeneic HSCT has been associated with 
increased incidence of severe GVHD and mortality [74]. 
However, it should be clarified that G-CSF is safe and effective 
in patients undergoing allogeneic transplantation when they 
receive peripheral blood stem cells. In the bone marrow trans-
plantation setting, G-CSF use is not recommended as there are 
no adequate studies to allow firm conclusions about its safety 
and efficacy [67]. The optimal time to start G-CSF is a contro-
versial issue in the autologous stem cell setting. The ASCO 
guidelines recommend G-CSF to be administered between day 
1 and 5 after high-dose chemotherapy and continued until neu-
trophils are 2000–3000/μl [72]. However, several studies have 
shown that initiation of G-CSF beyond day 5 results in compa-
rable engraftment [75–77]. Additionally, the number of CD34+ 
cells infused per kg used as a criterion for G-CSF administration 
is not indicated in autologous recipients [67].

Neutropenia after solid organ transplantation is relatively 
common and together with other secondary disorders such as 
operative trauma, blood transfusion, or hypersplenism render 
transplant recipients vulnerable to infection [78, 79]. However, 
there are no guidelines for the management of neutropenia in 
solid organ recipients. The current clinical practice, in many 
transplantation centers worldwide, is to reduce or discontinue 
the agents causing neutropenia and in selected patients use 
G-CSF. Contrary to oncologic patients where G-CSF is widely 
accepted, similar studies in solid organ transplant recipients 
are limited. Extrapolating treatment of neutropenia from onco-
logic patients to solid organ transplant recipients is not feasible 
due to different degrees and durations of immunosuppression 
and different patterns of  infections [80]. In a national cohort of 
41,705 renal transplant recipients from the United States 
Renal Data System database, neutropenia developed in 14.5% 
of them and was related with an increased risk of allograft loss 
and death. In this study G-CSF was used in 12% of the neutro-
penic patients, and its use was not related with increased risk 
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of allograft loss [81]. The safety and efficacy of G-CSF in 
solid organ recipients have been described in few case reports 
and retrospective studies [79, 80, 82–88]. In a retrospective 
study of 102 adult kidney and/or pancreas transplant recipients 
followed for over 1 year, Hartmann, et al. found that treating 
patients with a short course (mean 3.1 doses) of G-CSF is safe 
and effective [80]. In a retrospective study of 50 liver and kid-
ney transplant recipients who received G-CSF due to neutro-
penia, Turgeon et  al. noted that the effectiveness of G-CSF 
was indication-related. G-CSF successfully reversed CMV 
and ganciclovir-associated neutropenia; however, its effective-
ness was particularly poor for the subgroup of patients receiv-
ing G-CSF for sepsis-associated neutropenia [83]. Other 
studies have shown that G-CSF could achieve reversal of leu-
copenia in all renal allograft recipients and, in most cases, 
after a single-dose administration [82].

Despite the encouraging results of these studies, their use-
fulness is limited by their retrospective design, the small 
number of participating patients with heterogeneous demo-
graphics and underlying pathology, different leucopenia 
definitions, and varying G-CSF dosage and duration regi-
mens. Until further prospective studies are carried out to 
evaluate the use of G-CSF in solid organ transplant recipi-
ents with neutropenia, G-CSF should be used cautiously.

 Therapy of Non-neutropenic Patients
The most extensive experience with G-CSF in non- 
neutropenic solid organ transplants was reported by Foster 
et al. in a pilot clinical trial with 37 primary liver allograft 
recipients who received daily G-CSF for the first 7–10 days 
after transplantation. These were compared with 49 histori-
cal controls who did not receive G-CSF. The two groups of 
patients had no differences regarding the risk factors for sep-

sis and rejection. G-CSF-treated patients had a decreased 
number of sepsis episodes per patient (0.92 versus 2.18), a 
lower percentage of sepsis-related deaths (8% versus 22%), 
and a decreased incidence of acute rejection episodes (22% 
versus 51%) [89]. These promising effects of G-CSF to 
reduce bacterial and fungal sepsis as well as its concurrent 
antirejection potential in liver transplant recipients have not 
been subsequently confirmed. Thus, a randomized, placebo- 
controlled, double-blind, multicenter trial involving 194 
liver transplant patients has shown that G-CSF had no bene-
ficial effect on infection, rejection, or survival. Moreover, 
G-CSF-treated patients had more biopsy-proven rejections 
and nosocomial pneumonias compared with placebo-treated 
patients [90]. The reasons proposed for these discrepancies 
were differences in study design, immunosuppressive agents, 
antimicrobial prophylaxis, and definitions of infection as 
well as improvement of care of transplant patients since the 
Foster trial used historical controls. Consequently, although 
G-CSF appears to be safe in this patient population, there is 
no evidence that it prevents or treats infections when used as 
an adjunct to standard antimicrobial or antifungal therapy.

 GM-CSF

Like G-CSF, the predominant clinical use of GM-CSF con-
cerns oncologic patients aiming to accelerate marrow recov-
ery after chemotherapy [34]. Regarding the transplantation 
setting, GM-CSF efficacy has been mainly evaluated in 
patients undergoing bone marrow or peripheral hematopoi-
etic stem cell transplantation to accelerate or sustain neutro-
phil recovery or reduce the incidence of opportunistic 
infections (Table 57.1) [91–99]. The ASCO guidelines have 

Table 57.1 Clinical studies on GM-CSF use according to the type of transplantation [89–96, 99–101]

Transplantation type Study type Indication
GM-CSF 
dose Ref

Bone marrow 
transplantation

Phase II/non randomized historical controls Accelerate neutrophil recovery 60 μg/m2/day [89]
Phase II/non randomized Accelerate neutrophil recovery 100–400 μg/

m2/day
[90]

Cohort evaluation Sustain neutrophil recovery 3–10 μg/kg/
day

[91]

Phase III/randomized, double-blind, multicenter Accelerate neutrophil recovery 10 μg/kg/day [92]
Randomized, double-blind Accelerate neutrophil recovery 250 μg/m2/

day
[93]

Cohort evaluation Enhance peripheral progenitor cell yield 250 μg/m2/
day

[94]

Phase I, II, III, retrospective, historical controls Reduce fungal, bacterial infections, 
pulmonary infections

30–250 μg/
m2/day

[96]

Stem cell 
transplantation

Phase III/double-blind Accelerate myeloid recovery, decrease 
incidence of bacterial infections

10 μg/kg/day [95]

Solid organ 
transplantation

Comparison of cases historical controls (renal 
transplants)

Increase neutrophil count, decrease 
infections

5 μg/kg/day [99]

Safety and efficacy (orthotopic liver 
transplantation)

Increase neutrophil count, beneficial for 
severe bacterial infections and sepsis

5 μg/kg/day [100]

Randomized, unblinded, placebo-controlled, 
prospective study (non-neutropenic patients)

Absence of organ failure or mortality 3 μg/kg/day [101]
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provided recommendations for the use of CSFs (either 
G-CSF or GM-CSF) in patients after bone marrow or stem 
cell transplantation without commenting on their equiva-
lency [72].

In solid organ transplant recipients, the potential role of 
GM-CSF has been proposed by few case reports [99, 100] 
and a limited number of clinical studies with relatively small 
number of patients [101–103]. GM-CSF combined with 
appropriate antiviral or antimicrobial treatment proved effec-
tive against complicated varicella zoster infection or ecthyma 
gangrenosum in renal transplant recipients [99, 100]. A sin-
gle center experience has yielded promising results about the 
safety and efficacy of GM-CSF in pediatric liver transplant 
recipients. GM-CSF was used in 13 cases; of these 9 cases 
were neutropenic and 10 infected and 3 had severe sepsis 
without neutropenia among the 430 pediatric orthotropic 
liver transplantation recipients age ranged between 1 and 
15 years of age. Not only was the administration of GM-CSF 
safe and well tolerated, but all patients with sepsis were 
cured [102]. Patients on tacrolimus did not appear to benefit 
from GM-CSF contrary to patients with EBV infections 
[102, 104]. Corroborative were the results of a small study 
with seven leukopenic renal transplant recipients; three 
patients with CMV infection being treated with ganciclovir 
who had a reduced rate of infection and mortality compared 
with seven historical controls [101]. In a large study of the 
utility of GM-CSF in adult non-neutropenic patients, includ-
ing seven solid organ transplant recipients, fulfilling the cri-
teria of systemic inflammatory response syndrome, GM-CSF 
despite its pro-inflammatory properties, did not cause pro-
gression to circulatory shock or other organ failures [103].

Most data on the use of GM-CSF as adjuvant therapy for 
transplant recipients with opportunistic infections are 
encouraging, with the caveat that these data are not based on 
prospective randomized trials and the potential for long-term 
adverse events cannot be ruled out. Preclinical data show that 
this cytokine has a good potential, whereas many issues 
remain to be resolved, like the optimal dose or time to admin-
ister as it seems to be a “treatment window.” Table 57.1 pro-
vides an overview of representative clinical studies on 
GM-CSF use according to the type of transplantation.

 M-CSF

Compared to G-CSF and GM-CSF, clinical experience with 
M-CSF is limited basically due to its specificity for cells of 
the monocytic lineage. The efficacy of adding M-CSF to 
standard antifungal treatment was examined in a retrospec-
tive study involving 46 bone marrow transplant patients with 
documented invasive fungal infection. Survival of patients 
who received M-CSF was greater (27%) compared to his-
torical controls (5%) [105]. However, the favorable effect of 
M-CSF treatment on patients’ survival was attributed to less 

severe infection and better functional status in a subgroup of 
treated patients. Further evolution of critical care techniques 
may influence the results as M-CSF-treated patients were 
compared with historical controls [105]. No prospective, 
randomized, controlled clinical trials of M-CSF for adjunc-
tive therapy of opportunistic infections in transplant recipi-
ents have been published.

 Toxicity and Adverse Events of CSFs

At present, the licensed CSFs in the USA and Europe are 
recombinant human G-CSF, GM-CSF, and more recently 
a pegylated form of G-CSF [106–108]. The commercially 
available preparations for G-CSF are filgrastim (a non- 
glycosylated protein expressed in Escherichia coli) and 
lenograstim (a glycosylated protein expressed in Chinese 
hamster ovarian cells in vitro) and for GM-CSF, molgramos-
tim (a non-glycosylated protein expressed in Escherichia 
coli), sargramostim (a glycosylated protein expressed in 
Saccharomyces cerevisiae), and regramostim (a glycosylated 
protein expressed in mammalian cells). The pegylated form 
of G-CSF, available as pegfilgrastim, is a large size mole-
cule that prevents renal clearance. Thus, the drug is elimi-
nated predominantly through a neutrophil self-regulating, 
“feedback- loop-like” mechanism that allows stimulation of 
neutrophil production when neutrophil counts are low and 
rapid clearance as neutrophil counts recover.

Safety data from several clinical settings show an accept-
able safety profile of G-CSF with the most commonly 
reported side effects being mild to moderate bone and mus-
culoskeletal pain observed in approximately 10–20% of 
recipients depending on the dose administered [109]. 
However, the incidence of untoward side effects appears to 
be greater with GM-CSF [110]. This may be attributed to 
actions on macrophages with GM-CSF priming macro-
phages for increased formation and release of inflammatory 
cytokines, whereas G-CSF induces production of anti- 
inflammatory factors, such as IL-1 receptor antagonist and 
soluble TNF receptors [108]. GM-CSF’s expression system 
included yeasts, bacteria, or mammalian cells, and its glyco-
sylation status, whether or not it is glycosylated, influenced 
its clinical toxicity. In general, the reported frequency of 
adverse events, such as fluid retention, dyspnea, fever, myal-
gias, bone pains, and rash, was higher in patients treated with 
E. coli-derived GM-CSF [103, 111]. First dose reactions like 
flushing, tachycardia, hypotension, musculoskeletal pain, 
dyspnea, nausea, vomiting, and arterial oxygen desaturation 
have been reported in approximately 5% of the patients 
receiving intravenous GM-SCF.

On the other hand, the glycosylated form appears to be 
more antigenic than the non-glycosylated forms, and 1% of 
patients develop antibodies to the agent [92]. Administration 
of CSFs involves the theoretical risk of malignant transfor-
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mation, but, nevertheless, there is no supporting evidence for 
this [112]. Another concern is the possibility for aggravating 
the inflammatory response in patients with pre-existing 
infections resulting in clinical deterioration. However, this 
does not constitute a contraindication to CSF administration, 
since it is rather based on anecdotal reports than on compre-
hensive studies [113].

There is a theoretical concern that G-CSF use may be 
harmful for organ graft survival as the G-CSF-induced 
monocyte, i.e., antigen-presenting cells rise may be the cause 
of transplant rejection. The use of G-CSF has been associ-
ated in some reports with a worsening in graft function [114]; 
however, in most series, it was not associated with an 
increased incidence of rejection episodes in solid organ 
transplant recipients.

 Interferon-Gamma (IFN-γ)

IFN-γ is produced endogenously primarily by T-cells and 
NK cells and is a potent activator of monocytes/macrophages 
and neutrophils. In vitro, IFN-γ has been shown to enhance 
the neutrophil and/or macrophage activity against a number 
of bacteria, fungi, and protozoa [34, 47]. In addition, IFN-γ 
plays a regulatory role in the cytotoxic function of macro-
phages and the killing of intracellular pathogens like 
Mycobacterium, Leishmania, Rickettsia, Legionella, and 
Chlamydia species [34, 115, 116]. IFN-γ plays an important 
role in regulating BK virus infection by exerting a potent 
inhibitory effect on BK virus expression both at the level of 
transcription and at the level of translation and viral progeny 
production in primary cultures of renal tubular epithelial 
cells proximal [117]. Further studies using a BK infection 
mouse model provide evidence that IFN-γ directly depresses 
viral replication and contribute to the antiviral control of BK 
infection in the host [118]. In animal models, IFN-γ enhances 
host resistance against invasive Candida or Aspergillus 
infection [119, 120].

In clinical trials, IFN-γ has been primarily used in chil-
dren with chronic granulomatous disease (CGD) [121]. In 
1990, IFN-γ was approved for prophylactic use in individu-
als with CGD for the prevention of bacterial and fungal 
infections [34].

IFN-γ has never been systematically studied for the 
treatment or prevention of opportunistic infections in 
transplant recipients. The safety of IFN-γ was evaluated in 
a retrospective study of 32 HSCT recipients. Not only was 
the administration of IFN-γ tolerated without serious 
adverse events but in high-risk allogeneic transplantation 
recipients with GVHD the cytokine led to the amelioration 
of both acute and chronic GVHD [122]. In general, IFN-γ 
is well tolerated, and adverse events occur only with higher 
doses [34].

 Conclusions

Despite the advantages on our current understanding of the 
immunopathogenesis of infections in immunocompromised 
patients, the outcome of opportunistic infections in trans-
plant recipients remains poor. In this regard, the concept of 
immunomodulatory therapies constitutes a rational approach 
aiming to selectively restore the innate immunity while keep-
ing the adaptive immune response, which is implicated in 
graft rejection, suppressed. Among the immunotherapeutic 
strategies studied in transplant recipients aiming to enhance 
the adaptive immune response are the adoptive transfer of T 
lymphocytes and the use of cytokines such as G-CSF, 
GM-CSF, M-CSF, or IFN-γ. Despite some encouraging 
results in in  vitro and in  vivo studies currently available, 
clinical evidence on the use of these approaches is too lim-
ited to allow firm recommendations. Many questions, how-
ever, regarding various immunomodulatory approaches, 
such as safety, efficacy, timing of intervention, dosing, or 
eligible patients will need appropriately designed and pow-
ered clinical trials in order to be answered.
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 Introduction

In the healthy individual, the incidence of fungal infection is 
low due to efficient mitigation by appropriate immune 
responses. Infection is acquired through the inhalation of 
microconidia or fungal spores, and primary infection takes 
hold in the lungs where the conidia swell and germinate to 
produce the hyphal growth pattern typically associated with 
mold. This is followed by contiguous spread and hematologic 
dissemination to the brain, kidney, and other organ systems if 
unchecked [1, 2]. Alveolar macrophages and neutrophils are 
quick to respond and phagocytose the fungal threat via sev-
eral different internalization mechanisms, followed by an 
adaptive response carried out by dendritic cells (DC) and T 
cells primed for an optimal TH1 response [3–6]. Despite high 
efficiency clearance of fungal infections in immunocompe-
tent individuals, there has been a steady rise in opportunistic 
fungal infections since the 1960s due to the increased inci-
dence of patients with sub-par immune responses mostly due 
to the advent of solid organ and hematopoietic stem cell trans-
plantation (HSCT), the increased use of chemotherapy and 
biologic immunosuppressive treatment regimens, and the epi-
demic of advanced HIV disease [7–13].

As the number of immunocompromised patients in hospi-
tals rises, so do the incidence and mortality associated with 
invasive fungal diseases. In severely immunocompromised 
patients, invasive aspergillosis (IA) is caused predominantly 
by Aspergillus fumigatus followed by A. flavus, A. terreus, A. 
nidulans, and A. niger. These species represent important 
filamentous mold pathogens as they are relatively prevalent 
and exhibit a high mortality rate approaching 45% to 80% 
despite antifungal therapy [14–16]. Many of the systemic 
antifungal therapies that work reasonably well within the 
general population are far less satisfactory in the immuno-
compromised setting. The extensive use of empiric antifun-
gal therapies is now a growing concern given the development 
of drug resistance, including the emergence of the azole- 
resistant strains of A. fumigatus [17]. Additionally, these 
drugs have numerous limitations, including high toxicity, 
limited efficacy, and complex drug interactions. Though the 
immune system is capable of handling a fungal threat when 
competent, there is currently a dearth of clinically approved 
vaccines, despite the fact that a 1967 review article cited 32 
publications showing preclinical efficacy of various fungal 
vaccines [18].

Historically, severe and prolonged neutropenia has been 
the predominant risk factor when assessing who may suc-
cumb to IA, though more recent studies have shed light on a 
broader breadth of relevant antifungal immune responses. 
For example, IA in allogeneic stem cell graft recipients is 
more frequently seen late after undergoing transplantation in 
non-neutropenic patients and often occurs during treatment 
for chronic graft-versus-host disease [19, 20]. Additionally, 
IA in patients following solid organ allograft transplantation 
is an opportunistic disease that is noted in the absence of 
severe neutropenia [21, 22]. It is important to note that het-
erozygous nude mice survive intravenous fungal  microconidia 
infection while homozygous nude mice succumb to the dis-
ease, indicating an important and non-redundant role for the 

58

W. K. Decker (*) · M. M. Halpert · V. Konduri · D. Liang 
Department of Pathology and Immunology, Baylor College of 
Medicine, Houston, TX, USA
e-mail: decker@bcm.edu; halpert@bcm.edu; konduri@bcm.edu; 
dan_liang@hms.harvard.edu 

C. N. Hampton 
Department of Pathology and Immunology, Baylor College of 
Medicine, Huffington Center on Aging, Houston, TX, USA
e-mail: christopher.hampton@bcm.edu 

A. Safdar 
Clinical Associate Professor of Medicine, Texas Tech University 
Health Sciences Center El Paso, Paul L. Foster School of 
Medicine, El Paso, TX, USA
e-mail: amar.safdar@cidimmunology.com

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9034-4_58&domain=pdf
mailto:decker@bcm.edu
mailto:halpert@bcm.edu
mailto:konduri@bcm.edu
mailto:dan_liang@hms.harvard.edu
mailto:dan_liang@hms.harvard.edu
mailto:christopher.hampton@bcm.edu
mailto:amar.safdar@cidimmunology.com


1032

adaptive immune response in fungal clearance [23]. Indeed, 
both the innate and the adaptive immune response are neces-
sary for proper and efficient fungal clearance and survival of 
the host [5, 24, 25]. Recently, an increased understanding of 
the reasons why some patients survive IA and others do not 
has suggested the use of therapeutic interventions that utilize 
adaptive immunity as IA survivors typically have a signifi-
cant proliferation of antigen-specific, IFN-γ- producing T 
cells, and generally robust TH1 immune responses [6, 26]. 
After intranasal challenge of A. fumigatus, there occurs a 
vigorous secretion of pro-inflammatory TH1 cytokines 
including IL-12, IFN-γ, TNF-α, and IL-18, and mice defi-
cient for TH1 cytokines exhibit considerable deficits in effec-
tive fungal clearance [3, 4]. Many of these TH1 cytokines are 
thought to be produced by type I polarized CD4+ T cells, 
raising concerns that antifungal immunotherapy may be inef-
fective in CD4-deficient hosts; however, there also exists 
encouraging evidence that these patients can be successfully 
vaccinated and that CD8+ T cells can subsume the roles of 
CD4+ cells in the development of vaccine-induced adaptive 
immunity [27–29].

A broad variety of immune-based approaches, some 
experimental in nature, have been considered for the treat-
ment of invasive fungal disease. Experimental approaches 
like dendritic cell immunotherapy will be considered first, 
whereas more clinically relevant approaches such as patient 
mobilization with recombinant growth factors and granulo-
cyte transfusion are considered later in the chapter.

 Dendritic Cell Immunotherapy

Dendritic cells are important mediators of TH1 responses 
and orchestrate global antifungal immunity in the lungs [2, 
30–33]. Plasmacytoid dendritic cells (pDC), a lymphoid 
subset of DC that support TH1 immunity through the pro-
duction of type I interferons, have been observed to respond 
to nucleic acids from A. fumigatus via TLR-9 activation 
[34]. However, a majority of antifungal vaccine studies have 
focused on the use of conventional myeloid DC subsets 
which have shown a remarkable ability to discern between 
the conidia and hyphal forms of the emerging fungus [2, 35, 
36]. Under physiologic conditions, lung dendritic cells 
engulf conidia within hours, traffic to the regional lymph 
nodes and spleen, and prime efficient cytotoxic T-cell (CTL) 
responses [2]. This concept has been adapted in animal vac-
cine studies in which vaccination with DC pulsed with 
Aspergillus or transfected with microconidial RNA 
increased the survival of mice after HSCT, when subse-
quently challenged with conidial inoculums, from 0% to 
95% [31]. This effect could be further enhanced when DC 
were concurrently pulsed with fungal extracts and trans-
fected with an IL-12-producing adenoviral vector, although 

there exist more conventional methods that stimulate physi-
ologic secretion of IL-12 [32]. Importantly, the responses 
appeared to be antigen-specific and most robust when 
loaded DC were administered directly in contrast to adop-
tive transfer of pathogen-specific T lymphocytes [31, 32] 
Fungus-pulsed DC or DC transfected with fungal mRNA 
have also elicited a reasonable rate of immune efficiency 
against other types of fungi, including Candida [37]. In con-
trast to the anti-conidia TH1 immune response, hyphae 
appear to promote a TH2-skewed response using both 
hyphae- pulsed DC and DC-transfected hyphal RNA [2, 33]. 
Though an ideal antifungal vaccine would exhibit multi-
genera cross- reactivity, current preclinical vaccines are 
genus specific, exhibiting little antigenic overlap between 
genus or species [31].

 Interferon Gamma (IFN-γ)

Interferon gamma is the only member of the type II class of 
interferons. It is a homodimerized soluble cytokine critical 
for innate and adaptive immune responses against nearly all 
types of pathogens including viruses, bacteria, protozoa, and 
fungi [38]. IFN-γ activates macrophages and upregulates 
MHC class I expression on a broad variety of different cell 
types. Produced by NK, NKT, CD4, and CD8 cells, IFN-γ 
both inhibits viral replication and activates macrophages, 
permitting more effective killing of intracellular organisms.

 Preclinical Experience

IFN-γ activation of macrophages via TH1 cell stimulation 
induces macrophages to overcome inhibition of phagolyso-
some maturation caused by mycobacteria [39], and experi-
mental work in  vitro suggests that the addition of IFN-γ 
increases killing of microbes by upregulating TH1 responses 
through polymorphonuclear leukocytes, monocytes, and 
macrophages [40]. IFN-γ appears to prime macrophages for 
enhanced microbial killing and inflammatory activation 
through the toll-like receptor pathway [41]. Immune cell 
activation by IFN-γ is dependent on STAT1 activation which 
in turn activates interferon-stimulated genes. IFN-γ is also 
responsible for altering epigenetic governance of macro-
phages, inducing and priming enhancers to increase tran-
scriptional output in response to TLR signaling [42]. Davis 
and colleagues demonstrated that IFN-γ prevents fungal 
inhibition of lysosomal activity, enhancing and maintaining 
the ability of the macrophage to destroy Cryptococcus [39]. 
Stevens and colleagues demonstrated that pulmonary macro-
phage and neutrophil function may be upregulated by IFN-γ, 
including respiratory burst killing of intra- and intercellular 
fungal infections. Stevens further demonstrated that cyto-
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kines themselves are very weakly active, even when admin-
istered in combination with antifungal drugs, yet significant 
synergy occurs when effector cells, cytokines, and antifungal 
drugs are combined [43]. IFN-γ was approved by the US 
Food and Drug Administration in February of 2000 to treat 
chronic granulomatous disease, a genetically diverse disor-
der characterized by a defect in oxygen metabolite produc-
tion in phagocytic cells [44]. Marketed as ACTIMMUNE 
(IFN-γ-1b), this product was authorized by the FDA for 
treatment of CGD even without evidence of increased super-
oxide production as a result of treatment. Granulomas 
include Aspergillus, especially A. fumigatus, and Candida 
species. Filiz and colleagues subsequently demonstrated that 
IFN-γ indeed improves the oxidative burst activity of neutro-
phils in specific subtypes of CGD in vitro, particularly with 
respect to the gp91phox subgroup [45].

 Adjunct Clinical Use

Clinical case reports in HIV-infected and diabetic children 
with chronic fungal infections have been published, describ-
ing the use of IFN-γ in conjunction with various colony- 
stimulating factors to combat these infections. While this 
approach was not found to be curative, it did help to stabilize 
chronic infections over a course of several years [46]. Other 
clinical reports describe the use of IFN-γ as a curative agent 
in the treatment of invasive fungal infections following kid-
ney transplant with only a limited, 6-week treatment cycle 
[47]. Here, it was hypothesized that standard immunosup-
pressive therapies predispose patients to fungal infection by 
specifically targeting and downregulating the function of TH1 
cell populations. This results in an inadequate IFN-γ-driven 
response to fungal insult, allowing the microbes to expand 
relatively unchallenged. In six of seven reported subjects, 
otherwise lethal infections were cleared, and long-term 
follow- ups have remained clear; the remaining patients’ 
blood samples became negative for C. albicans 5 days after 
starting IFN-γ treatment and remained clear for 20 consecu-
tive days until unexpected death from noninfectious causes 
(ibid). Delsing and colleagues report on case studies using 
recombinant IFN-γ for 2  weeks with partial restoration of 
immunologic function in the treatment of patients with 
Candida and Aspergillus infections. These experimental 
results showed general leukocyte responses primarily 
reflected by increased ex vivo IL-1β or TNF-α inflammatory 
responses as well as increased IL-17 and IL-22 cytokine 
secretion. This stimulation was however accompanied by 
concomitant decrease in granulocyte populations [48].

Safety of adjuvant recombinant interferon gamma-1b was 
assessed in 32 HSCT recipients at a comprehensive cancer 
center. Among these 32 patients, 81% had undergone alloge-
neic stem cell graft transplantation. In this retrospective anal-

ysis, interferon gamma-1b was mostly administered at a dose 
of 50 micrograms subcutaneously every other day. Six 
median doses ranged between 1 and 29 doses among the 32 
patients. The median cumulative dose was 487 micrograms 
and ranged between 35 and 2175 micrograms. Fever was 
noted in 28% of subjects, and one patient developed revers-
ible, new-onset lymphocytopenia while on cytokine adjunct 
therapy. None of the patients exhibited interferon gamma- 
1b- related neutropenia, thrombocytopenia, anemia, or 
hepatic dysfunction. It was important to note that treatment 
with recombinant cytokine did not precipitate nor exacerbate 
existing acute or chronic graft-versus-host disease. Among 
the 26 patients with aspergillosis, 54% died. It was consid-
ered encouraging that 60% of patients with disseminated 
aspergillosis after HSCT had a favorable response to antifun-
gals and adjuvant interferon gamma-1b therapy. Multicenter 
clinical trials are needed to evaluate the efficacy of this cyto-
kine therapy in highly susceptible transplant recipients with 
difficult-to-treat invasive mold disease [49]. Salvage combi-
nation cytokine therapy in severely immunocompromised 
patients with non-Aspergillus mold disease such as dissemi-
nated Fusarium spp. infection has also been reported to 
result in a favorable response. The authors suggested further 
clinical development to determine safety and therapeutic fea-
sibility of interferon gamma-1b plus recombinant GM-CSF 
in highly susceptible allogenic stem cell graft recipients with 
life- threatening invasive fungal disease [50].

 Recombinant Myeloid Growth Factors

Solid tumors, lymphomas, leukemias, and multiple myelo-
mas exhibit similar risks of infectious complications. 
Myeloablative treatments for oncologic diseases including 
chemotherapy and/or radiation therapy are often compli-
cated by myelosuppression prominently presenting as severe 
neutropenia which renders patients susceptible to potentially 
lethal infections. Gram-negative bacteria including 
Pseudomonas aeruginosa as well as systemic candidiasis 
and invasive disease due to Aspergillus fumigatus are serious 
and potentially life-threatening complications that are often 
encountered in patients with prolonged and severe neutrope-
nia [51]. Antimicrobial chemoprophylaxis against bacteria, 
fungi, and viruses in transplant populations has predictably 
been largely ineffective even though a marked reduction in 
the risk for such infections has resulted in their routine 
implementation in various transplant protocols [52].

Myeloid cells are important in the prevention of fungal 
infections. In an experimental model of HSCT with post-
transplant infection by A. fumigatus similar to what is 
observed in clinical practice, cotransplanation of common 
myeloid progenitor/granulocyte progenitor (CMP/GMP) 
cells prevented the establishment of lethal fungal infection in 
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mice, and survival was significantly increased with addition 
of granulocyte colony-stimulating factor (G-CSF) [53]. 
Granulocyte-CSF is a glycoprotein which promotes the pro-
liferation and differentiation of granulocyte precursors and 
their mobilization into the bloodstream. Currently available 
recombinant human G-CSF drugs (rhG-CSF) include leno-
grastim (glycosylated G-CSF), filgrastim (non-glycosylated 
G-CSF produced in Escherichia coli), and pegfilgrastim 
(pegylated filgrastim). Granulocyte macrophage colony- 
stimulating factor (GM-CSF) is another glycoprotein which 
promotes the production of both granulocytes and mono-
cytes and plays an important role in the immune/inflamma-
tory cascade and provides robust defense against systemic 
infections. The pharmaceutical analogs include glycoprotein 
produced in Chinese hamster ovary cells (regramostim), 
Escherichia coli (molgramostim), or yeast (sargramostim).

rG-CSF is widely used to mobilize transplanted hemato-
poietic stem cells [54, 55]. In a multicenter randomized con-
trolled trial in southwestern China, high-risk acute myeloid 
leukemia (HR-AML) patients receiving HLA-haploidentical 
HSCT who underwent primary conditioning with rhG-CSF 
exhibited a lower rate of relapse than those conditioned with-
out rhG-CSF [56]. More importantly, the administration of 
rG-CSF to healthy individuals induced earlier peak neutro-
phil counts [57] and has been shown to prevent chemotherapy- 
induced neutropenia [58]. These observations were mirrored 
in randomized, multicenter trials in patients with advanced 
soft tissue sarcoma, small-cell lung cancer (SCLC), non- 
Hodgkin’s lymphoma (NHL), multiple myeloma, acute 
myeloid leukemia (AML), and others [55, 59–66]. These 
growth factors also accelerated the recovery of neutrophils 
following bone marrow (BMT) and CD34+ peripheral blood 
stem cell (PBSC) transplantation [62, 64, 65, 67–75]. In a 
trial of patients with de novo AML undergoing HSCT, a regi-
men of G-CSF and high-dose cytarabine provided optimized 
disease-free survival (DFS) and low treatment-related mor-
tality (TRM) [70]. Within a group of 221 pediatric patients 
receiving an allogeneic or autologous bone marrow or 
peripheral blood progenitor cell (PBPC) transplant, rG-CSF 
treatment significantly accelerated neutrophil recovery in all 
groups [76]. The ability of rG-CSF and rGM-CSF to stimu-
late myelopoiesis was essential to their anti-infectious capa-
bilities [77]. In some trials, time of hospitalization due to 
infection or antibacterial treatment regimen was significantly 
shorter with lenograstim than in patients given placebo. In a 
cohort of German adults with multiple myeloma or lym-
phoma who received high-dose chemotherapy and PBSC 
transplantation, G-CSF (lenograstim 263 μg) was given after 
chemotherapy to all patients, and leukocyte peak was seen 
12 hours after the cytokine was administered. The degree to 
which patient neutrophil counts peaked in response to G-CSF 
mobilization was negatively correlated with length of neu-
tropenia, infections following PBSC infusion, and the dura-

tion of antibiotic therapy. Serious infections such as 
pneumonia or enterocolitis were less frequent in individuals 
with a good response, whereas invasive fungal infections 
were seen only among poor responders [78].

Both G-CSF and GM-CSF have been shown by several 
investigators to mediate direct, anti-infective activities medi-
ated by granulocytes. Phagocytic and microbicidal functions 
of granulocytes against Staphylococcus aureus (although not 
against Candida albicans) were significantly increased by 
50–70% following 1000–4000 units/ml of G-CSF preincu-
bation [79]. On the other hand, GM-CSF protected neutrope-
nic mice from lethal infections caused by Pseudomonas 
aeruginosa, Staphylococcus aureus, and C. albicans and 
also neutropenic rats from lung injury and mortality caused 
by C. albicans [80, 81]. These effects were not observed 
among G-CSF-treated animals. GM-CSF also stimulates 
human monocyte fungicidal activity for C. albicans [82–84], 
and GM-CSF together with IL-3 protected patients receiving 
high-dose chemotherapy from systemic fungal infections 
when administered with or without autologous stem cell sup-
port [85].

At a comprehensive cancer center, 66 patients in whom 
GM-CSF was given in conjunction with systemic antifungal 
therapy were assessed retrospectively. Severe neutropenia 
(77%) and refractory/relapsed cancer (65%) were common 
in the group. Prior to GM-CSF therapy, 15% of patients 
received high-dose corticosteroids for a median duration of 
30 days with a median cumulative GM-CSF dose of 1184 mg. 
Nine patients received systemic steroids during GM-CSF 
therapy for a median of 16 days. In 9% of patients, modest 
adverse events were noted. None of the 66 patients exhibited 
moderate or severe systemic adverse events or cardiopulmo-
nary toxicity. In this cohort, nearly half (48%) of the patients 
died due to progressive IFD. The probability of death was 
significantly increased in patients receiving high-dose corti-
costeroids prior to GM-CSF treatment commenced (odds 
ratio [OR] = 24.0), and GM-CSF started in the intensive care 
unit (OR = 10.0). GM-CSF adjunct therapy was well toler-
ated in these severely immunocompromised patients with 
opportunistic fungal disease. Antifungal treatment failure 
remained a challenge in patients treated with high-dose sys-
temic corticosteroids [86].

 Normal Donor Granulocyte Transfusion

Advances in leukapheresis technology in the late 1960s and 
early 1970s established the use of healthy donor granulocyte 
transfusion (GTx) for the treatment of infections in canine 
models and severely neutropenic patients [87–92]. However, 
because the advent of this therapeutic modality was not 
underpinned by randomized, placebo-controlled trials, the 
utility of GTx for the treatment of invasive fungal disease has 
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remained controversial [93] for decades despite widespread 
adoption of the technique and evidence that neutrophil recov-
ery is associated with local and systemic control of infection 
[94]. In a 1984 case-controlled study, only granulocytopenia 
was identified as a significant risk factor associated with the 
development of invasive pulmonary aspergillosis, whereas 
sinus disease, history of smoking, recurrent leukemia, che-
motherapy, and corticosteroid administration were not sig-
nificant predictors for this complication. Additionally, others 
have shown that risk of invasive aspergillosis proportionally 
rises with the extended duration of granulocytopenia [95].

Early studies of GTx in HSCT populations that were 
largely inconclusive and relied upon positive anecdotal 
reports [96, 97] were counterbalanced by larger, retrospec-
tive studies indicating little or no benefit [98]. These con-
founding series of events underscored the need for 
better-controlled or prospective studies. In 1997, a meta- 
analysis of eight prophylactic granulocyte transfusion trials 
performed between 1970 and 1995 identified both granulo-
cyte dose and serum compatibility as important factors for 
clinical success, demonstrating significantly reduced risk of 
infection (RR = 0.075), death (RR = 0.224), and death from 
infection (RR = 0.168) among patients treated with GTx and 
well-matched control population [99]. This finding was 
important at the time as the recent contemporaneous advent 
of recombinant growth factors began to routinely enable 
increased yields of granulocytes to be harvested from mobi-
lized normal donors. In 2013, Martinez et al. published the 
results of a well-designed animal study in which neutropenic 
mice treated concomitantly with antibiotics to prevent bacte-
rial sepsis were inoculated with infectious doses of 
Aspergillus microconidia. In this model system, i.v. adminis-
tration of 107 PMNs derived from syngeneic mobilized 
donors reduced post-infection mortality from 70% to 10% 
and completely cleared the infection in up to 50% of survi-
vors as determined by analysis of fungal colony-forming 
units in the lungs of infected animals. Survival was shown to 
be correlated directly with the dose of neutrophils adminis-
tered [100]. In another case control analysis at the MD 
Anderson Cancer Center, the impact of high-dose GTx 
(mean 5.5 × 1010 cells) was assessed. Twenty-nine patients 
with candidemia had received GTx, and 462 patients with 
candidemia in whom GTx was not given and who were com-
parable in age, gender, APACHE II score, recent treatment 
with antineoplastic chemotherapy, broad-spectrum antibiot-
ics, systemic corticosteroids, radiotherapy, presence of intra-
vascular catheter, and concordant antifungal therapy served 
as concomitant controls [101]. The patients who received 
granulocyte transfusions had a significantly higher incidence 
of persistent neutropenia (59% vs. 18%, P  <  0.001), non- 
Candida albicans species candidemia (including 35% 
Candida glabrata and 31% Candida krusei, 90% vs. 67%, 
p = 0.01), and invasive antifungal breakthrough disease (62% 

vs. 23%, p < 0.001). The median duration of neutropenia in 
GTx group was 28 days compared with 10 days among the 
control group (p < 0.001), and 28% in the GTx group had 
received HSCT compared with 13% in patients among the 
control group (p = 0.03). Similarly, stays in critical care units 
were more prominent in the GTx group (62%) vs. patients in 
the control cohort (40%, P = 0.02). The overall attributable 
mortality rate was 48% in adjunct GTx group vs. 45% among 
254 evaluable patients in the control group. On the basis of a 
reduced multivariate model, a significantly increased risk of 
candidemia-associated death was found for patients with 
HSCT (OR 2.51), for patients with persistent neutropenia 
(OR = 4.57), for patients with leukemia who also had pro-
longed candidemia (OR = 3.59), for those with disseminated 
candidiasis (OR = 5.19), and for patients with non-C. albi-
cans species candidemia (OR = 5.02). Despite the presence 
of multiple predictors for significantly higher probability of 
candidemia-attributable death, recipients of healthy donor- 
derived, high-dose GTx adjunct therapy were associated 
with better than expected survival rates in this single center 
observation.

With increasing acceptance of the basic premise of GTx, 
subsequent studies were able to focus on the development of 
best practices including the means by which to increase gran-
ulocyte yield, identification of optimal granulocyte storage 
conditions, and the safe use of unrelated community donors 
[102–104]. In 2001, Lee et al. attempted to establish an opti-
mal normal donor mobilization regimen for GTx therapy, 
though the study was successful only in identifying greater 
utility of GTx for the treatment of fungal or Gram- negative 
infections. Interestingly, protection was not evident for infec-
tions due to Gram-positive bacteria [105]. Additionally, clini-
cians became increasingly willing to attempt GTx for the 
treatment of invasive fungal infections such as rhinosinusitis 
[106], Candida septicemia [101, 107], nasal aspergillosis 
[108], Candida meningitis, central nervous system Aspergillus 
infection, and Absdia mucormycosis involving the upper air-
way [109]. Use of GTx for the management of mycoses in 
neutropenic pediatric populations became commonplace as 
well [110], and, as with the adults, the data were not without 
considerable controversy. A review of 66 pediatric trials pub-
lished by van de Wetering et al. in 2007 reported no evidence 
of benefit and urged caution absent the future completion of a 
well-designed, randomized trial in children [111]. Subsequent 
pediatric studies suggested, as with adults, that cell dose is 
critical in achieving good clinical outcome [112]. Despite a 
broad and general contemporary acceptance of GTx efficacy 
for the treatment of infections in the neutropenic host, there 
remain advocates of large, randomized, placebo-controlled 
trials to firmly establish GTx efficacy. The fact that a conclu-
sive study has not been performed in nearly 50 years of clini-
cal experience with GTx indicates that this idealized goal is 
likely to remain both logistically and morally unfeasible in 
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practice. Because of these practical and ethical realities, 
informative data derived from well-designed animal studies 
may have to suffice for the foreseeable future. Data derived 
from prophylactic studies of GTx administration are more 
clear and less equivocal with regard to preventative efficacy 
[113]; however, prophylactic GTx can often not be justified 
given the relative paucity of neutropenic patients who ulti-
mately develop serious infections despite traditional antifun-
gal prophylaxis in comparison to the significant costs 
associated with GTx.

Results of the most contemporary evidence-based 
approaches indicate that continuous flow centrifugation leu-
kapheresis (CFCL) is the optimal method by which to isolate 
normal donor granulocyte populations. As opposed to earlier 
methodologies of isolation and harvest based on adherence, 
CFCL does not prematurely activate granulocytes thereby 
contributing to better functional activity and enhanced lon-
gevity in vivo following infusion [114]. Because the dose of 
the transfusion product is so critical to functional efficacy 
(>1 × 1010 granulocytes/dose in a variety of different studies) 
[114, 115], it is critical to mobilize donor granulocytes into 
peripheral circulation prior to leukapheresis and harvest. 
Optimal donor mobilization in many centers consists of syn-
ergistic administration of both corticosteroids such as dexa-
methasone and recombinant G-CSF, the combination of 
which produces a 10- to 13.5-fold increase in donor periph-
eral blood absolute neutrophil count [114, 116–118]. The use 
of single-agent CXCR4-antagonist plerixafor [119–122] is 
also under investigational study for use as a neutrophil mobi-
lization agent among GTx donors [114].

Despite limited evidence for efficacy, GTx is also used to 
prevent and treat opportunistic infections in patients with 
severe and prolonged neutropenia. In one retrospective study, 
373 GTx given to 74 patients were assessed. It was interesting 
to note that GTx was discontinued because of clinical 
improvement more often in patients with severe infections 
than in patients without severe infections (27 vs. 12%, 
p  ≤  0.002), whereas deaths resulted in discontinuation of 
GTx therapy less often in patients with severe infections than 
in patients without severe infections (8 vs. 39%, p ≤ 0.002). 
Patients who died by 12 weeks after GTx initiation were more 
likely to have not recovered from neutropenia (p < 0.0001) 
and to have started GTx during a critical care unit stay 
(p  <  0.001). Concomitant uses of G-CSF (p  ≤  0.02) and 
IFN-γ (p ≤ 0.04) were also more common in patients who 
survived. It was important to recognize that probability of 
failure was significantly higher in patients in whom granulo-
cyte transfusion was given if they had pre-existing medical 
comorbidities (OR 12.6), in whom therapy commenced while 
the patients were in critical care unit (OR 8.8), or in whom 
hyperbilirubinemia developed by the end of GTx therapy (OR 
2.1). The possibility that a niche neutropenic population, such 
as those with severe systemic infections administered adjunct 

recombinant myeloid growth factor plus IFN- γ, might bene-
fit from GTx requires further assessment [123].

The response to antifungal therapy alone often is subopti-
mal in patients with refractory neutropenia, and even donor- 
derived GTx has not consistently shown favorable outcomes. 
At a tertiary cancer center, 20 patients were given high-dose 
(approximately 5.5  ×  1010 neutrophils per transfusion) 
healthy primed donor-derived GTx and adjunct IFN- 
gamma1b. Most patients (90%) had recurrent or refractory 
cancer, and 30% had undergone allogeneic stem cell graft 
transplantation. The median duration of GTx plus IFN- 
gamma1b was 26 days and ranged between 12 and 372 days 
after transplantation. Seventy percent of patients had proven 
or probable invasive fungal disease. Systemic corticosteroids 
during GTx plus IFN-gamma1b therapy were given in 40% 
of the patients in this study. The median doses of GTx were 
8 transfusions that ranged between 4 and 28 transfusions, 
whereas IFN-gamma1b median doses were 9 and ranged 
between 1 and 28 doses with a cumulative IFN dose of 400 
+/− 2621 micrograms. Other concomitant cytokines included 
G-CSF in 75% of patients, and 70% also received 
GM-CSF. Fever was the most common adverse event noted 
in 20% of patients in this group, and 10% developed skin 
rash. Reversible liver dysfunction in 15% and tachycardia in 
a single patient were also attributed to IFN-gamma1b ther-
apy, whereas transient dyspnea was considered as a GTx tox-
icity. Four weeks after therapy started, 45% of patients 
exhibited complete or partial resolution of infection, and in 
another 15%, invasive fungal disease had become stable. 
These results were indicative of tolerability of GTx and 
adjunct cytokine therapy among this highly vulnerable 
patient population. IFN-gamma1b immune enhancement in 
patients being treated with high-dose healthy donor GTx for 
systemic fungal infections appears an attractive approach 
and needs further validation trials [124].

In addition, off-the-shelf neutrophil-like cells can be gen-
erated and expanded from hematopoietic progenitors [114, 
125–129]; however, these largely hypothetical efforts are 
unlikely to impact clinical medicine in the near future. Given 
the lack of definitive indications for GTx, only clinically 
driven suggestions should govern justification for the use of 
GTx in the treatment of infections among patients with 
severe and prolonged neutropenia, particularly those with 
evidence of severe systemic infection such as invasive fungal 
diseases who fail monotherapeutic antimicrobial therapy 
[114].

 Summary

In summary, while cell therapy and recombinant growth fac-
tors appear to play important and relevant roles in the man-
agement of posttransplant invasive fungal disease, the use of 
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such agents remains somewhat controversial. In some cases, 
definitive evidence of efficacy can only be found in the 
research literature. In others, adoption of treatment proce-
dures in the absence of randomized, placebo-controlled trials 
has created an environment in which clinicians are reason-
ably certain of efficacy and therefore lack the moral author-
ity to withhold such treatments, as would be necessitated by 
administration of a placebo. As the field grapples with these 
issues, the development of innovative statistical methods and 
retrospective studies will likely be necessary to definitively 
confirm what is already anecdotally known. And in spite of 
the controversy, there are few who doubt the genuine effi-
cacy of GTx and growth factor administration under appro-
priate clinical circumstances and fewer still who call for a 
complete re-evaluation of these treatment regimens in rou-
tine management. Nonetheless, future studies are certain to 
be beneficial in satisfying the needs of evidence-based 
approaches [130–133].
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Antimicrobial Stewardship: 
Considerations for a Transplant Center

Susan K. Seo and Graeme N. Forrest

 Introduction

In this era of multidrug-resistant organisms (MDRO), clinicians 
are facing difficult-to-treat infections with a dearth of novel anti-
microbial agents in the pipeline [1, 2]. In order to optimize the 
use of currently available anti-infective drugs, antimicrobial 
stewardship encompassing all patient populations has been 
advocated [3], and the 2015 National Action Plan for Combating 
Antibiotic-Resistant Bacteria has stipulated that all United 
States (US) acute care hospitals should develop a formal antimi-
crobial stewardship program (ASP) by 2020 [4]. However, anti-
microbial stewardship efforts in immunocompromised patients 
can be challenging due to the complexity of cases, difficulty 
with making timely diagnoses, and the high morbidity and mor-
tality associated with invasive bacterial, viral, and fungal infec-
tions [5]. While there are limited data for hematopoietic cell 
transplant (HCT) and none for solid organ transplant (SOT) to 
date, cost- savings and other benefits of ASPs in the care of 
transplant recipients are thought to be feasible [6]. The purpose 
of this chapter is to explore several features of coordinating an 
ASP at a transplant center. While basic stewardship tenets are 
applicable [7], there are also unique aspects to consider in the 
management of transplant patients.

 Implementation of ASPs

Effective antimicrobial stewardship is defined as the optimal 
selection, dose, and duration of an antibiotic, resulting in the 
cure of an infection with minimal toxicity to the patient and 

minimal impact on the selection of MDRO [8]. In 2016, the 
Infectious Diseases Society of America (IDSA) and the 
Society for Healthcare Epidemiology of America (SHEA) 
updated an evidence-based guideline for the development of 
a formal ASP by healthcare institutions [7]. Although many 
major medical centers in the US have an institutional ASP, 
not all of these established programs are inclusive of adult 
and pediatric transplant patients, showing that there is still 
work to be done [9]. How an ASP is implemented will vary 
depending on the institution’s size and resources, but a com-
prehensive approach with a full-time dedicated multidisci-
plinary team can lead to increased infection cures, reduced 
treatment failures, and cost-savings [10]. From a practical 
standpoint, the Centers for Disease Control and Prevention 
(CDC) have summarized the seven core elements for build-
ing a successful ASP: administrative support, physician 
leader responsible for program outcomes, designated per-
sonnel with appropriate anti-infective expertise, selection of 
stewardship strategies, regular audits, prescriber feedback, 
and education to healthcare providers about resistance and 
optimal prescribing [11].

The transplant center though represents a distinctive 
entity, and formation of an ASP should take into account 
issues that are unique to such a place, such as local suscepti-
bility patterns and the intricacies of managing patients with 
compromised host defenses. Advances in SOT [12] and HCT 
[13] have prolonged survival and increased probability of 
cure in patients with previously untreatable conditions. 
However, infections continue to be a major threat to the suc-
cess of transplantation. As a consequence, antimicrobials are 
commonly prescribed for prolonged periods of time to either 
prevent or treat infectious complications in transplant recipi-
ents. It is not surprising then to find that units caring for SOT 
and HCT patients have some of the highest rates of antibac-
terial and antifungal use within hospitals [14, 15].

There is a well-established association between antimi-
crobial use and emergence of drug resistance and Clostridium 
difficile infection (CDI). At the patient level, the longer the 
duration of exposure to antimicrobials the greater is the 
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 likelihood of colonization with resistant organisms; at the 
communal level, areas within hospitals with the highest rates 
of antimicrobial use are likely to have the highest rates of 
drug resistance [8]. While quinolone prophylaxis has been 
beneficial in reducing infection and mortality, breakthrough 
infections have been connected to quinolone use in HCT 
recipients [16–18]. An increasing trend of infections caused 
by methicillin- resistant Staphylococcus aureus (MRSA) 
[19], vancomycin-resistant enterococci (VRE) [20, 21], and 
multidrug- resistant (MDR) Gram-negative bacteria [21–23] 
in febrile, neutropenic patients irrespective of quinolone pro-
phylaxis has also been reported.

Colonization and infection by resistant organisms have 
also been recognized in SOT recipients. The potential for 
infection by a resistant organism can complicate selection of 
appropriate initial treatment, and similar to studies in other 
patient groups, a delay in adequate empiric antibiotic therapy 
has been correlated with increased mortality among SOT 
patients [24]. VRE infection has been reported to occur 
between 4% and 11% among liver and kidney recipients [25, 
26] with the majority of infections happening within the first 
month following transplantation. VRE infections in SOT are 
often severe and have been associated with persistent and 
recurrent bacteremia, prolonged hospitalization, and higher 
risk of death [27]. Data suggest that extended-spectrum beta- 
lactamase (ESBL)-producing bacteria commonly colonize 
the gastrointestinal tract of liver and intestinal transplant 
recipients [28, 29], and sporadic nosocomial outbreaks have 
occurred in intensive care units managing transplant patients, 
as well as in liver and renal transplant units [28, 30–32]. At 
least one group in Spain has found increased morbidity asso-
ciated with ESBL-producing and Amp C beta-lactamase 
Gram-negative organisms in a population of kidney recipi-
ents [33]. Persistent colonization and infections with MDR 
Achromobacter, Pseudomonas, Stenotrophomonas, and 
Burkholderia species have been most frequently reported for 
lung transplant recipients, particularly in those with cystic 
fibrosis, and their detection seems to have prognostic signifi-
cance [34]. The presence of Pseudomonas aeruginosa might 
adversely impact survival of lung transplant recipients by 
favoring the development of bronchiolitis obliterans follow-
ing transplantation [35], and post-transplant survival among 
patients colonized with Burkholderia hinges on which infect-
ing species is present [36, 37].

Aside from bacterial pathogens, invasive fungal infec-
tions (IFIs) occur disproportionately more in patients with 
compromised host defenses and are associated with consid-
erable morbidity and mortality. The difficulty in diagnosing 
IFIs often results in the prolonged use of empiric antifungal 
therapy [38]. The overuse of these agents not only results in 
increased costs, but also has associated toxicities in this pop-
ulation [39]. Serum and bronchoalveolar lavage galactoman-
nan antigen and the serum (1–3)-β-D-glucan assay, which is 

non-specific, have improved the ability to diagnose IFIs in 
SOT and HCT recipients [40, 41], but should these tests be 
performed off-site, the increased turnaround time lessens the 
potential to shorten or stop unnecessary antifungal therapy. 
Even a negative result has to be assessed in the clinical con-
text of the host and radiologic factors to determine whether 
therapy can be discontinued.

Three potential targets for antimicrobial stewardship in 
transplant patients are antibacterial prophylaxis, empiric 
treatment of specific infectious conditions (e.g., fever and 
neutropenia, pneumonia, sepsis), and prevention and therapy 
of IFIs. ASP teams can craft practice guidelines with input 
by their transplant colleagues. However, ASP personnel 
should be knowledgeable about a wide spectrum of anti- 
infective agents and also be on the lookout for alternative 
therapies, including investigational agents, when break-
through infections occur [42].

 Multidisciplinary Collaboration

Antimicrobial stewardship entails a multidisciplinary 
approach with designated oversight by an ASP team. Core 
ASP members include an infectious disease (ID) physi-
cian and one or more clinical pharmacists with ID spe-
cialty training [8]. These members generally have 
dedicated time expressly for the purpose of antibiotic 
management and are compensated accordingly. Because 
antimicrobial stewardship relates to patient safety and is 
considered to be a medical staff function, the program is 
usually directed by the ID specialist [8]. In addition, the 
ASP should have administrative backing; prescriber 
acceptance; and strong working relationships with infor-
mation technology (IT), Pharmacy and Therapeutics 
(P&T) committee, pharmacy, microbiology, and infection 
control to be successful [11].

A computer-based infrastructure facilitates stewardship 
efforts. Utilization of healthcare IT in the form of electronic 
medical records (EMR), computer order entry (COE), and 
clinical decision support has the potential to improve pre-
scribing and reduce medication errors, as demonstrated by 
LDS Hospital in Salt Lake City, UT [43–46]. While the com-
puter surveillance and decision-support system of LDS 
Hospital is ideal, adoption of such technology by individual 
institutions on a broader scale has been slow. Depending on 
the IT resources available, the ASP can still find ways to effi-
ciently follow local susceptibilities, monitor antimicrobial 
use, and target antimicrobial interventions [8]. Several 
reports confirming the usefulness of COE in reducing the use 
of a target antibiotic like linezolid [47] or improving compli-
ance with surgical prophylaxis guidelines [48] seem to indi-
cate that hospitals are showing interest in investing in IT 
support.
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Because of the nature of SOT and HCT care, the trans-
plant center is well suited for multidisciplinary collabora-
tion. However, there needs to be a sense by the transplant 
physicians and surgeons of a shared appreciation for the 
complexities of caring for immunocompromised patients. 
Recognizing the heterogeneity of patients is one key way. 
The net state of immunosuppression can vary greatly 
among immunocompromised individuals and even in the 
same person at different times, so being able to assess the 
degree and type of immunosuppression requires a level of 
expertise on the part of stewardship personnel working in 
such a setting [42].

Another way is to share data and demonstrate good out-
comes in order to build trust with future interventions [42]. 
To illustrate, antibacterial prophylaxis was not routine prior 
to 2006 at a tertiary cancer center in New York City, but the 
prevention of pre-engraftment viridans streptococcal bacte-
remia (VSB) in allogeneic HCT became a high priority due 
to an incidence of 7.4% and an attributable mortality of 21% 
[49]. Vancomycin-based prophylaxis was instituted in 2006 
and was subsequently associated with elimination of VSB 
and reduced staphylococcal bacteremia in a joint antimicro-
bial stewardship, ID, and transplant service analysis [50]. 
Since then, VRE has emerged as the leading cause of pre- 
engraftment bacteremia, so ongoing surveillance is being 
conducted at the center [50].

Combining forces to develop local guidelines is a further 
means to get transplant backing for ASP work. Although 
evidence-based national guidelines (e.g., management of 
febrile, neutropenic patients [51]; prevention of opportunis-
tic infections in HCT recipients [52]; surgical transplant pro-
phylaxis [53]) are available, these should be modified within 
the context of an institution’s specific patient characteristics 
and local epidemiologic factors. The ASP can be an invalu-
able resource to assist transplant teams in these efforts. Time 
and energy should then be spent to educate, monitor imple-
mentation, assess compliance and outcomes, and update 
guidelines accordingly [42]. While complete adherence is 
not likely to occur, improved clinical outcomes have been 
demonstrated if guidelines are followed [54, 55].

Another important function of the ASP is to assist in the 
management and update of the hospital’s formulary along-
side the P&T committee to ensure that appropriate antimi-
crobial agents are available to support transplant patients 
[56]. One challenge that has not abated is shortages of drugs 
that are either first-line agents or the only drugs available to 
treat specific infections (e.g., foscarnet, the recommended 
agent for ganciclovir-intolerant patients or ganciclovir- 
resistant viruses; intravenous (IV) trimethoprim- 
sulfamethoxazole, the treatment of choice for Pneumocystis 
jiroveci and Stenotrophomonas maltophilia infections) [57]. 
The ASP can be an invaluable asset during contingency plan-
ning by working with pharmacy to assess the drug supply 

and usage, modify service- or hospital-wide guidelines, and 
communicate with healthcare providers, as described in one 
ASP’s efforts to manage a critical pentamidine shortage [58].

The use of extended interval (EI) dosing of antibiotics for 
the treatment of serious Gram-negative infections, especially 
P. aeruginosa, has become a major intervention of the clini-
cal pharmacist. The drugs most commonly considered for EI 
include piperacillin-tazobactam, cefepime, doripenem, and 
meropenem [59–61]. The use of EI is especially important 
for nosocomial and MDR Gram-negative infections, a major 
problem in transplant patients. Monte Carlo simulation mod-
els and clinical studies have suggested that EI can achieve or 
maintain concentrations of the antibiotic greater than the 
minimal inhibitory concentration of the organism [60]. 
Clinical outcomes suggest that use of EI can reduce mortal-
ity and length-of-stay (LOS), as well as drug use and costs 
when compared to conventional dosing schedules [59, 62, 
63]. Implementation of an EI policy does require effort to 
establish and maintain adherence and does tie up intravascu-
lar access for several hours; this may complicate other IV 
therapies and even patient transfers for radiology or proce-
dures [64].

A close relationship between the ASP and the microbiol-
ogy laboratory is essential. The timely identification of 
pathogens and selective reporting of susceptibilities helps 
the ASP in making recommendations for appropriate therapy 
to clinicians [8, 65]. However, the outsourcing of infre-
quently ordered microbiologic tests to reference laboratories 
as part of cost-containment and quality-control efforts is a 
problematic trend [66]. Since these tests may be dispropor-
tionately requested for transplant recipients, clinical 
decision- making may be affected, particularly if there is a 
lag in receiving results. Although there is limited evidence 
that they can lead to improved empiric therapy, location- 
specific antibiograms should be considered since stratifica-
tion can reveal differences in susceptibilities of pathogenic 
bacteria in transplant units as opposed to the rest of the hos-
pital [67]. In addition to bacterial infections, opportunistic 
infections (e.g., viral, fungal) occur frequently in transplant 
recipients. Testing for antifungal susceptibilities of Candida 
species should be made available since azole prophylaxis is 
commonly used in immunocompromised patients [68]. 
Results of antifungal susceptibility testing can improve treat-
ment selection (e.g., patients with fluconazole-resistant iso-
lates) as well as assist in de-escalation (e.g., echinocandin to 
azole, IV-to-oral switch) [69, 70].

The role of rapid molecular testing for transplant patients 
has not been clearly established, but one potential advantage 
is the rapid return of accurate results over standard culture 
methods. There are many available technologies and not all 
will be suited to every center. Such assays include non- 
culture- based methods (e.g., procalcitonin (PCT),T2Candida 
panel) and pre-Gram stain diagnostics (e.g., direct  polymerase 
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chain reaction (PCR) from whole blood), but the most fre-
quently used are post-Gram stain tests (e.g., real- time (RT)-
PCR, broad-based nucleic acid microarrays, matrix-assisted 
laser desorption/ionization-time of flight mass spectrometry 
(MALDI-TOF MS), and peptide nucleic acid fluorescence in 
situ hybridization (PNA FISH)) [71–75].

PCT is a precursor of calcitonin and is a specific and sensi-
tive marker of bacterial sepsis in non-neutropenic hosts. The 
results are non-specific with regard to which bacterial patho-
gen is the cause of infection, but an elevation above 0.5 ng/
mL is indicative of sepsis and for the purposes of an ASP, no 
elevation is consistent with a non-bacterial process [72]. 
Furthermore, results can be reported back to the treating team 
within an hour if the test is performed at the institution. There 
are very few studies in neutropenic hosts. One report evalu-
ated PCT in patients with leukemia and found that the sensi-
tivity of PCT to detect bacteremia was 60% and specificity 
82% with the cut-off value of 0.8 ng/mL [76]. Koivula et al. 
did serial monitoring in febrile, neutropenic patients and 
found that PCT had a sensitivity of 70% and specificity of 
77% at 0.5 ng/mL to predict Gram-negative bacteremia after 
the onset of fever [77]. There are little data in transplant 
patients and PCT may actually be more useful for streamlin-
ing of antibiotics if results are serially negative [78].

The T2Candida Panel (T2 Biosystems), a US Food and 
Drug Administration (FDA)-cleared test, can detect five spe-
cies of Candida directly from whole blood without the need 
for culture within 3–5 h. Mylonakis et al. performed a clini-
cal study using the T2Candida panel with 1801 consecutive 
blood specimens from patients and showed that the median 
time-to-identification was 4 h and was 99% specific based on 
spiked blood bottles [79]. This technology is also being 
developed for rapid bacterial identification from blood.

Direct PCR from the blood for the diagnosis of bacterial 
and fungal septicemia is commercially available in Europe. 
The Septifast™ test (Roche, Basel, Switzerland) can identify 
25 common bloodstream pathogens using a multiplex PCR 
format with a turnaround time of 4–8 h [73, 74]. This is a 
pre-Gram stain test that is drawn at the same time as blood 
cultures. The current data are mixed on its benefit in immu-
nocompromised hosts. Results suggest that this assay cannot 
replace blood cultures in the workup of fever and neutrope-
nia although it may be helpful in situations when the blood 
cultures are negative (e.g., during antimicrobial therapy or in 
IFI) [80, 81]. However, this is of limited utility for an ASP 
given the expense of the test and the low barrier to initiation 
of antimicrobial therapy in this patient population.

The use of RT-PCR in blood cultures with positive Gram 
stain and for the diagnosis of CDI offers a more targeted ben-
efit for antimicrobial stewardship in both treatment and de- 
escalation of antibiotics [73, 82, 83]. The currently available 
commercial PCR tests are only approved for the diagnosis of 
methicillin-sensitive S. aureus (MSSA), MRSA, and coagu-

lase negative staphylococci (CNS) and have a turnaround 
time of 2 h [73, 82]. This allows for the possibility of reduc-
ing vancomycin usage, LOS, hospital costs, and perhaps 
even the emergence of VRE [82]. The future development of 
other PCR tests in this area is critically important, especially 
for Gram-negative organisms and resistance genes.

The use of PCR testing for C. difficile has greatly enhanced 
the diagnosis of this serious infection in the transplant popu-
lation. Not only is PCR more sensitive than the cytotoxic 
assay, but it can also identify the NAP1/B1/027 hyperviru-
lent strain. It also is much faster with results attained within 
2 h; this provides important information for ASP and infec-
tion control [83]. In Europe, a two-step approach is currently 
recommended with testing for the antigen and then perform-
ing PCR if positive or indeterminate [84, 85]. The benefits to 
an ASP are that it can reduce unnecessary oral vancomycin 
use and limit costs and emergence of VRE in the stool from 
its overuse [86, 87].

There are several nucleic acid microarrays that can rap-
idly identify organisms from blood cultures. In the US, there 
are two FDA-cleared platforms, the Verigene® Gram- 
Positive Blood Culture (BC-GP) and Gram-Negative Blood 
Culture (BC-GN) tests (Nanosphere, Inc., Northbrook, IL) 
and the FilmArray® BCID panel (bioMerieux, Durham, 
NC). These technologies can identify within 2  h over 20 
Gram-positive and Gram-negative organisms that commonly 
cause bacterial sepsis, and the FilmArray® BCID panel even 
detects Candida species. The unique feature of these multi- 
array platforms is the detection of resistance genes such as 
mecA in S. aureus and vanA and vanB in enterococcus, as 
well as KPC, NDM, CTX-M, VIM, IMP, and OXA genes in 
Gram-negatives [75]. The impact of early identification of 
bacteria with their resistance genes has been demonstrated 
on the Verigene® platform in which a large multicenter pro-
spective study of the BC-GN assay showed improvements in 
time-to-optimal therapy, antimicrobial cost-savings, and one 
of the first to show a survival benefit [88]. A prospective ran-
domized controlled trial found that use of the FilmArray® 
assay was associated with less treatment of contaminant 
blood cultures, less broad-spectrum antibiotic use, and 
shorter time-to-appropriate antibiotic escalation and de- 
escalation [89].

MALDI-TOF MS (Bruker Biotyper, Billerica, MA and 
bioMerieux MS, bioMerieux, Inc., Durham, NC) can rapidly 
identify a large number of organisms including bacteria and 
yeast recovered from cultures of different body sites within 
15–20 min [75]. By using MALDI-TOF as recommended in 
conjunction with an active ASP, Perez et  al. demonstrated 
that they could reduce LOS (average of 2.6 days) and costs 
(average of $19,547) but were unable to show a reduction in 
mortality [90]. The inability to identify resistance genes 
within bacteria is a current limitation of MALDI-TOF 
MS. There are further studies ongoing to address this need.
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PNA FISH (AdvanDx, Woburn, MA) utilizes a DNA 
mimic to target 16S ribosomal targets in bacteria and yeast. 
There are multiple probes currently available for staphylo-
cocci, enterococci, Candida species, Klebsiella, 
Pseudomonas, and Escherichia coli [71, 91]. The turnaround 
time after Gram stain is normally 90 min, but recently has 
been reduced to 30 min [91]. It identifies the selected bacte-
ria to species level but does not detect resistance and requires 
the use of antibiograms to direct therapy [71]. Several stud-
ies have shown that PNA FISH can identify species faster, 
reduce costs, and vancomycin usage, and with enterococci, 
reduce mortality [92–94]. All of these studies were per-
formed in conjunction with an active ASP to obtain the best 
results, as, without their interventions, there are no benefits 
to performing the testing [95].

Hospital infection control interfaces with the ASP by ana-
lyzing the relationship between antibiotic use and trends in 
bacterial resistance. Monitoring epidemiology of nonbacte-
rial infections is also important since emergent viral and fun-
gal resistance while less prevalent is also being recognized 
[96–100]. The risks and benefits of prophylaxis also need to 
be continually weighed, as illustrated by reports of an 
increased incidence of zygomycosis occurring at transplant 
centers possibly linked to voriconazole use [101, 102]. 
Finally, there is a rapidly expanding armamentarium of novel 
chemotherapeutic and immunomodulatory biologic agents 
being used in oncology, transplant, and other fields of medi-
cine. It has also been recognized that patients receiving these 
medications can develop unintended and sometimes fatal 
infectious consequences, such as hepatitis B reactivation in 
rituximab recipients [103, 104], cytomegalovirus (CMV), 
and other opportunistic infections in HCT recipients who 
received alemtuzumab for lymphoproliferative disorders 
[105], and invasive aspergillosis in lung transplant patients 
on daclizumab [106]. Minimizing such infectious complica-
tions requires vigilance on the part of the ASP and clinicians 
caring for these patients [107].

 Strategies to Improve Antimicrobial 
Prescribing

In general, the ASP team should understand their hospital 
culture in terms of prescribing practice and choose steward-
ship strategies that fit within the institutional framework. The 
2016 IDSA/SHEA guideline for implementing an ASP advo-
cates pre-authorization (also called prior approval) and/or 
prospective audit and feedback (PAF) over no such interven-
tion [7]. These are not mutually exclusive and can be 
enhanced with supplemental strategies.

The first core strategy, pre-authorization, is associated 
with a restricted formulary. The American Society of Health- 
System Pharmacists (ASHP) has put forth a guideline on 

how hospital P&T committees can effectively evaluate 
whether a drug would be suitable for inclusion on the formu-
lary [56]. A well-structured formulary reflects local suscepti-
bilities, minimizes the number of agents available for 
successful therapy, and avoids duplication [56]. Furthermore, 
restriction of certain agents with the condition that prescrib-
ers call an ID physician or clinical pharmacist for approval 
has been reported to be effective in reducing inappropriate 
use and expenditures without detriment to patient care [108–
111]. At the Hospital of the University of Pennsylvania 
(HUP) in Philadelphia, ASP recommendations were more 
likely to be in accordance with prescribing guidelines (87% 
vs. 47%, P < 0.001) and to result in clinical cure (64% vs. 
42%, P = 0.007) compared to ID fellows [10]. The HUP find-
ings highlight the need for scheduled time to engage thought-
fully in the approval process as well as staffing by practitioners 
with expertise in using antibiotics. The downsides of this 
approach include perceived loss of prescriber autonomy, 
delay in therapy (while awaiting approval), potential for 
manipulating the system (e.g., team presents the request to 
the ASP in a biased way to get approval), and influence on 
primarily empiric (and not definitive) therapy [7].

In PAF, patients already on empiric therapy are identified 
by computer-generated screening and targeted for evalua-
tion. When an intervention is deemed necessary, the ASP 
team communicates with the primary service, either verbally 
or electronically. Examples of interventions include ensuring 
appropriate dosing, narrowing coverage (also called stream-
lining or de-escalation), modifying duration, or stopping 
antibiotics altogether if there is no evidence for infection. 
Success of this core strategy is contingent on how feedback 
is delivered to the prescribers, whether IT support is avail-
able, and whether prescribers demonstrate willingness to 
modify therapy [7].

The report by Schentag et al. was one of the earliest to 
show that clinical pharmacy specialists in conjunction with 
ID support could effectively handle streamlining and IV-to- 
oral conversion [112]. By linking the pharmacy and microbi-
ology computer systems, patients could be screened for 
inappropriate dosing as well as for mismatches between 
pathogens and drugs. No adverse outcomes were noted in 
patients whose regimens were modified or stopped, and anti-
biotic expenditures declined from 31% of the total pharmacy 
budget to 21.5% within 1 year. Improvements in antimicro-
bial use with associated cost-savings have also been reported 
by other centers [113, 114]. Moreover, Carling et al. noted 
concomitant decreases in nosocomial infections due to C. 
difficile or resistant Enterobacteriaceae [114]. A significant 
impact can even be demonstrated at resource-limited hospi-
tals [115].

Much of the literature on antimicrobial stewardship has 
been on single-center experiences. In 2012, Cosgrove et al. 
reported on the first multicenter trial in which PAF was 
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implemented using a standardized approach across five aca-
demic medical centers, of which one was a Manhattan ter-
tiary cancer center with a preexisting ASP [116]. Results 
showed that PAF could reduce broad-spectrum and total anti-
microbial use although its efficacy seemed to be more robust 
at institutions that had invested resources for an ASP. The 
finding that antimicrobial utilization could decrease at hospi-
tals with the most stringent restriction policies also suggests 
that combining pre-authorization with PAF may lead to bet-
ter optimization.

Supplemental strategies include, but are not limited to, 
education, development of local guidelines, streamlining, 
and IV-to-oral conversion. Depending on the personnel and 
available institutional resources, an ASP can combine one or 
more of these with at least one core stewardship strategy to 
augment program activities. A full, detailed explanation of 
these other supplemental strategies is beyond the scope of 
this chapter, but can be found in other published reviews and 
guidelines [7, 8, 117, 118].

Briefly, education is the most basic strategy by which to 
influence clinicians to adopt and maintain good prescribing 
practices. Initiatives range from one-on-one instruction to 
formal didactics. Although education is the cornerstone of 
any ASP, its effectiveness is dependent on the motivation of 
the clinician to make a behavioral change [119, 120]. Without 
the incorporation of active intervention, education alone is 
marginally effective and has not demonstrated a sustained 
impact on prescribing practices [121–123], and thus the 
2016 IDSA/SHEA guideline suggests against relying solely 
on education for stewardship work [7].

The development of peer-reviewed, evidence-based 
guidelines simplifies the process of antibiotic selection for 
prophylaxis or treatment but should be coupled with a plan 
for dissemination and implementation [7]. Examples of 
national guidelines that would be of relevance to a transplant 
center include empiric treatment for fever and neutropenia 
[51], prevention of opportunistic infections in HSCT recipi-
ents [52], treatment of aspergillosis [124], treatment of can-
didiasis [125], and surgical prophylaxis [53]. Standardized 
antimicrobial order forms, automatic stop orders, and com-
puterized systems can ease the implementation of guidelines 
[44, 118].

Streamlining is a process that ensures that antimicrobial 
therapy is matched to culture and susceptibility data within 
48–72 h after initiation of treatment. The objective is thus to 
avoid prolonged, excessively broad treatment. As seen in the 
management of ventilator-associated pneumonia (VAP), 
antimicrobial therapy may be shortened [126] or even 
stopped based on clinical criteria and negative culture results 
[127, 128]. Singh et al. also found that the rate of subsequent 
antibiotic-resistant infections was lower in the group receiv-
ing short-course treatment for suspected VAP compared to 
those receiving standard duration (15% vs. 35%, P = 0.017) 

[127]. An economic benefit has also been derived from this 
strategy. In one report, recommendations for streamlining 
occurred in 54% of antibiotic courses over 7 months, result-
ing in a projected annual savings of $107,637 [129]. In 
another report, a pharmacist-based intervention to discon-
tinue unnecessary agents was successful in 134 (98%) of 137 
episodes [130]. Potential drug cost savings and reduction in 
redundant antibiotic combination days were $10,800 and 
584 days, respectively.

Finally, a systematic plan for IV-to-oral conversion can 
decrease hospital LOS and healthcare costs. The excellent 
oral bioavailability of several antimicrobial classes, includ-
ing the fluoroquinolones, azoles, and oxazolidinones, makes 
this approach quite reasonable. In contrast to oral formula-
tions, IV medications are generally more expensive and can 
be associated with adverse events like phlebitis and catheter- 
related infections. Patients also benefit since oral treatment is 
convenient and easy [131]. This strategy, however, is reserved 
for those who are hemodynamically stable, have improved 
clinically within 48 h of prior IV therapy, and have function-
ing gastrointestinal tracts. Individuals with severe immuno-
deficiency states or infections like meningitis and endocarditis 
are not candidates [131, 132]. Representative studies report a 
positive experience with IV-to-oral conversion in terms of 
clinical effectiveness and cost savings [133–137].

 What Can Be Accomplished?

Effective ASPs can reduce antibiotic use, improve patient 
care, and be financially self-supporting in both large aca-
demic institutions and small community hospitals [10, 113–
115, 138]. While much of the published literature has focused 
on general patient populations, established stewardship strat-
egies, such as PAF and antimicrobial de-escalation, can be 
effectively performed in cancer patients [116, 139]. In addi-
tion, the disproportionate use of antifungal drugs in immuno-
compromised patients has led to an emerging literature on 
antifungal stewardship. Several institutions have success-
fully used a multi-pronged approach that included PAF, edu-
cation, and development of local guidelines to improve 
antifungal prescribing [140–143]. Making available appro-
priate diagnostic testing for IFI, review of drug–drug interac-
tions, and therapeutic drug monitoring for mold-active azoles 
are other key components for antifungal stewardship [144].

What is the current state of antimicrobial stewardship for 
transplant patients? In a recent survey of US medical centers 
performing SOT and/or HCT, the majority of respondents 
had an institutional ASP [9]. Yet, of the 62 ASPs, the propor-
tion performing stewardship activities was 46 (74%) for 
adult SOT, 44 (71%) for adult HCT, 29 (47%) for pediatric 
SOT, and 31 (50%) for pediatric HCT [9]. This finding shows 
that there is a sizeable number of ASPs that need to think 
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about how to incorporate transplant patients. This same study 
found that ASPs that did oversee anti-infective utilization in 
the transplant setting employed a variety of strategies, 
including formulary restriction, guideline development, edu-
cation, antimicrobial de-escalation, and IV-to-oral conver-
sion in combination with at least one core strategy, of which 
PAF had a slight edge over pre-authorization [9]. Perceived 
challenges to antimicrobial stewardship in transplant include 
undefined duration for certain infections, diagnostic uncer-
tainty, the tendency for prescribers to want to escalate ther-
apy, prescriber opposition, and expensive drugs [9, 145]. 
Another challenge is the lack of published data on steward-
ship effectiveness in transplant, which may be due to the lack 
of robust monitoring in this patient group with the exception 
of C. difficile rates and antimicrobial costs [9]. Tracking anti-
microbial utilization, as well as both process and outcome 
metrics, has been emphasized in the 2016 IDSA/SHEA 
guideline [7]. Efforts examining whether antimicrobial stew-
ardship interventions are effective in the transplant setting 
should thus be encouraged.

 Conclusion

The emergence and spread of MDR pathogens coupled with 
a meager antimicrobial pipeline have led to the realization 
that optimization of currently available agents is an impor-
tant priority. Advocacy by the ID professional societies has 
led to a national call that all healthcare institutions create an 
ASP that encompasses all patients, including transplant. 
Transplant recipients are very important targets for antimi-
crobial stewardship since they are exposed to prolonged 
courses of prophylactic and therapeutic anti-infectives, and 
because they receive multi-faceted care, multidisciplinary 
collaboration between an ASP and the transplant team is fea-
sible. While it is anticipated that transplant patients can ben-
efit, studies pertaining to stewardship efforts in the transplant 
setting and their measured outcomes are needed.
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Transplant Patients and End-of-Life 
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 Introduction

Patients suffering from organ failure experience a reduction 
in quality of life with a burden of symptoms which are physi-
cal, psychosocial, and spiritual. Since the first solid organ 
transplant in the 1950s, great advances have been made in the 
field. Organ transplantation can be life-saving but the surgery 
and postoperative medications have their own complications. 
More patients are being considered for transplantation but the 
demand far outstrips the supply and many organ transplant 
candidates may become too sick to transplant or die waiting.

The transplant team consists of transplant coordinators, 
physicians, nurses, social workers, psychologists, and finan-
cial coordinators. It is rare for a palliative care provider to be 
involved until the patient is near terminal. Palliative care has 
been shown to improve quality of life and even prolong life 
in patients with certain types of malignancy. The provision 
of palliative care has consistently shown a reduction in cost 
of care and improved patient satisfaction. Several studies 
have now demonstrated a beneficial impact of palliative care 
on the transplant patient.

Dame Cicely Saunders first introduced the concept of car-
ing for the terminally ill in London back in the mid-1950s. 
This became known as hospice care, and by the 1970s, the 
state of Connecticut founded its first hospice facility in 
Branford. While hospice provides care for patients whose 
survival is expected to be less than 6 months, palliative care 
is specialized care for the patient with serious illness and can 
be provided at any stage of the disease. All transplant candi-
dates, by definition, qualify. Like transplant medicine, pallia-
tive care is also interdisciplinary. It is person/family centered 

and provides support along with aggressive symptom man-
agement. Patients are screened for pain and other physical 
symptoms as well as for psychosocial and spiritual distress. 
Palliative care also fosters communication between the 
patient/family and health-care providers. The patient’s val-
ues and principles are elicited so that concordant medical 
care is provided. Implementing palliative care (sometimes 
referred to as supportive care) early in the disease trajectory 
has helped transition patients into hospice care once curative 
options have been exhausted.

This chapter will elucidate why patients with organ failure 
who are candidates for transplantation or patients suffering 
from complications of transplantation are excellent candi-
dates for palliative care and why a palliative care provider 
should be part of the transplant interdisciplinary team.

 Organ Transplantation: The Facts

The field of solid organ transplantation has soared to great 
heights since the first kidney was transplanted back in 1954. 
The successful transplantation of kidney, heart, lung, liver, 
pancreas, and small intestine is now routine. However, the suc-
cess of organ transplantation has caused a demand and supply 
mismatch. The number of patients waiting for an organ far 
exceeds the number of deceased and living donors available. 
As of November 2017, there were over 116,000 people in need 
of a life-saving organ transplant [1]. Candidates include all 
ethnicities and ages, as young as <1  year old to older than 
65 years old [1]. Survival rates vary depending on the organ 
transplanted and whether the organ was from a deceased or a 
living donor as seen with kidney and liver transplants. Lung 
transplants have the lowest rate of patient survival [1] 
(Fig. 60.1) due to primary graft failure and infections [2].

Transplant candidacy depends on organ, extent of the disease, 
risk of mortality, response to treatment, and individual factors. 
Patients who are referred for organ transplant have to undergo an 
extensive evaluation by the transplant team  composed of clinical 
transplant coordinators, transplant physicians, financial coordi-
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nators, and social workers. Waiting time for organs can be days 
to months to years and is based on the level of urgency and organ 
availability. Different organ allocation systems have been estab-
lished that take into account the level of acuity of disease and 
mortality rate if not transplanted [1, 2]. Kidney and pancreas 
transplants are exceptions as their allocation system is solely 
based on genetic compatibility and waiting time.

 Organ Transplantation and the Role 
of Palliative Care

Patients diagnosed with end-stage organ failure may feel simi-
larly to patients with terminal cancer. The symptom burden that 
patients live with greatly affects their quality of life as well as 
their families and the people around them. Studies have shown 
that implementation of early palliative care alongside cancer 
treatment improves quality of life and mood [3, 4]. These 
improvements are the result of having a team that specializes in 
delineating realistic goals of care, symptom control, quality of 
life, and emotional well- being, while acting as a bridge of com-
munication between patients, family, and medical doctors with-
out altering appropriate treatment plans [5]. Prognosis of 
patients with cancer is related to their performance status based 
on the Karnofsky Performance Status (KPS) [6] and Palliative 
Performance Scale (PPS) [7], which measure the physical func-
tion and ability to self-care. See Appendix for full description.

Patients with end-stage organ failure have a more unpre-
dictable disease trajectory marked by periods of symptom 
exacerbation and disease progression [8] (Fig. 60.2).

Several studies suggest benefit from the integration of 
palliative care in end-stage heart, lung, liver, and kidney fail-
ure [9–12]. Palliative care integration has become part of the 
guidelines for treatment of end-stage heart and lung failure, 
as it has shown to improve patients’ quality of life and clarify 
end-of-life wishes and goals [9, 10].

Physicians should understand that the goal of palliative 
care is to minimize suffering from physical and emotional 
symptom burden for all patients going through a life-threat-
ening illness, regardless of their diagnosis and should not be 
considered exclusively as an alternative to curative plans, 
limited to end-of-life care, or only for non- transplant candi-
dates. Patients living with life-threatening illnesses have 
identified five domains that they consider important when 
discussing quality of life [13]:

• Adequate pain and symptom management
• Avoidance of inappropriate prolongation of dying
• Achievement of a sense of control
• Relief of the burden of their disease on others
• Strengthening of relationships with loved ones

Therefore, it is essential to provide patients living with 
end-stage organ failure a sense that they are not alone, that 
we will continue to care for them whether or not they are 
transplant candidates (“non-abandonment”), and that we will 
strive to understand their concerns and help them achieve 
realistic goals.

The good physician treats the disease; the great physician treats 
the patient who has the disease. (William Osler)

 Understanding the Difference Between 
Palliative Care and Hospice Care

It is important to differentiate between palliative care and 
hospice care in order to provide the patient with the right 
service at the right time. Patients, families, and health-care 
providers may have the misconception that palliative care 
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equals hospice care, signifying the care of the terminally ill. 
As stated previously, palliative care may be introduced early 
in the disease trajectory and alongside curative treatments. 
However, this is not the same for hospice care. Both special-
ties embrace the principles of lessening symptom burden and 
improving quality of life, but hospice focuses specifically on 
end-of-life care goals and needs of the patient and family. 
The family of a dying patient may feel significant stress and 
anxiety. Hospice social workers and pastoral care provide 
support and counseling to the patient and to the family before 
and after the death of a loved one. Hospice nurses and physi-
cians provide symptom control and assist with decision- 
making when patients are home or in an institutionalized set-
ting [14]. If palliative care is implemented early in the disease 
process and all curative alternatives have been exhausted 
(e.g., transplantation), but the disease has continued to prog-
ress, patients may easily be transitioned into hospice care. 
While all patients with advanced disease can receive pallia-
tive care, not all patients can receive hospice care. There are 
specific criteria set forth by Medicare and private insurers 
that must be met in order to qualify for coverage. These 
include the following: (1) disease is far advanced and alter-
natives for curative treatment have been exhausted; (2) based 
on the disease progression, patient has a prognosis of less 
than 6  months if the disease is allowed to take its natural 
course; and (3) patient agrees to forgo any further curative 
therapies and focus on comfort measures only [15]. Hospice 
care may be provided in multiple settings, such as home, 
nursing home, hospice inpatient unit, or hospital. Studies 
have shown that patients, as well as families, prefer home 
hospice to dying in institutionalized settings; they feel that 
the needs of the patient are better met at home with hospice 
care services and family support [14, 16]. It is very important 
that physicians are aware of the distinction between pallia-
tive care and hospice so that patients and their families may 
receive the appropriate level of treatment and care to which 
they are entitled.

Hospice care provides palliative care, but all palliative care is not 
hospice care. (Ministry Health Care)

 Review of End-Stage Organ Failure Diseases 
and the Role of Palliative Care

 End-Stage Heart Failure

Cardiovascular disease remains the number one killer in 
patients older than 65  years, accounting for 27% of total 
deaths in the USA [17]. Among cardiovascular diseases, 
heart failure has a high mortality and morbidity risk, and the 
number of people affected by the disease continues to 
increase. Latest data shows over 6.5 million Americans are 

living with heart failure [18]. The New York Heart Association 
and American College of Cardiology/American Heart 
Association have classified heart failure into four stages 
based on symptom severity. The most advanced stage, IV/D, 
includes patients who are symptomatic at rest living with 
~50% 1-year survival rate. Patients at this stage are consid-
ered to have end-stage organ failure and require more spe-
cialized and, often, invasive treatments in order to prolong 
survival and improve quality of life. Treatments available for 
this stage include intravenous inotrope infusion, mechanical 
circulatory support devices, such as the left ventricular assist 
device (LVAD), and, ultimately, cardiac transplantation, if 
feasible [19]. Patients living with stage IV HF have a very 
poor quality of life due to overwhelming symptoms of 
fatigue, shortness of breath, depression, and pain [20–22]. A 
model used to predict survival in heart failure patients using 
clinical and laboratory data is the Seattle Heart Failure 
model. It predicts the 1-, 2-, and 3-year survival and can be 
individualized to each patient by adding the use of devices or 
certain heart failure medications [23]. It has also proven to be 
helpful in combination with the Heart Failure Survival Score 
when referring patients for transplantation [24].

When the disease reaches a point when it is refractory to 
any type of treatment other than LVAD or cardiac transplan-
tation and the patient is not a candidate for these measures or 
refuses, the disease will take its course, inevitably ending in 
death. Currently, there are over 3000 patients on the waiting 
list for a heart with the average waiting time being 1–2 years 
[1]. Ten percent of the patients die while waiting and 12% 
are removed from the list because the patient becomes too 
sick to transplant [1]. Because of the symptom burden, qual-
ity of life issues, and high mortality rate of advanced heart 
failure, the ACC/AHA have modified their guidelines to 
include palliative and hospice care as a Class I 
Recommendation. The goal is to educate the patient and 
family regarding the services that can be offered by palliative 
and hospice care to assist in alleviating symptom burden, 
discussing prognosis, decision-making including setting 
realistic goals, and, when necessary, end-of-life care [25]. 
Schwarz et al. studied patients referred for cardiac transplan-
tation who were evaluated by a palliative care team. This 
intervention resulted in better symptom management with 
less use of pain medications. Goals of care, advance care 
planning, and end-of-life goals were discussed actively, and 
patients’ spiritual and psychosocial needs were met either by 
referral to chaplaincy, psychiatry or through the use of phar-
macology [26].

 End-Stage Pulmonary Disease

Respiratory insufficiency may be defined as the inability to 
maintain adequate gas exchange and is classified according 
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to the Global Initiative for Chronic Obstructive Lung 
Disease. Severity of disease is based on spirometry assess-
ment post bronchodilator, and patients with a FEV1 (Forced 
Expiratory Volume in 1 s) <30% are considered to have very 
severe disease causing significant impairment in the daily 
life [27].

Chronic lower respiratory disease is the third leading 
cause of death in the USA [17]. End-stage lung failure, seen 
in patients with class 4, can be seen in multiple pulmonary 
conditions, but the most common is chronic obstructive pul-
monary disease (COPD). About 15 million Americans suffer 
from COPD and over 11,000 people die annually [17]. 
Patients suffering from COPD are classified based on the 
decline of the FEV1 using the GOLD criteria. Those with 
GOLD IV have an FEV1/FVC < 0.70 and FEV1 < 30% pre-
dicted [28] and tend to suffer greater number of exacerba-
tions as compared to lower stages [29]. It has also been 
shown that patients who suffer repeated COPD exacerba-
tions, especially those who require hospitalization, have a 
more rapid decline in lung function and higher mortality risk 
[30–33]. In addition, their post exacerbation quality of life 
changes for the worse as they become more dependent on 
others and require more medical interventions [32]. Patients 
living with severe COPD suffer from a number of symptoms, 
such as dyspnea, fatigue, pain, cough, weight loss, depres-
sion, and decreased functional status. When compared to 
lung cancer patients, patients with COPD receive signifi-
cantly less treatment for these symptoms [34]. This differ-
ence in intervention is especially evident for dyspnea and 
pain, symptoms that respond to the use of opioids. 
Unfortunately, there are many barriers to the utilization of 
these medications, including the misconception of hastening 
death [35].

Palliative care has been shown to have significant impact 
on quality of life in patients with end-stage COPD, shown in 
a study of home-base palliative care, where the main goal 
was symptom management and pain relief. Through these 
interventions, patients had improved quality of life and fewer 
emergency room visits and hospitalizations [36]. The 
American Thoracic Society now promotes and recommends 
the integration of this service as part of the management of 
any chronic pulmonary disease, especially COPD [37]. 
Patients whose disease has become refractory to treatment 
may be candidates for lung transplant. In the last year, about 
2,000 lung transplants were performed in the USA, and the 
number of patients waiting for a transplant continues to 
exceed the number of donor lungs available [1]. Currently, 
there are about 1400 patients on the waiting list, and as the 
number of patients continues to increase so does the number 
of patients being removed due to death of the patient (10%) 
or because the patient becomes too sick to transplant (12%) 
[1]. Although lung transplantation provides resolution of 
symptoms with improved quality of life, survival rates 

remain a limitation, averaging only a 54% 5-year survival 
rate which is significantly lower than the rates for heart, liver, 
and kidney transplantation [1] (Fig. 60.1). Physicians caring 
for end-stage COPD patients should make an effort to edu-
cate patients about their disease process, symptoms, treat-
ment option, prognosis, and end-of-life goals. This will lead 
to proper symptom management and appropriate referral to 
palliative care and hospice for medical, emotional, and psy-
chosocial needs.

 End-Stage Liver Disease

Cirrhosis is the common final pathway in chronic liver dis-
ease (CLD). The liver is known to be one of the only organs 
with the ability to regenerate itself after acute injury. 
However, when cirrhosis has taken place, regeneration is no 
longer possible and the damage becomes permanent leading 
to End-Stage Liver Disease (ESLD). CLD and cirrhosis rank 
as the 12th leading cause of death in the USA and kills over 
30,000 patients annually [17]. There are multiple causes for 
ESLD including hepatitis, drug toxicity, and genetic errors, 
but chronic alcohol use is responsible for approximately 
50% of cases [17]. Patients diagnosed with ESLD have no 
available curative options other than liver transplant. 
Treatment is focused on managing the complications rather 
than reversing the disease process. While there are patients 
with “compensated cirrhosis” who live for many years and 
are asymptomatic, many patients with “decompensated cir-
rhosis” are consumed by the many complications that arise 
from this condition such as ascites, hepatic encephalopathy, 
spontaneous bacterial peritonitis, esophageal variceal bleed-
ing, and hepato-renal syndrome. Patients presenting with 
decompensated cirrhosis require hospitalization. Despite 
treatment, a patient’s 1-year mortality risk increases to about 
20% [38]. Hepatorenal syndrome (HRS) is the most severe 
complication of ESLD and is associated with a 2-week mor-
tality risk of 80% in patients presenting with Type I [39], 
defined as the rapid deterioration of renal function in less 
than 2 weeks, with the serum creatinine doubling by >2.5 mg/
dL or a 50% reduction in the 24-h creatinine clearance to 
<20 mL/min [40]. Common causes include systemic bacte-
rial infections, paracentesis with significant volume loss, or 
bleeding. Type II also occurs in ESLD but its progression is 
much slower [40]. ESLD like other end organ failure condi-
tions, have a very unpredictable disease trajectory, marked 
by periods of decompensation and return to baseline. For this 
reason, integrating palliative care early in the disease process 
is beneficial even if the patient is referred for transplantation. 
Patients referred for liver transplant have to deal with the 
stress and uncertainty of whether and when they would 
receive an organ. Currently, over 13,500 patients are on the 
waiting list, and 10,000 patients are removed from the list 

J. S. Ayala and J. Lowy



1057

annually, most commonly for death and for being “too sick” 
to transplant [1]. Because the number of candidates far 
exceeds the available donor organs, an allocation system was 
developed to prioritize those patients who are acutely ill and 
have a high mortality risk based on the MELD score. This 
model uses laboratory values of serum bilirubin and creati-
nine and international normalized ratio (INR) to predict a 
3-month mortality in patients with ESLD; the higher the 
MELD score, the higher the mortality risk present [41].

In a study, Lamba et  al. incorporated a palliative care 
approach into the care of liver transplant patients in the ICU 
and showed an increase in discussion of goals of care, resus-
citation preferences, improved symptom management, and 
better communication with the family and among the physi-
cians involved in the patient’s care [42]. Patients with ESLD 
suffer from multiple physical, emotional, and psychological 
issues that have a profound negative impact on quality of life 
[43–45]. Among these are fatigue, insomnia, lethargy, and 
depression. The latter is associated with higher mortality 
rates among patients with cirrhosis awaiting a transplant 
[45]. For this reason, and the ones mentioned before, we 
must continue to work hard to integrate services that will 
help patients living with ESLD improve their quality of life 
by focusing on every aspect of the disease and its impact on 
the patient.

 End-Stage Kidney Failure

There are 3.9 million patients living with kidney disease 
today, and annually more than 48,000 patients die from this 
condition making it the ninth leading cause of death in the 
USA [17]. Chronic kidney disease (CKD) is classified into 
five different stages. Stage 5 ESRD is defined as having a 
GFR <15 mL/min/1.73 m2 [46]. There are multiple causes of 
CKD, but the most common are diabetes, hypertension, poly-
cystic kidney disease, and irreversible drug-induced kidney 
injury. Like many other end organ failure conditions, the 
treatment options are limited. When a patient reaches end 
stage of the disease, the only treatments available are mainte-
nance dialysis or kidney transplantation. For this reason, the 
Kidney Disease Outcomes Quality Initiative (KDOQI) [46] 
recommends that patients with a GFR <30 mL/min/1.73 m2 
should be educated about disease progression so that they and 
their families understand the options and avoid having to 
make decisions when the patient becomes cognitively 
impaired by uremic encephalopathy. Depending on quality of 
life and goals of care, the choices would include permanent 
access for dialysis, “preemptive kidney transplantation” (kid-
ney transplantation prior to starting dialysis) or hospice.

Patients who are started on maintenance dialysis have 
been found to have a greater decline in their physical, men-
tal, emotional, and social functioning as well as an annual 

25% mortality risk compared to those who are not started on 
dialysis [47, 48]. Dialysis patients also experience a pro-
found symptom burden, the most common being fatigue, 
pruritus, insomnia, depression, and pain [49–52]. Depression 
impacts quality of life and is associated with increased mor-
tality risk among maintenance dialysis patients [53]. Other 
complications of renal failure, such as anemia, low albumin, 
poor nutritional status, and worsening co-morbidities, also 
negatively impact quality of life in dialysis patients [54–56]. 
Over 16,000 transplants are done annually. As is the case for 
other organs, the number of candidates exceeds the number 
of available kidneys suitable for transplant [1]. The median 
waiting time is between 2 and 4  years depending on the 
blood type and HLA typing [1]. Over 25,000 patients are 
removed from the waiting list annually for death of the 
patient (16%) or for the patient being too sick to transplant 
(8%) [1]. Preemptive kidney transplantation leads to a 25% 
reduction in graft failure and a 26% reduction in patient mor-
tality as compared to patients who have been on maintenance 
dialysis before referral [57]. Patients undergoing kidney 
transplantation before the initiation of dialysis, a term 
referred as pre-emptive transplantation, has shown improve-
ment in functional status and improved quality of life com-
pared to those who are started on dialysis and undergo 
transplantation after [58]. Given the high symptom burden 
and quality of life issues in ESRD, nephrologists and pallia-
tive care specialists must work together to address patient 
and family needs and concerns so that medical decisions and 
treatments can be implemented appropriately.

 Bone Marrow Transplantation

Hematopoietic stem cell transplantation was pioneered by 
E. Donall Thomas in 1957. Since then, its use has evolved 
beyond treatment for acute leukemia and aplastic anemia to 
include many other hematopoietic diseases and the number 
of transplants performed annually has  continued to increase 
in number (Figs. 60.3 and 60.4) [59].

Transplantation may be autologous or allogenic (related 
and unrelated donors) and donor stem cells may be derived 
from bone marrow, umbilical cord, or peripheral blood. 
Nonmalignant and malignant blood disorders can qualify 
patients for transplantation (Figs.  60.3 and 60.4) [59]. 
Indications for transplantation in malignant blood disorders 
include failure of chemoradiation therapy and multiple 
relapses. Referral guidelines can be obtained at http://www.
asbmt.org [60]. Patients who undergo bone marrow transplant 
(BMT) are prone to multiple complications. Before undergo-
ing BMT, patients are given chemotherapy along with total 
body irradiation in order to destroy the residual marrow cells 
and allow for the transplant to “engraft”. Post- transplant 
patients remain in the hospital for weeks to months to recover 
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as they are susceptible to opportunistic infections. Common 
side effects due to chemotherapy and irradiation include 
mucositis, diarrhea, nausea, vomiting, loss of hair, infertility 
and organ toxicity. Patients are placed under strict isolation, 
which, in turn, can cause emotional distress. Osama et al. fol-
lowed post-BMT patients for 1 year after transplant and found 
they suffered from severe psychological distress as a result of 
fear of cancer recurrence (68%) and development of new can-
cer (58%) as opposed to those who did not undergo transplant 

[61]. Patients also expressed high levels of depression, pain, 
and decreased coping skills post-transplant [61]. Patients suf-
fer the most stress and fear of uncertainty during the period of 
initial hospitalization when enduring intensive therapy com-
posed of chemotherapy, total body irradiation, patient isola-
tion, and decreased physical activity [62, 63]. The level of 
anxiety, depression, anger, and uncertainty are greater at this 
time compared to any other [64]. Studies have shown that 
there is a significant emotional cost as a result of loss of per-
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sonal control in the period prior to transplant and 1 year there-
after. Subsequently, sense of personal control improved, as did 
emotional symptoms [64, 65] El-Jawahri et al. (2016) demon-
strated that inpatient integration of palliative care in this 
patient population leads to improvement in depression and 
PTSD symptoms at 6 months post-transplant [66].

 Importance of Prognostication

Clinical prognostication involves “foreseeing”, that is, for-
mulating the prediction of a medical outcome, and “fore-
telling”, that is, communicating the prediction to the patient 
[67]. Medical education focuses on the identification and 
treatment of disease and the return to health. While some 
patients may respond to treatment, there are many who do 
not, and the disease may progress even in those who are 
able to recover from an acute exacerbation. Studies show 
that patients want to know their prognosis in order to make 
informed decisions regarding the type of treatment they 
choose [68, 69]. All patients should complete a health-care 
proxy so that a health- care agent is identified if and when 
the patient loses the capacity to make decisions. The health-
care agent is morally and legally bound to follow the 
patient’s directives. For the minority of patients who do not 
want to know their prognosis, the health-care agent should 
be informed of the status, prognosis, and range of available 
treatment options so that they can make decisions that are 
based on the patient’s known wishes, best interest, values, 
and principles. Physicians vary in their ability to “commu-
nicate bad news”. This is a skill that is an essential part of 
medical school training but can be learned or improved at 
any point in a physician’s career. Communication of prog-
nosis is essential for patients who suffer from end-stage 
organ failure. While many patients are able to undergo 
transplantation, there are still a greater number of patients 
who succumb to their disease because they are not trans-
plant candidates or do not survive to get a transplant. 
Patients often undergo a prolonged and painful death, 
involving uncomfortable, invasive and expensive care 
because of lack of communication between providers and 
the patient/family about realistic prognosis and goals when 
they could understand and make informed decisions about 
treatment options [70].

Many different prognostic tools have been developed to 
aid physicians in the task of formulating a prognosis. Tools 
commonly include the Karnofsky Performance Status (KPS), 
Palliative Performance Scale (PPS), the Palliative Prognostic 
Index (PPI), and the Palliative Prognostic Score (PaP). 
Palliative care consultation is often requested to help with 
communication of prognosis, goals of care, and advance 

directives, as the primary care physician often fails to initiate 
such discussions beforehand [71]. Prognosis for survival is 
not communicated as a specific amount of time, but rather as 
a timeframe that is meaningful to the patient and family, such 
as hours to days, days to weeks or weeks to months [72]. 
Physician surveys have indicated that among generalists and 
specialists, “professional norms of prognostication” are 
often followed which consist of providing limited informa-
tion to patients and families because of uncertainty of the 
prediction, being optimistic, and not sharing prognosis/pre-
diction unless asked. There is also a fear of being judged by 
the patient, family, or other clinicians if their prognostication 
is incorrect [73]. For this reason, communication of progno-
sis has become a core clinical skill for palliative care 
physicians.

 Palliative Performance Scale (PPS)

The PPS is one of the most used tools available for clinicians 
to evaluate a patient’s clinical status. It is based on ambula-
tion, activity, self-care, intake, and level of consciousness. 
The scale ranges from 10% (totally bedbound, unable to do 
any activity, extensive disease, drowsy to comatose) to 100% 
(fully ambulatory, normal level of activity, no evidence of 
disease, fully conscious). A PPS of <50% generally repre-
sents loss of ability to perform activities of daily living inde-
pendently [7]. This tool was modified from the KPS to 
include intake and level of consciousness, which the KPS 
does not take into account. This scale is not limited to cancer 
patients nor to end of life. It can be used in patients living 
with chronic illness who are experiencing progression of dis-
ease to assist in prognosticating survival. PPS cores have 
been used in cancer and non-cancer patients and across set-
tings including hospital and nursing homes and correlate 
well with survival and symptom distress [74–77]. In a study 
involving Japanese patients admitted to a palliative care unit 
and stratified according to PPS, overall median survival was 
as follows: PPS 10–20%, median survival 6  days; PPS 
30–50%, median survival 41 days; and PPS 60–70%, median 
survival of 108 days [78]. A similar correlation between PPS 
and survival was seen in a large community-based hospice 
center [77].

 Prognosticating Survival in Non-cancer 
Patients

While there have been multiple tools developed to accurately 
prognosticate survival in cancer patients, these patients tend 
to undergo a more predictable decline compared to non- 
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cancer patients. Patients with chronic illnesses, such as those 
with end-stage organ failure, often suffer multiple periods of 
exacerbations followed by stabilization until finally culmi-
nating in death [8] (Fig. 60.2).

For this reason, formulating an accurate prognosis 
becomes a real challenge to the treating physician. In an 
emergency room study, physicians identified 17% of patients 
admitted with CHF exacerbation to have a 10% chance of 
surviving 90 days when, in fact, 67% did not survive [79]. 
Palliative care specialists are trained to assess the status and 
prognosis of patients with serious and chronic illness and to 
communicate this information in a compassionate way to 
patient and family so that they may make an informed deci-
sion with regard to options for care. One of these options is 
hospice, a Medicare and insurance benefit for patients who 
are not expected to survive more than 6 months given the 
natural history of the disease. Patients with end-stage organ 
failure who are on the list for organ transplantation are often 

denied the opportunity to have palliative care services 
because of the misconception that palliative care is equiva-
lent to hospice care and end-of-life care. As noted previously, 
palliative care may be introduced into the care of patients 
with serious illness concurrent with curative attempts such as 
transplantation. This would provide improved symptom con-
trol as well as increased support for their emotional and spir-
itual needs.

The National Hospice and Palliative Care Organization 
(NHPCO) developed guidelines that can aid a physician in 
formulating a prognosis, when the disease has become far 
advanced, so that they may communicate with patients and 
families regarding realistic treatment goals at the end-of-life. 
According to the NHPCO: “A life-limiting condition with 
evidence of either disease progression and/or impaired nutri-
tional status indicated by an involuntary weight loss greater 
than 10% of body weight in past 6 months. The goal of treat-
ment should be relief of symptoms, not cure.” [80] 
(Table 60.1).

 Symptom Management in Chronic Illness 
and the Role of Palliative Care

While the field of palliative medicine enhances the treat-
ment of emotional, spiritual, and psychosocial suffering 
of patients with serious illness, it also focuses on pain and 
non-pain symptom management. By integrating palliative 
care along with curative care early in the disease trajec-
tory, chronically ill patients nearing the end of life 
reported improved satisfaction with care and demon-
strated fewer acute interventions [82]. Patients suffering 
from chronic illness have a longer life trajectory that is 
complicated by an intensifying symptom burden, which is 
similar to the symptoms experienced by cancer patients 
[83] (Table  60.2). The patient’s illness progression and 
symptom burden can guide the clinician as to the best 
time to introduce palliative care, though one can argue 
that it is never too early, even if it is only to address goals 
of care, help establish advance directives, and most of all, 
serve as a bridge of communication between patient, fam-
ilies, and treating physicians.

Table 60.1 Guidelines for prognosis in selected non-cancer diseases 
[81]

Heart 
disease

Recurrent symptoms of heart failure or angina at rest, 
discomfort with any activity (NYHA IV)
Patient already optimally treated with diuretics and 
vasodilators

Pulmonary 
disease

Disabling dyspnea at rest
Progressive pulmonary disease (e.g. increasing 
emergency department visits of hospitalizations for 
pulmonary infections and/or respiratory failure)
Hypoxemia at rest on supplemental oxygen O2

  pO2 ≤ 55 mmHg on supplemental O2

  O2 sat −≤88% on supplemental O2 or
  Hypercapnia: pCO2 ≥ 50 mmHg

Liver disease End-stage cirrhosis; not a candidate for liver 
transplant
PT > 5 s over control or INR > 1.5 and serum albumin 
< 2.5 g/dL
At least one of the following:
  Ascites despite treatment
  Spontaneous peritonitis
  Hepatorenal syndrome
  Hepatic encephalopathy despite treatment
  Recurrent variceal bleeding

Renal 
disease

Chronic renal failure; coming off or not a candidate 
for dialysis
Creatinine clearance <10 cc/min (for diabetics 
<15 cc/min)
Serum creatinine >8.0 mg/dL  
(for diabetics >6.0 mg/dL)
Signs and symptoms associated with renal failure
Uremia: nausea, pruritus, confusion, or restlessness
  Oliguria: output <400 cc/24 h
  Intractable hyperkalemia serum >7.0
  Uremic pericarditis
  Hepatorenal syndrome
  Intractable fluid overload

Used with permission from Taylor and Francis and the National Hospice 
and Palliative Care Organization [81]

Table 60.2 Symptoms common to malignant and non-malignant con-
ditions [83]

Physical Social Psychosocial Existential
Pain
Breathlessness
Anorexia
Immobility
Constipation

Loss of 
employment
Role change
Fear for 
dependants

Depression
Fear and 
anxiety
Uncertainty
Guilt

Religious
Nonreligious
Meaning of 
life
Why?

Reproduced from O’Brien et al. [83], copyright 1998, with permission 
from BMJ Publishing Group Ltd.
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In a systematic review of symptom burden in end-stage 
organ failure, it was reported that daily symptom burden is 
likely to be high, irrespective of the underlying disease [84]. 
The most common symptoms experienced by patients with 
end-stage organ failure are fatigue, dyspnea, insomnia, and 
pain [84, 85]. Management of these symptoms must be spe-
cific to the underlying disease and patient, as response to and 
tolerance of medications varies.

 End-of-Life Care for Transplant Patients

While palliative care addresses much more than end-of-life 
issues, primary care physicians and staff often consult the 
palliative care service to assist with the care of patients who 
are actively dying. As the disease progresses, symptoms 
increase and curative options (such as transplantation or re- 
transplantation) are exhausted, patients and families should 
receive the additional support they need. While it is recom-
mended that goals of care (including end-of-life care) be 
discussed early in the disease trajectory or when patients are 
listed for organ transplantation, it is not often done because 
of both physician and patient barriers to these discussions. A 
study by Schickedanz et al. showed that discussions of end- 
of- life advance care planning were primarily impeded by 
the perception of irrelevance by the patient/family, lack of 
relationship between patient and family, patient’s personal 
problems, and physician time constraints [86]. When end-
of-life issues are addressed early, while the patient is still 
able to discuss his/her wishes and preferences, the patient’s 
quality of life can improve [87, 88]. A study of bereaved 
family members demonstrated that they were satisfied with 
life- sustaining interventions but not with the lack of com-
munication and pain control. Of the 461 patients studied, 
46% of the discussions involved patients directly, 14% 
involved discussion with family members of a patient who 
lacked decision- making capacity, 6% involved discussion 

with the family of patient who had capacity, and 23% had no 
discussion at all [89]. Wright et  al. suggest a number of 
strategies for initiating the topic of advance care planning at 
the end of life to help overcome many physicians’ reticence 
due to lack of experience or fear (Table 60.3) [87].

Palliative care physicians must continue to work collab-
oratively with the primary care physicians and specialists 
involved in a patient’s care in order to provide the patient 
with end-of- life plans that are acceptable and in keeping 
with their principles and values. When organ transplanta-
tion is no longer an option or if a patient is clearly dying 
despite prior transplantation, it is the palliative care physi-
cian’s duty to communicate with patients and families 
about the option of death in hospice (in home or inpatient) 
surrounded by family and friends rather than in isolation on 
artificial life support.

Table 60.3 Strategies for Initiating conversation with patients about 
advance care planning for end of life [87]

Acknowledge emotions
“Is talking about these issues difficult for you?”
Legitimize the feelings
“Of course, talking about this makes you sad- it wouldn’t be normal 
if it didn’t”
Offer support
“No matter what the road holds ahead. I’m going to be there with 
you”
Explore
“You just mentioned feeling scared. Can you tell me more about 
what scares you the most?”
Hope for the best but prepare for the worst
“Have you thought about what might happen if things don’t go as 
you wish? Sometimes having a plan that prepares you for the worst 
makes it easier to focus on what you hope for the most”
“I wish too that this transplant had lasted longer. If we cannot do 
another transplantation, what other short-term goals might we work 
toward?”
“What sorts of things are left undone for you? Let’s talk about how 
we might be able to make these happen”

Reprinted from Wright et al. [87]
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 Appendix

 Karnofsky Performance Status

100 Normal, no complaints, no evidence of disease
90 Able to carry on normal activity, some minor symptoms of 

disease
80 Normal activity with effort: some symptoms of disease

70 Able to care for self but unable to carry on normal activity or 
active work

60 Requires occasional assistance but is able to care for most of 
personal needs

50 Requires considerable assistance and frequent medical care
40 Disabled: requires special care and assistance
30 Severely disabled: hospitalization is indicated, death not imminent
20 Very sick, hospitalization necessary: active treatment necessary
10 Moribund, fatal processes progressing rapidly
0 Death

 Palliative Performance Scale (PPSv2) [87] Reprinted with permission from Victoria Hospice Society, 
BC, Canada (2001) www.victoriahospice.org

Ambulation Activity and evidence of disease Self-Care Intake Conscious level
100% Full Normal activity and work. No evidence of 

disease
Full Normal Full

90% Full Normal activity and work. Some evidence 
of disease

Full Normal Full

80% Full Normal activity with effort. Some 
evidence of disease

Full Normal or 
reduced

Full

70% Reduced Unable normal job/work. Significant 
disease

Full Normal or 
reduced

Full

60% Reduced Unable hobby/house work. Significant 
disease

Occasional assistance 
necessary

Normal or 
reduced

Full or confusion

50% Mainly sit/lie Unable to do any work. Extensive disease Considerable assistance 
required

Normal or 
reduced

Full or confusion

40% Mainly in bed Unable to do most activity. Extensive 
disease

Mainly assistance Normal or 
reduced

Full or drowsy 
+/− confusion

30% Totally bed 
bound

Unable to do any activity. Extensive 
disease

Total care Normal or 
reduced

Full or drowsy 
+/− confusion

20% Totally bed 
bound

Unable to do any activity. Extensive 
disease

Total care Minimal to sips Full or drowsy 
+/− confusion

10% Totally bed 
bound

Unable to do any activity. Extensive 
disease

Total care Mouth care 
only

Drowsy or coma 
+/− confusion

0% Death – – – –

Instructions for Use of PPS (See also Definition of 
Terms)

 1. PPS scores are determined by reading horizontally at 
each level to find a “best fit” for the patient which is then 
assigned as the PPS% score.

 2. Begin at the left column and read downwards until the 
appropriate ambulation level is reached, then read across 
to the next column and downwards again until the activ-
ity/evidence of disease is located. These steps are repeated 
until all five columns are covered before assigning the 
actual PPS for that patient. In this way, “leftward” col-
umns (columns to the left of any specific column) are 
“stronger” determinants and generally take precedence 
over others.

Example 1: A patient who spends the majority of the 
day sitting or lying down due to fatigue from advanced 
disease and requires considerable assistance to walk 
even for short distances but who is otherwise fully 

conscious level with good intake would be scored at 
PPS 50%.
Example 2: A patient who has become paralyzed and 
quadriplegic requiring total care would be PPS 30%. 
Although this patient may be placed in a wheelchair 
(and perhaps seem initially to be at 50%), the score is 
30% because he or she would be otherwise totally bed 
bound due to the disease or complication if it were not 
for caregivers providing total care including lift/trans-
fer. The patient may have normal intake and full con-
scious level. Example 3: However, if the patient in 
example 2 was paraplegic and bed bound but still able 
to do some self-care such as feed themselves, then the 
PPS would be higher at 40 or 50% since he or she is 
not “total care”.

 3. PPS scores are in 10% increments only. Sometimes, there 
are several columns easily placed at one level but one or 
two which seem better at a higher or lower level. One 
then needs to make a “best fit” decision. Choosing a 

J. S. Ayala and J. Lowy

http://www.victoriahospice.org


1063

“half-fit” value of PPS 45%, for example, is not correct. 
The combination of clinical judgment and “leftward pre-
cedence” is used to determine whether 40 or 50% is the 
more accurate score for that patient.

 4. PPS may be used for several purposes. First, it is an excel-
lent communication tool for quickly describing a patient’s 
current functional level. Second, it may have value in cri-
teria for workload assessment or other measurements and 
comparisons. Finally, it appears to have prognostic value.

Copyright © 2001 Victoria Hospice Society

Definition of Terms for PPS
As noted below, some of the terms have similar meanings 
with the differences being more readily apparent as one reads 
horizontally across each row to find an overall “best fit” 
using all five columns.

 1. Ambulation
The items mainly sit/lie, mainly in bed, and totally bed 
bound are clearly similar. The subtle differences are 
related to items in the self-care column. For example, 
“totally bed ‘bound’ at PPS 30% is due to either profound 
weakness or paralysis such that the patient not only can’t 
get out of bed but is also unable to do any self-care. The 
difference between ‘sit/lie’ and ‘bed’ is proportionate to 
the amount of time the patient is able to sit up vs need to 
lie down.”

Reduced ambulation is located at the PPS 70% and 
PPS 60% level. By using the adjacent column, the reduc-
tion of ambulation is tied to inability to carry out their 
normal job, work occupation or some hobbies or house-
work activities. The person is still able to walk and trans-
fer on their own but at PPS 60% needs occasional 
assistance.

 2. Activity and Extent of disease
Some, significant, and extensive disease refer to physical 
and investigative evidence which shows degrees of progres-
sion. For example in breast cancer, a local recurrence would 
imply “some” disease; one or two metastases in the lung or 
bone would imply “significant” disease, whereas multiple 
metastases in the lung, bone, liver, brain, hypercalcemia, or 
other major complications would be “extensive” disease. 
The extent may also refer to progression of disease despite 
active treatments. Using PPS in AIDS, “some” may mean 
the shift from HIV to AIDS, and “significant” implies pro-
gression in physical decline, new or difficult symptoms, and 
laboratory findings with low counts. “Extensive” refers to 
one or more serious complications with or without continu-
ation of active antiretrovirals, antibiotics, etc.

The above extent of disease is also judged in context 
with the ability to maintain one’s work and hobbies or 
activities. Decline in activity may mean the person still 

plays golf but reduces from playing 18 holes to 9 holes, or 
just a par 3, or to backyard putting. People who enjoy 
walking will gradually reduce the distance covered, 
although they may continue trying, sometimes even close 
to death (e.g., trying to walk the halls).

 3. Self-Care
Occasional assistance means that most of the time 
patients are able to transfer out of bed, walk, wash, go to 
toilet, and eat by their own means but that on occasion 
(perhaps once daily or a few times weekly) they require 
minor assistance.

Considerable assistance means that regularly every 
day, the patient needs help, usually by one person, to do 
some of the activities noted above. For example, the per-
son needs help to get to the bathroom but is then able to 
brush his or her teeth or wash at least hands and face. 
Food will often need to be cut into edible sizes but the 
patient is then able to eat of his or her own accord.

Mainly assistance is a further extension of “consider-
able.” Using the above example, the patient now needs 
help getting up but also needs assistance washing his face 
and shaving, but can usually eat with minimal or no help. 
This may fluctuate according to fatigue during the day.

Total care means that the patient is completely unable 
to eat without help, go to toilet, or do any self-care. 
Depending on the clinical situation, the patient may or 
may not be able to chew and swallow food once prepared 
and fed to him or her.

 4. Intake
Changes in intake are quite obvious with normal intake 
referring to the person’s usual eating habits while healthy. 
Reduced means any reduction from that and is highly 
variable according to the unique individual circum-
stances. Minimal refers to very small amounts, usually 
pureed or liquid, which are well below nutritional 
sustenance.

 5. Conscious Level
Full consciousness implies full alertness and orientation 
with good cognitive abilities in various domains of think-
ing, memory, etc. Confusion is used to denote presence of 
either delirium or dementia and is a reduced level of con-
sciousness. It may be mild, moderate or severe with mul-
tiple possible etiologies. Drowsiness implies either 
fatigue, drug side effects, delirium, or closeness to death 
and is sometimes included in the term stupor. Coma in 
this context is the absence of response to verbal or physi-
cal stimuli; some reflexes may or may not remain. The 
depth of coma may fluctuate throughout a 24-h period.

© Copyright Notice.

The Palliative Performance Scale version 2 (PPSv2) 
tool is copyright to Victoria Hospice Society and 
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replaces the first PPS published in 1996 [J Pall Care 
9(4): 26-32]. It cannot be altered or used in any way 
other than as intended and described here. Programs 
may use PPSv2 with appropriate recognition. Available 
in electronic Word format by email request to edu.hos-
pice@viha.ca

Correspondence should be sent to Director Education 
and Research, Victoria Hospice Society, 1952 Bay Street, 
Victoria, BC, V8R 1J8, Canada
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Infection Control Strategies 
in Transplant Populations

S. Cutro, M. Phillips, and H. W. Horowitz

 Introduction

The immunocompromised host presents both routine and 
unique challenges from an infection control and prevention 
perspective. Cell-mediated and humoral immune deficien-
cies in the pre-transplant and post-transplant periods lead to 
increased susceptibility to a wide variety of viral, bacterial, 
parasitic, and fungal pathogens: some endogenous and oth-
ers originating from the host’s environment. Innate immune 
defects including severe neutropenia during the pre- 
engraftment period and secondary graft loss due to cancer 
recurrence, drug toxicity, or myelosuppressive viral opportu-
nistic infections are also of significant concern in transplant 
patients. The “net state of immunosuppression” is helpful in 
stratifying patients’ risk for developing infections and is 
determined in large part by the nature of the immune sup-
pression employed. However, environmental factors, preex-
isting immune deficits, metabolic derangements, and 
antimicrobial exposure all play a role in determining the risk 
for infection [1]. The use of prophylactic antimicrobials, 
including antibacterial, antiviral, antiparasitic, and antifun-
gal agents, has led to a reduction in all-cause mortality, 
infection- related mortality, and risk of clinically and micro-
biologically documented infections [2–4]. However, despite 

prophylaxis, infections remain a significant threat in this 
patient population.

Autologous and allogeneic stem cell transplant (SCT) 
recipients carry the greatest risk for post-transplant infection, 
with anywhere from 35% to 100% of adult SCT recipients 
developing infections after transplant [5, 6]. Infection-related 
mortality among SCT recipients ranges from 5% to 33% and 
is the leading cause of death in 8% of autologous and 17–20% 
of allogeneic SCT recipients. This difference is due in large 
part to greater immune suppression employed in allogeneic 
transplantation versus autologous transplantation [6, 7]. 
Among solid organ transplant (SOT) recipients, infectious 
complications are also of significant concern, with bacterial 
infections occurring in 33–68% of liver, 21–30% of heart, 
35% of pancreas, 47% of kidney, and 54% of lung transplant 
recipients [8]. Cytomegalovirus (CMV) infection occurs in 
44–85% of kidney, heart, and liver transplant recipients, 
while varicella-zoster virus (VZV) reactivation occurs in 
5–13% of SOT recipients [8]. Systemic fungal infection 
occurs in 5–17% of heart, 14–22% of heart-lung, 2–42% of 
liver, and 2–14% of kidney transplant recipients [8]. In the 
SOT population, infection is the leading cause of death 
among patients receiving lung, intestine, and liver trans-
plants [9, 10].

A temporal relationship exists between the development 
of particular infections and the time of transplantation and 
engraftment as outlined in Table 61.1. This chapter considers 
potentially preventable infections using infection control 
practice in the context of time from transplantation/engraft-
ment and focuses specifically on the most common infec-
tions that transplant patients are at risk to develop during the 
various stages of transplantation: pre-transplant period, early 
post-solid organ transplant/pre-engraftment period, interme-
diate post-solid organ transplant/early post-engraftment 
period, and late post-solid organ transplant/late post- 
engraftment period. Antimicrobial prophylaxis and pre−/
post-transplant vaccinations are discussed elsewhere in this 
book and are beyond the scope of this chapter.
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While there are many unique infection control and pre-
vention considerations in this patient population, standard 
hand hygiene, disinfection of medical equipment and sur-
faces in patient rooms, and isolation precautions should be 
applied to transplant patients per established guidelines [11–
13]. Some hospitals may choose to place all transplant recip-
ients on isolation precautions even in the absence of active 
infection or colonization with organisms of interest. 
However, evidence-based guidelines to support this approach 
do not exist, and studies to determine the most effective iso-
lation precaution strategies in immune compromised patients 
are needed. Infection control and prevention practices should 
be implemented to prevent device-related infections such as 
central line-associated bloodstream infection (CLABSI), 
catheter-associated urinary tract infection (CAUTI), and 
ventilator-associated pneumonia (VAP). Routine hand 
hygiene and use of antiseptic handwash/rub should be 
stressed as in non-transplant populations [14]. Standard peri-
operative antimicrobial prophylaxis should be used and other 
recommended procedures and processes should be followed 
to minimize surgical site infections [15].

 Pre-transplant Period

The home and work environments are the primary sources of 
infection that clinicians and transplant candidates must con-
sider during the pre-transplant period. Community-acquired 
organisms, colonization with nosocomial pathogens due to 
recent healthcare exposure, and exposures to environmentally 
endemic pathogens are all of great concern during this period. 
Clinicians should identify and treat active infections, review 
available microbiological data for previous infection/coloni-
zation with methicillin-resistant Staphylococcus aureus 

(MRSA), vancomycin-resistant Enterococcus (VRE), and 
multidrug resistant (MDR) gram-negative rods, and screen 
candidates for the presence of latent infections that may reac-
tivate with subsequent immune suppression. Understanding 
previous infection/colonization history is important in order 
to risk-stratify patients for post-transplant prophylaxis and to 
help guide future empiric antimicrobial therapy decisions. 
Clinicians should counsel transplant candidates to avoid cer-
tain environmental situations that may predispose them to 
infections [16]. Some daily activities such as gardening, 
pigeon rearing, farming, drinking well water, spelunking, 
potholing, and traveling may expose patients to endemic bac-
terial, fungal, and parasitic organisms that manifest in severe 
infection after transplantation. Serologic testing for Chagas 
disease, Coccidioides, Histoplasma, Cryptococcus spp., 
Strongyloides stercoralis, Schistosoma spp., and human 
T-lymphotropic virus (HTLV) 1/2 should be considered based 
upon initial risk factor assessment for potential exposure and 
therefore at-risk individuals [17, 18].

A complete medical history, including country of origin, 
travel history (both within and outside of the United States), 
pet exposure, risk factors for tuberculosis (TB), family his-
tory, work history, and social history should be obtained. 
History of recent/prior hospitalizations also should be 
obtained, with a particular focus on any infections and the 
name/type of antimicrobials received. For both SCT and 
SOT candidates, serologic screening for herpes simplex 
virus (HSV), VZV, CMV, human immunodeficiency virus 
(HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), 
Epstein-Barr virus (EBV), and Toxoplasma gondii are rec-
ommended [7, 19, 20]. Potential SCT donors are also 
screened for potentially communicable diseases in 
 accordance with published guidelines, and this topic is cov-
ered elsewhere in this book [21].

Table 61.1 Common pathogens in transplant patients based on time relative to transplant/engraftment and type of transplant [7, 88, 89]

SOT Timeframe Pre-transplant Early post-transplant 
(<1 month)

Intermediate post-transplant 
(1–6 months)

Late post-transplant 
(>6 months)

Pathogens Typical community 
organisms if no recent 
healthcare exposures
Nosocomial pathogens if 
recent healthcare 
exposures
Endemic infections

Gram-positive organisms 
(including MRSA and VRE)
C. difficile
Aspergillus, Candida

Listeria, Nocardia
HSV, CMV, HBV, HCV, EBV, BK 
virus
Toxoplasma, Strongyloides, PCP, 
TB, Leishmania

Typical community 
organisms
CMV
Aspergillus, 
dermatophytes

SCT Timeframe Pre-transplant Pre-engraftment (15–45 days 
post-transplant)

Early post-engraftment (30–
100 days post-transplant)

Late post-engraftment 
(>100 days 
post-transplant)

Pathogens Typical community 
organisms if no recent 
healthcare exposures
Nosocomial pathogens if 
recent healthcare 
exposures
Endemic infections

Gram-negative rods, gram- 
positive organisms, 
gastrointestinal Streptococcus 
spp.
HSV, respiratory and enteric 
viruses
Aspergillus, Candida

Gram-positive organisms, gram- 
negative rods (lower frequency), 
gastrointestinal Streptococcus spp.
HSV, CMV, HHV, EBV, respiratory/
enteric viruses
Aspergillus, Candida, PCP

Encapsulated bacteria
HSV, VZV, HHV, EBV, 
respiratory and enteric 
viruses
Aspergillus, PCP

SOT solid organ transplantation, SCT stem cell transplantation
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Clinicians should also screen transplant candidates for 
latent tuberculosis infection (LTBI) using an interferon 
gamma release assay (IGRA) or tuberculin skin test (TST). 
TB incidence among SOT recipients in non-endemic coun-
tries ranges from 1.2% to 6.4% and most commonly occurs 
within the first year after transplantation, while the incidence 
of TB in SCT recipients in the United States ranges from 
0.0014% to 3% [22–24]. In SOT candidates, pre-transplant 
treatment of LTBI has been shown to decrease the risk of 
reactivation to 0% and therefore should be strongly consid-
ered [23]. TST is often unreliable in immunosuppressed 
patients and may underestimate the prevalence of LTBI in 
these high-risk patients. IGRAs tend to have increased sensi-
tivity in immunosuppressed patients but can generate fre-
quent “indeterminate” results in this population, especially 
among patients with end-stage liver disease, high Model for 
End-Stage Liver Disease (MELD) scores, and end-stage 
renal disease [23, 25, 26]. In patients from TB-endemic 
regions, combination testing using TST and IGRA can be 
considered.

Primary infection with and reactivation of CMV are of 
great concern in transplant populations, especially in SCT 
recipients. In addition to serologic screening for CMV, SCT 
candidates should avoid sharing cups, glasses, and eating 
utensils with others and should use latex condoms with new 

sexual partners or known partners that are CMV-sero- 
discordant to decrease the risk of CMV transmission [7, 27]. 
Similarly, candidates should avoid contact with oral and 
genital HSV lesions during the pre-transplant period, espe-
cially among candidates with no serologic evidence of HSV 
1 or 2. Transplant candidates should also avoid contact with 
persons who developed a post-vaccination rash after receiv-
ing varicella/zoster vaccines until resolution of the rash/skin 
lesions [27]. Avoidance of areas of high dust exposure such 
as construction sites, chicken coops, caves, and activities that 
disturb soil is recommended in the pre-transplant period [27, 
28]. Certain high-risk foods, including raw fruits and vegeta-
bles, shellfish, and undercooked meats, should be avoided. 
Some of these high-risk foods, with pathogens of concern, 
and acceptable alternatives are outlined in Table 61.2.

 Early Post-Solid Organ Transplant 
(<1 Month)/Pre-engraftment  
(Days 15–45 Post-SCT) Period

Early infections in transplant recipients arise almost exclu-
sively in the hospital setting and are most often attributed to 
surgical complications, compromise of normal mucosal bar-
riers, the presence of invasive devices such as central venous 

Table 61.2 High-risk foods that should be avoided in transplant recipients, with pathogens of concern and acceptable alternatives [7, 90–92]

Food group Unacceptable foods Pathogens of concern Acceptable alternatives
Dairy Nonpasteurized or raw milk

Cheeses containing uncooked vegetables
Cheeses with molds (Bleu, Stilton, Roquefort, 
gorgonzola)

Listeria monocytogenes
Salmonella enteritidis
E. coli

Pasteurized milk and milk products
Commercially packaged hard and 
semisoft cheeses (cheddar, mozzarella, 
etc.)

Meat Raw or undercooked meat, poultry, fish, game, tofu
Raw or undercooked eggs, nonpasteurized egg 
substitutes (including certain preparations of 
hollandaise sauce and Caesar dressing)
Raw or undercooked seafood
Deli-style ready-to-eat meats and poultry
Uncooked hot dogs or sausage
Uncooked smoked seafood (salmon/lox)
Tempeh products

E. coli O157:H7
Salmonella enteritidis
Campylobacter jejuni
Clostridium perfringens
Toxoplasma gondii
Vibrio spp.
Listeria monocytogenes

Well-done meats, cooked to safe 
minimum cooking temperatures
Eggs cooked until both white and yolk 
are firm
Canned meats
Pasteurized eggs and egg substitutes
Cooked hot dogs or sausage
Refrigerated smoked seafood if cooked 
to 160°F

Fruits and nuts Unwashed raw fruits
Nonpasteurized fruit and vegetable juices
Fresh fruit salsas
Unroasted raw nuts or nuts in shells

E. coli O157:H7
Salmonella enteritidis
Norovirus
Hepatitis A virus
Shigella
Cryptosporidium
Giardia

Well-washed raw and frozen fruit
Cooked, canned, and frozen fruit
Pasteurized juices and frozen juice 
concentrates
Dried fruits
Canned or bottled roasted nuts
Commercially packaged nut butters

Vegetables and 
soups

Unwashed raw vegetables or herbs
Fresh nonpasteurized vegetable salsa
Raw vegetable sprouts (alfalfa, clover, etc.)
Salads
Miso products (soups, paste)

E. coli O157:H7
Salmonella enteritidis
Norovirus
Hepatitis A virus
Shigella
Cryptosporidium
Giardia

Well-washed raw and frozen vegetables
Cooked fresh/frozen/canned vegetables
Shelf-stable bottled salsa
Cooked vegetable sprouts
Fresh, well-washed herbs and dry herbs 
used in cooked foods

Others Raw honey Clostridium botulinum Commercial “Grade A” honey

Originally published in Cutro et al. [92]
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catheters (CVCs), environmental exposures within the hos-
pital, and/or ill healthcare workers (HCWs) or visitors. 
During this period, bacterial pathogens (including MRSA, 
VRE, gram-negative rods, and Clostridium difficile), viruses, 
and fungal species (Aspergillus and Candida) are of greatest 
concern for SOT and SCT patients (Table 61.1).

 Hospital Exposures and Healthcare Workers

This period typically represents the first extensive exposure 
to HCWs and the hospital environment for transplant recipi-
ents, so targeting potentially preventable infections is criti-
cal. Hospitals should enact a comprehensive vaccination 
policy that adheres to Centers for Disease Control and 
Prevention (CDC)/Advisory Committee on Immunization 
Practices (ACIP)/Healthcare Infection Control Practices 
Advisory Committee (HICPAC) recommendations to 
decrease the transmission of infectious diseases from HCWs 
to patients [29]. Ideally, HCWs should receive inactivated 
vaccines instead of live vaccines to minimize the risk of 
transmission of vaccine virus to transplant recipients. 
Although transmission of live attenuated influenza virus 
from intranasal influenza vaccine has not been reported in 
healthcare settings, this vaccine is contraindicated for HCWs 
caring for transplant recipients. HCWs who receive this vac-
cine inadvertently should avoid contact with transplant 
recipients, although the duration of avoidance has not been 
determined [29]. Vaccine-strain poliovirus in oral polio vac-
cine (OPV) can be transmitted from person-to-person. 
Therefore, OPV administration is contraindicated for HCWs 
caring for transplant recipients as well as household contacts 
of transplant recipients. If OPV is inadvertently adminis-
tered, the vaccine recipient should avoid contact with trans-
plant recipients for 4–6 weeks [30]. HCWs, family members, 
close contacts, and visitors who do not have a documented 
history of varicella infection or who are seronegative should 
receive varicella vaccine before being allowed to visit or 
have direct contact with a transplant recipient, and vaccina-
tion should be completed at least 4  weeks prior to com-
mencement of the transplant process [30].

In accordance with published guidelines, every effort 
should be made to restrict/minimize direct patient contact 
between HCWs with potentially transmissible infections and 
transplant candidates/recipients [31]. Hospitals should also 
develop screening policies for visitors to transplant units, 
especially during respiratory virus season, to reduce expo-
sure to pathogens such as influenza and respiratory syncytial 
virus (RSV). While these respiratory viruses are primarily 
transmitted via respiratory droplets, dispersion by airborne 
droplets is possible under certain circumstances [32, 33]. 
Visitors and HCWs with infectious symptoms or with recent 
exposure to communicable infections should avoid direct 

contact with transplant candidates/recipients [34]. While 
guidelines exist for organisms and syndromes that require 
droplet isolation precautions, some transplant centers choose 
to place all transplant recipients on droplet isolation precau-
tions during respiratory virus season [11].

 Screening for Carriage of Bacterial Pathogens

There is insufficient evidence to recommend routine MRSA 
screening of all transplant recipients and insufficient evi-
dence to support decolonization of these patients [7]. 
However, routine surveillance cultures can be considered in 
certain settings such as intensive care units to help reduce 
the incidence of MRSA infections [35]. A study of liver 
transplant recipients and candidates found that patients col-
onized with MRSA were more likely to develop subsequent 
MRSA infection, while those colonized with VRE had an 
increased risk of subsequent VRE infection and death [36]. 
At another liver transplant center, implementation of a 
multi-faceted infection control protocol, which included 
active surveillance for MRSA, contact precautions for those 
colonized with MRSA, cohorting patients with culture-pos-
itive MRSA, and nasal decolonization of those colonized 
with MRSA, led to decreased rates of new MRSA nasal car-
riage and decreased rates of Staphylococcus aureus infec-
tion and bacteremia [37]. Extended-spectrum β-lactamase 
(ESBL)-producing organisms and carbapenem-resistant 
Enterobacteriaceae (CRE) and Acinetobacter spp. present 
significant challenges for transplant patients, and asymp-
tomatic carriage of these organisms has been associated 
with subsequent infection [38, 39]. Importantly, it has been 
reported that transplant recipients colonized with ESBL/
CRE organisms may introduce these organisms into hospital 
settings, presenting an ongoing challenge for hospital- wide 
infection control departments [38, 39]. While active surveil-
lance of MRSA, VRE, and other MDR organisms may be 
considered, no current guidelines support this approach in 
transplant populations.

 Isolation Precautions

Likewise, no transplant-specific evidence-based guidelines 
exist regarding initiation and discontinuation of isolation pre-
cautions. Until additional studies are performed in this patient 
population, adherence to HICPAC guidelines for isolation 
precautions is recommended [11, 13]. At some transplant 
centers, patients with a history of VRE infection/colonization 
are presumptively placed on contact isolation precautions 
during subsequent hospital admissions. Although there are 
insufficient data to guide discontinuation of contact precau-
tions in these patients, individual transplant centers may 
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implement local criteria for discontinuation of these precau-
tions [7, 11, 13, 40]. Interestingly, the results of a 2008 survey 
of European SCT centers showed significant variability in the 
nature and level of isolation precautions implemented at indi-
vidual centers. This variability reiterates the need for addi-
tional studies on which to base the development of guidelines 
for severely immunocompromised populations [41]. 
Readmitted patients with a history of MRSA, VRE, or MDR/
CRE infection/colonization represent a challenge to clini-
cians and infection control practitioners alike, given the 
potential long-term carriage of resistant organisms among 
these patients. Unfortunately, the exact duration of carriage of 
these organisms has not been adequately studied in transplant 
patients. Data do exist, however, regarding carriage following 
hospital discharge in the general population. One study found 
MRSA carriage can persist on average 566 days in patients 
readmitted at least once and longer persistence is associated 
with a greater number of colonized anatomical sites [42]. 
Among discharged patients found to have VRE colonization, 
median duration of VRE culture positivity from time of dis-
charge was found to be 5.57  weeks [43]. The risk of pro-
longed carriage was increased if patients received inpatient 
antibiotics, surgery, or dialysis, and if patients were dis-
charged to a nursing home [43]. For CRE, prior fluoroquino-
lone use, history of inter-facility transfer, and time interval 
≤3months from last positive CRE screen were associated 
with a greater probability of positive CRE screen on readmis-
sion. Persistence of CRE carriage was on average 387 days 
following hospital discharge, with 78, 65, and 39% of patients 
retaining CRE carriage at 3, 6, and 12 months, respectively 
[44, 45]. Because transplant recipients may have longer car-
riage periods for these organisms, hospitals may consider 
placing all patients with a history of infection/colonization 
with MRSA, VRE, or MDR/CRE on contact isolation precau-
tions should they be readmitted to the hospital [40].

 Protective Environment Rooms and Hospital 
Facilities Management

Despite an absence of robust data, use of a protective envi-
ronment (PE) room is recommended for allogeneic SCT 
recipients, and can also be considered in patients with pro-
found immunosuppression including autologous SCT recipi-
ents, those with prolonged neutropenia, and during episodes 
of graft-versus-host disease (GVHD) [7, 34, 46]. Allogeneic 
SCT recipients should ideally be placed in a PE room that 
includes: ≥12 air exchanges per hour, central or point-of-use 
high-efficiency particulate air (HEPA) filters (with 99.97% 
efficiency for removing particles ≥0.3  μm in diameter), 
directed air flow so that air intake occurs at one side of the 
room and exhaust occurs at the opposite end, consistent posi-
tive air pressure differential between the patient’s room and 

hallway >0.19 mmHg, well-sealed rooms, continuous pres-
sure monitoring, and self-closing doors to maintain constant 
pressure differentials [34]. Laminar air flow rooms have been 
used in the past, but aside from some benefit in reducing 
cases of Aspergillus linked to construction, they are not rou-
tinely recommended for SCT recipients [28, 47]. Scrupulous 
maintenance of air supply systems is critical. The hospital 
facilities department should ensure that filter banks are 
inspected and routinely changed, water incursion into heat-
ing, ventilation, and air conditioning (HVAC) ducts is pre-
vented, and air intakes into the system are kept free of 
conditions which may result in patient exposure to environ-
mental pathogens (e.g., birds’ nests containing Cryptococcus 
spp.). Backup electrical and ventilation systems should be in 
place for transplant units during emergencies and scheduled 
downtimes. Anterooms are optional except in the case of 
SCT recipients requiring airborne precautions for infections 
such as TB, measles, varicella, or disseminated zoster [34]. 
Fresh, cut, or potted flowers/plants should not be permitted 
in PE rooms due to the risk of acquiring infection due to 
Aspergillus spp. and water-borne bacteria that colonize 
plants [28, 48, 49]. The necessity of PE rooms for allogeneic 
SCT recipients and other severely immunocompromised 
hosts is becoming increasingly controversial, and several 
studies have suggested that morbidity and mortality are not 
significantly different between patients who were placed in 
PE rooms and those who were either discharged to their 
home environments or who did not utilize PE rooms in the 
hospital setting [50–53]. Further studies should help to eluci-
date the optimal timing of and nature of isolation precautions 
for SCT recipients and the role of PE rooms [46].

During hospital construction/renovation, an infection con-
trol risk assessment (ICRA) should be performed for each 
construction site. The ICRA should specify the appropriate 
environmental controls enacted to minimize dust generation 
and reduce the risk of fungal dispersion [54]. In addition to 
routine inspections to ensure the measures  outlined in the 
ICRA are followed, infection control personnel should ensure 
patients in the vicinity of the construction site are placed in 
rooms which minimize risk; the use of negative pressure/air-
borne isolation rooms is avoided unless indicated by the 
patient’s condition [55]. Transplant recipients should avoid 
construction areas in the hospital if possible and should wear 
an N95 respirator or a powered air-purifying respirator 
(PAPR) when being transported outside of the PE room if 
they are unable to avoid these areas [28]. However, it should 
be noted that neither of these methods has been specifically 
tested and proven to decrease the risk of Aspergillus infection 
in this patient population [27, 34]. Surgical masks do not pro-
tect patients from airborne particles and their efficacy in pre-
venting exposure to environmental mold spores is unknown. 
Floor surfaces in SCT units should be smooth and non-porous 
to facilitate cleaning/disinfection. Furthermore, carpeting and 
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other materials that may harbor mold must be avoided in 
transplant units. Daily wet dusting of horizontal surfaces 
using cloths moistened with hospital disinfectant/detergents 
should be performed in transplant units and cleaning methods 
that disperse dust should be avoided.

 Avoidance of Central Line-Associated 
Bloodstream Infections

Because of the high utilization of CVCs in transplant patients 
due to the frequent need for total parenteral nutrition, mainte-
nance of reliable intravenous access, and infusion-related 
complications when using peripheral catheters, adherence to 
evidence-based guidelines for preventing CLABSI is crucial 
[56, 57]. The CLABSI rate (infections per 1000 central line 
days) for SCT recipients ranges from 2.5 for permanent cath-
eters to 3.0 for temporary catheters, while the infection rate 
ranges from 0.3 for permanent catheters to 1.2 for temporary 
catheters in SOT recipients [57]. In comparison, CLABSI 
rates in general medical or medical/surgical floors range from 
0.9 to 1.4 [57]. If implementation of standard practices such 
as “bundles” during CVC insertion is not effective in reduc-
ing the infection rate or if the CLABSI rate is >1, the use of 
CVCs impregnated with either chlorhexidine/silver sulfadia-
zine or minocycline/rifampin can be considered [56]. In one 
study of cancer patients, the use of minocycline/rifampin-
impregnated catheters led to a CLABSI rate of 0.25 compared 
to patients with non-impregnated catheters who had a rate of 
1.28 [58]. Another study among patients receiving chemo-
therapy followed by SCT demonstrated that chlorhexidine/
silver sulfadiazine-impregnated CVCs had decreased catheter 
colonization and a nonstatistically significant trend toward 
decreased bloodstream infections as compared to non-
impregnated CVCs [59]. Utilization of chlorhexidine/silver 
sulfadiazine-impregnated CVCs has also led to decreased 
bacterial colonization of catheters and concomitant infections 
in SOT recipients [60]. While antibiotic lock therapy may be 
an encouraging approach for line salvage, it is not currently 
recommended for routine prophylaxis in transplant popula-
tions [7]. Although not specifically studied in the transplant 
population, chlorhexidine- impregnated dressings/sponges at 
the CVC insertion site should be considered in transplant 
patients, as they have proven effective in reducing the inci-
dence of CLABSIs and exit-site/tunnel infections among 
non-transplant recipients with CVCs [61, 62]. Practices to 
minimize the risk of contamination of CVCs during use, such 
as disinfection of IV valve devices whenever IV tubing is 
connected, routine replacement of IV valves, use of alcohol-
impregnated caps and scheduled changes of IV tubing must 
be standardized and rigorously followed. Most importantly, 
as in all patients, the CVC should be removed as soon as clini-
cally feasible.

 Respiratory Viruses

Nosocomial transmission of respiratory viruses has been 
well-reported [63]. SOT and SCT recipients are at higher 
risk for developing significant complications related to expo-
sure to respiratory viruses including influenza, RSV, adeno-
virus, parainfluenza, and human metapneumovirus [64, 65]. 
Exposure prevention is a key component in reducing the risk 
for respiratory virus illness in transplant patients because 
many of these viruses have no treatment options other than 
supportive care. HCWs and visitors with upper respiratory 
tract infection (URI) symptoms must avoid contact with SOT 
and SCT recipients. Active surveillance for URI signs/symp-
toms should be performed daily in all transplant recipients 
and their visitors during respiratory virus season [27]. If URI 
signs/symptoms are present, the patient should be placed on 
droplet and contact precautions until the precise infectious 
etiology of signs/symptoms is determined using rapid 
molecular- based technologies if available [11, 27]. Future 
studies in transplant patients are needed to define optimal 
isolation precautions for respiratory viruses owing to the 
potential for airborne transmission of these viruses [32, 33]. 
Immunocompromised patients may shed respiratory viruses 
for weeks to months after initial infection. Therefore, con-
tinuing isolation precautions for the duration of the hospital-
ization should be considered during respiratory virus season 
[66]. Because pre-engraftment SCT recipients carry the 
greatest risk of developing severe RSV pneumonia, early 
diagnosis and treatment are critical when URI symptoms are 
present in this population. Among SOT recipients, especially 
lung and renal transplant recipients, influenza infection has 
been associated with a greater risk of acute transplant rejec-
tion [66]. The risk of influenza is highest among lung trans-
plant recipients (41.8 cases/1000 person-years), followed by 
liver transplant recipients (4.3 cases/1000 person-years), and 
renal transplant recipients (2.8 cases/1000 person-years) 
[66]. HCWs, family members, and other close contacts with 
transplant recipients, should receive seasonal influenza vac-
cination. If the vaccine is received during an outbreak, anti-
viral chemoprophylaxis for 2 weeks can be considered for 
these close contacts of transplant recipients until an appro-
priate vaccine response is achieved. In the setting of an insti-
tutional influenza outbreak, antiviral chemoprophylaxis is 
recommended for transplant patients in accordance with 
CDC/ACIP guidelines [67].

 Gastrointestinal Infections

Transplant recipients experiencing symptoms consistent 
with gastrointestinal infection, including nausea, vomiting, 
and diarrhea, must be considered infectious until an alterna-
tive explanation for these symptoms is identified. Prolonged 
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viral shedding of norovirus and other viruses has been 
reported in transplant recipients even when gastrointestinal 
symptoms have resolved, therefore, we advocate symptom- 
based instead of laboratory-based initiation of isolation pre-
cautions in these patients [68–71]. While norovirus, rotavirus, 
and astrovirus have been associated with outbreaks in trans-
plant populations, making a laboratory-based diagnosis is 
often challenging. The advent of newer molecular techniques 
for GI pathogen detection offers the promise of improved 
differentiation between infectious and non-infectious causes 
of diarrhea; however, their use in transplant recipients has 
been limited. Due to prolonged and varied viral shedding in 
transplant recipients, hospitals may consider initiating con-
tact isolation precautions among patients who have a history 
of gastrointestinal infection if they are readmitted to the hos-
pital even in the absence of gastrointestinal symptoms at the 
time of readmission.

 Varicella Zoster Virus

While VZV is more commonly seen in the late post- transplant 
period, clinicians must remain vigilant during the early post- 
transplant period because VZV infection during this period 
frequently presents as disseminated disease, capable of air-
borne spread and transmission to susceptible patients and 
hospital staff [11]. Contact and airborne precautions for VZV 
should be continued until all lesions are dried and crusted 
over. Transplant recipients with potential VZV exposure 
while in the hospital, including being in an enclosed air 
space with a contagious source patient or having close con-
tact with a contagious source patient in an open area, should 
be placed on airborne precautions from days 8 to 21 after 
exposure unless the patient has been given varicella zoster 
immunoglobulin (VZIG) or acyclovir postexposure chemo-
prophylaxis, in which case airborne precautions should con-
tinue from days 8 to 28 after exposure [11, 72].

 Institutional Food and Beverages

Food and beverages consumed in the hospital setting are also 
potential sources for infection in transplant recipients. Efforts 
to serve “sterile” food have been unsuccessful, due in large 
part to lack of palatability of the food [73]. “Low-bacteria” 
or “neutropenic diets,” with highly variable definitions in the 
literature and in practice, have been used at many institu-
tions. However, data are not convincing that these diets lead 
to fewer infectious complications and improved clinical out-
comes. In fact, one study found a higher rate of infections in 
transplant recipients who received a “neutropenic diet” as 
compared to those receiving a general diet [74]. Institutional 
food handling should adhere to federal, state, and local regu-

lations. Several published guidelines describe safe and 
unsafe foods for SCT and SOT recipients, and these recom-
mendations are outlined in Table 61.2 [7, 10, 27, 75]. Given 
the risk of cryptosporidiosis, SCT and SOT recipients should 
avoid tap water during the early post-transplant period and 
should only drink bottled water that has been processed to 
remove Cryptosporidium by reverse osmosis, distillation, or 
1 μm particulate absolute filtration [7]. Transplant recipients 
should also avoid fountain beverages and ice made from tap 
water, as rare instances of nosocomial legionellosis have 
been reported. An aggressive water-testing program in hospi-
tal areas housing susceptible patients should be implemented. 
Hyperchlorination, silver/copper ionization, and/or super-
heating should be employed to reduce Legionella spp. in the 
water supply in accordance with published recommenda-
tions [7, 48, 76].

 Intermediate Post-Solid Organ Transplant 
(1–6 Months)/Early Post-Engraftment Period 
(30–100 Days)

Patients often spend the intermediate post-SOT period and 
the early post-engraftment periods within the hospital envi-
ronment. Pathogens of concern vary with ongoing immune 
reconstitution. SOT recipients are at higher risk of develop-
ing listeriosis and Nocardia infections during this period, 
while SCT recipients carry higher risks of developing gram- 
positive infections and respiratory/enteric viral illness 
(Table 61.1). Both SOT and SCT recipients have a greater 
likelihood of acquiring or reactivating herpesvirus infections 
such as HSV, CMV, and EBV during this period. During 
ongoing and/or recurrent hospitalizations, previously 
described infection control practices should be followed to 
minimize exposure to healthcare-associated pathogens.

 Blood Products and Cytomegalovirus

Patients in this period frequently require transfusion of blood 
and blood products due to anemia and thrombocytopenia. 
CMV-seronegative allogeneic SCT recipients with CMV- 
seronegative donors (R-D-) should only receive leukocyte- 
reduced/CMV-seronegative red blood cells or 
leukocyte-reduced platelets to prevent transfusion-associated 
CMV infection [27]. However, insufficient evidence exists to 
support this strategy in CMV-seronegative recipients with 
CMV-seropositive donors (R-D+) [27]. In CMV-seronegative 
autologous SCT recipients, CMV-seronegative red blood 
cells and leukocyte-reduced platelets can be used but are not 
routinely recommended [7]. In addition to blood products, a 
comprehensive CMV prevention strategy should continue for 
SCT patients through first 100 days after transplantation. This 
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strategy should include antiviral prophylaxis, aggressive and 
regular CMV screening, and use of gloves by HCW when 
handling blood products or other potentially contaminated 
biologic materials to prevent transmission of CMV to suscep-
tible SCT recipients. Among SOT recipients, CMV- 
seronegative donor/recipient pairs (D-R-) should receive only 
leukocyte reduced/CMV-seronegative blood products [77].

 Late Post-Solid Organ Transplant 
(>6 Months)/Late Post-Engraftment Period 
(>100 Days)

Patients spend most of the late post-SOT period and late 
post-engraftment period outside the hospital environment, 
with the majority of healthcare contacts occurring during 
outpatient clinic visits. CDC has recently published an infec-
tion control and prevention framework for outpatient oncol-
ogy settings, and these recommendations should also serve 
as a basis for outpatient transplant clinics [78]. Although still 
immune suppressed, the spectrum of infectious complica-
tions during this period changes dramatically. For SOT 
recipients, bacterial pathogens from the community predom-
inate. There is also a second peak of invasive Aspergillus 
infections [16]. For SCT and SOT recipients, CMV remains 
a concern and transmission in the home environment can 
occur from many sources. Transplant recipients and their 
household contacts must be educated to practice good hand 
hygiene, especially if handling soiled diapers and when in 
contact with nasal secretions so that they prevent exposure to 
CMV and respiratory viruses. Several guidelines and expert 
opinions to reduce household exposure to infectious patho-
gens following transplantation have been published for SCT 
and SOT recipients [7, 79–81]. Despite the absence of strong 
evidence, most published reports agree that SCT and SOT 
recipients have the greatest risk of infection in the first 
6 months after transplantation and when immune suppres-
sion is augmented to prevent rejection [27, 81]. Allogeneic 
SCT recipients with chronic GVHD, those with cancer recur-
rence, and those with secondary graft loss or graft compro-
mise remain at highest risk for infections during this period. 
Among SOT recipients, recurrence of the primary malig-
nancy, namely liver and kidney, and patients receiving anti-
neoplastic therapy for late-onset neoplasms remain at highest 
risk for development of infections during this period.

 Avoidance of Infections After 
Transplantation

While avoidance of potentially infectious organisms is 
paramount, appropriate vaccination of transplant recipi-
ents is also important during this period as discussed else-

where in this book. A thorough discussion with the patient 
and their close contacts regarding the risks of infections 
developing outside the hospital environment is crucial and 
must take into account the desire for the transplant recipi-
ent to regain a sense of normalcy post-transplant. Most 
infectious organisms in this period are acquired through 
direct contact, ingestion, or inhalation. Hand hygiene is a 
key component of reducing infectious risk: hands should 
be washed before preparing food, eating, and touching 
mucous membranes. Good hand hygiene needs to be fol-
lowed after transplant recipients handle or clean up after 
pets, garden or touch plants/soil, change diapers, and touch 
secretions/excretions and after touching items that have 
had contact with human or animal feces [27, 81]. Gloves 
should be worn during outdoor activities when handling 
soil, moss, or manure, walking barefoot should be avoided, 
and long-sleeved shirts/long pants should be worn while 
performing yard work to minimize abrasions and cuts from 
bushes and shrubs. These efforts will decrease exposure to 
potentially invasive fungal diseases such as sporotrichosis 
[28, 79]. To minimize the risk of respiratory illness, trans-
plant recipients should avoid close contact with persons 
with respiratory illnesses and crowded areas during respi-
ratory virus season. Frequent use of alcohol-based hand-
wash/rub may decrease the risk of infection [14]. Tobacco 
smoking and marijuana should be avoided to decrease the 
risk for respiratory virus infection and exposure to 
Aspergillus spp., respectively [28, 82, 83].

Transplant recipients may also need to consider changes 
in their occupation and consider delaying return to work 
until after the critical 6-month period post-transplant has 
elapsed. If delayed return to employment is not possible, 
patients should be counseled extensively regarding  protective 
measures if their occupation places them at risk for particular 
infections. Some such workplace risks include airborne mold 
(construction), TB (healthcare), or respiratory virus infection 
(education, retail, healthcare, or office settings). In addition, 
transplant recipients who work with animals should avoid 
this work environment if possible for the first 6 months after 
transplantation. SCT recipients living in or visiting areas 
with endemic levels of coccidiomycosis should avoid or 
minimize exposure to disturbed soil, while recipients living 
in or visiting areas with endemic levels of histoplasmosis 
should avoid chicken coops or other bird- roosting sites and 
caves during the first 6 months after transplantation [27]. 
While exercise and outdoor activities are recommended 
and may be beneficial for transplant recipients, some activi-
ties including hunting, camping, fishing, spelunking, and 
canoeing can be associated with the development of inva-
sive fungal disease in immunocompromised hosts. 
Therefore, these activities should be limited at least for the 
first 6  months after transplantation or during times of 
increased immunosuppression [79].
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Counseling about sexual behaviors is also important in the 
late post-transplant period for SCT and SOT recipients. Latex 
condoms should be used to reduce the chance of exposure to 
HIV, HBV, HCV, HSV, and CMV. Sexual partners of trans-
plant recipients could also consider receiving serologic test-
ing for CMV to better characterize risks of transmission [7].

During periods of maximal immune suppression, espe-
cially during the first 6 months after transplantation, trans-
plant recipients should avoid contact with domesticated 
animals that have diarrheal illness and should wash hands 
regularly after handling pets. Transplant recipients should 
avoid cleaning bird cages and litter boxes, handling animal 
feces including bird droppings, and should wear gloves when 
cleaning aquariums or designate another household member 
to perform this task [16]. If avoidance of the above activities 
is not possible, transplant recipients should wear disposable 
gloves and wash hands with soap and water for 15  s after 
removing gloves. Transplant recipients should avoid stray 
animals, animal bites, and contact with nonhuman primates. 
Transplant recipients and clinicians should be mindful of 
infectious risks posed by certain animals: rodents (lympho-
cytic choriomeningitis virus), young cats (Bartonella hense-
lae), all cats (Toxoplasma gondii), and reptiles/chickens/
ducklings (Salmonella spp.) [81]. Finally, recipients should 
defer obtaining a new pet until 1 year after transplantation 
and when on a stable immunosuppressive regimen.

Consumption of contaminated water or inadvertent inges-
tion of water during recreational activities may increase the 
chance of developing infections after transplantation. 
Cryptosporidium has been identified as a cause of severe diar-
rhea in both SCT and SOT populations [81]. Unlike other 
organisms, Cryptosporidium is not killed by chlorine. 
Therefore, even treated water supplies cannot be assuredly 
free of this organism. In order to eliminate the risk of 
Cryptosporidium, transplant recipients can boil water for at 
least 1 min or use filtered/bottled water as described earlier in 
this chapter. Well, lake, and river water should not be ingested. 
In addition, transplant recipients should avoid swimming in 
water likely to be contaminated with human or animal waste. 
Hot tubs should be avoided to reduce the risk of Pseudomonas 
folliculitis, legionellosis, and nontuberculous mycobacterial 
infections (NTM). “Hot tub lung” caused by Mycobacterium 
avium complex and Mycobacterium kansasii can present with 
significant cough, fever, and hypoxia, while exposure to other 
NTM such as Mycobacterium chelonae (cutaneous infec-
tions), Mycobacterium abscessus (pulmonary and cutaneous 
infections), and Mycobacterium marinum (cutaneous infec-
tions) can lead to a diverse presentation of illnesses. Water 
leaks within the home or basement should be promptly 
repaired and water-damaged materials should be removed 
within 48  hours if still damp to avoid mold growth [81]. 
Guidelines regarding foods to be avoided have been published 
and are described in Table 61.2 [7, 10, 27]. The FDA has pub-

lished a practical patient handout for transplant recipients 
describing food safety practices in the home environment [84].

Transplant recipients and clinicians need to be aware of 
geographic risk factors associated with travel to or residence 
in various parts of the world where the risk for endemic 
infections may differ from their location of origin. This issue 
is paramount during times of significant immune suppres-
sion. In general, allogeneic SCT recipients should not travel 
to developing countries for 6–12 months after transplanta-
tion, while autologous SCT recipients should defer travel for 
3–6  months after transplantation [16, 27]. SOT recipients 
should defer travel to developing countries until 3–6 months 
after transplantation [80]. All transplant recipients should 
avoid regions with visceral leishmaniasis (Kala-Azar) and 
trypanosomiasis and rural parts of Africa, Mexico, South and 
Central America, and Asia to avoid potential exposure to 
various diseases including rabies. A hallmark of disease pre-
vention when traveling to the developing world is appropri-
ate vaccination, which is outlined elsewhere in this book as 
well as in CDC’s Yellow Book published online [85]. The 
Yellow Book also provides detailed information about geo-
graphic risks for endemic pathogens. A recent review sum-
marizes risks of fungal infections in immunocompromised 
travelers [86]. Transplant recipients should consider evalua-
tion at a travelers’ health clinic prior to such travel, as each 
destination presents unique geographic risk factors. Diarrheal 
illness is common among travelers and may lead to dehydra-
tion and acute kidney injury, which can subsequently lead to 
increased levels and toxicity of immunosuppressive agents. 
Transplant recipients should be cautioned to consume only 
boiled or bottled water/beverages and to avoid raw food and 
food sold by street vendors while abroad. Transplant recipi-
ents should bring antibiotics, typically fluoroquinolones or 
azithromycin, to treat empirically for infectious diarrhea 
while traveling. Clinicians should inform patients that 
azithromycin might increase the levels of cyclosporine and 
tacrolimus [80]. The risk of influenza varies based on travel 
location: in tropical climates, influenza is seen year-round; in 
the northern hemisphere, influenza peaks between October 
and April; and in the southern hemisphere, influenza peaks 
between May and October. Malarial prophylaxis should be 
considered when traveling to an endemic area, but clinicians 
should note the potential drug-drug interactions between 
antimalarial medications and immunosuppressive medica-
tions. Additional discussion of travel-related zoonoses and 
malaria can be found in other sections of this book.

 Conclusion

Infection control and prevention in transplant populations 
presents challenges to clinicians and infection control practi-
tioners in both the pre-transplant and post-transplant periods. 
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Guidelines and recommendations in this population are fre-
quently based on small studies and historical experiences, 
and often more questions than answers are generated by cli-
nicians owing to lack of conclusive evidence in this field 
[87]. However, despite the absence of definitive studies in 
this population, standard precautions, appropriate antimicro-
bial prophylaxis, and avoidance of potential sources of infec-
tion should be emphasized throughout the entire 
transplantation process to reduce the likelihood of infections 
in this vulnerable population.
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 Introduction

Transplant recipients are growing in number, and as their 
overall health improves, they are more likely to engage in 
foreign travel and experience exposures to endemic patho-
gens. Transplant recipients are at higher risk of complica-
tions from travel-related infections and are less likely to 
respond to vaccines; furthermore, vaccines containing live 
attenuated strains are contraindicated in the subset of severely 
immunocompromised recipients. This review will summa-
rize the medical literature regarding travel medicine and 
travel-related vaccines in the adult transplant recipient popu-
lation. In addition, the infectious disease risks of “transplant 
tourism” that includes travel by either the donor or recipient 
for the express purpose of undergoing organ transplantation 
will be discussed.

A travel medicine specialist who is familiar with patients’ 
immunocompromised state and medications should see 
transplant recipients who wish to travel. Optimizing their 
care should include excellent and comprehensive advice 
and education on travel medicine and vaccinations. Travel 
medicine specialists for complex patients should confer 
with the travelers’ other physicians as needed to develop an 
appropriate plan. Three recent surveys of transplant centers 

found significant rates of illness in transplant recipients dur-
ing foreign travel and insufficient rates of pre-travel coun-
seling and interventions. In one survey of 267 solid organ 
transplant recipients at the University of Toronto, 36% indi-
cated that they had recently traveled outside Canada and the 
United States; 66% of travelers sought pre-travel advice, pri-
marily from their transplant physician. In general, many of 
the recommended preventative measures were overlooked: 
63% traveled to areas where hepatitis A was endemic, but 
only 5% had received hepatitis A immunization; 50% trav-
eled to dengue- and malaria-endemic areas, but only 25% 
adhered to mosquito prevention measures; and 10% reported 
behaviors that exposed them to blood or body fluids [1]. A 
review at the Mayo Clinic, Rochester, Minnesota, found that 
of 1130 solid organ transplant recipients, 27% had reported 
travel outside of the United States or Canada after under-
going transplantation; 16% had traveled to destinations at 
higher risk for infectious diseases, and travelers to these 
destinations were more likely to be men (73% vs 54% of 
low-infection risk travelers; P = 0.018) or born outside the 
United States or Canada (29% vs 6%; P < 0.0001) [2]. Liver 
recipients were more likely to travel than other organ recipi-
ents. Ninety-six percent of travelers reported that they did 
not seek specific pre-travel healthcare consul before foreign 
trip; 8% of travelers required medical attention because of 
illness, and illness was significantly more likely among trav-
elers to high- infection risk (18%) than low-risk (6%) des-
tinations (P  =  0.004). Another cross-sectional, descriptive 
study of 290 Dutch kidney transplant recipients evaluated 
their travel health knowledge, attitudes, and practices while 
staying abroad. Thirty-four percent had traveled outside 
Western Europe and Northern America; 22% of these travel-
ers did not seek pre-travel health advice, and 29% were ill 
during their most recent journey [3]. Transplant physicians 
were most frequently (53%) consulted for the pre-travel 
advice. Four of 17 ill recipients (24%) needed hospitaliza-
tion, reflecting the high morbidity of travel-related diseases 
in the susceptible transplant population.
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 Planning Travel

Numerous factors can alter the risks of travel, as outlined 
in Table 62.1. Timing of travel can be an important deci-
sion. Significantly immunocompromised hosts include 
those who underwent hematopoietic stem cell transplanta-
tion (HSCT) within the past 2 years or recipients of solid 
organ transplant (SOT) within a year after transplanta-
tion [4, 5] (Table 62.1) Additional factors associated with 
higher levels of immune suppression include patients with 
recent treatment for rejection after SOT or significant 
doses of immunosuppressive medications for treatment of 
graft-versus-host disease (GVHD), AIDS with low CD4 
counts, active leukemia or lymphoma, metastatic solid 
organ malignancy, aplastic anemia, congenital immuno-
deficiency, or persons who have received recent radiation 
therapy [4]. Patients with chronic hepatic disease due to 
cirrhosis and alcoholism, chronic renal disease, poorly con-
trolled diabetes, asplenia, and nutritional deficiencies could 
be considered moderately to severely immunosuppressed, 
depending on the details of their disease [4]. Transplant 
recipients more than 2 years after HSCT and who are not 
on immunosuppressive drugs and without GVHD or solid 
organ transplant recipients more than 1 year after transplant 
on standard low-dose antirejection medications without 
recent allograft rejection episode are less immunocompro-
mised and could be better able to face the risks associated 
with foreign travel.

Location of travel is another important decision. Certain 
regions may convey a higher risk of specific infections, i.e., 
as with meningococcal disease and yellow fever virus. 
Immunocompromised hosts should be encouraged to defer 
travel during outbreaks of dengue fever, chikungunya, 
Eastern equine encephalitis, Zika virus endemic regions, and 
viral hemorrhagic illness such as Ebola virus disease. 
Regional outbreaks of novel respiratory tract infection such 
as Middle East respiratory syndrome (MERS) may cause 
serious illness in the immunosuppressed transplant recipi-
ents and should be avoided. The availability of good health-
care, medications, and other resources may improve 
outcomes. Also, the overall level of risk of infection in devel-
oped compared with developing or underdeveloped tropical 
countries may be lower.

Type and length of travel can also impact risk for acquir-
ing an infection. Visiting friends and relatives (VFR) con-
veys a higher risk of numerous infections. Similarly, luxury 
travel is less likely to result in infection, compared with 
travel, e.g., involving backpacking. Short-stay travel for less 
than 2 weeks of tourism also conveys a lower risk compared 
with a month or longer stays.

 Non-vaccine Preventable Illness

Diarrhea is the most common illness of travelers, affecting 
10–60% of travelers with suppressed immune function. 
Dehydration may compromise renal function and markedly 
increase nephrotoxicity of calcineurin inhibitors such as 
tacrolimus; further worsening in renal function promotes 
systemic toxicity of these drugs due to unintended rise in 
serum drug concentration. Complications of diarrhea may 
include altered intestinal absorption and metabolism of oral 
immunosuppressive medications, as well as intestinal trans-
location of bacteria and less commonly yeasts resulting in 
hematogenous dissemination and seeding of distant body 
sites. Prior to international travel, organ recipients should be 
instructed in appropriate food and water precautions [6]. In 
general, SOT recipients should be cautioned to drink boiled 
or bottled water and other beverages, to avoid food sold by 
street vendors and raw foods with the exception of fruit and 
vegetables that can be peeled after thoroughly washing them 
in previously boiled water, and to be cautious about the 
cleanliness of the source of their food. If transplant recipi-
ents develop diarrhea for more than 2 days while traveling, 
especially with fever, vomiting, and/or bloody stools, patients 
should consider seeking medical attention; they should carry 
appropriate self-treatment oral medications such as cipro-
floxacin or azithromycin. Due to microbial resistance, 
trimethoprim- sulfamethoxazole is generally ineffective 
against travelers’ diarrhea. There are no data regarding the 
use of antimotility agents in transplant recipients with 

Table 62.1 Travel planning and educational topics for travel medicine 
in immunocompromised hosts

Travel planning: Defining and moderating risk
Timing after transplant (> 1 year for destinations with  
infection risk) [4]
Net state of immunosuppression
  Delay travel after treatment of rejection or periods of higher 

immunosuppression
Location of travel
  Risk of specific infection(s); esp. yellow fever zones
  Availability of good healthcare/medications
  Rich country vs tropical poor country
Type and length of travel
  Visiting friends and relatives (VFR) conveys risk of infection
  Luxury versus backpacking
  Short stay versus relocation
Educational topics
Food and water precautions
Mosquito precautions
Blood-/sex-borne infection precautions
Sun and altitude precautions
Traveler’s diarrhea
Every patient travels with antibiotics
  Respiratory, skin, other infections
Plan if sick in foreign country
  Medical evacuation insurance
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 diarrhea; however, such agents may delay clearance of toxins 
from the gut. Transplant recipients with an acute decline in 
renal function may be at a higher risk for salicylate toxicity; 
in the gastrointestinal tract, bismuth subsalicylate commer-
cially available as Pepto-Bismol is converted to salicylic acid 
and insoluble bismuth salts. Prophylaxis against bacterial 
traveler’s diarrhea with daily antibiotics is very rarely indi-
cated and should only be considered for short-term use, after 
considering the risks of antibiotic resistance, Clostridium 
difficile colitis, microbiome alterations, potential for drug 
interactions, and side effects.

Respiratory infections are the second most common 
infection affecting travelers [7]. Endemic fungal pulmonary 
infections, such as histoplasmosis, coccidioidomycosis, and 
blastomycosis in North America, paracoccidioidomycosis in 
Central and South America, and talaromycosis (formerly 
known as penicilliosis) due to Talaromyces (formerly known 
as Penicillium) marneffei infection in Southeast Asia, could 
be acquired during travel [8, 9]. SOT recipients are at higher 
risk for invasive fungal infection and should avoid activities 
such as spelunking and excavating, activities that have been 
associated with exposure to Cryptococcus neoformans or 
Histoplasma capsulatum. The appropriate use of masks may 
be helpful.

Malaria and dengue fever are the most common 
arthropod- borne illnesses of travelers. Most cases of dengue 
fever are self-limited in the normal host; the risk for compli-
cations in transplant recipients is not well understood. In a 
series of eight renal transplant recipients with dengue fever 
living in India, three developed dengue hemorrhagic shock 
syndrome and died [10]. In a 20-year retrospective study of 
1917 renal transplant recipients, 13 (0.7%) recipients were 
diagnosed with laboratory-confirmed dengue with a median 
age of 39  years (interquartile ranges [IQR], 22–46); 54% 
were males [83]. All patients resolved without complica-
tions, except one had hemophagocytic lymphohistiocyto-
sis. Ten (76.9%) patients experienced eGFR reduction with 
a median of 13.7  mL/min/1.73  m2 (IQR, 8.3–20.5); eight 
(80%) had a full allograft function recovery. Authors con-
cluded that although a transient decline in allograft function 
can occur, the overall clinical and allograft outcomes seem 
to be favorable [83]. Malaria is a significant risk for all trav-
elers to endemic areas. Prophylaxis against malaria should 
be based on the travel itinerary; the CDC Yellow Book pro-
vides country- specific guidelines (wwwnc.cdc.gov/travel/
destinations/list.htm wwwnc.cdc.gov/travel/destinations/
list.htm) [6]. Transplant recipients should be instructed on 
ways to minimize insect bites, including the use of repel-
lents containing DEET (N,N-diethyl-3-methylbenzamide), 
bed nets, protective clothing, and permethrin-impregnated 
clothing [6].

Travelers to endemic regions may contract parasitic infec-
tions such as Strongyloides stercoralis infections, when larvae 

from contaminated soil penetrate skin or mucous membranes. 
Unlike other intestinal parasites, Strongyloides can replicate 
inside the human host, which allows the perpetuation of auto-
infection. Strongyloides infection may persist for decades and 
can flourish in the setting of immunosuppression, resulting in 
life-threatening hyperinfection and disseminated infection. 
Travelers should wear socks and shoes to avoid contact with 
this and other pathogens. Swimmer’s itch due to Schistosoma 
spp., cryptosporidiosis, and other parasitic infections can be 
prevented by avoiding swims in non-chlorinated freshwater 
ponds, lakes, and rivers.

The large African snail invasion in South America has 
heightened the concerns for accidental infection due to rat 
lungworm or Angiostrongylus cantonensis. Travelers to 
South America (or to other areas of world known to host A. 
cantonensis such Asia, Pacific Islands, and Africa) should be 
counseled regarding A. cantonensis infection and the risk for 
potentially life-threatening eosinophilic meningitis. These 
infections are acquired by intentional and inadvertent con-
sumption of raw or undercooked intermediate hosts of the 
parasite such as snails or slugs. Infection can also be trans-
mitted via consumption of poorly prepared or raw freshwater 
shrimp, crabs, and frogs that are not essential for the para-
sites’ life cycle but may serve as paratenic host. Consumption 
of snails and uncooked shellfish is not recommended for 
transplant recipients and must always be avoided.

Echinococcosis is caused by the ingestion of eggs of 
either the Echinococcus granulosus or Echinococcus multi-
locularis. E. granulosus is a parasite of domestic dogs that 
causes hydatid or unilocular cystic disease, whereas E. mul-
tilocularis is a parasite of wild canines that causes alveolar 
cyst disease. Patients with hydatid cysts are usually asymp-
tomatic for years. Echinococcosis is not uncommon in rural 
India, rural Mexico, Alaska, and other regions of the devel-
oping world. Transplant patients with severe B-cell dysfunc-
tion, especially those receiving aggressive anti-B-cell therapy 
for allograft rejection, may present echinococcosis with 
highly unusual accelerated growth and rapidly enlarging 
tumor-like mass lesion [11]. Transplant patients should avoid 
travel to the rural endemic regions and keep their essential 
travel to a brief stay. Furthermore, contact with all non- 
domesticated canines should be avoided.

Acute toxoplasmosis acquired in certain areas of Latin 
America may have unusual and more severe manifestations 
than when acquired in Europe or the United States and Canada. 
Transplant physicians should entertain the possibility of acute 
toxoplasmosis in travelers returning from Latin America who 
present with fever of unknown origin, severe headaches, 
acute community-acquired pneumonia, hepatitis, chorioreti-
nitis, brain abscesses, myositis, and myocarditis. In order to 
decrease the possibility of acquiring T. gondii, patients should 
be advised to avoid ingestion of raw or undercooked meat or 
shellfish; consumption of untreated water or unwashed veg-
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etables of fruits; exposure to soil or feces of domestic, wild, or 
stray cats; and eating food that has been prepared in surfaces 
where raw meat was manipulated.

Transplant recipients have a markedly increased risk of 
skin cancer that correlates with the intensity of sun exposure, 
and it is important to recommend the use of hats, sunglasses, 
protective clothing which are also useful for prevention of 
arthropod-borne infections, and sun protection lotions with 
ultraviolet A and B protection.

Travelers who rapidly ascend to altitude are at risk for 
altitude sickness. Acetazolamide accelerates acclimatization 
and decreases the risk of altitude sickness [12]; its use in 
organ transplant recipients is unstudied. Travelers to high 
attitude should be advised to avoid vigorous activities for the 
first few days at high altitudes. Acetazolamide should be 
offered to those travelers ascending rapidly to greater than 
2500 meters since there is at least a 15–25% risk of altitude 
sickness. Small series suggests that selected and well- 
prepared transplant recipients can perform strenuous physi-
cal activities and tolerate exposure to high altitude similar to 
normal healthy people [13, 14].

Drug interactions are of particular concern in trans-
plant recipients, and they should be cautioned about using 
new medications that may be given by unknowledgeable 
practitioners or purchased “over the counter.” Online drug 
interaction calculators may be helpful to savvy travelers. 
Chloroquine can increase serum levels of cyclosporine and 
perhaps sirolimus and tacrolimus. Data are limited regarding 
other possible interactions between travel-associated drugs 
and immunosuppressive medications (Table  62.2). Short 
courses of ciprofloxacin or azithromycin for travelers’ diar-
rhea seem unlikely to have a major impact on cyclosporine 
levels (Table 62.2).

Acquisition of new viruses should be avoided, via safer 
sex practices, use of clean needles and syringes, or avoid-
ance, if possible, of blood transfusions in foreign countries. 

Sterile needles and syringes may be given to a traveling 
transplant recipient with a physician’s letter stating they are 
for medical use. Patients with end-stage renal disease, either 
prior to or after organ transplant, and who undergo hemodi-
alysis in resource-limited countries, where suboptimal infec-
tion control policies pose a risk of exposure to blood-borne 
viruses, are at significant risk of acquiring new viral infec-
tions. A number of cases of hepatitis C have been reported in 
Western travelers to the Indian subcontinent, Tenerife, Egypt, 
Saudi Arabia, Singapore, and Slovakia [15, 16]. Such expo-
sures may have an impact on policies in transplant centers 
regarding evaluation of those on the waiting list for solid 
organ transplants [17].

 Vaccination and Response

In general, many of the indications for vaccination are the 
same in immunocompromised and non- immunocompromised 
hosts, with a few exceptions. When possible, vaccination for 
travel should be started several months before the trip, to 
allow time for further serologic evaluation and possible addi-
tional booster doses, as needed. Emergency travel may pres-
ent a potentially high-risk situation in which passive 
immunization could be used, such as administration of intra-
muscular immunoglobulin to protect against hepatitis A 
virus infection. To optimize the immunologic response, 
immunocompromised hosts should be vaccinated during 
periods of no or low exogenous immunosuppression when 
possible, such as before undergoing solid organ or hemato-
poietic stem cell transplantation. When possible, vaccination 
should be avoided in the initial 3–6 months after solid organ 
or hematopoietic stem cell transplant, since during this 
period, vaccine response will be significantly stunted due to 
the severity of immune suppression [18] and also to avoid 
confusion with early graft dysfunction or rejection. Whether 

Table 62.2 Interactions between transplant and travel-related medications

Calcineurin trimethoprim/ 
inhibitors (CNI) Sirolimus Sulfamethoxazole

Azithromycin May ↑ CNI levels
Mefloquine May ↑ CNI levels May ↑ sirolimus levels May increase risk of cardiac toxicity, QT prolongation, 

torsades de pointes or cardiac arrest
Atovaquone May increase risk of proguanil of bone marrow toxicity
Doxycycline May ↑ CNI levels May ↑ sirolimus levels
Chloroquine May ↑ CNI levels May increase risk of cardiac toxicity, QT prolongation, 

torsades de pointes or cardiac arrest
Primaquine May ↑ CNI levels
Sulfadoxine/
pyrimethamine

May ↓ CNI levels May increase risk of bone marrow toxicity

Acetazolamide May ↑ CNI levels

Adapted from MicroMedex® DrugReax® interactive drug interactions and Lexi-Comp OnlineTM interaction analysis
Significant interactions of travel medicines and azathioprine, mycophenolate mofetil, and corticosteroids have not been reported; significant inter-
actions of transplant medicines and levofloxacin, diphenoxylate hydrochloride, and atropine sulfate tablets or loperamide have not been reported; 
minimal data available
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vaccinations could contribute to acute rejection or GVHD 
has been an area of debate, although this does not seem likely 
based on the available data. In a study of 20 autologous stem 
cell transplant recipients who were serially vaccinated with 
the diphtheria-tetanus-poliomyelitis, pneumococcal, and 
conjugated Haemophilus influenzae, type B (Hib) vaccines 
showed that a minimum threshold level of CD19(+) cells 
was needed to generate adequate vaccine response [19].

The measure of antibody titers following immunization 
may prove useful in certain settings. In general, a fourfold 
increase in titer is often considered evidence of seroconver-
sion, and titers above certain levels are considered evidence 
of seroprotection; both of these concepts were derived from 
data in normal hosts. Transplant recipients are less likely to 
have a significant immunologic response, although this does 
not mean that they are not at least partially protected. In 
addition, immune responses to vaccination may wane more 
rapidly. Booster doses of vaccine are occasionally adminis-
tered to those with lower or undetectable antibody titers, but 
such practices have not been subjected to rigorous trials nor 
evaluated for protective efficacy. The efficacy of vaccine 
adjuvants, such as aluminum hydroxide and incomplete 
Freund’s adjuvant, as well as experimental agents, has been 
variable in limited studies in transplant recipients [20–22]; 
until more is known, it may be prudent to avoid adjuvants, 
especially in allogeneic transplant recipients where they 
could abrogate the delicate immunologic tolerance and 
potentially increasing the risk for allograft rejection [23].

 Routine Vaccines

Adults often miss standard recommended vaccines [24], and 
transplant recipients are no exception [25]. Some physicians, 
perhaps concerned about causing harm, may elect to skip 
vaccination of this vulnerable population. Annual recom-
mendations for routine adult vaccinations, including immu-
nizations for immunocompromised individuals, are available 
through the Centers for Disease Control and Prevention [26]; 
additional publications also have helpful travel-related 
guidelines for immunocompromised hosts [5, 27–33]. 
Table  62.3 includes recommendations on both routine and 
travel-related vaccinations in immunocompromised hosts 
(Table 62.3).

Hematopoietic stem cell transplant recipients lose immu-
nologic memory of exposure to infectious agents and vac-
cines and therefore need to be revaccinated. Standard 
guidelines for revaccination after HSCT were developed 
through collaboration between numerous international 
groups [34]. Standard recommendations for revaccination 
after hematopoietic stem cell transplant include diphtheria 
and tetanus toxoids, pertussis vaccine, Haemophilus influ-
enza type B conjugate, 23-valent pneumococcal polysaccha-

ride, inactivated influenza and polio vaccine, and live 
attenuated measles-mumps-rubella vaccine, as well as other 
vaccines [35]. Re-immunization protocols may vary among 
transplant centers but should be considered in all recipients. 
Vaccination either primary or booster in allogeneic stem cell 
graft donor can be effective [36] and should occur well 
before stem cells are harvested. In a study, antibody levels 
among recipients of allogeneic HSCT correlated most with 
recipient pre-transplant antibody levels, whereas donor 
 antibody levels prior to obtaining the stem cell graft had less 
of a correlation; other factors such as patient or donor age, 
total body irradiation, and presence of GVHD or its treat-
ment did not appear to have an effect, suggesting that immu-
nization of the recipient and the donor before transplant may 
be more effective in improving antibody-mediated immunity 
after transplantation compared with managing GVHD, alter-
ing preparatory conditioning regimens, or increasing the 
number of lymphocytes in the HSCT graft [37].

Tetanus is rare in the industrialized world, where vaccina-
tion rates are quite good; it has a much higher prevalence in 

Table 62.3 Vaccination in transplant recipients

Vaccine Recommendation
Routine vaccines
Influenza-parenteral Yearly
Influenza-intranasala Contraindicated in patients/

family members
Pneumococcal polysaccharide Recommended, with booster 

after 5 years
Tetanus/diphtheria/pertussis Recommended
Human papilloma virus Recommended
MMRa Contraindicated
Varicellaa Contraindicated

Contraindicated
Vaccines for selected transplant recipient travelers when indicated 
by destination and/or circumstances
Bacille Calmette-Guerina Contraindicated
Cholera Recommended when 

indicated/available
Hepatitis A Recommended when indicated
Hepatitis B Recommended when indicated
Japanese encephalitis Recommended when indicated
Meningococcal polysaccharide Recommended when indicated
Meningococcal conjugate Recommended when indicated
Polio (OPV)a (oral) Contraindicated in patients/

family members
Polio (IPV) (injectable) Recommended when indicated
Rabies Recommended when indicated
Salmonella typhi Ty21aa (oral) Contraindicated
Typhim vi (injectable) Recommended when indicated
Yellow fevera Contraindicated

Adapted from the Centers for Disease Control “Recommended Adult 
Immunization Schedule—United States”[26], “Advising Travelers with 
Specific Needs: The Immunocompromised Traveler” in Centers for 
Disease Control’s “Health Information for International Travel” [4], 
and “Guidelines for vaccination of solid organ transplant candidates 
and recipients” [27]
aLive, attenuated
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resource-poor regions, although is still rare among travelers. 
Tetanus boosters are routinely recommended for SOT and 
HSCT recipients and should be up to date before traveling. 
Diphtheria is common in resource-poor regions with 5–10% 
mortality among normal hosts, despite therapy. A diphthe-
ria antibody level of >0.1 IU/mL suggests adequate protec-
tion. Patients with a lower titer and those vaccinated more 
than 10 years prior to travel should be revaccinated before 
entering an area in which diphtheria is endemic or resurgent. 
For immunocompromised travelers entering high-risk areas, 
diphtheria antibody levels may be measured a month or more 
after vaccination. There has been an increased amount of dis-
ease activity in the United States due to pertussis in recent 
times, and recommendations are for more adults to be vac-
cinated [38]. Prior pertussis vaccines caused significant side 
effects in adults, which largely precluded their use. A new 
acellular pertussis vaccine is now available for adults and 
is included in the vaccine for tetanus and diphtheria, called 
Tdap. This has not been studied in immunocompromised 
hosts thus far but could be considered for use in the appro-
priate setting.

Vaccination against influenza should occur annually in 
most immunocompromised hosts. In a recent study, 616 
transplant patients from 20 centers in the United States, 
Canada, and Spain with microbiologically confirmed influ-
enza (477 SOT; 139 HSCT) were prospectively studied [84]. 
The receipt of influenza vaccine in the same season was 
associated with a decrease in disease severity as determined 
by the presence of pneumonia (odds ratio [OR], 0.34 [95% 
confidence interval {CI}, 0.21–0.55], P  <  0.001) and ICU 
admission (OR, 0.49 [95% CI, 0.26–0.90], P  =  0.023). In 
patients with influenza A, pneumonia, ICU admission, and 
not being immunized were also associated with higher viral 
loads at presentation (P = 0.018, P = 0.008, and P = 0.024, 
respectively). Early antiviral treatment (within 48  h) was 
also associated with improved outcomes. Annual influenza 
vaccination and early antiviral therapy are clearly associated 
with a significant reduction in influenza-associated morbid-
ity and should be emphasized as strategies to improve out-
comes of transplant recipients [84]. Those who underwent 
transplantation, treatment of rejection, or other profound 
immune suppression in the past few months may be an 
exception, in whom vaccination should be delayed, balanc-
ing the risks of infection with the likelihood of developing an 
immune response, for example, in North America, deferring 
such a vaccine from early October to December after a kid-
ney transplant performed in August may allow for a better 
immune response (immunogenicity) and better protection 
against influenza (vaccine efficacy) [23]. Given the year- 
round influenza activity in the tropics, it may be prudent to 
vaccinate all immunocompromised travelers to those areas if 
they were not vaccinated within the past year. Influenza 
immunity wanes, and it is not known whether such travelers 

should be given booster vaccines prior to travel. An alterna-
tive strategy to the conventional one-dose influenza vaccine 
is the booster strategy proposed from the results of a recent 
study [85]. A total of 499 SOTR were enrolled. Although 
seroconversion at 10 weeks did not meet significance in the 
modified intention-to-treat population, seroconversion rates 
were significantly higher in the booster arm for the per- 
protocol population (53.8% vs 37.6% for influenza A(H1N1); 
48.1% vs 32.3% for influenza A(H3N2); and 90.7% vs 75% 
for influenza B; P  <  0.05). Moreover, seroprotection at 
10 weeks was higher in the booster group: 54% vs 43.2% for 
A(H1N1), 56.9% vs 45.5% for A(H3N2), and 83.4% vs 
71.8% for influenza B (P < 0.05). Clinical efficacy (99.2% vs 
98.8%) and serious adverse events (6.4% vs 7.5%) were sim-
ilar for both groups. Authors concluded that in solid organ 
transplant recipients, a booster strategy 5 weeks after stan-
dard influenza vaccination can be safe and effective in induc-
ing increased antibody responses compared with standard 
(single dose) influenza vaccination [85]. Pneumococcal vac-
cine should be given to immunocompromised hosts, opti-
mally at times of less immune suppression, and it may be 
sensible to vaccinate before travel. Data suggests that immu-
nity to pneumococcal vaccine wanes more rapidly in renal 
transplant recipients, and conjugate vaccines do not improve 
the durability of response when compared with the pure 
polysaccharide vaccine [39].

Measles is a global illness, with approximately 30 million 
cases annually, resulting in approximately 750,000 deaths. 
Measles vaccination in the United States is usually per-
formed with a trivalent live viral vaccine including measles, 
mumps, and rubella (MMR). Live vaccines are generally 
contraindicated in immunocompromised individuals [6, 30, 
40–42]. In a small study of 18 pediatric patients vaccinated 
with MMR after liver transplantation, immunity developed 
in 7 children by serologic criteria, and there were no compli-
cations attributed directly to immunization [43]. Prior to 
travel to endemic areas, serologic evidence of immunity 
against measles, mumps, rubella, and varicella should be 
evaluated in transplant recipients. Immune globulin should 
be considered for measles-susceptible, severely immunosup-
pressed travelers who travel to measles-endemic countries 
and are at risk for exposure. In general, MMR could be given 
24  months after HSCT in patients with no evidence of 
chronic GVHD or those not receiving systemic immunosup-
pressive therapy [34].

Immunization against hepatitis B before travel may be 
indicated for certain immunocompromised hosts, including 
those with new sexual partners while traveling and those liv-
ing in endemic areas for extended periods or who are likely 
to need transfusions or medical procedures while traveling. 
Compared to the immune response following immunization 
pre-transplantation [30, 40], the efficacy of standard hepati-
tis B vaccination is reduced when the vaccine is administered 
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post-transplantation with severely diminished response rates 
of 5–15% [44]. In comparison, 20 liver transplant patients 
given extra doses of hepatitis B vaccine with 1 of 2 new adju-
vants demonstrated a serologic response rate of 80% [45]. A 
group of 24 renal transplant patients who did not respond to 
intramuscular vaccine had an overall response rate of 63% to 
a series of 8 intradermal vaccinations followed by an intra-
muscular vaccination [46]. For immunocompromised adults, 
some authorities recommend immunization with a vaccine 
containing 40 mcg of hepatitis B surface antigen such as two 
1  ml Engerix-B® vaccines, each containing 20 mcg, or a 
special formulation of Recombivax-HB® given at one site, 
in a three- or four-dose schedule [38], although this regimen 
has been predominantly evaluated in dialysis patients. HSCT 
recipients are at higher risk for hepatitis B acquisition given 
their exposure to blood products, and it would be prudent to 
vaccinate them. In a cohort of 292 recipients of unrelated or 
related allogeneic stem cell allografts given recombinant 
hepatitis B vaccine, 64% of patients seroconverted; in multi-
variate analyses, response was adversely affected by age 
older than 18 years and history of prior chronic GVHD but 
not by donor type or by use of T-cell depletion, adoptive 
immunotherapy, or treatment with rituximab [47]. It was 
interesting to note that 89% of the nonresponders mounted a 
threefold or greater rise in polio titers following three doses 
of inactivated poliovirus vaccine, demonstrating that 
response to vaccination can be highly variable.

Varicella is less common in childhood in the tropics, espe-
cially in rural areas, and thus it is more common for an adult 
to have chickenpox than in the higher latitudes. Varicella 
(Varivax®) and varicella zoster (Zostavax®) vaccines have 
lower and higher doses, respectively, of the attenuated live 
Oka strain of varicella, and, in general, their use should be 
deferred in transplant recipients until there is more data 
regarding their safety. When possible, patients who are sero-
negative for varicella should be vaccinated with two separate 
doses of varicella vaccine at least 1–3 months before under-
going exogenous immunosuppression, as in pre-SOT assess-
ment. There are several small studies in carefully selected 
pediatric SOT recipients given varicella vaccine, but similar 
data has not yet been shown in adult SOT recipients. One 
pilot study of nine autologous HSCT recipients who were 
seropositive for varicella and who were vaccinated 
3–4 months after HSCT with the Oka strain demonstrated a 
boost in varicella-specific cellular immunity as measured by 
lymphocyte proliferation, without significant systemic side 
effects [48]. A recombinant zoster vaccine (Shingrix®) has 
been recently approved by the US FDA for healthy adults 
50 years and older, two doses separated by 2–6 months [86]. 
This recombinant zoster vaccine provides strong protection 
against shingles and postherpetic neuralgia (PHN) in healthy 
adults and should be considered the zoster vaccine of choice 
over the live attenuated vaccine (Zostavax®) since it is not 

contraindicated in transplant recipients unless recipients are 
undergoing immunosuppression thought to interfere with an 
effective and durable immune response. Studies of the 
recombinant zoster vaccine in transplant recipient have not 
been published yet in peer review literature.

 Immunization for Travel-Associated 
Infections

 Hepatitis A

The risk of hepatitis A in nonimmune travelers in resource- 
poor regions has been estimated to be 1 in 1000 per week for 
those on a usual tourist route and 1 in 200 for those on more 
adventuresome travel [7]. A recent Swiss study showed 
much lower rates, with an actual incidence of hepatitis A in 
travelers to countries of high or intermediate risk of trans-
mission of 3–11 per 100,000 person-months abroad for all 
travelers [49]. Hepatitis A could be a devastating illness in 
immunocompromised hosts. Pooled immunoglobulins, given 
as intramuscular gamma globulin, are 85–90% effective at 
protecting against hepatitis A infection, although this effect 
only lasts for 3–6 months and dependent on the dose given; 
new recommendations suggest a larger dose be routinely 
used [87]. Prior to development of hepatitis A vaccine, 
gamma globulin was the standard for hepatitis A protection. 
Some transplant recipients with hypogammaglobulinemia 
are given routine immunoglobulin repletion with intravenous 
immunoglobulin (IVIG); this dose is much higher (0.66 mL/
kg, delivering at least ~100  mg/kg immunoglobulin) than 
the  dose used for gamma globulin (0.02  mL/kg, the dose 
recommended for 3-month protection against hepatitis A, 
which delivers ~3 mg/kg immunoglobulin), and such patients 
would not need additional antibody protection. The prepara-
tions are similar, although IVIG has had immune aggregates 
removed such that it can safely be given intravascularly.

Hepatitis A vaccine is less effective in solid organ trans-
plant recipients. In a study of 37 hepatitis A seronegative 
liver transplant recipients who were given hepatitis A vac-
cine 6 months apart, only 8% had seroconverted at 1 month 
following vaccination and only 26% at 7 months, 1 month 
after the second vaccination [50]. In another study, zero of 
eight liver transplant recipients responded to the two doses of 
vaccine given 2 months apart [51]. In a third trial, liver and 
renal transplant recipients, 39  in each group, received 2 
doses of hepatitis A vaccine 6 months apart [52]; response 
after the primary dose occurred in 41% of the liver transplant 
patients and 24% of the renal transplant patients, while after 
the second dose, the respective conversion rates were 97% 
and 72%. Discrepancies between studies may be explained 
by differences in patient selection, severity of liver disease, 
immunosuppressive medications, and type of vaccine used. 
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Organ transplant recipients have a more rapid antibody 
decline than controls: 2 years after vaccination, only 59% of 
liver transplant and 26% of renal transplant recipients who 
seroconverted retained protective titers [53], while mathe-
matical models of vaccination in normal hosts have predicted 
antibodies to persist for at least 20–25 years [54]. Hepatitis A 
vaccine has not been well studied in the HSCT population.

Overall, immunologic response to hepatitis A vaccine 
among transplant recipients shows attenuated rates and 
shortened durability. Use of higher or more doses of hepatitis 
A vaccine has not been studied in the immunocompromised 
population. If there is enough time before travel, it may be 
useful to vaccinate SOT recipient travelers with two doses of 
hepatitis A vaccine 6–12 months apart when the transplant 
recipients are at least a year after the transplantation proce-
dure and are on a modest dose immunosuppressive regimen; 
titers should be checked to assess seroconversion. SOT 
recipients who do not have adequate time before travel or do 
not respond to immunization should be given intramuscular 
immunoglobulin prior to travel [6].

 Salmonella enterica serovar Typhi

An estimated 16–33 million cases of typhoid fever and 
500,000–600,000 related deaths occur worldwide each year 
[55]. Approximately 300–400 cases of typhoid fever are 
reported in the United States each year, and most cases are 
related to international travel. Severe complications can 
occur in immunocompromised individuals during infection 
with Salmonella enterica serovar Typhi, and they should be 
immunized against typhoid prior to travel to endemic areas. 
There are currently two vaccines commonly available: the 
injectable polysaccharide vaccine (TyphimVi®, Aventis 
Pasteur SA) and the oral live, attenuated vaccine Ty21a 
(Vivotif®, Berna). The live oral typhoid vaccine has not been 
shown to cause disseminated disease; however, for theoreti-
cal reasons, the inactive parenteral vaccine should preferen-
tially be administered to immunocompromised individuals. 
Immune response in immunocompromised hosts to either 
typhoid vaccine is usually poor, and data are minimal in 
immunocompromised hosts. As a relatively well-tolerated 
vaccine in general [56], and given the significant morbidity 
and mortality with typhoid fever, it may be prudent to vac-
cinate transplant recipients with the injectable vaccine when 
they travel to endemic areas.

 Polio

Poliomyelitis caused by wild-type poliovirus has been 
eradicated from the Western hemisphere; wild-type virus 
exists in sub-Saharan Africa and South Asia. Outbreaks of 

vaccine- associated poliomyelitis occasionally occur, due 
to neuro- virulent reversion of live attenuated poliovirus 
from the oral polio vaccine. Vaccine-associated outbreaks 
of poliomyelitis have recently occurred in Hispaniola 
(Haiti and the Dominican Republic), the Philippines, 
Madagascar, and Cape Verde. Worldwide, two forms of the 
polio vaccine are available: the orally administered, live, 
attenuated virus (OPV or Sabin) and the injected inacti-
vated poliovirus vaccine (IPV or Salk). Since attenuated 
vaccine strain polioviruses may spread through fecal-oral 
contact, transplant recipients and household contacts of 
immunocompromised individuals should not receive 
OPV. OPV is no longer distributed in the United States and 
Canada. Travelers should have received a primary series of 
polio vaccine during childhood and at least one booster as 
an adult. Some authorities recommend booster immuniza-
tion if more than 10 years have elapsed since administra-
tion of the last polio vaccine, especially for individuals 
traveling to areas of the world with a polio outbreak or 
with circulating wild-type polio viruses; waning immunity 
in transplant recipients may require more frequent 
immunization.

The longevity of the response to revaccination with polio-
virus after allogeneic stem cell transplant was studied in 134 
patients who were given three doses of trivalent inactivated 
polio vaccine starting 12 months after HSCT and who sur-
vived at least 5 years after vaccination with a mean follow-up 
of 8  years (range, 1–19  years) [57]. Twenty-one patients 
(15.6%) became seronegative to at least one of the poliovirus 
serotypes during follow-up; in multivariate analysis, the only 
risk factor for loss of immunity was younger patient age, and 
there was a strong trend for patients with chronic GVHD to 
lose immunity more rapidly. All 14 patients given a booster 
dose of an inactivated poliovirus vaccine responded. 
Poliovirus immunity was thus shown to be retained long 
term after revaccination in most patients after allogeneic 
SCT. Response to vaccination after SOT has not been well 
studied but should be considered in anyone traveling to an 
endemic region.

 Meningococcus

Meningococcal disease has high case-fatality rates of 5–15%. 
In the United States, a quadrivalent polysaccharide vaccine 
against Neisseria meningitidis A, C, Y, W-135 strains has tra-
ditionally been used; a similar protein conjugate vaccine is 
also available. Two new vaccines (MenB) have been approved 
for the prevention of disease caused by serogroup 
B. Meningococcal vaccines (ACYW-135 vaccine and B vac-
cine) are indicated for individuals traveling to areas of the 
world with known outbreaks of invasive meningococcal dis-
ease, those traveling to the meningitis belt of sub-Saharan 
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Africa, especially during the dry winter months from 
December through June, and for those traveling to Saudi 
Arabia for the Muslim pilgrimages of Hajj or Umrah, where 
proof of vaccination is required. There are no published data 
regarding the response of solid organ transplant recipients to 
immunization with the polysaccharide or protein conjugate 
meningococcal vaccine.

A recent study of the tetravalent protein-conjugated 
meningococcal vaccine (MCV4) in 46 recipients of related 
and unrelated allogeneic HSCT found a poor response to a 
single MCV4 vaccination is poor and recommended that 
administration of a 2-dose series, as currently recommended 
for patients with asplenia, complement deficiency, and HIV 
infection, should be evaluated in this patient population [58]. 
The majority of 44 patients who were given the polysaccha-
ride vaccine 8 or 20  months after HSCT had significant 
immune responses to serogroups A and C; these responses 
were higher in individuals 20  months after transplantation 
than 8 months after transplantation and declined sharply over 
the first 6–12 months after vaccination suggesting revaccina-
tion should be considered for those at risks of exposure to 
meningococcal infection [59]. As transplant recipients are 
more likely to have significant morbidity and mortality from 
meningococcal disease, vaccination would seem prudent for 
those with potential exposure; safety and efficacy remain to 
be ascertained. The CDC website has information on areas 
with frequent epidemics of meningococcal meningitis at 
http://wwwnc.cdc.gov/travel/images/map3-13-frequent- 
epidemics-meningococcal-meningitis.jpg [60].

 Yellow Fever

Yellow fever, a mosquito-borne viral hemorrhagic fever with 
a high case-fatality rate, occurs in tropical regions of South 
America and sub-Saharan Africa and kills an estimated 
30,000 people every year. The CDC says transplant patients 
should not travel to yellow fever zones; if they must, they 
should travel with waivers, which must be completed and 
signed by a physician in the Medical Contraindications to 
Vaccination section of the International Certificate of 
Vaccination or Prophylaxis, which can only be given by 
approved yellow fever immunization centers [61]. Case 
fatality may surpass 20%; no specific treatment exists. 
Yellow fever may be a risk for travelers to endemic coun-
tries. The yellow fever vaccine contains a live attenuated 
viral strain and is distributed only through the Department of 
Public Health-certified vaccination centers, including travel 
clinics and some county health departments. A listing of 
approved yellow fever vaccination centers is available from 
local Departments of Public Health and the US CDC (avail-
able at http://wwwnc.cdc.gov/travel/yellow-fever-vaccina-
tion-clinics/search.htm) [62].

As a general rule, the yellow fever vaccine should not be 
given to immunosuppressed individuals [30, 42, 63–66]. 
While a few mildly immunosuppressed travelers have toler-
ated the vaccine including individuals with early HIV infec-
tion or a distant history of hematological malignancy not 
currently being treated with antineoplastic therapy [67–70], 
vaccine complications including death have been reported in 
immunosuppressed individuals [42, 71]. Optimally, the 
immunocompromised traveler should avoid regions where 
yellow fever is endemic or decrease risk by avoiding travel to 
those regions during peak season like January through March 
in Brazil and July through October in rural West Africa [42].

A travel physician who has decided to issue a waiver must 
complete and sign the Medical Contraindications to 
Vaccination section of the International Certificate of 
Vaccination or Prophylaxis, which can only be given by 
approved yellow fever immunization centers. The clinician 
should also give the traveler a signed and dated exemption 
letter on the physician’s letterhead stationery, clearly stating 
the contraindications to vaccination and bearing the stamp 
used by the yellow fever vaccination center. Transplant 
recipients must understand the increased risk for yellow 
fever infection associated with non-vaccination and how to 
minimize this risk by avoiding mosquito bites. Some coun-
tries may still deny entry without immunization. To improve 
the likelihood that the waiver will be accepted at the destina-
tion country, clinicians may suggest that the traveler before 
beginning travel should obtain specific and authoritative 
advice from the embassy or consulate of the destination 
country or countries and request documentation of their 
requirements for waivers and retain this information along 
with their waiver. Further information is available from the 
Centers for Disease Control website (wwwnc.cdc.gov/travel/
destinations/list.htm) [42]. Family members of immunosup-
pressed persons may receive yellow fever vaccine.

 Rabies

Many travelers are at an increased risk of exposure to rabid 
animals while traveling. Long-term travelers, individuals 
expecting intense exposure to animal, and individuals who 
plan to be far from medical care should be considered can-
didates for pre-travel immunization against rabies. Since 
transplant recipients may not mount adequate antibody 
responses to the rabies vaccine, titers >0.5 IU/ml are con-
sidered adequate, some authorities recommend administra-
tion of human rabies immunoglobulin (HRIG) after all 
at-risk exposures; normally, HRIG is only given to previ-
ously nonimmunized individuals [72]. Intradermal admin-
istration of rabies vaccines may result in variable immune 
responses even in immunocompetent individuals and is not 
recommended by most authorities. Data are minimal in 
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SOT and HSCT  recipients. One study of seven 
HIV + patients with low CD4 T lymphocyte counts (<200 
cells/uL) found poor neutralizing antibody responses to 
pre- and post-exposure rabies vaccination even with dou-
bling of the intradermal doses of cell culture rabies vaccine. 
Three HIV-infected patients with higher CD4 T lympho-
cyte counts ranging between 295 and 472 cell/uL tended to 
have better antibody responses to post- exposure rabies vac-
cination [73]. Since transplant recipients may be less likely 
than others to participate in adventure travel or to spend 
long duration of time away from civilization, vaccination 
should be considered in those with significant risks factors 
such as significant animal, exposure, and prolonged stays 
in endemic regions, and careful post- exposure prophylaxis 
is strongly advised.

 Japanese Encephalitis

Japanese encephalitis (JE) may cause up to 10,000 deaths 
annually in Asia. Immunization against Japanese encephali-
tis should be considered for individuals with intense rural 
travel in areas of Asia endemic for JE, especially during peri-
ods of increased transmission [6, 74]. The JE vaccine is a 
killed viral vaccine and estimated to be 80– 90% effective. 
Hypersensitivity reactions in immunocompetent individuals 
occur in 0.6% of recipients and include generalized urticaria 
and angioedema or both. Neurologic adverse reactions 
including acute disseminated encephalomyelitis may rarely 
occur. The efficacy of the JE vaccine is not studied in SOT 
and HSCT recipients. In a study of HIV-infected Thai chil-
dren who were given 2 doses of JE vaccine at 12 months of 
age, 5 of 14 (36%) HIV-infected children and 18 of 27 (67%) 
uninfected children had positive JE antibody titers after 
immunization [75]. In another study of HIV+ Thai children 
with immune recovery on HAART and who were seronega-
tive for JE, 88% developed protective antibody after JE 
revaccination [76]. Since this vaccine is more likely to elicit 
systemic toxicity, careful observation after administration 
with an eye to transplant graft function would be prudent.

 Bacille Calmette-Guerin

Bacille Calmette-Guerin (BCG) is one of the most com-
monly administered vaccines in the world; a live, attenuated 
strain of M. bovis, it is used to prevent tuberculosis, espe-
cially in infants and children. BCG is rarely given in the 
travel medicine setting and is contraindicated in immuno-
compromised hosts, as they can develop a disseminated 
infection. No specific prophylaxis other than infection con-
trol measures have been shown to be helpful in the immuno-
compromised population. Patients with compromised 

immune system may wish to wear masks when in healthcare 
settings in areas endemic for tuberculosis. Pre- and post- 
travel tuberculosis skin tests with the purified protein deriva-
tive (PPD) or gamma-interferon-based testing may be 
helpful, although PPD is more likely to be falsely negative in 
the immunocompromised population.

 Cholera Vaccine

The oral cholera vaccine, available outside of the United 
States, has not been studied in immunocompromised hosts 
but has been safe in populations of healthy people and may 
provide protection. Two oral vaccines are available outside 
the United States: Dukoral (Crucell, the Netherlands) and 
Shanchol (Shantha Biotechnics, India)/mORCVAX 
(Vabiotech, Vietnam). Compared with the previously 
licensed injectable vaccine, these vaccines appear to be safe, 
provide better immunity, and have fewer adverse effects. 
However, CDC does not recommend these vaccines for most 
travelers because of the low risk of cholera to US travelers 
and the incomplete immunity that the vaccines confer [6]. 
No country or territory requires vaccination against cholera 
as a condition for entry.

 Vaccination of Close Contacts 
of Immunocompromised Hosts

Close contacts of transplant recipients could transmit some 
live, attenuated vaccine strains to the immunocompromised 
host. In general, certain live viral vaccines such as oral polio, 
nasal influenza, and smallpox should be deferred from use in 
close contacts of immunocompromised hosts. Administration 
of other live vaccines such as measles, mumps, rubella, yel-
low fever, oral Salmonella, varicella (Varivax®) [77], and 
zoster (Zostavax®) vaccines are much less likely to be trans-
mitted and may be given to close contacts of immunocom-
promised hosts. If a rash develops with varicella vaccine, the 
immunocompromised host should avoid direct contact with 
the rash.

 Post-travel Evaluation

For routine, short-stay travel, most patients do not need to be 
evaluated afterward, unless they are ill. Clinicians seeing 
transplant recipients who are ill after travel should consider 
both routine and atypical, geographic-, and travel-related 
infections. Travel destinations are associated with the proba-
bility of the diagnosis of certain diseases, which can guide 
clinicians diagnostically; destination-specific information 
can be obtained from the Centers for Disease Control 
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Travelers Health website (available at wwwnc.cdc.gov/travel/
destinations/list.htm [78]. A report from 30 GeoSentinel sites 
that specialized travel or tropical medicine clinics on 6 conti-
nents found that dengue and malaria were among the most 
frequent causes of systemic febrile illness among travelers 
[79]. Travelers from all regions except Southeast Asia pre-
sented with parasite-induced diarrhea more often than with 
bacterial diarrhea. Among travelers returning from sub-Saha-
ran Africa, rickettsial infection, primarily tick-borne spotted 
fever, occurred more frequently than typhoid or dengue.

Recent case reports of travel-related infections in trans-
plant recipients include visceral Leishmania in a pancreas 
and kidney transplant recipient who traveled to Greece [80], 
disseminated histoplasmosis in a renal transplant recipient 
after traveled to Bangladesh [81], disseminated Penicillium 
marneffei infection in an Australian renal transplant patient 
who presented shortly after a 10-day holiday to Vietnam [9], 
and Vibrio parahaemolyticus septicemia in a liver transplant 
recipient who traveled to the Gulf of Mexico [82]. Transplant 
recipients may manifest unusual infections or unusual mani-
festations of routine infections, and clinicians caring for 
them should be prepared for broad array of diagnostics and 
treatment.

 Conclusions

Every year there are more transplant recipients with an increas-
ing variety of immunosuppression. As their health improves, 
they may wish to travel more frequently. Research on vaccines 
and transplant recipients in recent years has been quite helpful 
in eliciting the potential immunogenicity and safety of various 
vaccines in this population. Hopefully within the next 5 years, 
we will begin to understand more of the immunology in these 
hosts, which should allow for better vaccination. Improved 
vaccines, the ability to safely give adjuvants to boost immuno-
genicity, and more selective immunosuppression may allow 
for better protection of travelers in this vulnerable population.

In summary:

• Transplant recipients are increasing in number, as is the 
extent of global travel; thus this issue will continue to 
expand. Further studies are needed and will help guide 
clinical management. Prior to foreign travel, it is prudent 
to have transplant recipients seen by travel medicine spe-
cialists familiar with this complex and vulnerable popula-
tion. Travel vaccines should be guided by the details of 
the travel in combination with details of the immunosup-
pressive regimen.

• Transplant recipients are more vulnerable to infection and 
are less likely to have a strong immunologic response to 
immunization. Vaccination either before undergoing 
immunosuppression or optimizing the time of vaccination 

after immunosuppression may help optimize the immu-
nologic response.

• Routine immunization is important to consider and may 
have been overlooked or avoided in this population. Routine 
immunization should be considered before patients undergo 
solid organ or stem cell transplant. In addition, booster 
doses should be considered, especially after HSCT.

• Although not generally evidence based, additional or 
higher doses of certain vaccines may result in better pro-
tection, as has been demonstrated with hepatitis B vaccine 
in immunocompromised hosts.

• Immunoglobulin may provide protection against hepatitis 
A, measles, and other illnesses when the recipient is less 
likely to have an immunologic response, vaccination is 
contraindicated, or does not have enough time to develop 
protection.

• Evaluation of serologic response after vaccination may 
provide an index of seroprotection and may help guide the 
use of additional vaccinations. Serologic response is pri-
marily a measure of humoral immunity and does not gen-
erally include information on cellular immunity. Even in 
situations where the antibody titers are low or undetect-
able, these subjects may be more protected than those that 
were never vaccinated (i.e., even minimal immunity may 
be better than none).
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Vaccination in Organ Transplant 
Patients

Lara Danziger-Isakov and Camille Nelson Kotton

 Introduction

Vaccination has saved more lives than any other therapeutic 
modality in medicine, yet this remains an overlooked and 
underutilized tool for protection in immunocompromised 
hosts, especially adults. According to the 2015 National 
Health Interview Survey (NHIS), pneumococcal vaccination 
coverage in high-risk adults aged 19–64 years was only 23% 
and 74% in adults ≥65 years; zoster was only 31% of those 
≥60 years, and 62% of adults have had tetanus boosters [1]. 
Pediatric patients tend to be much better vaccinated than 
adults, although some of those with chronic illness may have 
missed vaccines, and pediatric transplant patients have been 
documented to miss numerous vaccines [2]. With the rise in 
vaccine avoidance and alternative vaccination strategies for 
children due to unfounded concerns regarding potential side 
effects, the need for vaccines in immunocompromised chil-
dren is even more acute as herd immunity to common 
vaccine- preventable diseases is waning as evidenced by 
recent outbreaks of measles and mumps. Studies from Iran, 
Brazil, and Switzerland have shown that pediatric solid organ 
transplant candidates have incomplete vaccination status 
prior to transplantation [2–4]. A single center survey of adult 
solid organ transplant (SOT) recipients found that more than 
half had received no information on vaccination [5]. Routine 

adult and pediatric vaccine schedules appear on the CDC 
website [6]. A summary of vaccines that can be used in trans-
plant recipients appears in Table 63.1.

This lack of vaccination in immunocompromised hosts 
stems, in part, from concerns about potentially doing harm in 
the setting of a suppressed immune system. While live vac-
cines should be avoided in immunosuppressed hosts, most 
other vaccines are well tolerated and do not have significant 
adverse effects. Live vaccines that should generally be 
avoided (or used very cautiously, as discussed below and in 
the chapter on “Travel Medicine”) include those against vari-
cella, zoster, measles, mumps, rubella, rotavirus, polio or 
Salmonella typhi (for the last two, avoid oral vaccine; inject-
able is not live), tuberculosis (as attenuated Mycobacterium 
bovis or Bacillus Calmette-Guérin (BCG)), yellow fever, and 
smallpox; some are highlighted as contraindicated in immu-
nocompromised hosts in Table  63.1. While there is some 
emerging data that influenza vaccine may be associated with 
de novo alloantibody formation and/or augmented cellular 
alloimmunity [7, 8], the long-term impact remains unknown, 
and vaccination has never been clearly associated with a risk 
of acute or chronic organ transplant rejection.

In general, vaccination in immunocompromised hosts is 
at least partly protective and may attenuate disease severity, 
if not prevent it all together [9]. Studies show a broad array 
of response to vaccination; overall responses to influenza 
vaccination have ranged from 15% to 93% with lower 
responses seen in lung transplant and greater responses sev-
eral years after kidney transplant [10]. Factors that contribute 
to a reduced immunologic response to vaccination include 
exogenous immunosuppression, including both induction 
agents (i.e., thymoglobulin, alemtuzumab, belatacept, ritux-
imab) and those used for chronic immunosuppression (i.e., 
mycophenolate mofetil, cyclosporine, tacrolimus, predni-
sone, sirolimus, azathioprine, and others); underlying dis-
ease states (lupus, rheumatoid arthritis, vasculitides); 
comorbidities (diabetes, human immunodeficiency virus 
(HIV), renal or hepatic insufficiency, obesity); hypogamma-
globulinemia; age; and numerous other factors. Whether 
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 specific immunosuppressive agents have an impact on 
response to vaccination remains poorly understood, as stud-
ies have been variable and sometimes contradictory. 
Response rates to specific vaccines are discussed in further 
detail below.

To improve response to vaccination, transplant clinicians 
may wish to vaccinate during periods of lower immunosup-
pression. Pretransplant vaccination is likely to result in 
higher levels of protection, especially for those recipients not 
yet on immunosuppression, and this is an excellent window 
of opportunity for vaccination, especially since live vaccines 
could be given then (assuming at least a 1-month washout 
period before immunosuppression is begun) [11]. Routine 
vaccines, as outlined on the Centers for Disease Control and 
Prevention (CDC) website [6], should be updated during the 
pretransplant period. Experts would generally avoid vaccina-
tion during the first few months after transplant, when immu-
nosuppression is generally most potent [12]. A group of 
transplant infectious disease experts recently recommended 
that influenza vaccines should be given no earlier than 
3  months after transplantation or intensified immunosup-
pression for rejection, although during periods of pandemic 
or high influenza activity, vaccine can be given as early as 
1 month posttransplant with the caveat that incomplete pro-
tection may be achieved and that if influenza activity is still 
significant, it may be a reasonable approach to reimmunize 
children and adults who received early vaccination (i.e., at 
<3  months posttransplant) [10]. The Infectious Disease 
Society of America’s recommendations in immunocompro-
mised hosts suggest waiting at least 2 months after SOT for 
influenza vaccination [13].

Household contacts of severely immunocompromised 
patients may be given live-virus vaccines such as yellow fever, 
measles-mumps-rubella (MMR), or varicella/zoster vaccines 
[14], but should not be given transmissible vaccine such as oral 
polio or smallpox vaccines [13, 15]. Live- attenuated influenza 

vaccine (LAIV) should be avoided if possible but has been 
used for household contacts in circumstances where inacti-
vated injectable influenza vaccine is not available. Whether 
rotavirus can safely be given to infants in homes with immuno-
compromised hosts is unknown; the virus has been shown to 
cause diarrhea in infants with severe combined immunodefi-
ciency [16], and the vaccine strain has been shown to shed for 
up to 9  days after vaccination [17]. However, transmission 
vaccine-strain rotavirus from a recently vaccinated infant to 
immunocompromised caretaker has not been reported, and 
standard precautions when handling potentially infectious 
materials are recommended. Clinicians must weigh the risks of 
vaccination of household contacts with the benefits of protec-
tion and avoiding active disease with potentially higher rates of 
transmission of wild- type disease to the immunocompromised 
host. Pet owners should be aware of the risk of transmission to 
them of live vaccines such as Bordetella bronchiseptica, which 
has been transmitted to immunocompromised hosts resulting 
in clinical infection [18, 19].

Patients may be considered for an accelerated vaccination 
series prior to transplant, given the improved efficacy of vac-
cination prior to transplant, although such vaccination has 
not been systematically evaluated in adult pediatric trans-
plant candidates. Accelerated vaccination schedules for trav-
eling infants have been published and include MMR vaccine 
from 6  months of age and meningococcal vaccine from 
9  months of age [20]. Catch-up vaccination schedules for 
children who have missed or delayed vaccines are reviewed 
biannually and updated by the ACIP and available on the 
CDC website.

Adverse reactions to vaccines should be reported so that 
other providers can be aware of the potential risk. Reporting 
can be done in the United States either by filling out the 
Vaccine Adverse Event Reporting System (VAERS) form on 
the VAERS website (http://www.vaers.hhs.gov) or by calling 
1-800-822-7967; reporting in other countries varies.

Table 63.1 Summary of vaccines that can be used in transplant recipients

Vaccine Vaccine type

Recommended 
pretransplant

Recommended 
posttransplant

Pediatric Adult Pediatric Adult
Influenza, injectable Inactivated Yes Yes Yes Yes
Influenza, nasal Live, attenuated Yes Yes No No
Pneumococcal Conjugated (polysaccharide or protein) Yes Yes Yes Yes
Meningococcal Conjugated (polysaccharide or protein) Yesb Yesb Yesb Yesb

Varicella Live, attenuated Yes Yesa No No
Zoster Live, attenuated No Yes No No
Tetanus, diphtheria, pertussis (Td/Tdap) Toxoid Yes Yes Yes Yes
Hepatitis B Subunit Yes Yes Yes Yes
Hepatitis A Inactivated Yes Yesb Yes Yesb

Human papillomavirus (HPV) Inactivated Yes Yes Yes Yes
Measles, mumps, rubella (MMR) Live, attenuated Yes Yesa No No

aNonimmune or nonvaccinated individuals
bWith specific risk factors
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 Specific Vaccines

 Influenza

Influenza is an orthomyxovirus with three types, A, B, or 
C. Influenza A viruses are further divided into subtypes on 
the basis of their surface hemagglutinins (17 types) and neur-
aminidases (10 types). Combinations of the hemagglutinin 
and neuraminidase determine the circulating strains (e.g., 
H1N1 or H3N2). Influenza B does not have subtypes but can 
be subdivided into strains (Yamagata and Victoria lineages), 
and neither influenza B nor influenza C are reported to cause 
epidemics. Historically, around 40–50% of respiratory tract 
infections have been attributed to influenza in solid organ 
transplant recipients during the winter months with the cur-
rent literature suggesting that 1–4% of recipients are infected 
annually [16, 21–24].

Influenza can cause significant morbidity and mortality in 
solid organ transplant (SOT) recipients. The recent 2009 
H1N1 influenza pandemic provided an opportunity to delin-
eate risk factors for severe illness. Kumar and colleagues 
reported recent augmentation of immune suppression, lym-
phopenia, infancy, diabetes, and delay in the initiation of 
antiviral therapy as risks for more severe diseases [16]. While 
4% of adult patients died, mortality in pediatric patients did 

not occur in this cohort which is significantly decreased from 
a prior pediatric cohort from the early 1990s with a 23% 
mortality [16, 25, 26]. Early institution of antiviral therapy 
appears to substantially affect outcome [16].

Influenza vaccines were first available in 1945 but have 
evolved with improved immunogenicity, efficacy, and safety 
profiles. Current formulations include standard-dose intra-
muscular, high-dose intramuscular, adjuvanted vaccine, and 
live- attenuated influenza vaccine (LAIV) [10]. Specific con-
tent of these formulations is adjusted annually based on the 
predictions for circulating viral strains and usually contains 
antigens for influenza A (two strains) and influenza B (one 
strain in trivalent vaccine, two in quadrivalent vaccine). 
Live-attenuated vaccines are cold adapted and should not 
replicate at 37°C; however, due to the small theoretical risk 
of replication, LAIV is not recommended after transplant 
[10]. The pediatric age group is unique in that two doses of 
vaccine are recommended for first-time vaccine recipients 
under the age of 9 regardless of immunologic status.

 Adult
Vaccination of adult transplant recipients is recommended by 
national and transplant groups [11, 13, 27]. Various nuances 
of influenza vaccination are covered in Table  63.2. Trials 
regarding immunogenicity of influenza vaccine all vary with 

Table 63.2 Recommendations for influenza vaccine graded according to strength of recommendation and quality of evidence [10]

Seasonal inactivated influenza vaccine should be recommended for annual administration in pre- and posttransplant recipients 
(recommendation supported by WHO, ACIP, AST) (strong, moderate)
  The benefit of vaccination outweighs any theoretical safety concerns related to rejectiona

LAIV is not recommended for posttransplant recipients (strong, moderate)
Influenza vaccine should be given no earlier than 3 months after transplantation or intensified immunosuppression for rejection (weak, 
moderate)
  During periods of pandemic or high influenza activity, vaccine can be given as early as 1 month posttransplant, although incomplete 

protection may be achieved (strong, low)
  If influenza activity is still significant, a reasonable approach is to reimmunize children and adults who received early vaccination (i.e., at 

<3 months posttransplant) (weak, low)
There are insufficient data to recommend
  High-dose influenza vaccine
  Adjuvanted vaccine
  Intradermal vaccine
  Booster doses of vaccine within the same season
Close contacts of transplant patients should be immunized (strong, moderate)
  Inactivated vaccine is preferred if available (strong, low)
HCW including those working with transplant patients should be immunized (strong, moderate)
  Inactivated vaccine is preferred if available (strong, low)
Organs from donors who recently received LAIV  (in the past 7 days) (including lung transplant donors) can be transplanted (strong, low)
Influenza vaccination for children should follow the standard age and dose recommendation
  At this time, vaccine dosing and the number of doses should follow age-appropriate recommendations as for nontransplant patients.
  Vaccine is not approved for administration to children younger than 6 months of age.
  Two doses 4 weeks apart are recommended for children younger than 9 years of age who have not been previously vaccinated against 

influenza (strong, high).
Persons with known severe allergic reactions to chicken or egg protein should not receive influenza vaccine; it can be considered to give 
vaccine under the supervision of an allergy expert (strong, high).

Modified from Ref. [10]
WHO World Health Organization, ACIP Advisory Committee on Immunization Practices, AST American Society of Transplantation, LAIV live-
attenuated influenza vaccine, HCW health-care workers
aExcluding vaccine-related history of Guillain-Barre syndrome
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respect to host, vaccine dose and type, adjuvant use, and 
evaluation of immunologic outcome [28]. Nonetheless, they 
are notable for a trend toward diminished immune response 
in organ transplant recipients, with some minor augmenta-
tion of immune response in those given multiple vaccine 
doses. Use of adjuvant or multiple doses did not necessar-
ily impact immunogenicity across various studies. Given the 
enhanced complexity of double vaccination (patients return-
ing for a second visit, cost, etc.) conclusive recommenda-
tions cannot yet be made regarding the optimal number of 
vaccine doses. Durability of protection against influenza is 
also diminished; whether a second, appropriately timed dose 
might provide longer coverage remains to be determined and 
could be considered for certain higher risk transplant recipi-
ents. The role of adjuvants to augment response to vaccina-
tion of transplant patients is somewhat controversial; there 
are safety concerns that adjuvants may increase the risk of 
organ rejection by immune stimulation, although this has 
never been proven, and some vaccines are not commercially 
available without adjuvants.

Optimal timing of vaccination after solid organ transplant 
is likely to be very important in optimizing the immunologic 
response. Unfortunately, there are few trials that analyze 
optimal timing with respect to vaccination response. Most 
vaccine trials exclude patients who underwent organ trans-
plant within the past 2 to 6 months. The potent immunosup-
pression given at the time of organ transplant is likely to 
result in muted immunologic response to vaccination for at 
least several months. Many programs defer vaccination of 
their transplant patients in the first few months after trans-
plantation. One early study of mixed organ transplant recipi-
ents saw no difference in the time after transplant in vaccine 
nonresponders versus responders [29]. In a series of 51 liver 
transplant recipients who underwent influenza vaccination, 
vaccine response corresponded to the length of time after 
transplant: within 4  months of transplantation, 1/7 (14%) 
responded; within 4–12  months, 6/9 (67%); and after 
12 months, 30/35 (86%) subjects responded to the H1 strain; 
overall, more than 55% of the subjects vaccinated 
4–12  months posttransplantation had adequate antibody 
seroconversion to the three strains of the influenza vaccine 
[30]. Another study showed lower antibody titers in kidney 
transplant recipients vaccinated within 6  months of trans-
plantation [31]. One third of the 53 transplant recipients 
were 6 months or less from the time of kidney transplanta-
tion. The muted response to vaccination was more marked 
with response to seroresponse (fourfold increase in antibody 
titer) than with seroprotection (antibody titer ≥1:32).

There have been reports of human leukocyte antigen 
(HLA) and donor-specific antibody (DSA) production after 
influenza vaccination. Thus far, there is no rejection or graft 
dysfunction following immunization reported in studies that 
have specifically looked at this outcome (summarized in 

Kumar et al. [10]). In a retrospective case-control series of 
60 heart transplant patients, of whom 15 had been vaccinated 
with H1N1 virus antigen with ASO3 adjuvant vaccine within 
21 days, the overall rate of all grades of cellular rejection was 
not statistically different between groups; however, acute 
cellular rejection, >/=grade 2 (1990 ISHLT criteria), was 
more frequent among those who were recently vaccinated 
(control: 1/45 vs. 6/15, p = 0.001) [7].

In the absence of strong data to drive the clinical decision 
regarding timing, many programs develop local protocols. A 
survey of 239 transplant programs showed that the majority 
of the respondents began posttransplant vaccination within 
the first 6  months, with 42% of programs giving influenza 
vaccine within the first 3 months, 43% at 3–6 months, 13% at 
6–12 months, and 3% more than 12 months after transplant 
[32]. Guidelines from the American Society of Transplantation 
Infectious Diseases Community of Practice suggest restarting 
vaccination 3–6  months after transplant, while Infectious 
Diseases Society of America (IDSA) guidelines suggest start-
ing as early as 2 months posttransplant [11, 13]. Expert guide-
lines based on the 2009 H1N1 pandemic experience suggested 
that transplant recipients begin to receive influenza vaccine 
during a pandemic as soon as 1 month after transplant [33].

 Pediatrics
As in adults, vaccination for pediatric solid organ transplant 
recipients is recommended beginning 3–6  months after 
transplantation [11]; however, earlier administration in pedi-
atrics has been considered in pediatric lung recipients and 
reported after pediatric heart transplantation [34, 35]. 
Compared to studies in adult transplant recipients, studies of 
influenza vaccine safety, immunogenicity, and efficacy in 
pediatric transplant recipients are limited. Many of these 
studies were performed in the 1990s when immunosuppres-
sive regimens differed significantly from current use although 
data from the 2009 H1N1 pandemic regarding vaccination 
has been emerging.

Seasonal influenza vaccination prior to 2009 in both pedi-
atric liver and renal transplant recipients demonstrated sero-
protective responses ranging from 15% to 85% depending on 
the influenza antigen used with lower responses to influenza 
B antigens as has been reported in healthy controls [36–38]. 
In liver transplant recipients, younger age and time closer to 
transplant have been associated with decreased influenza 
vaccine responses, and repeat vaccination did not signifi-
cantly improve responses in some studies [37, 39]. While 
most studies focus on humoral responses, Madan and col-
leagues showed similar seroprotection and seroconversion in 
a cohort of long-term pediatric liver transplant, but interferon 
gamma production was decreased compared to healthy sib-
ling controls [36].

Data on 2009 pandemic H1N1 influenza vaccine responses 
in pediatric transplant patients have also emerged. In Germany, 
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Goldschmidt et al. retrospectively evaluated the efficacy of an 
adjuvanted 2009 H1N1 vaccination in pediatric liver transplant 
recipients without measuring seroresponses; they reported 
higher rates of H1N1 infection in unvaccinated (25%) com-
pared to vaccinated (4%) individuals [40]. In pediatric renal 
transplant recipients, Esposito et al. detailed 81–100% seropro-
tection with 2009 A/H1N1 MF59-adjuvanted influenza vaccine 
[41]. Five pediatric heart transplant recipients received adju-
vanted vaccine between 5 and 23 weeks after transplant with 
60% developing seroprotection despite recent induction with 
antithymocyte globulin [35]. Conversely, fewer than 50% of 
pediatric transplant recipients, predominantly renal, developed 
seroprotection after administration of nonadjuvanted vaccina-
tion [42]. Haller and colleagues reported increased seroprotec-
tion from 66.6% to 89.5% after a second dose of nonadjuvanted 
2009 H1N1 influenza vaccine unlike previous reports for sea-
sonal vaccination [37, 39, 43]; the authors concluded that a 
two-dose regimen should be considered in pediatric liver trans-
plant recipients in the pandemic setting. Further, a recent study 
suggested that high-dose vaccination (60  μg) may have 
improved immunogenicity compared to routine dosing (15 μg) 
for pediatric transplant recipients [44]. Importantly, significant 
side effects from vaccination including acute rejection were not 
found in studies of seasonal or pandemic influenza vaccines in 
the pediatric population.

 Pneumococcal (Polysaccharide/Protein 
Conjugate Vaccines)

Pneumococcal disease is among the most common infec-
tions, and a broad range of hosts should be vaccinated 
according to guidelines, including transplant recipients [27]. 
Transplant recipients who remain on trimethoprim/sulfa-
methoxazole may be protected against Streptococcus pneu-
moniae infections, as well as other infections; pneumococcal 
vaccination would still be recommended. The vaccine comes 
in the traditional polysaccharide 23-valent form (PPV23, 
commercially known as Pneumovax) and protein-conjugate 
forms. The 7-valent (PCV7, marketed under the trade name 
Prevnar) has recently been replaced by the 13-valent (PCV13, 
marketed under the trade name Prevnar 13, which in addition 
to the 7 serotypes included in the original PCV7 contains the 
6 pneumococcal serotypes responsible for 63% of invasive 
pneumococcal disease cases now occurring in children 
younger than 5  years; PCV13 is replacing PCV7). While 
PCV7 is no longer available in the United States, PCV13 has 
not yet been studied in transplant recipients, and subsequent 
studies of conjugate vaccines discussed were performed with 
PCV7. Clinicians should be aware that PCV7 and PCV13 
provide a narrower spectrum of coverage (7 and 13 sero-
types, respectively), while PPV23 covers 23 serotypes. Use 
of both together is recommended.

Response to vaccination in SOT recipients is generally 
adequate, although lower than controls [45]. A trial of 43 
adult kidney transplant recipients immunized with PPV23 
demonstrated a significant increase in total antibody concen-
tration against the 14 serotypes tested, from a median of 
12.1  mg/L (range: 2.6–124.0) before vaccination to 
51.9 mg/L (4.0–160.7) 4 weeks after vaccination, as well as 
a significant increase in the number of serotypes recognized, 
from a median of 9 (0–13) to 13 (3–14) [46]. Antibody 
responses after vaccination were only slightly lower than in 
a published cohort of vaccinated healthy controls. The esti-
mated glomerular filtration rate correlated with response to 
vaccination. In another trial of PPV23  in renal transplant 
recipients, almost all antipneumococcal IgG titers were 
greater than the protective titer recommended by the World 
Health Organization (WHO) [47]. A trial of adult kidney 
transplant recipients comparing a single dose of PPV23 or 
PCV7 found a response rate was not significantly different 
between groups; there was a trend toward enhanced immu-
nogenicity for PCV7 by ELISA; however, functional anti-
body responses were not different [48].

Multiples studies have investigated the utility of serial 
dosing of different pneumococcal vaccine formulations, i.e., 
PCV7 prior to PPV23, and the optimal dosing strategy for 
pneumococcal vaccine in transplant recipients remains 
uncertain due to conflicting reports in the literature. A trial of 
113 adult liver transplant recipients given either PCV7 fol-
lowed by a PPV23 booster 8 weeks later or placebo followed 
by a standard single dose of PPV23 found similar results 
with respect to response to at least 1 serotype, mean number 
of serotypes to have a response, and functional antibody 
titers (measured by opsonophagocytic assay); the authors 
concluded that administration of a single dose of PPV23 
should continue to be the standard of care for adult liver 
transplant recipients [49]. A pediatric study in which 81 
pneumococcal vaccine-naive transplant recipients (31 heart, 
18 liver, 5 lung, and 27 kidney) were given 3 doses of PCV7 
at 8-week intervals, followed 8  weeks later by a dose of 
PPV23, demonstrated that PCV7 was safe and immunogenic 
and that PPV23 when administered more than a year after 
transplant was useful in boosting antibody responses in 
recipients demonstrating lower rates of responsiveness [50]. 
Two doses of PCV7 induced ≥ twofold increases in geomet-
ric mean concentrations in all organ groups; cardiac and lung 
recipients demonstrated additional benefit from a third dose 
of PCV7. Gattringer et al. evaluated serial vaccination with 
PCV7 followed by PPV23  in 26 adult heart or lung trans-
plant recipients; while PCV7 was immunogenic in these 
patients, PPV23 did not further augment the immune 
response to those 7 serotypes but did provide protection 
against other serotypes [51].

The timing of vaccination after SOT has not been well 
studied. In one study of 158 recipients of allogeneic bone 
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marrow transplant, PCV7 vaccination at 3 months after stem 
cell transplantation was found to be not inferior to PCV7 
vaccination at 9 months after transplantation, at 79% versus 
82%; the authors suggested that the durability of protection 
might be shorted in this population [52]. Whether such data 
is transferrable to SOT recipients is not known; perhaps 
 earlier vaccination of naïve patients, with a plan to repeat, 
may provide better protection than a delay (and possible 
omission).

Repeat vaccination may be indicated to provide optimal 
protection; however, unlike other vaccines, a booster effect is 
not generally seen with pneumococcal vaccination. One- 
time revaccination 5  years after the first dose is recom-
mended for persons 19 through 64  years of age with 
immunocompromising conditions, and those who received 
PPV23 before age 65 years for any indication should receive 
another dose of the vaccine at age 65 years or later if at least 
5  years have passed since their previous dose; no further 
doses are needed for persons vaccinated with PPV23 at or 
after age 65 years [27]. In normal hosts, both primary vacci-
nation and revaccination with PPV23 induce antibody 
responses that persist during 5  years of observation [53]. 
Concerns about hyporesponsiveness with multiple doses of 
pneumococcal vaccine have not borne out in all trials and has 
not been studied in transplant recipients. A trial in adults of 
single-dose PPV23 given to 14 dialysis and 37 kidney trans-
plant recipients demonstrated a response of 96% at 4 weeks, 
94% at 6 months, and 85% 1 year after transplant; authors 
postulate that such a decline may warrant more frequent vac-
cination [54]. In general, testing for pneumococcal antibody 
response is not clinically useful, and clinicians should be the 
revaccination timing on the net state of immunosuppression 
and predicted response and durability of vaccination, as well 
as ease of administration.

 Meningococcal (Polysaccharide/Protein 
Conjugate)

Neisseria meningitidis can cause a life-threatening meningi-
tis or disseminated disease (meningococcemia), both in nor-
mal and immunocompromised hosts, and less commonly 
carditis, septic arthritis, or pneumonia. Patients who have 
undergone splenectomy are at higher risk for infection from 
these encapsulated bacteria, and vaccination is recommended 
before and periodically after splenectomy. The previously 
used polysaccharide vaccine (Menomune) has mostly been 
replaced by the meningococcal conjugate vaccines (Menactra 
and Menveo) containing groups A, C, Y, and W-135 along 
with diphtheria toxoid due to better immunogenicity in nor-
mal hosts. Experts expect that this will provide better protec-
tion in immunocompromised hosts as well [55]. 
Meningococcal B vaccination was also recently approved 

(Bexsero and Trumemba) to cover the additional Group B; 
however, no studies in transplant recipients have been 
reported to date.

Meningococcal vaccine is poorly studied in SOT recipi-
ents, although it is generally recommended. One study in 10 
pediatric SOT recipients showed that a single dose of conju-
gate meningococcus C vaccine resulted in all patients dem-
onstrating an increase of serum bactericidal antibody titers 
after vaccination; a significant decrease in titers was seen 
after 6 months; however, all patients maintained protective 
titers (≥ 1:8) [56]. Until we have better data, this vaccine 
should be used as per standard guidelines (available at https://
www.cdc.gov/vaccines/schedules/ [6]), especially in vulner-
able teenagers and those after splenectomy, perhaps with 
more frequent booster doses in SOT recipients [11, 55].

 Varicella/Zoster

Varicella-zoster virus (VZV) is an α-herpesvirus that estab-
lishes latency in sensory ganglia [57–59]. Primary VZV 
infection, often called chickenpox, presents with a dissemi-
nated vesiculopapular rash, fever, and transaminitis. Herpes 
zoster (HZ), the reactivation of VZV, is usually characterized 
by a painful or prutitic rash which follows the dermatome of 
the affected nerve [60, 61]; it sometimes causes disseminated 
disease. The largest series of pediatric transplant recipients 
with VZV infection, reported from the prevaccination era, 
revealed infection in approximately one of every seven solid 
organ transplant recipients; primary chickenpox and herpes 
zoster were equally represented [62]. VZV infection has 
been reported despite the postexposure prophylactic use of 
acyclovir and varicella-immunoglobulin in naïve recipients.

Varicella vaccines are live-attenuated varicella virus 
derived from the Oka strain. Several formulations are avail-
able including Varivax (Merck, NJ, USA) and Okavax 
(Biken, Osaka, Japan) for over 12 months of age and Varilrix 
(GlaxoSmithKline, Rixensart, Belgium) for over 9 months of 
age. A combination vaccine with MMR (Proquad, Merck, 
NJ, USA) is also available. Additionally, Zostavax (Merck, 
NJ, USA) targeted to reduce HZ infections is approved for 
immunocompetent patients over 50 years of age. In immuno-
competent individuals, varicella vaccine has excellent sero-
conversion in naïve individuals, with 94–99% of children 
and 94% of adults responding after two doses [63–65]. 
Quadrivalent vaccination (VZV-MMR, Proquad) showed 
seroprotection of >90% after one dose and 99% after two 
doses equivalent to concomitant dosing of individual vari-
cella vaccine [66]. Approximately 64–85% of adults main-
tained seroprotective titers for 1–6  years postvaccination 
[65]. Even one dose of varicella vaccine prevented typical 
chickenpox and drastically reduced the incidence of break-
through infections to <5% within 3 years of vaccination [67].
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 Pediatrics (Varicella Vaccine)
In pediatric transplant recipients, varicella vaccine given 
prior to transplant has been shown to be effective in prevent-
ing posttransplant infection. Vaccination is recommended in 
pediatric solid organ transplant candidates if no other 
 contraindications to vaccination exist; however, as a live-
virus vaccine, it is not routinely recommended after trans-
plant [11]. Pediatric renal transplant recipients who had 
received vaccination prior to transplant developed signifi-
cantly fewer varicella infections after transplant (12%) com-
pared to those without a history of varicella vaccine or 
infection (45%) [68]. In pediatric heart transplant recipients 
vaccinated a median of 16 months pretransplant, the major-
ity (> 80% of those evaluated) had sustained vaccine 
responses up to 1 year after transplant [50].

Although live-viral vaccines are not recommended after 
transplantation, several groups have evaluated their adminis-
tration in pediatric liver and kidney recipients as seropositiv-
ity against varicella has been shown to decline after transplant 
[69]. Eleven living donor liver transplant recipients received 
varicella vaccination with 87% seroconversion rate, although 
three had also received vaccination prior to transplant [70]. 
Khan and colleague retrospectively identified 35 pediatric 
liver transplant recipients who had received varicella vacci-
nation after transplant; seroconversion occurred in 65% 
without any significant safety events [71]; this mirrors the 
response rate of 6 pediatric kidney transplant recipients and 
7 additional liver transplant recipients who were also vacci-
nated in other studies [72, 73]. Another 16 VZV-naïve pedi-
atric liver and/or intestine transplant recipients showed 87% 
seroconversion, but four developed fever and rash remote 
from the injection site and three were treated with oral acy-
clovir for this postvaccine reaction [74]. Further, prospective 
evaluation of 79 pediatric liver transplant recipients received 
varicella vaccination in a controlled study that showed safety 
and immunogenicity, including humoral and cellular 
responses, to vaccination in this population [75]. Overall, in 
selected populations of stable liver and kidney pediatric 
transplant recipients, varicella vaccination after transplanta-
tion could be considered but should not be routinely recom-
mended. Routine evaluation for declining antibody titers 
should be performed, however, to assess potential risk of 
VZV exposure in immunocompromised pediatric solid organ 
transplant recipients. Similarly, nonimmune adults should be 
vaccinated prior to transplant whenever possible.

 Adults (Zoster Vaccine)
Zoster occurs in one third of adults and at much high rates in 
SOT recipients, with an estimated incidence in SOT recipi-
ents that is 10- to 100-fold higher than the general population 
[76]. The vast majority (≥95%) of adults have had prior VZV 
infection and are at risk for reactivation as clinical zoster, 
either dermatomal or disseminated [76]. Zostavax®, a higher 

dose of the attenuated Oka varicella vaccine strain, is Food 
and Drug Administration (FDA) approved for healthy adults 
≥50 years old; there are no published data on its safety and 
efficacy among immunocompromised patients. The goal of 
the zoster vaccine is to boost prior immunity, which wanes 
with time, age, and immunosuppression, increasing the risk 
of developing clinical zoster. SOT recipients could be vacci-
nated before transplant, in hopes of decreasing the risk of 
zoster before and after transplant; there are no data as to 
whether this is efficacious in this setting and whether it might 
be helpful in younger transplant patients (i.e., below the 
FDA-approved age of 50), although a clinical trial is under-
way to evaluate this. The vaccine is contraindicated after 
transplant when they are on active immunosuppression [14]. 
A new nonlive zoster vaccine is being developed and may be 
in useful in immunocompromised patients [77].

 Tetanus, Diphtheria, and Pertussis

Protection against three disparate bacterial diseases—teta-
nus, diphtheria, and pertussis—is often grouped together in 
combination vaccines. Tetanus (“lockjaw”) and diphtheria 
(involving thick membranes in the throat) remain relatively 
rare diseases in the developed world. Pertussis (“whooping 
cough”) is an upper respiratory infection caused by the 
Bordetella pertussis or Bordetella parapertussis bacteria, 
which may lead to coughing with emesis; periodic epidemics 
occur every 3 to 5 years, with frequent outbreaks. Whether 
transplant recipients are more susceptible to these infections 
is not known. A clinical case of severe tetanus in a renal 
transplant recipient in Brazil has been reported, with auto-
nomic dysfunction, requiring intensive care unit (ICU) care 
and mechanical ventilation, tetanus-induced acute kidney 
injury, and sepsis; he was discharged after 37 days of hospi-
talization with recovered renal function, and authors high-
light the importance of vaccination [78].

The vaccine components often include diphtheria and 
tetanus toxoids (Td), sometimes with acellular pertussis (in 
DTaP and Tdap). Prior versions contained killed whole cells 
of the organism that causes pertussis, which was much more 
reactogenic and less well tolerated. Pertussis outbreaks have 
occurred in recent years in the United States and elsewhere, 
and although the vaccine has not yet been studied in this 
population, it would seem prudent to protect transplant 
recipients. Currently, the American guidelines recommends 
a single dose of Tdap as a booster for adults whose last Td 
was >10 years ago, for health-care workers and for persons 
who are in close contact with infants <12  months of age. 
Tdap can be given as soon as 2 years (or shorter intervals) 
after Td vaccine in high-risk persons [27]. Vaccination is 
generally felt to be safe and is recommended before and after 
SOT [11, 55]. A single-center survey of vaccination practices 
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in 464 transplant recipients found that seroprotection rates 
against tetanus were fairly high in liver (85.3%) and renal 
(86.8%) transplant recipients and lower for diphtheria (73% 
and 60%, respectively) (pertussis was not measured), with 
considerably lower rates for hepatitis A and influenza [5]. 
Huzly et  al. compared 164 renal transplant recipients with 
healthy controls before and after tetanus vaccination and 
found that all patients developed protective tetanus antibody 
levels that remained protective for at least 1 year after immu-
nization [79]. Diphtheria antitoxin titers before and after 
booster vaccination were lower in transplant recipients than 
in controls: 88.5% of patients versus 96.2% of controls 
developed protective diphtheria antibody titers, and 
12 months after vaccination, diphtheria antitoxin values were 
below the protective level (0.1  IU/ml) in 38% of patients. 
Neither rejection episodes nor change in renal function was 
noted after immunization, suggesting that vaccination was 
safe in this population.

There is little information on the incidence or severity of 
pertussis or diphtheria in transplant recipients. Another spe-
cies, Bordetella bronchiseptica, the etiologic agent of “ken-
nel cough” in dogs, has caused serious respiratory illness in 
patients who undergo pediatric lung transplantation [80], 
heart transplantation [81], and hematopoietic stem cell trans-
plantation (HSCT) [82, 83]. Several of these case patients 
had pet dogs. The “kennel cough” live vaccine, which con-
tains a mixture of parainfluenza virus and B. bronchiseptica, 
has the potential to cause human B. bronchiseptica infection 
[84]; transplant recipients should be aware of the risk of 
transmission to them from their pets.

 Hepatitis B

Transplant recipients tend to be poorly protected against 
hepatitis B; in one series of liver, heart, and kidney trans-
plant recipients, 76% were seronegative [85]. This is likely 
due to multiple factors, including oversight (most com-
monly), lack of immune response, and insufficient time 
prior to transplant to give the multiple doses required for 
sustained seroconversion. In pediatrics, recommendations 
for hepatitis B vaccination range from universal vaccina-
tion of all infants in the United States, Australia, and 
Switzerland to targeted vaccination of high-risk infants in 
other European countries including Denmark and the 
United Kingdom [86–88]. Canada utilizes targeted vacci-
nation in infancy based on the provincial prevalence of 
hepatitis B and universal vaccination during adolescence in 
low-prevalence provinces [89]. Regardless, all children 
undergoing transplant evaluation should be vaccinated 
[11]. American guidelines recommend vaccination in adults 
for those with end-stage renal disease, chronic liver dis-
ease, and diabetics younger than 60 years as soon as feasi-

ble after diagnosis (those over 60 should be vaccinated at 
the discretion of their clinician), as well as other at-risk 
populations [27]. High-titer antibody to hepatitis B surface 
antigen before liver transplantation has been shown to pre-
vent de novo hepatitis B infection, which is especially 
important in endemic regions; in a pediatric study in 
Taiwan, 8 of 9 de novo hepatitis B virus (HBV)-infected 
recipients had anti-HB titers <200 mIU/mL [90].

High-dose vaccine has been more successful in various 
populations with organ insufficiency. The American guide-
lines recommend that adult patients receiving hemodialysis 
or with other immunocompromising conditions receive 1 
dose of 40  μg/mL (Recombivax HB) administered on a 
3-dose schedule or 2 doses of 20 μg/mL (Engerix-B) admin-
istered simultaneously on a 4-dose schedule at 0, 1, 2, and 
6 months [27]. Nonetheless, response is still not soaring; a 
study of 138 immunosuppressed patients (86 with cirrhosis, 
42 dialysis patients, 10 allogeneic hematopoietic cell trans-
plants) and 26 healthy subjects as controls who were vacci-
nated utilizing a high-dose vaccine (40 mcg) and a shortened 
immunization schedule showed that while 98% of controls 
responded, only 48% of the immunosuppressed patients 
seroconverted (p < 0.001) [91].

Hepatitis B vaccination is less likely to be effective after 
SOT. In a series of liver, heart, and kidney transplant recipi-
ents who underwent vaccination against hepatitis B (40 ucg 
dose), 73/98 (74.5%) responded to vaccination; response 
correlated with more doses (> 4) of vaccine and age less than 
52 years old [85]. In another trial, only 3 of 17 liver trans-
plant recipients responded who had undergone transplant for 
HBV-related disease and were subsequently vaccinated 
using intramuscular doses (40 ucg) of recombinant vaccine 
at month 0, 1, and 2, followed, in nonresponders, by a second 
cycle of 6 intradermal 10 ucg doses every 15  days [92]. 
Hepatitis B vaccination is less likely to be effective in those 
with prior hepatitis B exposure. A study of recipients of 
HBV cAb+ donors showed that none of the 15 chronic HBV 
carriers succeeded in maintaining HBsAb titers, yet 5 of 6 
non-HBV patients with HBcAb-positive donors achieved 
HBsAb >100  IU/l [93]. This may relate to various genetic 
issues that decrease their immunologic response to HBV and 
their ability to clear virus, increasing their risk of developing 
chronic HBV disease.

As more children and adults are vaccinated against HBV 
prior to immunosuppression, the population will be more 
protected at baseline and in less need of complex vaccination 
schedules before or after SOT. When needed for poor sero-
converters, clinicians can consider using multiple and higher 
vaccine doses, intradermal administration, and sometimes 
the use of adjuvants to boost immune response. Adjuvants 
are generally discouraged after SOT, given concerns about 
immunostimulation and potentially abrogating tolerance, 
thus elevating the risk of rejection [92].
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 Hepatitis A

Hepatitis A is relatively rare in the United States, although 
recently outbreaks have occurred. About half of cases are 
associated with foreign travel; a recent survey of cases 
from 2005 to 2007 demonstrated that risk factors were 
international travel (45.8%), contact with a case (14.8%), 
employee or child in a daycare center (7.6%), exposure dur-
ing a food- or waterborne common-source outbreak (7.2%), 
illicit drug use (4.3%), and men who had sex with men 
(3.9%) [94]. Universal vaccination of children was recently 
added to the US national guidelines, but other countries 
employ prevalence- based (Australia) and individual risk-
based administration (Canada) for hepatitis A [87, 89, 95]. 
Vaccination of adults focuses on those with risk, including 
men who have sex with men, and persons who use injec-
tion drugs, persons working with HAV-infected primates 
or with HAV in a research laboratory setting, persons with 
chronic liver disease, persons who receive clotting factor 
concentrates, persons traveling to or working in countries 
that have high or intermediate endemicity of hepatitis A, 
and unvaccinated persons who anticipate close personal 
contact (e.g., household or regular babysitting) with a 
recent international adoptee from a country with high or 
intermediate endemicity [27].

Whether organ transplant recipients (especially liver 
transplant) are at higher risk for complications from hepatitis 
A is not known. There have been case reports of recurrent 
hepatitis A after initial liver transplant for fulminant hepatitis 
A [96]. With recommendations to protect patients with 
chronic hepatitis B [97] and hepatitis C [98] against hepatitis 
A given the potentially augmented risk of fulminant hepatic 
failure in this population, it would seem prudent to vaccinate 
liver transplant recipients prior to transplant, as well as any 
other patients with risk factors for acquiring hepatitis A; 
whether all transplant recipients should be vaccinated has 
not been determined but may be reasonable and is currently 
recommended by most experts [11, 13].

Hepatitis A vaccine is less effective in solid organ trans-
plant recipients. In a study of 37 hepatitis A seronegative 
liver transplant recipients who were given hepatitis A vac-
cine 6 months apart, only 8% had seroconverted at 1 month 
following vaccination and only 26% at 7 months (1 month 
after the second vaccination) [99]. In another study, none of 
the eight liver transplant recipients vaccinated responded to 
the two doses of vaccine given 2 months apart [100]. In a 
third trial, liver and renal transplant recipients (39  in each 
group) received 2 doses of hepatitis A vaccine 2  months 
apart [101]; response after the primary dose occurred in 41% 
of the liver transplant patients and 24% of the renal trans-
plant patients, while after the second dose, the respective 
conversion rates were 97% and 72%. In a series of liver, 
heart, and kidney transplant recipients who underwent vac-

cination against hepatitis A, 13/17 (76%) responded to vac-
cination [85]. In a small pediatric study, among 18 patients 
who had been immunized with one dose before transplant, 
only seven of 18 (39%) had anti-HAV antibodies 1 year after 
transplant [2]. A study of 34 children with chronic liver dis-
ease found the seroconversion rate 4  weeks after primary 
hepatitis A immunization to be 76% (94% in controls); 
1 month after second dose (6 months later), the seroconver-
sion rates were 97% and 100%, respectively [102]. 
Discrepancies between studies may be explained by differ-
ences in patient selection, severity of liver disease, immuno-
suppressive medications, and type of vaccine used. In 
addition, organ transplant recipients have a more rapid anti-
body decline than controls: 2 years after vaccination, only 
59% of liver transplant and 26% of renal transplant recipi-
ents who seroconverted retained protective titers [103], while 
mathematical models of vaccination in normal hosts have 
predicted antibodies to persist for at least 20–25 years [104]. 
Use of higher, more than two, or booster doses of hepatitis A 
vaccine has not been studied in the immunocompromised 
population but could be considered in the individual patient. 
SOT recipients who do not have adequate time before higher 
risk exposure such as travel or do not respond to immuniza-
tion should be given intramuscular immunoglobulin prior to 
travel [15]; for more information, see Chap. 62 on “Travel 
and Transplantation.”

 Haemophilus Influenzae Type B

Haemophilus influenzae type b (Hib) is an encapsulated 
pleomorphic gram-negative coccobacillus that causes pneu-
monia, meningitis, bacteremia, epiglottitis, cellulitis, osteo-
myelitis, and otitis media among others in healthy children 
and adults. In the prevaccination era, pneumonia and bacte-
remia from Hib were reported in solid organ transplant recip-
ients [105, 106].

Hib vaccinations are Hib capsular polysaccharides con-
jugated to carrier proteins. Hib vaccine has been available in 
the United States since 1987 with universal infant vaccina-
tion recommended since 1990. Since the institution of vac-
cination in the United States and elsewhere, meningitis, 
bacteremia, and other invasive infections due to Hib have 
significantly decreased with up to 95% decreases reported 
in children under 5  years of age [107, 108]; however, in 
areas where vaccination is not routine, like much of Africa, 
Hib continued to cause over 30% of meningitis in the past 
decade [109].

Stable adult kidney transplant recipients tolerated vaccina-
tion with Hib and showed excellent responses regardless of 
immunosuppressive strategy [110]. In pediatrics, Hib vaccine 
is routinely recommended as part of routine childhood vacci-
nations and in the pretransplant setting [11, 13, 111]. In one 
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study, all 42 children under 5 years with chronic renal failure 
who received Hib vaccination developed protective responses 
[112]. Compared to the HSCT population, few studies have 
assessed the seroprotection against Hib after solid organ trans-
plant. Nearly 100% of pediatric cardiac recipients regardless 
of the age at which they were transplanted responded to con-
jugated Hib vaccine after transplant [113]. Further, Urschel 
and colleagues recently studied 46 pediatric cardiothoracic 
transplant recipients and reported that only 17.4% had titers 
below protective levels without booster dosing [114].

 Polio

Polio, an enterovirus, has been the focus of a worldwide 
eradication program. Polio which is spread by the fecal-oral 
and respiratory routes occurs only in humans. While nearly 
95% of infection are asymptomatic, other presentations 
include aseptic meningitis, sore throat, and fever or, in less 
than 1% of cases, rapid onset of flaccid paralysis and are-
flexia. Polio vaccines have eradicated disease in most of the 
world, with the last reported case of wild-type polio infection 
acquired in the United States in 1979. Since that time, 
imported infection or vaccine-associated infections have 
occurred rarely. Polio vaccines are available in two formula-
tions, an inactivated poliovirus vaccine (IPV) and a live-virus 
vaccine (OPV). IPV is available alone or in combined formu-
lations with DTaP, Hib, or HBV.  OPV can cause vaccine- 
associated paralytic polio in infants and immunocompromised 
individuals; therefore, only IPV is recommended in trans-
plant candidates and recipients [11, 13].

Polio vaccination responses have been evaluated in both 
adult and pediatric transplant recipients. In adult kidney trans-
plant recipients, prevaccination responses to serotype 2 were 
decreased compared to healthy controls, but seroprotection 
rates for all three serotypes were equivalent after the booster 
vaccination [79]. Diana and colleagues reported on a Swiss 
cohort for which only 43% of pediatric liver transplant candi-
dates had received recommended number of polio vaccine 
doses [2]. An evaluation of pediatric liver and kidney trans-
plant recipients compared to healthy controls and those with 
underlying liver or kidney disease assessed geometric mean 
titer responses to polio serotypes 1, 2, and 3 [115]. Responses 
were decreased in pediatric kidney transplant recipients com-
pared to pediatric liver recipients and controls.

 Measles, Mumps, and Rubella

Measles, mumps, and rubella are all RNA viruses that cause 
infections that were common in childhood prior to vaccine 
development. Measles is characterized by the development 
of cough, coryza, conjunctivitis, and erythematous maculo-

papular rash that causes acute encephalitis in approximately 
1 in every 1000 cases. Mumps is characterized by fever and 
swelling of salivary glands including parotids, aseptic men-
ingitis, and orchitis. Rubella is generally a subclinical infec-
tion but can cause fever, lymphadenopathy, and erythematous 
maculopapular rash. Encephalitis with rubella is rare (fewer 
than 1:5000 cases). All three have become less common 
since vaccination was introduced.

While the first measles vaccine was developed in 1958, a 
commercially available vaccine was not approved until 1963. 
The combination vaccine with mumps and rubella was intro-
duced in 1971, and the strains have been refined over time. 
MMR vaccine led to significant declines in infection rates; 
however, outbreaks still occur despite vaccination in some 
cases [116–120]. Single-antigen components are not cur-
rently produced in the United States. Quadrivalent vaccine 
that includes MMR and VZV (Proquad, Merck, NJ, USA) 
was licensed in the United States in 2005 and showed >90% 
seroprotection equivalent to concomitant dosing of individ-
ual vaccine components [66].

MMR vaccination prior to transplant in children with 
chronic renal or liver disease has been evaluated. Eight 
infants with chronic renal disease vaccinated at a mean of 
11.6 months old showed 88–100% response to each of the 
vaccine components comparable to healthy children [121], 
while ten toddlers (15–33 months of age) on dialysis showed 
80%, 50%, and 80% responses to measles, mumps, and 
rubella, respectively [122]. Forty-two older children await-
ing renal transplant had a 98% seroconversion rate with mea-
sles vaccination [123]. When single-antigen components 
were administered to liver transplant candidates, response 
rates were 82%, 90%, and 100% to measles, mumps, and 
rubella, respectively [73].

Adults born before 1957 are generally considered immune 
to measles. Those born after 1957 until about 1980 were less 
well protected by the measles vaccines and are considered at 
risk for infection. Transplant clinicians may wish to check 
antibody titers before transplant in this vulnerable popula-
tion and use this preimmunosuppression phase to vaccinate 
nonimmune hosts [11]. After transplant, the vaccine is con-
traindicated, as it could cause life-threatening disseminated 
disease including encephalitis, for which there are no spe-
cific antiviral agents. Nonimmune (or those at high risk for 
being nonimmune) SOT recipients at risk for being exposed 
or who have been exposed to measles should be given 
immune globulin for protection [15].

Again, live-viral vaccines are not routinely recommended 
after transplantation; however, their administration after 
pediatric liver and kidney transplantation has been studied as 
seropositivity against measles has been shown to decline or 
be absent after liver and thoracic transplant [69, 114]. The 
earliest report of posttransplant MMR vaccination occurred 
when 7 of 18 liver transplant recipients had at least transient 
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seroconversion in 1993 [124]. Additional studies in liver 
transplant recipients including over 50 patients revealed 
seroconversion rates ranging from 73 to 100% for MMR 
components without significant safety events [70, 71, 73]. 
Reports of MMR vaccination after other pediatric solid 
organ transplantation are lacking.

 Human Papillomavirus (HPV)

Human papillomaviruses are generally clinically unremark-
able; however, some cause clinically apparent epithelial prolif-
eration (warts), and others are associated with anogenital 
dysplasia and cancers (HPV 16 and 18). Estimates in the 
United States report over 6.2 million new acquisitions of geni-
tal HPV and 11,100 new cases of cervical cancer yearly [125]. 
The prevalence of an anogenital malignancy in a large cohort 
of renal transplant recipients was 1.6%, and the majority were 
associated with a high-risk HPV types [126]. Furthermore, 
using Medicare billing, Kasiske and colleagues report a five-
fold increase in cervical and vulvovaginal cancers in female 
kidney transplant recipients compared to the general popula-
tion in the United States [127]. Similar increases in cervical 
cancer and cervical intraepithelial neoplasia have been reported 
in heart and lung transplant cohorts, respectively [128, 129].

Human papillomavirus vaccines currently available 
include the bivalent (Cervarix; GlaxoSmithKline Biologicals, 
Rixensart, Belgium with HPV 16 and 18) and nonavalent 
(Gardasil; Merck & Co Inc., West Point, PA, USA with HPV 
6, 11, 16, 18, 31, 33, 45, 52, and 58) which cover up to 90% 
of the oncogenic strains leading to cervical and anogenital 
cancers. Both vaccines are given in series and are approved 
in the United States in both young women since 2006 and 
men since 2009. Vaccines were shown to be efficacious 
against the acquisition and persistence of HPV infection as 
well as progression to cervical or anogenital disease in mul-
tiple randomized double-blind placebo-controlled trials 
[125, 130–133].

Limited data in transplant recipients exist; however, 
Kumar and colleagues reported data on 47 transplant recipi-
ents vaccinated with the quadivalent vaccine showing both 
vaccine safety and vaccination response between 50 and 70% 
depending on the HPV serotype. Further, decreased responses 
were seen early after transplant, in lung transplant recipients, 
and with increased tacrolimus levels. In addition, vaccine 
responses waned by 12 months postvaccination [134].

 Conclusions

Vaccination of transplant recipients is a power tool for pro-
tection of this vulnerable population and yet remains an 
underutilized resource. The majority of vaccines are safe and 

well tolerated. Live viral vaccines should not generally be 
used in immunocompromised hosts, and there should be at 
least a one-month lag time after vaccination and before 
transplant. Additional research regarding optimal doses, 
number of vaccines, use of adjuvants, impact of immunosup-
pressive regimens, and timing of vaccination is much needed 
in solid organ transplant recipients.
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Prevention of Fungal Disease

Shirish Huprikar and John R. Wingard

 Introduction

Invasive fungal infections (IFIs) are serious complications 
associated with significant morbidity and mortality in solid 
organ transplant (SOT) and hematopoietic cell transplant 
(HCT) recipients. The recent epidemiology of IFIs in SOT 
and HCT recipients in the United States was described by the 
Transplant-Associated Infection Surveillance Network 
(TRANSNET), a consortium of 23 transplant centers in the 
United States that prospectively identified IFIs in SOT recipi-
ents [1] and HCT recipients [2]. The 1-year incidence of first 
IFIs in SOT patients was as follows: small bowel transplant 
(11.6%), lung (8.6%), liver (4.7%), heart (4%), pancreas 
(3.4%), and kidney (1.3%). The 1-year incidence of first IFIs 
in HCT patients was as follows: mismatched related donor 
(8.1%), matched unrelated donor (7.7%), matched related 
donor (5.8%), and autologous (1.2%). The most common IFIs 
in SOT recipients were invasive candidiasis (IC) (53%), inva-
sive aspergillosis (IA) (19%), cryptococcosis (8%), endemic 
IFIs (5%), and mucormycosis (2%). The median onset of IC 
and IA was 103 and 184 days, respectively. In contrast, the 
median onset of cryptococcosis was 575 days after transplan-
tation. The most common IFIs in HCT recipients were IA 
(43%), IC (28%), and mucormycosis (8%). The median times 
of onset of IC and IA were 61 and 99 days, respectively.

Strategies to prevent early IFIs in SOT and HCT recipi-
ents are generally advocated in patients with established risk 
factors. In this chapter, we review the literature regarding 
antifungal prevention in the various transplant types and con-
sensus antifungal prophylaxis guidelines that may exist 
(Table 64.1).

 Liver Transplantation

Current guidelines recommend antifungal prophylaxis with 
fluconazole to target Candida in high-risk liver transplant 
recipients with ≥2 of the following risk factors: prolonged or 
reoperation, re-transplantation, renal failure, ≥ 40 blood prod-
uct units, choledochojejunostomy, and perioperative Candida 
colonization [3]. Although no definitive recommendation for 
duration exists, it is reasonable to continue prophylaxis until 
risk factors have resolved. Some experts will also consider anti-
fungal prophylaxis with a lipid formulation of amphotericin B 
or an echinocandin to target Aspergillus in patients with ≥1 of 
the following risk factors: re- transplantation, renal replacement 
therapy, reoperation, and fulminant hepatic failure [4].

Antifungal prophylaxis is a very common practice in liver 
transplant centers in North America. A survey study con-
ducted in 2006 and 2007 indicated that 91% of responding 
centers used either universal (28%) or targeted (72%) anti-
fungal prophylaxis [5]. Although the antifungal choice and 
duration were quite variable, universal or targeted flucon-
azole prophylaxis was the preferred approach in the majority 
of centers. The most common indications for targeted pro-
phylaxis were re-transplantation (78%), dialysis (72%), re- 
exploration (61%), and colonization with Candida (57%). 
Other indications included prolonged intensive care unit 
(ICU) stay or mechanical assisted ventilation, high transfu-
sion requirements, and receipt of T cell-depleting agents. 
Recent studies also demonstrate MELD score as a risk factor 
for IFI after liver transplantation [6].

 Universal Antifungal Prophylaxis Strategies

Universal prophylaxis strategies with both amphotericin B 
formulations and azoles have been extensively explored in 
liver transplant recipients. In an observational study, 58 liver 
transplant recipients received 1  mg/kg of AmBisome for 
7  days [7, 8]. There was one Candida infection and three 
fatal Aspergillus infections.
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The first randomized controlled study of universal anti-
fungal prophylaxis in liver transplant recipients was con-
ducted in 86 consecutive liver transplant recipients in a single 
center [9]. Patients were randomized to either 1  mg/kg of 
liposomal amphotericin B (L-AmB) or placebo for 5 days. 
The overall incidence of IFIs was 0% vs. 16%, respectively 
(p < 0.01), but there was no difference in mortality. There 
were five Candida albicans infections and one Aspergillus 
niger pneumonia in the placebo arm.

There is another single-center randomized, double-blind, 
placebo-controlled study in 212 liver transplant recipients 
who received fluconazole prophylaxis (400 mg daily) or pla-
cebo for 10 weeks [10]. Overall IFIs were observed in 45 
(43%) of the placebo arm compared to 10 (9%) of the fluco-
nazole group (p  <  0.001). Significantly fewer IFIs were 

observed in the fluconazole group (6% vs. 23%; p < 0.001). 
The majority were Candida infections. Risk factors for IFI 
were assignment to placebo, United Network Organ Sharing 
classification 1, baseline fungal colonization, and re- 
transplantation. In low-risk patients without a risk factor; 
there was no difference in IFIs between the groups. 
Furthermore, there was no difference in overall mortality 
although there were fewer deaths attributed to IFIs in the flu-
conazole group (2% vs. 13%; p = 0.003).

In a multicenter randomized controlled study, 143 liver 
transplant recipients were randomized to daily oral flucon-
azole (100 mg) or nystatin for 28 days [11]. Lower rates of 
Candida colonization (25% vs. 53%, p = 0.04) and Candida 
infections (13% vs. 34%, p = 0.022) were observed in the 
fluconazole group. However, most of the Candida infections 

Table 64.1  Summary of antifungal prophylaxis in stem cell and solid organ transplantation

Transplant type
Preferred antifungal 
regimens

Alternative 
antifungal 
regimens

Relative cost 
(least expensive 
to most 
expensive) Comments

Allogeneic HCT, 
standard risk

FLU MICA ITRA
VORI
L-AmB

FLU
ITRA
VORI, POSA 
MICA/L-AmB

FLU lacks mold activity - monitoring important
ITRA, VORI, and POSA should not be used concomitantly 
with cyclophosphamide and vincristine; doses of 
concomitant calcineurin inhibitors should be adjusted; blood 
concentrations may vary so monitoring may be necessary
Most experts deem the ECH as therapeutically equivalent

Allogeneic HCT, 
high risk

VORI
POSA

MIC
ITRA
FLU
L-AmB

FLU
ITRA
VORI, POSA 
MICA, L-AmB

Definitions of high risk vary but generally include 
mismatched or unrelated donor transplants, cell- depleting 
maneuvers, cord blood grafts, older age, acute myelogenous 
leukemia, and GVHD
Randomized trials show strong (usually nonsignificant) 
trends for reduced rates of IA with anti-mold agents in this 
subset although an alternative approach would be anti-yeast 
prophylaxis with close monitoring, including galactomannan 
screening and aggressive evaluation of syndromes suspected 
to be fungal in origin with preemptive antifungal therapy

Allogeneic or 
autologous HCT 
with prior IFI

VORI
If prior IFI was 
Aspergillus, ECH or 
FLU if prior IFI was 
Candida, L-AmB if 
prior IFI was 
mucormycosis

Any agent that 
is active against 
the prior IFI

FLU
ITRA
VORI, POSA 
MICA, L-AmB

There are no randomized trials, but retrospective case series 
suggest strong protective effect with secondary prophylaxis; 
most experience is with VORI

Autologous HCT FLU MICA FLU
ITRA
VORI, POSA 
MICA, L-AmB

The most common IFI risk is Candida, in conditioning 
regimens that cause mucosal damage
The risk for aspergillus and other molds is low

Liver,
High risk

FLU ECH, L-AmB FLU
ECH, L-AmB

No indication for prophylaxis in low-risk patients

Lung Ae-AmB VORI Ae-AmB, ITRA
VORI

No randomized placebo-controlled trials for ae-AmB

Heart,
High risk

ITRA
Ae-AmB

ITRA, ae-AmB

Pancreas,
High risk

FLU

Small bowel FLU ECH FLU
ECH

HCT hematopoietic stem cell transplant, FLU fluconazole, MICA micafungin, ITRA itraconazole, VORI voriconazole, L-AmB lipid formulation of 
amphotericin B, POSA posaconazole, ECH echinocandin, IFI invasive fungal infection, Ae-AmB aerosolized amphotericin B.
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were superficial infections; there was no difference in inva-
sive Candida infections or mortality.

Another single-center randomized, double-blind, placebo- 
controlled study [12] was performed in 71 liver transplant 
recipients who were randomized to either itraconazole 5 mg/
kg orally preoperatively and 2.5  mg/kg orally twice daily 
postoperatively or placebo for a maximum of 56 days or until 
discharge from the hospital or treatment with systemic anti-
fungal therapy for a proven, suspected, or superficial 
IFI. Fewer “fungal infection endpoints” were observed in the 
itraconazole group (4% vs. 24%; p = 0.04); however, none of 
these patients had a proven IFI. Furthermore, there was no 
difference in mortality.

In another single-center randomized controlled study, 188 
evaluable liver transplant recipients were randomized to oral 
itraconazole solution 200  mg every 12  hr. or fluconazole 
given 400  mg every 24  hr for 10 weeks [13]. Proven IFIs 
were observed in 9% of the itraconazole group and 4% of the 
fluconazole group (p = 0.25) with no difference in mortality. 
Fungal pathogens included Candida glabrata (4), Candida 
albicans (3), and Aspergillus species (2) in the itraconazole 
group and Candida glabrata (2), Candida krusei (1), and 
Aspergillus species (1) in the fluconazole group. There were 
more gastrointestinal side effects in the itraconazole group.

In another single-center randomized placebo-controlled 
study of universal antifungal prophylaxis, 131 patients were 
randomized to one of three arms: 1 mg/kg of AmBisome for 
7  days followed by 200  mg of itraconazole for 3  weeks; 
400 mg of fluconazole for 7 days followed by 200 mg of itra-
conazole for 3 weeks; and placebo [14]. There were no sig-
nificant differences in infection or mortality between the 
groups, and the authors concluded that routine use of anti-
fungal prophylaxis is not justified.

 Targeted Antifungal Prophylaxis Strategies

Observational studies demonstrate lower rates of IFIs with 
targeted antifungal prophylaxis with amphotericin B or flu-
conazole in high-risk liver transplant recipients when com-
pared to historical data [15–18]. Furthermore, in the 
previously mentioned study that compared universal prophy-
laxis with itraconazole versus fluconazole, a trend favoring 
fluconazole was observed in high-risk liver transplant recipi-
ents with at least one risk factor such as UNOS classification 
1, fungal colonization at the time of transplantation, or repeat 
transplantation [13].

Dosing of prophylactic amphotericin B was explored in a 
single-center observational study targeting high-risk liver 
transplant recipients [19]. All patients received nystatin for 
3 months, and patients with risk factors including fulminant 
hepatic failure, re-transplantation, or ICU treatment also 
received fluconazole prophylaxis (100 mg daily). Consecutive 

patients requiring mechanical ventilation or continuous 
venovenous hemofiltration for ≥5 days after transplantation 
received additional prophylaxis with Abelcet until discharge 
from ICU or death (5 mg/kg daily for the first 10 patients, 
2.5 mg/kg daily for the next 10 patients, and 1 mg/kg daily 
for the last 10 patients). Median duration of Abelcet prophy-
laxis in these 30 patients was 7 days and ranged from 1 to 
37  days. There were no proven IFIs observed within 
12 months of follow-up in all survivors. Of the six deaths, 
there was no histologic evidence of IFI in three who under-
went postmortem examination.

In another single-center retrospective study of 186 con-
secutive liver transplant recipients, the incidence of IFIs was 
significantly higher in patients who required renal replace-
ment therapy [20]. Among the patients requiring renal 
replacement therapy, the incidence of IFI was significantly 
lower (0%) in those who received prophylaxis with a lipid 
formulation of amphotericin B compared with those who 
received no prophylaxis (36%). Antifungal prophylaxis was 
independently associated with prevention of IFIs but not 
reduction in mortality.

Another single-center retrospective study examined tar-
geted prophylaxis in 280 consecutive liver transplant recipi-
ents [21]. Starting in 1998, prophylaxis with a lipid 
formulation of amphotericin B was administered to patients 
with ≥4 of the following risk factors: > 30 units of packed 
red blood cells, renal failure, dialysis requirement, re- 
transplantation, surgical re-intervention, positive cytomega-
lovirus antigenemia or disease, acute rejection, mold 
colonization, > 5  days of antibiotic therapy, and ICU stay 
before transplantation. There was a trend toward fewer IFIs 
with preemptive amphotericin B prophylaxis compared to no 
prophylaxis in patients with >4 risk factors (14% vs. 36%; 
p = 0.07).

A single-center randomized controlled study [22] com-
pared prophylaxis with conventional amphotericin B 15 mg 
daily or AmBisome 50 mg daily in 92 high-risk patient epi-
sodes based on ICU stay >4 days following transplant, fulmi-
nant hepatic failure, or readmission to ICU within 3 months 
of transplantation. IFIs were uncommon including 5 Candida 
infections and didn’t differ between the groups. However, 
there was a significant difference in survival to ICU  discharge 
favoring the AmBisome arm, 60% vs. 80% (p = 0.038).

In a single-center prospective observational study of 100 
consecutive liver transplant recipients [23], 21 were identi-
fied as high risk and received 1  mg/kg of AmBisome for 
7–10 days based on the presence of >1 of the following risk 
factors: acute liver failure, > 7 days of mechanical ventila-
tion, re-transplantation, re-laparotomy, > 14 days of antibi-
otic therapy, > 20 packed red blood cell units, and biliary 
leak. No difference in the rate of IFIs was observed between 
the low-risk (5/79) and high-risk groups (2/21). Both infec-
tions in the high-risk group were due to Aspergillus species.
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A randomized, double-blind controlled study [24] com-
pared liposomal amphotericin B and fluconazole prophylaxis 
in high-risk liver transplant recipients with ≥2 of the follow-
ing risk factors: choledochojejunostomy anastomosis; re- 
transplantation; ≥ 40 units of intraoperative blood product; 
reoperation for bleeding, anastomotic leak, or vascular insuf-
ficiency; renal insufficiency; and Candida colonization. 
Patients were randomized to either 2  mg/kg of liposomal 
amphotericin B or 400 mg of fluconazole daily for 14 days. 
Ten of 71 patients developed proven or probable invasive 
IFIs due to intra-abdominal Candida infection (n  =  6), 
Candida bloodstream infection (n  =  3), and Cryptococcus 
(n = 1); however, there were no differences between the two 
groups in rates of IFI or death.

The use of echinocandins for prophylaxis in liver trans-
plant recipients has also been explored [25, 26]. In a multi-
center prospective observational study [25], high-risk 
patients with ≥1 major criteria such as re-transplantation, 
renal replacement therapy, or fulminant hepatic failure or ≥ 2 
minor criteria including renal failure, ≥ 40 intraoperative 
blood product units, choledochojejunosotomy, ≥ 2 surveil-
lance cultures with Candida, or reoperation within 5 days of 
liver transplant received caspofungin for 21 days. Only two 
(2.8%) of the 71 patients developed IFIs at the surgical site 
due to Candida albicans and Mucor spp. infection.

In a multicenter prospective double-blind trial [26], 200 
high-risk liver transplant recipients were randomized to 
either anidulafungin or fluconazole prophylaxis. The overall 
incidence of IFI was similar: 5.1% in anidulafungin and 8% 
in fluconazole treated patients. Anidulafungin prophylaxis 
was associated with favorable trends in preventing 
Aspergillus colonization and infection, lower breakthrough 
IFIs in patients with pretransplant fluconazole exposure, and 
fewer cases of antifungal resistance. There were no differ-
ences in graft rejection, fungal-free survival, or mortality.

The safety of withholding prophylaxis in low-risk liver 
transplant recipients has been described in two studies [27, 
28]. In a prospective multicenter observational study [27], 
low-risk recipients were identified with ≤1 of the following 
risk factors: choledochojejunostomy anastomosis; re- 
transplantation; ≥ 40 units of intraoperative blood product; 
reoperation for bleeding, anastomotic leak, or vascular insuf-
ficiency; renal insufficiency; and Candida colonization. Of 
the 192 eligible patients, only 7 (4%) developed invasive 
IFIs. Only 3 (2%) were early Candida infections that were 
potentially preventable with fluconazole prophylaxis. In a 
cohort study of 12 Spanish hospitals [28], 799 low-risk liver 
transplant recipients were identified without risk factors such 
as renal failure in the first 15 days after transplant, urgent 
transplant, re-transplant, or choledochojejunostomy. Three 
hospitals performed universal prophylaxis with fluconazole 
for a minimum of 7 days. There were 11 episodes of IFI in 10 
patients but no differences in the incidence of IFI between 

the patients receiving versus not receiving prophylaxis 
(4/206 or 1.9% vs. 6/593 or 1%; p-0.36).

Two meta-analyses have evaluated antifungal prophylaxis 
in liver transplant recipients [29, 30]. Cruciani, et  al. [29] 
evaluated 698 patients from six randomized studies that 
compared fluconazole, itraconazole, or liposomal amphoter-
icin B with placebo or oral nystatin and demonstrated that 
prophylaxis was associated with reduced fungal coloniza-
tion, proven superficial and invasive infections, and mortal-
ity attributable to IFI but was not associated with overall 
mortality. Playford, et al. [30] evaluated 1106 patients from 
ten randomized studies comparing any antifungal prophylac-
tic regimen with either no prophylaxis or another regimen 
and also demonstrated that antifungal prophylaxis reduced 
the rate of IFIs but not mortality.

 Lung Transplantation

According to current guidelines [4], antifungal prophylaxis 
for up to 1 year is considered reasonable in lung transplant 
recipients with pre- or posttransplant Aspergillus coloniza-
tion and also may be considered if ≥1 of the following risk 
factors is present: early airway ischemia, induction with 
alemtuzumab or thymoglobulin, single lung transplant, 
CMV infection, rejection and augmented immunosuppres-
sion, or acquired hypogammaglobulinemia. A meta-analysis 
and systematic review of controlled studies demonstrated no 
significant reduction in invasive aspergillosis or Aspergillus 
colonization with universal prophylaxis [31].

Antifungal prophylaxis strategies in lung transplantation 
have evolved over time with significant variation in prac-
tices. In a survey of 37 lung transplant centers in the United 
States that was conducted in 2001 [32], 76% of the centers 
provided posttransplant antifungal prophylaxis with targeted 
prophylaxis in 24% of these centers. Aerosolized amphoteri-
cin B was the most preferred agent (61%) followed by itra-
conazole (46%), parenteral amphotericin B formulations 
(25%), and fluconazole (21%). The median duration of pro-
phylaxis was 3 months and ranged between <1 month and 
lifetime. In an international survey of 43 lung transplant cen-
ters between September 2002 and February 2003 [33], 69% 
provided universal antifungal prophylaxis. Aerosolized 
AmBd alone or in combination with itraconazole was the 
preferred strategy in 56% of the centers. The median dura-
tion of aerosolized AmBd and itraconazole was 1 month and 
3 months, respectively. In a recent international survey of 58 
lung transplant centers in 2009–2010 [34], universal prophy-
laxis was used in the majority of centers (58.6%) with nearly 
all of these centers (97.1%) targeting Aspergillus. The pre-
ferred first-line agents were voriconazole alone or in combi-
nation with inhaled amphotericin B. Preemptive or targeted 
approaches were used in 36.2% of centers. Of these, 90.5% 
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targeted Aspergillus and favored voriconazole prophylaxis. 
The survey also noted the use of posaconazole and echino-
candins as first-line prophylactic agents in some centers.

The safety of aerosolized amphotericin B formulations 
has been demonstrated in a number of studies [35–40]. The 
most frequent adverse effects include cough, bronchospasm, 
nausea, and change of taste; however, discontinuation due to 
adverse effects is uncommon. A few studies have explored 
the pharmacokinetics of aerosolized amphotericin B formu-
lations. A study of 12 lung transplant recipients demonstrated 
that delivery of aerosolized amphotericin B lipid complex 
(ABLC) is well distributed in the lungs although delivery to 
the native lung was suboptimal in some cases [41]. Another 
prospective study in 35 lung transplant recipients demon-
strated that aerosolized ABLC administered daily for 4 days 
achieved concentrations in epithelial lining fluid above the 
minimum inhibitory concentration of Aspergillus up to 168 
hours after that last dose [40].

There are no randomized placebo-controlled studies regard-
ing the efficacy of aerosolized formulations of amphotericin B 
in lung transplant recipients; however, a number of observa-
tional studies [35, 36, 38, 39, 42] and one randomized controlled 
comparative study [43] have been published. In an early single-
center study of lung, heart-lung, and predominantly heart trans-
plant recipients [35], aerosolized amphotericin B deoxycholate 
(AmBd) was administered three times daily during the hospital 
stay. The incidence of Aspergillus infection was significantly 
decreased compared to a historic control group (p < 0.005). In 
another single- center study of 55 lung transplant recipients, 44 
received nebulized AmBd three times daily for 120 days and 
then once daily for life [36]. Eighteen (33%) developed 
Aspergillus infection after a mean of 8.8  months including 
14/18 (78%) within 2 months of transplantation. In multivariate 
analysis, nebulized AmBd was independently associated with a 
decreased risk of Aspergillus infection.

The efficacy of aerosolized ABLC was assessed in a pro-
spective single-center study of 51 lung or heart-lung trans-
plant recipients who were treated daily for 4 days and then 
weekly thereafter for up to 2 months [42]. The overall rate of 
pulmonary IFI included two (4%) anastomotic infections, no 
fungal pneumonia, and 8% with extrapulmonary IFI.  One 
year survival was 78%. The treatment was subjectively well 
tolerated in 98%, and fewer than 5% developed worsening of 
pulmonary mechanics.

The efficacy of aerosolized L-AmB was assessed in an 
observational study of 104 consecutive lung transplant recip-
ients in two centers [38]. Aerosolized L-AmB was adminis-
tered three times per week up to day 60 followed by once 
weekly until day 180 and then every other week for life. IFIs 
were observed in only two patients with invasive pulmonary 
aspergillosis and tracheobronchitis. Outcomes were similar 
in 49 historic controls who received AmBd three times daily 
for 120 days and then daily for life thereafter.

A single-center prospective, randomized double-blind 
study comparing aerosolized ABLC and AmBd was con-
ducted in 100 lung transplant recipients [43]. Patients 
received prophylaxis daily for 4 days and then weekly for 
7 weeks. There were no fungal pneumonias observed. Other 
IFIs within 2 months included anastomotic and pleural space 
infections as well as candidemia, but there was no difference 
between the groups. More adverse events were observed in 
the AmBd group vs. ABLC including shortness of breath 
(19.9% vs. 2.1%), cough (10.6% vs. 2.1%), and change in 
taste (10.6% vs. 7.7%), respectively. Treatment discontinua-
tion was also more frequent in the AmBd group (12.2% vs. 
5.9% in ABLC group). Another retrospective single-center 
study compared aerosolized liposomal amphotericin B 
(L-AmB) and AmBd in 38 patients and found no difference 
in risk for IFIs or adverse effects [44].

The efficacy of aerosolized amphotericin B in combina-
tion with azoles has also been explored in observational stud-
ies. In a retrospective single-center study of 52 lung transplant 
recipients who received fluconazole 400 mg daily and aero-
solized AmBd for at least 1  month [45], no IFIs were 
observed during the follow-up period. This was compared to 
a rate of 23% in a historical cohort from the same center. In 
another retrospective single-center study, there were 16 cases 
of invasive aspergillosis among 88 lung transplant recipients 
without prophylaxis compared to 4 cases among 81 recipi-
ents who received prophylaxis with aerosolized amphoteri-
cin B followed by itraconazole (18.2% vs. 4.9%; p < 0.05) 
[46]. In a retrospective study of 60 lung transplant recipients 
in 2 centers who received aerosolized ABLC once every 
2 days for 2 weeks and then weekly for ≥13 weeks in addi-
tion to fluconazole (200 mg) for 21 days, there was only one 
patient with possible IFI, likely Aspergillus fumigatus colo-
nization in the 6-month follow-up period, and only four 
patients experienced nausea and vomiting but without treat-
ment discontinuation [39].

Observational studies have also explored the prophylac-
tic use of azoles without aerosolized amphotericin B. In a 
single- center retrospective study of lung transplant recipi-
ents, invasive aspergillosis occurred in only 2/82 (2%) 
after implementing a prophylaxis strategy with voricon-
azole in patients with pretransplant Aspergillus coloniza-
tion  compared to 6/75 (8%) who had received itraconazole 
prophylaxis [47]. In a single-center retrospective study of 
40 lung transplant recipients who received oral itracon-
azole 200  mg twice daily for 6  months, there were no 
Candida infections and only two Aspergillus infections, 
both occurring after itraconazole prophylaxis had been 
discontinued [48].

Low rates of invasive aspergillosis have been observed in 
patients receiving voriconazole prophylaxis. In a single- 
center nonrandomized study [49], 65 lung transplant recipi-
ents received universal voriconazole prophylaxis, while 30 
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received either fluconazole (200  mg) prophylaxis for 
3  months or targeted prophylaxis with itraconazole +/− 
inhaled amphotericin B for 4–6 months in patients with pre- 
or posttransplant Aspergillus colonization except A. niger. 
The rates of IA at 1 year were 1.5% and 23% (p = 0.001), 
respectively. Rates of non-IA IFI were also lower in the vori-
conazole group (3% vs. 23%; p = 0.004). Voriconazole pro-
phylaxis was more frequently associated with elevations in 
liver enzymes. In another retrospective single-center study, 
32 lung transplant recipients received itraconazole prophy-
laxis (200 mg twice daily) for 3 months and 35 received vori-
conazole prophylaxis (200 mg twice daily) for 3 months plus 
inhaled amphotericin B for 2 weeks [50]. There were four 
IFIs in the itraconazole group compared to one IFI in the 
voriconazole arm. However, there was more hepatotoxicity 
with voriconazole (12/35 vs. 0/32); p  <  0.001). Another 
single- center retrospective study compared itraconazole and 
voriconazole prophylaxis [51]. Forty lung transplant recipi-
ents received itraconazole, and 20 received voriconazole for 
3  months. There were no differences in invasive IFIs, but 
tacrolimus dosing required greater dose reduction with itra-
conazole than voriconazole.

 Heart Transplantation

Antifungal prophylaxis targeting Candida is not routinely 
recommended in heart transplant recipients [3]. Risk factors 
for Aspergillus infection include isolation of Aspergillus 
fumigatus from bronchoalveolar lavage, reoperation, CMV 
disease, hemodialysis, and an episode of IA in the program 
2  months before or after heart transplant [52–54]. Current 
guidelines recommend targeted prophylaxis with itracon-
azole or voriconazole in heart transplant recipients with ≥1 
of these risk factors [4]. In a single-center study, oral itracon-
azole prophylaxis was associated with fewer cases of IA and 
better 1-year survival [53]. In another study, prophylaxis 
with either oral itraconazole or inhaled amphotericin B for 
3  months was associated with fewer episodes of IA [55]. 
Targeted antifungal prophylaxis in high-risk patients follow-
ing heart transplantation is associated with reduction in inva-
sive aspergillosis [56].

 Pancreas and Kidney Transplantation

Risk factors for invasive candidiasis in pancreas transplant 
recipients include enteric drainage, vascular thrombosis, and 
post-perfusion pancreatitis [57], and current guidelines sug-
gest that prophylactic fluconazole should be considered if 
risk factors are present [3]. In one study, intra-abdominal 
IFIs occurred in 6% of pancreas transplant recipients who 
received fluconazole prophylaxis for 7  days compared to 

10% in those without prophylaxis [57]. Graft and patient sur-
vival were significantly worse in patients with IFI. In another 
study, fluconazole prophylaxis was associated with fewer 
IFIs [58]. Since rates of invasive IFIs in isolated kidney 
transplantation are low, antifungal prophylaxis is not recom-
mended [3].

 Small Bowel Transplantation

Although clinical trials are lacking, current guidelines rec-
ommend antifungal prophylaxis in small bowel transplanta-
tion due to high rates of Candida infections in these patients 
[3]. Local epidemiology should guide the choice between 
fluconazole and echinocandins. The appropriate duration of 
prophylaxis is not established, but some experts recommend 
a minimum of 4 weeks or until complete healing of the anas-
tomosis [3]. In the setting of rejection and intensified immu-
nosuppression, continued prophylaxis should be considered.

 Allogeneic HCT

Invasive candidiasis historically was the chief pathogen 
accounting for IFI after allogeneic HCT; IC rates of 16–18% 
were observed [59, 60]. Oral nystatin or amphotericin B was 
routinely used as prophylaxis in many HCT centers but with-
out demonstrable efficacy. With the introduction of flucon-
azole, clinical trials demonstrated a marked reduction in IC.

In a randomized double-blind trial of fluconazole 400 mg 
once daily versus placebo in 356 patients undergoing HCT 
comprising of half allogeneic and half autologous where 
prophylaxis was begun at the start of the conditioning regi-
men and continued until engraftment, fewer systemic IFIs 
were noted in the fluconazole group (3% versus 16% in pla-
cebo arm) [59]. Also noted were fewer superficial IFIs and 
lower rates of Candida colonization. Deaths due to IFIs were 
less, but overall survival was similar. Of note, there were few 
IA cases in both arms, in keeping with the observations of 
multiple studies that most episodes of IA occur later in the 
course of HCT after engraftment; the interval of the trial was 
pre-engraftment. Fluconazole was well tolerated. 
Unfortunately, the analysis did not break down if there were 
differences between allogeneic and autologous HCT as to 
efficacy and toxicity.

A second randomized trial of fluconazole versus placebo 
in 300 patients undergoing allogeneic HCT was conducted 
with prophylaxis extending to 75  days after transplant, 
encompassing both the neutropenic pre-engraftment and 
GVHD risk periods [60]. Fewer IFIs were noted in the fluco-
nazole group (7% vs. 18%) due principally to fewer invasive 
Candida infections in the fluconazole arm. There were also 
fewer superficial IFIs, less use of empiric antifungal therapy 

S. Huprikar and J. R. Wingard



1117

for suspected IFIs, and no increase in non-albicans Candida 
infections. Overall survival was significantly higher in the 
fluconazole arm. Fluconazole was well tolerated without 
increased toxicity. A follow-up study demonstrated enduring 
benefit with fewer late Candida deaths and an enduring over-
all survival benefit [61]. Interestingly, there was less gastro-
intestinal involvement by GVHD in patients receiving 
fluconazole.

On the basis of such trials demonstrating both safety and 
efficacy, consensus guidelines recommend the routine use of 
fluconazole prophylaxis [62]. One trial examined the optimal 
dose of fluconazole and found 200  mg once daily was as 
effective as 400 mg daily [63]. One concern has been the risk 
for emergence of fluconazole-resistant Candida species and 
an increase in mold infections. Despite some single-center 
reports raising these concerns, fluconazole has remained 
effective for two decades without substantive resistance in 
this population. Today, IFIs due to Candida are infrequently 
encountered after HCT. Attention has shifted to IA and other 
mold pathogens. During the 1990s, greater numbers of IA 
were noted [64].

The echinocandins have an advantage over fluconazole 
with a broader spectrum of activity against several non- 
albicans species less susceptible to fluconazole, such as C. 
krusei and C. glabrata, as well as activity against Aspergillus. 
Micafungin at a once daily dose of 50 mg was compared to 
fluconazole as prophylaxis in 882 allogeneic or autologous 
HCT recipients administered from the start of the condition-
ing until time of engraftment in a randomized, blinded trial 
[65]. Both study drugs were well tolerated. Success, defined 
as no suspected or documented IFI, was greater in micafun-
gin than fluconazole (80% vs. 74%). The greater success rate 
with micafungin was driven largely by fewer courses of 
empiric antifungal therapy for suspected IFI. Rates of candi-
demia were similar. There was a trend to fewer IAs (0.2% vs. 
1.5%), but the rate of IA was low in both arms as would be 
expected in the pre-engraftment phase after HCT. This trial 
established the echinocandins as suitable alternatives to flu-
conazole for prophylaxis after HCT.

Since the echinocandins require intravenous administra-
tion, they are not well suited for prolonged administration in 
the outpatient setting to cover the later phases of HCT after 
engraftment in which IA is most likely to occur. The extended 
spectrum azoles available in oral formulations are particu-
larly well suited for prolonged administration. They also 
have the attractive attribute of having both Candida and 
Aspergillus activity. Itraconazole, posaconazole, and vori-
conazole have been evaluated for antifungal prophylaxis.

In a randomized open-label trial, itraconazole at a dose of 
200 mg twice daily was compared with fluconazole as anti-
fungal prophylaxis in 140 patients undergoing allogeneic 
HCT [66]. Both were initially given intravenously and then 
changed to oral as tolerated. The study drug was started after 

completion of the conditioning on day 1 of transplant and 
continued to day 100. There were fewer proven IFIs in the 
itraconazole arm (9% versus 25%). The rates of superficial 
IFIs were similar in the two groups. There was an imbalance 
in factors associated with the risk for IFI in the two study 
arms, suggesting that the fluconazole group was overall at 
greater risk, and this may in part explain the very high rate of 
IFI in the fluconazole arm, much higher than would be 
expected in this patient population, even without any anti-
fungal prophylaxis. Adjusting for risk factors known to be 
associated with IFI, itraconazole remained associated with 
fewer IFIs, but the small sample size of the trial makes such 
adjustments difficult to truly compensate for imbalances. 
There were more adverse events in the itraconazole arm and 
a greater proportion of patients who had discontinuation of 
study drug due to adverse events or death in the itraconazole 
arm. There was a trend to more deaths in the itraconazole 
arm, and overall there was no improvement in patients alive 
and free of IFI at 6 months in the itraconazole group.

A larger randomized, open-label comparison between 
itraconazole and fluconazole was conducted in 304 alloge-
neic HCT patients in a single center [67]. This trial had sev-
eral important design differences from the Winston trial. 
Study drugs were initiated prior to the conditioning regi-
men; duration of prophylaxis was 180  days; dosing was 
2.5 mg/kg three times daily; itraconazole drug levels were 
assessed because of the known variability in absorption 
after oral administration; and doses were adjusted to reach a 
predetermined level thought to be associated with antifungal 
efficacy (0.5 ug/ml). In this trial, more patients receiving 
itraconazole developed hepatotoxicity and nephrotoxicity, 
and more were discontinued due to gastrointestinal intoler-
ance or toxicity (36% vs. 16%). Overall, there was no reduc-
tion in the rate of IFI (13% vs. 16%) with itraconazole. 
However, for patients who were able to tolerate study drug, 
there were fewer IFIs (7% versus 15%). This protective 
effect was due to fewer mold infections, with a similar pro-
tection against yeast pathogens. There was a trend toward a 
lower rate of fungal- free survival in the itraconazole arm 
(61% vs. 69%). Patients who received cyclophosphamide 
were noted to have greater toxicity with itraconazole, lead-
ing to a protocol amendment to initiate study drug after 
completion of the conditioning regimen. A subsequent anal-
ysis indicated an increase in toxic metabolites of cyclophos-
phamide potentiated by concomitant itraconazole [68]. The 
lingering concerns regarding tolerance and drug interaction-
related toxicity with itraconazole have dampened wide-
spread adoption of itraconazole, but the suggestions of 
reduction in invasive mold infections encouraged further 
testing with other extended spectrum azoles.

Recognizing the association of GVHD with a higher risk 
for IFI, posaconazole was tested in a randomized double- 
blinded comparison with fluconazole in 600 allogeneic HCT 
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recipients with GVHD [69]. Study drugs were given for 
16 weeks. Posaconazole was dosed 200 mg three times daily. 
There was a trend to fewer IFIs of all types (5% vs. 9%) and 
a significant reduction in IA (2% vs. 7%) with posaconazole. 
There were fewer deaths due to IFI in the posaconazole 
group (1% vs. 4%), but overall survival was similar in both 
study groups. Both all and severe treatment-related adverse 
events occurred at similar rates. An important observation in 
this study was that serum galactomannan assays were per-
formed at study entry and 51 patients were positive. The 
galactomannan results were not used in the trial but analyzed 
afterward. The group with negative baseline galactomannan 
tests did not benefit from posaconazole (IFI rates, 5% vs. 
8%); a reduction in IFI was observed in the patients given 
posaconazole who had positive galactomannan test results 
(10% vs. 23%). This suggests that the benefit of posacon-
azole was evident in patients who had incipient IA. Thus, an 
alternative interpretation of the results of this trial is that 
these findings are supportive of a preemptive treatment of 
early IA.

Two trials tested voriconazole as prophylaxis in alloge-
neic HCT recipients. The dose of voriconazole used in the 
two trials was 200 mg twice daily. There were several impor-
tant design differences in the two trials. In one trial, the com-
parator was fluconazole, the study drugs were blinded, the 
endpoint was free from IFI or death at 6  months, and the 
sample size was 600 subjects [70]. In the second trial, the 
comparator was itraconazole; the study drugs were adminis-
tered in an open-label fashion; the endpoint was free from 
IFI, death, and interruption of study drug for more than 
2 weeks; and the sample size was 489 subjects [71]. In the 
first trial, there was no difference in fungal-free survival or 
overall survival at 6 months [70]. There were trends to fewer 
IFIs (7% vs. 11%), fewer cases of IA, and fewer empiric tri-
als of antifungal therapy (24% vs. 30%) with voriconazole. 
There were no differences in adverse events. In a post hoc 
analysis, there were fewer IFIs and a higher rate of fungal- 
free survival in the subgroup of patients who were trans-
planted for AML. In the second trial, there was a higher rate 
of success with voriconazole compared to itraconazole (49% 
vs. 33%) [71]. The rates of IFI (1% vs. 2%) and survival 
(82% vs. 81%) were similar at 6 months. There were fewer 
empiric trials of empiric antifungal therapy (30% vs. 42%) 
with voriconazole. The tolerance of study drug was much 
better with voriconazole than itraconazole (54% vs. 39%) 
and accounted for the higher success rates of voriconazole.

Several single-center reports suggested an increase in IFIs 
due to the agents of mucormycosis with voriconazole pro-
phylaxis [72–74]. It is important to note that voriconazole 
was not uniformly used in a standardized approach and pre-
sumably clinicians chose to use voriconazole in patients who 
were at high risk for all types of mold IFIs; thus, elimination 
of IA might open the door for mucormycosis. The prospec-

tive voriconazole prophylaxis multicenter trials did not show 
any increase in the risk for mucormycosis in patients given 
voriconazole [70, 71].

These two voriconazole prophylaxis trials suggest that the 
rates of IFI after standard-risk allogeneic HCT may not be 
sufficiently high to either demonstrate a benefit for anti-mold 
prophylaxis and to warrant the routine use of anti-mold ther-
apy. However, there still remains the issue as to whether or 
not anti-mold prophylaxis has a role in higher-risk HCT 
patients. The trends in patients transplanted for AML (at 
higher risk for IFI and in whom lower IFI rates were seen 
with voriconazole)70 and the trends for fewer IFI in the 
GVHD trial [69] suggest there may be a protective role in 
such individuals. An important group of high-risk HCT 
patients are those with prior IFI before HCT. Earlier studies 
have shown a high rate of reactivation of IFI even when they 
had been brought under control prior to HCT [75]. Indeed, 
the high risk of fungal deaths after HCT in patients with prior 
IFI subsequently led to many transplant centers excluding 
patients from consideration for transplant. However, several 
observational studies indicate that secondary prophylaxis 
prevents secondary recurrence [76, 77] and now many such 
patients can proceed to transplant.

 Autologous HCT

The risk for IFI is lower in autologous transplants. Since the 
duration of neutropenia after autologous transplant was simi-
lar to that of allogeneic HCT, especially if bone marrow is 
used as the source of stem cells and the conditioning regi-
mens were similar, a number of the earlier prophylaxis trials 
testing anti-yeast prophylaxis included both allogeneic and 
autologous HCT patients [59]. Although often not analyzed 
separately, it was assumed the risk for IFI was similar in the 
two types of transplant. Some trials included autologous 
HCT patients with patients undergoing induction therapy for 
AML [78]. In general, a benefit accrued to fluconazole. 
Other antifungal agents, including amphotericin B formula-
tions, were also studied as prophylaxis, but toxicity of 
amphotericin B deoxycholate, the high cost of the lipid for-
mulations of amphotericin B, the lack of clear superiority 
over the azoles, the lack of rigor of many of the studies, and 
the much lower risk for invasive mold infections have led 
most clinicians to not see a need for routine use of these 
other agents. Today, the conditioning regimens for autolo-
gous HCT are more heterogeneous. Since one of the major 
risk factors for IFIs due to Candida is mucosal injury, which 
allows gut Candida easier entry into the bloodstream, the 
risk for Candida IFI varies according to conditioning regi-
men. Additionally, there is a shorter time to engraftment 
today with optimization of stem cell grafts using G-CSF and 
apheresis collections of peripheral blood progenitor cells. 
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Thus, the routine use of antifungal prophylaxis to prevent 
Candida IFIs in autologous HCT remains uncertain.

Immune reconstitution after engraftment is more rapid 
than after allogeneic HCT since immunosuppressive medi-
cations are not necessary and there is no risk for GVHD. Thus, 
the risk for IA or other molds is low compared to allogeneic 
HCT.  Thus, there is no substantial risk for IA after 
engraftment.

 Coccidioides and Other Endemic Mycoses 
in SOT and HCT Recipients

Current guidelines recommend targeted lifelong fluconazole 
prophylaxis in SOT recipients with a history of coccidioido-
mycosis or with positive serologies, which are known risk 
factors for reactivation after transplantation [79, 80]. 
Prophylaxis is also recommended if the donor has infection 
or positive serologies. Although randomized, controlled tri-
als are lacking, prophylaxis has decreased the risk of reacti-
vation [81–84]. Some experts have recently recommended 
universal antifungal prophylaxis in liver and lung transplant 
recipients who reside in endemic areas [85, 86].

Antifungal prophylaxis for blastomycosis is not recom-
mended as there are no sensitive or specific assays to detect 
latent or active blastomycosis and clinical trials are lacking 
[79]. Since the risk of reactivated histoplasmosis is low after 
transplantation [87], pretransplant screening is not routinely 
recommended [79].

The role of antifungal prophylaxis for endemic fungal 
pathogens has not been studied in HCT recipients. Currently, 
there are no consensus guidelines regarding these pathogens 
in HCT recipients. However, for allogeneic HCT recipients 
who are on active immunosuppressive therapy, similar 
approaches to those taken for SOT are sensible.

 Summary

Routine or targeted antifungal prevention strategies are con-
sidered standard of care in both solid organ and stem cell 
transplant recipients. Future studies should continue to 
explore the safest and most cost-effective strategies.
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Antimicrobial Drug Prophylaxis: 
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 Introduction

Prevention is the best way to manage an infection, especially 
in the susceptible transplant population. In these patients, the 
diagnosis is usually difficult, and response to treatment is 
often suboptimal. Antimicrobial drugs are the cornerstone 
for the prevention of opportunistic and other routine infec-
tions during the high-risk periods following solid organ and 
hematopoietic stem cell transplantation (SOT, and HSCT, 
respectively). However, there are many controversies associ-
ated with antimicrobial prophylaxis. These include (a) an 
appropriate selection of the subgroup of transplant recipients 
at a greater risk for infection, (b) selection of effective anti-
microbial drugs, and, importantly, (c) how long such preven-
tive interventions should be given. In general, antimicrobial 
prophylaxis is beneficial during periods when risk of a par-

ticular infection is higher due to a well-recognized complica-
tion following transplantation procedure. In a number of 
other situations, a clear benefit from such innervation is not 
certain. In this chapter, a comprehensive discussion regard-
ing antimicrobial prophylaxis in recipients of HSCT and 
SOT is presented with a focus on controversies associated 
with such practices in the prevention of bacterial, fungal, and 
viral infections.

 Antibacterial Prophylaxis

 Hematopoietic Cell Transplantation

Bacterial infections are common after HSCT and may signifi-
cantly influence morbidity and patients’ survival. There are 
other potential effects of bacterial infection on transplant 
biology. During a systemic bacterial infection, in some patients 
release of proinflammatory cytokines in excess may accentu-
ate tissue damge; this phenotypic differential in cytokine 
response to a systemic bacterial infection has been specu-
lated as a possible trigger for the onset of graft-versus-host 
disease (GVHD) or exacerbation of existing GVHD. Stem 
cell allograft recipients may experience systemic bacterial 
infections during the following periods at a significantly higher 
rate: a)  pre- and post-engraftment severe neutropenia 
(ANC < 500 cells/mm); b) acute and chronic GVHD.

Neutropenia during the pre-engraftment and less com-
monly post-engraftment period is approached in a similar 
manner as patients with severe neutropenia while undergoing 
antineoplastic  therapy for acute myeloid leukemia (AML)  
[1, 2]. There is limited data regarding efficacy and feasibility 
of antibiotic prophylaxis in HSCT population during the pre-
engraftment neutropenia. Furthermore, no prospective trials 
have been conducted to assess this intervention in patients 
who may develop severe neutropenia after stem cell engraft-
ment that is frequently seen in patients with relapsed cancer; 
drug-induced or viral myelosuppression potentially resulting 
in the loss of hematopoietic stem cell graft [3]. Several stud-
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ies suggest that there may be unique issues that are clinically 
relevant in the transplant population compared with non-
transplant patients receiving induction chemotherapy for 
acute leukemia. Antibiotics and antineoplastic therapy are 
now increasingly recognized to have a direct impact on the 
hosts’ gut microbiota [4]. For example, in pediatric patients 
with AML, treatment with daunorubicin and etoposide may 
reduce the growth of anaerobic and aerobic microbes, whereas 
cytarabine therapy resulted in no such effect. There is also a 
differential effect of various drugs on the growth of different 
bacterial species. The antineoplastic and immune modulator 
agents commonly used for preparatory conditioning and the 
prevention of GVHD in allogeneic HSCT protocols appears 
to have a variable impact on the hosts’ gut micorflora com-
pared to the anticancer agents. Routine use of oral, absorb-
able, and nonabsorbable antibiotics given for prophylaxis to 
patients following transplantation may further complicate the 
aberration in physiologic composition of the gut microbiome 
in ways that are still not well understood.

Fluoroquinolones are generally chosen for prophy-
laxis during neutropnia. A report in allogeneic HSCT patients 
compared an earlier experience with ceftazidime prophylaxis 
subsequently switched to prophylaxis with levofloxacin [5]. 
Patients who received levofloxacin experienced more epi-
sodes of fever and need for a change in antibiotic regimen; 
however in this group, less bacteremia episodes, unchanged 
spectrum of bacterial pathogens, and low costs were encourag-
ing findings. Such data may suggest that  different prophylac-
tic antibiotics may have variable effect on gut microflora and 
consequently subsequent risk for invasive disease, i.e., cipro-
floxacin has greater anti-Pseudomonas activity but poor activ-
ity against Streptococcus and Enterococcus spp., whereas 
levofloxacin has protective activity against important Gram-
positive pathogens including  Streptococcus spp. includ-
ing  Streptococcus pneumoniae; beta-hemolytic streptococci 
like Streptococcus  pyogenes and Streptococcus agalactiae 
among others. A major limitation of levofloxacin cover-
age  includes  limited activity against Enterococcus  spp.  and 
Streptococcus viridans group.  Moxifloxacin has activity 
against common clinical anaerobes. How use of these antibiot-
ics for extended periods given for prevention of infection may 
have a variable  impact on hosts’ commensal microbiota and 
overtime the risk of breakthrough  systemic bacterial infec-
tions; yeast overgrowth and risk for subsequent invasive candi-
diasis as a consequence of antibacterial prophylaxis  remains 
uncertain. These influences may playout differently as purtur-
bation in homeostatsis of patients’ microflora is widely diverse; 
probably representing a culmunation and permutation among a 
number of intrinsic i.e., genetic haecciety  and external influ-
ences that may include household environment and diet, travel-
related exposure, treatment with antineoplastic 
and immunosuppressive drugs, and prolonged exposure to hos-
pital microenvironment, among others. 

The role of antibiotic prophylaxis in the autologous 
HSCT setting is less clear. Some studies have demonstrated 
benefit [6]. There are many different conditioning regimens 
used in autologous HSCT, and the degree of mucosal injury, 
an important risk factor for neutropenic fever and bacte-
remia, varies considerably depending on the preparatory 
regimen used. Therefore, it stands to reason that the risk 
for neutropenic bacterial infections may also be different. 
Unfortunately, none of these issues have been studied in 
depth. Additionally, drugs given to patients to treat cancer 
prior to undergoing transplantation such as rituximab, an 
anti-B-cell antibody commonly used in treatment of B-cell 
lymphoma, or purine analogues that affect T-cell immunity, 
and corticosteroids that additionally affect neutrophil, mono-
cyte, macrophage functions and T-cell immune response. 
Furthermore  iron and other heavy metal overload condi-
tions  may exist in patients prior to transplantation, which 
may also influence a protean  risk for infection in patients 
undergoing transplantation procedure.

The emergence and spread of antibiotic resistance accom-
panied by a shift in inherent less drug susceptible  bacte-
rial species such as Stenotrophomonas maltophilia, 
Achromobacter xylosoxidans, and Burkholderia cepacia, to 
name a few is a well-recognized concern with routine antibac-
terial prophylaxis. In some transplant centers, high frequency 
of drug resistant bacterial infections has led to a serious 
reevaluation of routine practices in antibiotic prophylaxis. A 
vigilant approach and continued surveillance for monitoring 
trends in drug resistance and emergence of infections due 
to difficult-to-treat bacterial species  are recommended for 
hospital units caring for patients undergoing transplantation.

Clostridium difficile-associated diarrhea (CDAD) has 
become a serious and potentially life-threatening complica-
tion in transplant recipients [7, 8]. Various novel approaches 
and perspectives  in CDAD  risk  mitigation CDAD [delet 
"CDAD"]  include prophylaxis with fidaxomycin and anti-
toxin antibodies [9, 10]. Such interventions, if effective and 
routinely introduced in this population, are bound to alter 
hosts’ intestinal microflora. It remains to be seen what degree 
of alteration in microbiota may occur and for how long it may 
persist plus the influence of such changes may have on the 
risk of subsequent bacterial and, possibly fungal infections. 
It is important to note that this risk may be accentuated  in 
recipients of HSCT and solid organ allograft  transplanta-
tion who are routinely given immunosuppressive drugs 
like systemic corticosteroids to prevent and treat GVHD and 
allograft rejection, respectively.

Animals transplanted in a germ-free environment had 
superior outcomes in experiments assessing relationship 
between infection and GVHD [11, 12]. It is believed that 
bacterial by-products, such as lipopolysaccharides, enter-
ing the bloodstream across a damaged gut mucosa stimulate 
the production of proinflammatory cytokines such as TNF 
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and IL6 that in turn upregulate cellular mediators of GVHD 
[13]. A general hypothesis, now several decades old, was 
developed that suppression of bacterial flora and infection 
by antibiotics coupled with a protective environment may 
reduce the risk for GVHD and may improve survival follow-
ing HSCT. A number of studies conducted at one institution 
have indicated a potential benefit from such an approach [14], 
whereas others were not able to reproduce this benefit from 
adherence to rigorous  protective environment. The ongo-
ing pyrosequencing studies of bacterial 16S rRNA genes to 
examine the composition of gut microbiota and the changes 
that may  happen over time after HSCT and its impact on 
hosts’ inflammatory response, risk for infection, and risk for 
GVHD are of great interest [15, 16]. These studies we hope 
will provide further insight into what appears to be a com-
plex relationship between the host and its resident micro-
biota; new strategies may then be devised to harness and 
exploit such interactions for the benefit of patients who are 
undergoing evaluation for future transplantation procedures.

Presence of chronic GVHD, hypogammaglobulinemia, or 
IgG subclass deficiencies are particularly problematic; and 
so are impaired reticuloendothelial function including func-
tional asplenia or hyposplenism. Susceptibility to infection by 
encapsulated bacteria is higher than general population, and so 
is the risk for devastating uncontrolled  disseminated bacterial 
infection that often carries a greater risk of death. Although no 
randomized trials have been conducted, antibiotic prophylaxis 
has been shown to improve survival when compared with the 
results from older studies [17]. The consensus guidelines rec-
ommend institution of appropriate antibacterial prophylaxis in 
such patients [18]. The optimum choice of antibiotic, duration, 
or dose schedule is not validated; furthermore, increasing prev-
alence of community S. pneumoniae isolates that have become 
resistant to penicillin, erythromycin, azolides, and other antibi-
otics complicates the selection of appropriate agent in this set-
ting. Moreover, the duration of risk is not well understood. In 
allogeneic HSCT patients with chronic GVHD, antibiotic pro-
phylaxis is frequently discontinued as chronic GVHD subsides 
and patients are taken off anti-GVHD therapy. However, the 
immune deficits may persist for a long duration; studies to 
assess the duration of such immune defects after resolution 
of chronic GVHD are needed. It will be of interest to validate 
and incorporate immune reconstitution assays as a  surrogate 
guidance for the decision as to the optimal timing to stop anti-
bacterial prophylaxis in patients, in whom chronic GVHD 
has improved or resolved. Formal parameters for immune res-
titution-based guidance in stopping antibiotic prophylaxis will 
require prospective validation studies.

Alternatively, antibiotic prophylaxis may be supplanted 
by the emerging, and much desired  interventions to boost 
hosts’ immune response. The periodic administration of 
intravenous immunoglobulins in patients with hypogamma-
globulinemia is regarded as standard-of-care for decades [19]. 

However, due to infusion-related toxicity, high cost, and no 
durable benefit, this intervention is selected for patients with 
severe and prolonged hypogammaglobulinemia with recur-
rent disabling sinopulmonary and less commonly, skin and 
skin structure infections [20, 21]. Targeted use of IVIG may 
also benefit patients with chronic GVHD, in whom chronic 
airway damage resulting from bronchiolitis obliterans and 
bronchiectasis leads to irreversible loss of pulmonary func-
tion; there is a growing consensus that such an intervention 
may lead to preservation of pulmonary function [22].

Immunization against S. pneumoniae, H. influenzae, and N. 
meningitidis is recommended for all patients undergoing HSCT 
[18]. Waiting to vaccinate until 12 months after transplanta-
tion  is being revisited. Earlier immunization, especially with 
newer conjugated vaccines (Prevnar13) with higher immuno-
genicity, albeit limited serotype protection compared with 
older pneumococcal capsular  polysaccharide vaccine 
(Pneumovax) that is marginally immunogenic; immunization 
with conjugate vaccines can be given as early as 3 months after 
HSCT [23]. However, responses to early immunizations may 
not be durable, and a booster dose is recommended for indi-
viduals with low antibody titers between 6 to 12 months after 
the first immunization. It was also encouraging that concomi-
tant use of systemic corticosteroids or presence of GVHD did 
not severely impede in developing response to new-generation 
vaccines using conjugate protein construct. Further studies are 
needed. Pneumovax, a 23-valent capsular polysaccharide vac-
cine, has a broad spectrum of pneumococcal serotype cover-
age; however, due to pure polysaccharide construct, it has low 
immune stimulatory potential, especially in patients undergo-
ing  stem cell allograft  transplantation. Some experts recom-
mend an initial series of 2 to 3 Prevnar doses given at 3-month 
intervals followed by a single dose of Pneumovax 12 months 
after HSCT [24]. The newer Prevnar 13 does somewhat miti-
gate the concern regarding  limited coverage compared with 
the earlier iteration of conjugate Prevnar 7 vaccine [25].

 Solid Organ Transplantation

Bacterial infections in this population involves surgical 
site  wounds,  deep surgical bed infections, infections of 
the  transplanted organ allografts site,    deep tissue infected 
seroma or hematoma,  infections involving  the urinary tract, 
respiratory tract, and vascular-access devices, among others. 
In the pretransplant period, patients with end-stage heart, lung, 
liver and kidney disease and those with severe intestinal fail-
ure, are exposed to extensive antibiotics due to greater suscep-
tibility  for local and systemic infections and recurrent 
episodes of sepsis. However, the overall risk of bacterial infec-
tion from the donor allograft remains low [26], with the excep-
tion of patients undergoing lung transplantation [27]. Except 
for an organ procured from a donor with bacterial meningitis, 
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simple bacteremia, or complicated bloodstream infection with 
or without endovascular source of infection; there is no con-
vincing evidence that the recipient should be given antibacte-
rial prophylaxis that is commonly started intraoperatively and 
continued during early posttransplant period.

Standard surgical antibiotic prophylaxis is recommended 
for all organ transplant procedures. Choice of drug(s) 
may vary with the type of organ transplantation being per-
formed. Colonization with Gram-positive bacteria  or 
Candida spp. needs appropriate coverage, but no consensus 
or evidence exists for the management of Gram-negative 
bacterial colonization,  with the exception of patient with 
ESLD with high MELD score and presence of sepsis or com-
plicated peritonitis. Patients with LVAD infections undergo-
ing heart transplant and those with cyctic fibrosis during and 
after early lung transplant period, the choice of primary and 
secondary antibacterial prophylaxis is varied and center- 
specific protocols are generally implemented.

During the first 6 months after transplant, there is no con-
sensus or evidence for using antibacterial prophylaxis. 
Trimethoprim-sulfamethoxazole (TMP-SMX) is routinely 
given for the prevention of Pneumocystis jirovecii pneumo-
nia. The ancillary benefit of TMP-SMX prophylaxis similar 
to that seen in patients with HIV/AIDS, provide added pro-
tection against Streptococcus pneumoniae, Listeria monocy-
togenes, and Nocardia spp.  infections. A recent systematic 
review and meta-analysis of renal transplant patients receiv-
ing antibacterial prophylaxis showed no significant reduc-
tion in all-cause mortality or  adverse events; results were 
conflicting regarding the development of bacterial drug 
resistance following prolonged exposure to antibiotics [28]. 
These findings underscore the need for randomized con-
trolled trials to assess ideal prophylactic antibacterial regi-
men and its optimum duration in this population.

 Antifungal Prophylaxis

 Hematopoietic Cell Transplantation

The use of antifungal agents to prevent the occurrence of 
invasive fungal disease (IFD) in HSCT recipients is appeal-
ing for the following reasons: the incidence of IFD is high, 
timely diagnosis is fraught with uncertainty, and high risk for 
death. Despite a number of randomized clinical trials, anti-
fungal prophylaxis continues to generate controversies. 
Allogeneic HSCT recipients are at high risk for IFD in the 
early neutropenic pre-engraftment period with treatment- 
induced mucosal damage; the other two high-risk periods 
coincide with the development of acute and chronic 
GVHD. The risk for IFD during the latter two risk periods 
involves T-cell immune defects, whereas unlike pre- 
engraftment neutropenia, most patients have adequate num-

ber and  functional peripheral blood neutrophils. Invasive 
candidiasis and aspergillosis account for the majority of IFD 
in this population. In the autologous HSCT, the risk for IFD 
is almost completely limited to the early posttransplant 
period, which coincides with the duration of profound neu-
tropenia and severity of mucositis; invasive systemic candi-
diasis being the main concern. In addition, severe T-cell 
immunodeficiency may exist in heavily pretreated patients 
with refractory, relapsed lymphoma, or multiple myeloma, in 
whom autologous stem cell transplantation may also heighten 
the risk for invasive mold disease such as invasive aspergil-
losis (IA). Most patients who respond to an initial episode of 
IFD, especially those with a mold infection, require second-
ary suppressive antifungal therapy.

Two randomized clinical trials showed that fluconazole 
reduced the rate of superficial and systemic candidiasis, as 
well as infection-related mortality in patients undergoing 
allogeneic HSCT [29, 30]. Fluconazole was given until day 
75 after HSCT in one trial; a post hoc analysis revealed pro-
longed protection against invasive candidiasis resulting from 
an extended fluconazole prophylaxis [31]. Prophylaxis with 
fluconazole has become the standard of care for the preven-
tion of invasive Candida spp. infection in patients undergo-
ing allogeneic HSCT.  In autologous stem cell 
transplant  recipients, routine use of fluconazole, especially 
beyond periods of severe neutropenia, remains controversial. 
It is recommended to give fluconazole prophylaxis to autolo-
gous HSCT recipients, in whom severe and prolonged muco-
sitis is expected [32]. The problem is accurately predicting 
severity mucositis prior to transplant procedure. There is also 
a debate regarding the optimum dose of fluconazole (200 mg 
vs. 400 mg/day) in patients undergoing allogeneic HSCT; in 
one trial, no clear advantage was noted with higher 400 mg 
daily dose [33]. Most experts recommend giving 400  mg 
daily fluconazole dose as this was the dose chosen for the 
major prospective validation trials [32]. Still, the optimal 
duration of prophylaxis with fluconazole in allogeneic HSCT 
recipients with various posttransplant complications is not 
clearly defined.

In addition to fluconazole, other antifungal agents have 
been studied following allogeneic HSCT for the prevention 
of invasive candidiasis and include micafungin [34], oral 
itraconazole solution [35, 36], and voriconazole [37]. 
Posaconazole is another potential option; it was only assessed 
for post-engraftment high-risk periods [38]. These agents, 
especially mold-active azole-based drugs and echinocandins, 
are particularly useful in the following two situations: (a) 
high incidence of invasive candidiasis due to fluconazole- 
resistant or nonsusceptible Candida spp. such as C. glabrata 
and Candida krusei, respectively and (b) if anti-Aspergillus 
coverage is needed.

Use of anti-mold prophylaxis in HSCT recipients still 
generates controversy.
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Due to IA-associated devastating illness in HSCT recipi-
ents, effective prevention is highly sought after [39]. 
However, the results of randomized clinical trials are not as 
clear as they were with fluconazole prophylaxis for the pre-
vention of invasive candidiasis. Oral itraconazole solution 
was compared with fluconazole in two randomized clinical 
trials [35, 36]. In both these studies, prophylaxis was given 
during pre- and post-engraftment periods. In one trial, the 
overall incidence of IFD was lower in the itraconazole arm 
[35], whereas in the other, itraconazole was associated with 
less invasive mold infections; however, this benefit did not 
extend in  prevention  of invasive candidiasis  [36]. In both 
studies, gastrointestinal intolerance noted in one fourth of 
itraconazole-treated patients was the main limitation. 
Prophylactic posaconazole was compared with fluconazole 
in allogeneic HSCT patients with GVHD [38]). The primary 
endpoint including incidence of IFD on day 112 of prophy-
laxis showed no significant advantage for posaconazole use 
(p = 0.07); however, there was a significant reduction in the 
incidence of IA among patients given posaconazole (2.3%) 
vs. fluconazole (7%;p = 0.006). The fourth study compared 
voriconazole with fluconazole, given during pre- and post- 
engraftment periods [37]. The primary endpoint was fun-
gal  infection-free survival 180 days after HSCT; there was 
no difference in either group (75% in fluconazole vs. 78% in 
voriconazole; p = 0.49). Therefore, despite the fact that vori-
conazole is considered the drug of choice for the treatment of 
IA and that itraconazole and posaconazole showed benefit in 
reducing the incidence of IA, voriconazole failed to show 
superiority over fluconazole.

A careful analysis of the study design of these different 
trials, including procedures during protocol, population of 
patients, and endpoints, may in part explain these unexpected 
puzzling results. For example, when analyzing the incidence 
of IA, there was a trend for a benefit for voriconazole use 
over fluconazole (9 vs. 17 IA cases; p  =  0.09). The study 
population in the posaconazole vs. fluconazole trial was allo-
geneic HSCT recipients with moderate to severe (stage II to 
IV) acute GVHD or extensive chronic GVHD, or substantial 
number of patients receiving intensive immunosuppressive 
therapies, or a select population at the highest risk for IA. In 
the voriconazole vs. fluconazole trial, most allogeneic HSCT 
enrollees did not end up developing GVHD.  Furthermore, 
studies had different endpoints, and therefore it is difficult to 
compare results obtained from these trials despite all of the 
trials having a similar objective: to determine what is the 
most effective agent for IFD prophylaxis.

The important differences in the procedures that patients 
were submitted during the study period are outlined as fol-
lows. In the voriconazole vs. fluconazole trial [37], all 
patients were monitored biweekly until day 60 and then 
weekly from day 60 to day 100 after HSCT, including serial 
serum galactomannan monitoring. Empiric antifungal ther-

apy was initiated in the event that patients developed a posi-
tive galactomannan assay and found to have radiographic 
and/or clinical features consistent with IFD.  Therefore, 
another way of looking at the results of this trial would be 
that fluconazole prophylaxis plus a structured galactoman-
nan monitoring for appropriate initiation of antifungal ther-
apy was as good as prophylaxis with voriconazole in 
susceptible HSCT population. Important to note is that the 
trial enrolled “standard risk” HSCT patients, excluding those 
at high risk for transplant complications. Patients at higher 
risk for transplant complications such as GVHD are also at 
higher risk for IFD; therefore, it is possible that anti-mold 
prophylaxis may have a protective role in such patients. 
Important to note is that there were 3 risk factors for IFD in 
multivariate analysis [37]: older age, GVHD, and transplant 
for AML as the underlying disease. In the group transplanted 
for AML, a post hoc analysis showed there were fewer IFDs 
in those receiving voriconazole (8.5% vs. 21%  in flucon-
azole); there was no protective effect in older patients or 
those with GVHD [37].

Due to all these variables in validation, randomized trial 
recommendations for anti-Aspergillus prophylaxis in alloge-
neic HSCT recipients remain controversial, for example, 
selection of at-risk subpopulation among all allogeneic 
HSCT recipients who would benefit the most from effective 
anti-Aspergillus prophylaxis. A group identified using the 
well-established risk factors for such susceptibility as illus-
trated in Table 65.1 may lend to a more focused and targeted 
approach towards anti-Aspergillus prophylaxis. As a general 
rule, the higher the risk is, the more likely prophylaxis will 
be of benefit. Another topic that should be considered is the 
potential for the emergence of drug resistance. For Candida 
spp. infection, there is little doubt that fluconazole use has 
resulted in a shift from highly susceptible Candida spp. such 
as C. albicans, C. parapsilosis, and C. tropicalis to less sus-
ceptible or inherently drug-non-susceptible species such as 
C. glabrata and C. krusei, respectively [40]. Recent studies 
have reported an alarming trend of the emergence of azole- 
resistant Aspergillus isolates in England and the Netherlands 
[41, 42]. Azole-resistant Aspergillus strains presently do not 
pose a clinical problem; however, a future potential for the 
development of resistance among disease-causing mold iso-
lates following prolonged exposure to azole-based drugs 
given for prophylaxis does exist. The authors recommend a 
close monitoring of pathogen susceptibility trends and 
potential benefit of prophylaxis vs. the alarming risk of 
potential  drug resistance among clinical fungal isolates be 
constantly assessed.

Another topic of controversy regarding anti-Aspergillus 
prophylaxis in allogeneic HSCT recipients is the optimal 
duration of prophylaxis. While in the pre-engraftment period 
the risk of IA is related to neutropenia and the period for 
such risk can be estimated, the same is not true for assessing 
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risk during the post-engraftment period. It is reasonable to 
assume that once prophylaxis is initiated for patients receiv-
ing intensive immunosuppressive regimens for the treatment 
of severe GVHD, it should be maintained as long as severe 
immunodeficiency persists. The problem is that objective 
parameters to evaluate the severity of immune defect(s) are 
mostly available for research purposes and not widely used 
in patient care. Once sophisticated immune testing becomes 
clinically feasible, this will, as expected, substantially 
improve optimization of the duration of anti-Aspergillus pro-
phylaxis during the post-engraftment period.

Finally, patients undergoing autologous HSCT may 
develop IA in the setting of extensive prior exposure to anti-
neoplastic therapy for refractory multiple myeloma [43]; for 
such patients, currently there is no recommendation to initi-
ate anti-Aspergillus prophylaxis.

 Solid Organ Transplantation

The incidence and specific etiology of IFD vary in frequency 
according to the type of organ transplant procedure and the 
transplant center [44, 45]. A multicenter, prospective surveil-
lance data showed 1-year cumulative incidences of the initial 

posttransplant IFD were 11.6% in recipients of small bowel 
transplantation, followed by 8.6% in lung, 4.7% in liver, 
4.0% in heart, and 3.4% in pancreas and 1.3% after kidney 
transplantation [46]. The 1-year incidence was highest for 
invasive candidiasis (1.95%) followed by aspergillosis 
(0.65%). Candida spp. infections were a significant compli-
cation in liver and pancreas transplant recipients, whereas 
the impact of IA was high after heart and lung transplanta-
tions. An estimated 9.3% of deaths in lung transplant recipi-
ents and 16.9% in liver recipients are due to IA [47].

In liver transplant recipients, aspergillosis when present 
is  notable during  early post-transplant period; patients 
are  uniquely predisposed to disseminated  Aspergillus infec-
tion beyond the lungs and involvement of the central nervous 
system is not uncommon.[the pargraph below belongs here]

The overall, disseminated extrapulmonary disease has 
been described in 50–60% of liver transplant recipients with 
IA [47]. Liver transplant recipients are also recognized to 
have  high risk for invasive candidiasis. Longer operation 
time, blood loss, repeated operations, re-transplantation, 
broad-spectrum antibiotic use, and renal failure are promi-
nent  risk factors for invasive candidiasis in this population 
[44].[the following paragraph belong here]

In a Cochrane database review, it was found that flucon-
azole prophylaxis significantly reduces the incidence of IFDs 
with no definite mortality benefit. Given a 10% incidence of 
IFD, 14 liver transplant recipients would require fluconazole 
prophylaxis to prevent one infection. In transplant centers 
where the incidence of IFD is high, or in situations where the 
individual  patient's risk is greater, antifungal prophylaxis 
should be considered [48].

Antifungal prophylaxis is routinely used in most lung 
transplant programs during the early postoperative period. 
The duration for antifungal prophylaxis varies from center to 
center [49]. To prevent the occurrence of pulmonary asper-
gillosis, multiple strategies have been used including oral 
itraconazole, voriconazole, or aerosolized amphotericin B 
(AMB), used alone or in combination. Aerosolized drug 
delivery bypasses systemic circulation, mitigating concerns 
for drug-drug interaction and systemic toxicity [50]. Several 
centers have reported safety of aerosolized AMB deoxycho-
late in a variety of dosing regimens for patients undergoing 
heart, heart-lung or lung transplantation [51–53]. Aerosolized 
AMB lipid formulations have also been used successfully in 
this setting [53–55]. Monforte et al. have demonstrated that 
aerosolized deoxycholate AMB and lipid preparations of 
AMB are safe and achieve high concentrations in the bron-
choalveolar lavage fluid within the first 24 h and 14 days, 
respectively. These lipid formulations allow a delayed 
administration every 7–14 days. With respect to oral prophy-
laxis, a recent study examined efficacy and toxicity of uni-
versal antifungal prophylaxis with voriconazole [56]. In this 
study, the overall rate of IA at 1-year interval was reduced to 

Table 65.1 Factors to take into consideration for deciding for anti- 
Aspergillus prophylaxis in allogeneic hematopoietic cell 
transplantation

Factor Prophylaxis No prophylaxis
Pre-engraftment period
Type of transplant Myeloablative Non- 

myeloablative
Type of room No HEPA filter 

and positive 
pressure

HEPA filter and 
positive pressure

Building construction or 
renovation

Yes No

Local incidence High Low
Stem cell source Bone marrow or 

cord blood
Peripheral blood

Post-engraftment period
GVHD Acute and/or 

chronic
No GVHD

Donor relatedness and HLA 
compatibility

Unrelated and/or 
HLA mismatch

HLA-matched 
related

All phases
Serial serum galactomannan 
testing

Nonavailable Available

Immunogenetics: MBL 
deficiency, TLR 
polymorphisms

Present Absent

Comorbidities: iron 
overload, smoking, chronic 
sinusitis, or lung disease

Present Absent

HEPA high efficiency particulate air, GVHD graft-versus-host disease, 
HLA human leukocyte antigen, MBL mannose-binding lectin, TLR toll- 
like receptor
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1.5% in patients treated with prophylactic voriconazole com-
pared with 23.5% rate in patients given a targeted prophy-
laxis approach. Interestingly, the rate of Candida colonization 
particularly that of non-albicans spp. in the voriconazole 
group was significantly higher [56]. In the cohort given vori-
conazole prophylaxis, 27% of the lung transplant recipients 
had normal liver enzymes during the course of the study. The 
main limitation of using voriconazole in lung transplant 
recipients was a potentially serious interaction with antire-
jection medication; therefore, in such patients, a preemptive 
dose reduction of calcineurin inhibitors is recommended 
along with a close monitoring of serum drug levels. Of inter-
est, universal voriconazole prophylaxis was not associated 
with an increased rate of non-Aspergillus IFD including 
mucormycosis. Most transplant centers now use universal 
prophylaxis during the first 3 months after transplantation. 
After 3 months, a variety of permutations exist among trans-
plant centers in the choice of agent used and how long such 
measures are continued. In patients who exhibit a higher risk 
of IA after undergoing lung transplantation such as (a) 
patients with chronic rejection and (b) those with Aspergillus 
spp. colonization of the respiratory tract, effective antifungal 
prophylaxis is recommended, and often given for a duration 
of 6 months [57]. In certain high-risk subgroups, anti-IA pro-
phylaxis may have to be continued indefinitely.

Given the uncertain clinical benefits of prophylaxis, 
expense of drug cost, potential drug-drug interactions, and 
drug toxicity plus a concern for the emergence of resistant 
organisms, antifungal prophylaxis may not be routinely 
administered to all solid organ  transplant recipients. 
Transplant centers use a targeted approach, i.e., prophylaxis 
is introduced only for patients at an increased risk of IFD 
and continued for a duration that coincides with the pres-
ence  of precipitating risk factor(s) [58, 59]. The 2009 
Infectious Diseases Society of America guidelines for the 
management of candidiasis recommend fluconazole (200–
400 mg [3–6 mg/kg] daily) or liposomal AMB (1–2 mg/kg 
intravenously daily) prophylaxis  for at least 7–14  days in 
patients undergoing liver, pancreas, and small bowel trans-
plantation  that are considered high risk of invasive fungal 
infection [60].

 Antiviral Prophylaxis

 Hematopoietic Cell Transplantation

Several viral infections that are commonly inconsequential 
in most immunocompetent patients pose serious threat to 
patients undergoing HSCT. In this regard, viruses belonging 
to Herpesviridae family of DNA viruses are common. 
Effective and safe prophylaxis with acyclovir or valaciclovir 
has dramatically reduced recrudescence of often severe her-

pes simplex virus (HSV) and varicella-zoster virus (VZV) 
infections. Furthermore, emergence of drug resistant break-
through viral infection after prolonged exposure to antiviral 
drugs is not a significant problem, in most cases.

Cytomegalovirus (CMV) reactivation and/or rarely adult- 
onset acute CMV infection is a well-recognized serious life- 
threatening complication in patients undergoing allogeneic 
HSCT.  Three decades ago, nearly one in four CMV- 
seropositive HSCT recipients died as a result of CMV dis-
ease; this changed after routine CMV control strategies 
were realized. Despite extensive research and debate, CMV 
infection continues to pose a serious challenge in providing 
optimized management for  highly susceptible individuals 
after stem cell allograft transplantation.

With the development of effective antiviral therapy and 
the use of anti-CMV prophylaxis or preemptive therapy, 
infection rates have fallen and early posttransplant CMV dis-
ease rates have declined to nearly 3% [61, 62]. Ganciclovir 
or valganciclovir prophylaxis is effective in prevention of 
CMV end-organ disease and considered superior to monitor-
ing and exercise in preemptive treatment approach. Routine 
use of these drugs with potential for myelotoxicity is fraught 
with increase morbidity due to myelosuppression, and over-
all survival benefits from their routine use are difficult to 
demonstrate. Presumably, antiviral benefits are offset by a 
higher frequency of secondary  bacterial and fungal infec-
tions that may result from drug-induced myelosuppression. 
There remains an urgent need for effective, oral, and, impor-
tantly, less toxic antiviral drug(s). Maribavir appeared to be 
safe and effective in a randomized phase 2 trial; however, in 
phase 3 trial, it did not meet the criteria for efficacy [62]. 
Study design issues may have been the culprit in undoing of 
this promising  anti- CMV drug include suboptimal dose 
schedule, delayed initiation of the study drug until after 
engraftment, exclusion of high risk patients  with severe 
GVHD, and the regulatory agency’s requirement at that time 
to demonstrate a reduction in CMV disease, which is  an 
infrequent event, rather than a reduction in a more clinically 
relevant endpoint like CMV viremia [63, 64]. The require-
ment of regulatory oversight at that time was predicated on 
the assumption that a prophylaxis trial must demonstrate a 
reduction in CMV end-organ disease, an endpoint that now 
is seldom (<3%) seen in allogeneic HSCT recipients. This 
posesan impediment in demonstrating efficacy for new pro-
phylaxis drugs and novel vaccine trials. This could dampen 
the enthusiasm for R&D in new technology that could even-
tually be licensed for clinical use. In recent years, there is a 
more receptive posture to accept surrogate markers with an 
aim to improve feasibility of clinical trials  in the high-risk 
transplant population. Another promising antiviral agent 
under investigation is CMX001 (brincidofovir), a lipid con-
jugate of cidofovir with oral bioavailability[65]. The phase 3 
study did not find a benefit, noting problems with diarrhea as 
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a  limiting toxicity [66], which may have overlapped 
with intestinal GVHD and may have confounded drug effi-
cacy evaluation. Brincidofovir has a broad spectrum of anti-
viral coverage against a number of clinically relevant viral 
pathogens, including adenovirus and BK and JC polyomavi-
ruses. Letermovir (AIC246) another agent in clinical trials 
has promising activity against laboratory and clinical strains 
of CMV [67]; in phase 3 trial it has demonstrated a signifi-
cant reduction in CMV viremia [68].

Preemptive therapy with ganciclovir was associated with 
survival benefits, which could not be demonstrated in the case 
of routine anti-CMV prophylaxis [69]. The reasons for this puz-
zling observation remain unclear; limited exposure to this poten-
tially  myelotoxic drugs may well be the contributing factor. 
Most HSCT centers, therefore, have adopted preemptive therapy 
approach over routine long-term prophylaxis with ganciclovir. 
Patients undergoing cord blood stem cell transplantation are a 
notable exception due to a high risk for CMV infection and end-
organ disease compared with other allograft HSCTprocedures; 
in such patients, intensified program of anti-CMV prophylaxis 
with ganciclovir before transplantation and high-dose acyclovir 
after transplant has been effective rather than a preemptive anti-
CMV treatment approach [70].

An increase in late onset CMV disease is a clear limita-
tion for preemptive therapy [71]. Risk factors for late CMV 
disease include early viremia, GVHD, and lymphopenia; 
patients at risk should be monitored and considered for pre-
emptive therapy [72], although the benefit of preemptive 
therapy for late CMV  disease in transplant population is 
also not certain. The limited ability to monitor CMV reacti-
vation in patients dispersed to communities far from the 
transplant center may impede correct estimation of the true 
frequency and hands-on management of this serious com-
plication. This continues to be a major challenge for which, 
the authors currently do not have good solutions, although 
boosting immunity to reduce the risk of late CMV disease; 
perhaps  once effective vaccine becomes available  may 
address this unmet need.

Resistance to antivirals is not a common problem in 
patients following HSCT; however, it is recognized as an 
evolving issuein the recipients of SOT [73]. New antivi-
ral drugs are urgently needed. Maribavir is a benzimidazole 
that has activity against drug-resistant CMV strains, due to a 
novel mechanism by binding to the UL97 viral protein 
kinase, thereby inhibiting encapsidation and nuclear egress 
[74]. Maribavir was shown to successfully treat infections 
due to drug-resistant CMV infections in transplant recipients 
[75]. Leflunomide, a protein kinase and pyrimidine inhibitor, 
has long been considered as  a promising therapy for 
ganciclovir- resistant CMV [64, 76]; however, there is  lim-
ited clinical efficacy data to support its routine use. 
Letermovir, AIC246, has  a novel mechanism  that 
blocks UL56-mediated DNA processing or packaging; it is 

active against both drug-sensitive and drug-resistant strains 
[68]. New drug development remains an area of high and 
urgent priority.

Cellular immunotherapy has long been noted as a promis-
ing modality for prevention and treatment  of opportunis-
tic  infections in the  severely immunosuppressed patients. 
The ultimate control of CMV infection requires restora-
tion  of CMV-specific cytotoxic natural killer cells  and T 
lymphocytes [77, 78]. Adoptive immunotherapy generated 
ex vivo from donor-derived, target-specific cytotoxic T lym-
phocytes is an area of interest and active research in preven-
tion and treatment of CMV reactivation among at risk stem 
cell transplant population [79]. Recently, other targets include 
NK cells [78] and T cells armed with anti-CD3- and anti- 
CMV- specific antibodies [80]. These cell preparations have 
potential advantages over conventional T cells as they do not 
require analogous HLA and low risk for GVHD. The main 
advantage of immunotherapy approach is the efficacy against 
all viral strains independent of drug susceptibility. However, 
the daunting obstacle in development of cellular immuno-
therapy and availability for clinical use is technical complex-
ity and high cost [81].

New vaccines are also promising. Glycoprotein B vac-
cines was found to boost both antibody and cellular responses 
in women with chronic viral infection [82]. Boosted anti-
body response and shortened viremic episodes in renal and 
liver transplant recipients are also encouraging [83]. A DNA 
vaccine was found to induce immune responses and to reduce 
viremia after HSCT in a randomized phase 2 trial [84]; phase 
3 trial is underway. Effective immunization holds an enor-
mous promise in preventing CMV infection and end- 
organ disease. As mentioned earlier, with drug prophylaxis 
trials, endpoint selection will be a crucial element in study 
design to assess clinical feasibility for such vaccines. Clear 
benefit in garnering protective immune response, a favorable 
impact on frequency and duration of CMV viremia, and 
avoidance, or short duration preemptive antiviral therapy 
were noted in randomized phase 2 trials; there may not be a 
reduction on the elusive, now a rare endpoint of CMV end- 
organ disease; if this remains as a requisite to measure suc-
cess of phase 3 trials. Of interest, in the event CMV vaccines 
are effective, the need for drug prophylaxis will certainly 
lessen. However, since it is unlikely that a vaccine will be 
fully protective in all HSCT recipients, monitoring and pre-
emptive therapy will still be needed, albeit less frequently.

Relationship between polymorphisms  in innate immune 
response genes and the inherent  risk for CMV infection 
(viremia) and potential for organ disease is an exciting new 
field. The  ability to identify subgroup of patients  with a 
higher propensity for viral  disease, when available, will 
allow a more personalized approach for infection prevention, 
viral monitoring, and selective allocation of preemptive ther-
apy. A study identified certain polymorphisms in genes 
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encoding chemokine receptor 5, interleukin 10, and mono-
cyte chemoattractant protein 1 that corroborated with CMV 
reactivation and CMV organ disease, even when controlled 
for well-established risk factors such as T-cell depletion or 
CD34 selection and/or presence of GVHD [85]. Importantly, 
these gene-products serve as virtual targets of the virus in its 
quest to suppress host antiviral  immune response  [86]. 
Additional, larger studies are needed to confirm 
these  early  observations, however  there is considerable 
excitement that we are on the threshold of a new era of con-
structing individualized risk profiles and customizing pro-
phylaxis based on such attributes.

Although CMV reactivation may occur frequently in 
recipients of autologous HSCT, it is seldom that these 
patients will present with end-organ CM disease. Accordingly, 
prophylaxis has not been considered in this patient popula-
tion. Removal of T cells or CD34+ cell selection from the 
stem cell graft may increase the risk for CMV disease [87]. 
Several recent reports suggest that patients with multiple 
myeloma who underwent tandem autologous transplants and 
those who have received bortezomib are at higher risk for 
CMV disease just as they are at an increased risk for VZV 
reactivation. This may mean that in the future some patients 
undergoing autologous HSCT will be candidates for anti- 
CMV prophylaxis. With the growing use of purine analogues 
and an increasing array of monoclonal antibodies in use for 
lymphoma therapy may accentuate the net state of immune 
suppression  among  certain autologous  transplant  recipi-
ents;  the likelihood of these emerging antineoplastic treat-
ment advances on the  risk for CMV disease in this 
traditionally low risk transplant group need to be seen.

EBV is a major pathogen after HSCT and can cause 
febrile syndrome; however, posttransplant lymphoprolif-
erative disease (PTLD), infrequent albeit, a serious com-
plication associated with this virus. Primary EBV infection 
in seronegative patients  carries a high risk. Patients most 
vulnerable for the development of PTLD are those with 
profound T-cell deficiency; risk factors include mismatched 
or cord blood stem cell transplants, T cell depleted graft, 
use of ATG, or prolonged high-dose corticosteroid therapy. 
Monitoring EBV DNA by a blood EBV quantitative PCR 
can identify those at risk, and rise in viral titers typically 
occur several weeks prior to the clinical manifestation of 
lymphoproliferative disease. Drug prophylaxis is not 
effective, and immune modulation remains  the mainstay 
of prevention and therapy. Preemptive reduction in iatro-
genic  immune  suppression when possible, or treatment 
with anti-CD20 rituximab may prevent PTLD in high risk 
patients [18]. Alternatively, unselected donor lymphocyte 
infusions or infusions of donor-expanded, EBV-specific 
T cells or third-party EBV-specific cytotoxic T-cell lines 
(CTLs) can be given prophylactically or as therapy [88]. 
Unselected donor cells are appealing due to their simplic-

ity of not requiring ex vivo manipulation, although they do 
carry a greater risk for GVHD [89]. The optimal strategy 
and refined parameters to identify at risk subgroupsare the 
goals for ongoing study.

HHV6 is associated with viral pneumonitis, encephalitis, 
myelosuppression, and infectious cause of graft compromise 
along with a variety of other syndromes like viral hepatitis, 
enterocolitis  during post allogeneic  transplant  period. The 
relationship between HHV6 reactivation and its potential to 
cause end-organ disease remains a topic of controversy [90]. 
Ultimately, it will take a prophylaxis trial to determine if pre-
vention of HHV6 reactivation leads to reduction in such 
clinical syndromes. Currently there is no generally accepted 
effective HHV6 prophylaxis strategy.

 Solid Organ Transplantation

CMV infection remains one of the most common opportu-
nistic viral  infections in solid organ transplant patients 
despite availability of effective antiviral drugs [91]. Acute 
infection may occur via allograft from CMV + donor given 
to a seronegative recipient, or by reactivation of recipi-
ents’  latent CMV infection.  Seronegative patients  who 
acquire organs from seropositive donors are at the greatest 
risk for developing infection; these primary infections tend 
to be most severe [92]. In addition to the direct impact of 
viral end-organ infection and organ damage, CMV infection 
appears to enhance the overall level of host immunosuppres-
sion, promoting risk for other opportunistic infections and 
malignancies. More insidiously, CMV infection is linked to 
chronic allograft dysfunction and risk for allograft loss [93]. 
The risk for CMV disease persists for life, although 
most cases occur shortly after antiviral prophylaxis is dis-
continued, and seen within the first year after transplanta-
tion [94].

In an attempt to minimize the adverse impact of CMV 
infection during the posttransplantation course, emphasis has 
shifted from premeptive  therapy  to preventive strategies. 
Numerous prospective randomized trials, summarized in sev-
eral reviews and in one met analysis, have documented the effi-
cacy of antiviral prophylaxis in reducing  the risk of CMV 
infection and end-organ disease [93–96]. Valganciclovir is an 
effective anti-CMV agent for prophylaxis and treatment of 
CMV disease that is widely used in providing care for patients 
undergoing solid organ allograft  transplantation [97–100]. 
Universal prophylaxis of all seronegative recipients with grafts 
from seropositive donor is recommended due to the amplified 
risk and prospect of CMV disease [101, 102]. A meta-analysis 
of 17 universal prophylaxis trials and 9 preemptive therapy tri-
als demonstrated that both universal antiviral prophylaxis and 
preemptive strategies were equally effective in reducing the 
incidence of CMV end-organ  disease [103]. However, only 
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universal prophylaxis favorably influenced  patient survival, 
reduced graft rejection, incidence of posttransplant opportunis-
tic infections and PTLD; therefore, this strategy is preferred for 
at-risk SOT populations [103, 104].

The risk of CMV disease is significantly lower in seroposi-
tive organ allograft  recipients, independent of donor CMV 
status; it has been argued that universal prophylaxis in this 
group leads to overtreatment, increasing the cost of care, and 
unduly exposing patients to the risk of drug toxicity and drug-
drug interaction. In this population, preemptive strategies 
using targeted antivirals exclusively for patients demonstrat-
ing a rising CMV viral load are being developed [102, 105].

Emergence of ganciclovir-resistant strains of CMV 
threatens to unravel the therapeutic gains made  in the past 
few decades. Across all populations, CMV  donor-positive 
and recipient-negative status confers greatest risk for devel-
oping viral drug resistance, which probably is a reflection on 
high- grade viremia associated with primary CMV infection 
during a period of recently introduced, boosted drug-induced 
immune suppression seen  in the early  post-transplant 
period [106, 107]. Other risk factors include the use of potent 
immunosuppressive agents such as antilymphocyte antibod-
ies, use of daclizumab, and prolonged exposure to ganciclovir 
[106, 107]. Unpredictable bioavailability of oral ganciclovir 
vs. valganciclovir, and therefore, prolonged potential under-
exposure to ganciclovir is of particular significance in pro-
moting viral drug resistance mutants [108]. Foscarnet is the 
agent of choice for the treatment of ganciclovir- resistant end 
organ  disease; however, potentially serious drug-induced 
nephrotoxicity may limit its use. In patients undergoing lung 
transplantation,  CMV disease due to ganciclovir-resistant 
virus is an important predictor for poor survival [107].

 Conclusions

Antimicrobial prophylaxis is a common and an impor-
tant practice in the management of infectious complications 
among transplant recipients. However, despite many clinical 
trials in different scenarios, controversies regarding the 
appropriate use of such intervention continue to exist. Use of 
antimicrobial prophylaxis has been of great benefit in the pre-
vention of serious and life-threatening infections after trans-
plantation. However, it is imperative to periodically assess the 
potential benefit versus limitations of existing practices in 
antimicrobial prophylaxis  including (a) drug safety, tolera-
bilty and toxicity profile; (b) potential for drug- drug interac-
tion, (c) novel transplant procedures and protocols, (d) 
changes in hosts’ susceptibility for infection, and (e) shifts in 
the causative pathogens including emergence  and reemer-
gence of less drug susceptible pathogens;  change  in preva-
lence of drug-resistant microorganisms, and exposure to novel 
pathogens among patients undergoing transplantation.
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Bronchial obstruction, 343
Bronchiolitis Obliterans Organizing Pneumonia (BOOP), 357
Bronchiolitis obliterans syndrome (BOS), 13, 237, 341, 621, 625, 679, 

845, 916
Bronchoalveolar lavage (BAL), 172, 562, 563, 600, 784, 821
Bronchospasm, 916
Brun-Buisson vortex method, 279
Budd-Chiari syndrome, 45
Bullosis diabeticorum, 408
Bullous drug eruptions, 409
Bullous graft vs. host disease, 409
Bullous insect bite reaction, 411
Bunyaviridae, 766
Bunyaviruses, 755, 766
Burkholderia cepacia complex (BCC), 465
Busulfan, 355, 401

C
Calcineurin, 528
Calcineurin inhibitor (CNI), 3, 46, 203, 476, 498, 511, 523, 560, 572, 

592, 595, 596, 620, 621, 633, 703, 909–912
Calciphylaxis, 404, 405
Campath, 622, 623
Campylobacter disease, 7
Cancer, nocardiosis, 475
Candida spp., 530–532, 946, 1112, 1113

C. albicans, 380, 526, 528, 545–549, 552
candidemia, 543
C. glabrata, 545–547, 549–552
C. krusei, 546, 548, 549, 551, 552
clinical manifestations

candidemia, 546
endophthalmitis, 547
hepatosplenic candidiasis, 546
intra-abdominal infections, 546, 547
less common invasive Candida infections, 548
mucosal candidiasis, 548
pulmonary candidiasis, 547
urinary tract infections, 547

clinical signs, 543
C. neoformans var grubii, 520
C. parapsilosis, 530
C.vaginitis, 548
diagnosis

cultures, 549, 550
histopathology, 550
imaging techniques, 550, 551
non-cultures based techniques, 550
skin lesions, 549

epidemiology, 544–546
fungal infections, 129
invasive candidiasis, MSG/EORTC definitions for, 543, 544
meningitis, 548
outcomes, 548, 549
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Candida spp. (cont.)
pathogenesis, 543, 544
risk factors, 543, 544
treatment, 551

amphotericin B, 551
candidemia, 551, 552
echinocandins, 551
endophthalmitis, 553
hepatosplenic candidiasis, 552
intra-abdominal candidiasis, 552
mucosal candidiasis, 553
prophylaxis in immunocompromised hosts, 553, 554
urinary tract infections, 552

Candidemia, 543, 548, 549
clinical manifestations, 546
treatment

antifungal agents, choice of, 551
central venous catheters, 552
duration, 551
measurement, 552

Candidiasis, 310, 311, 380, 543, 545, 554
Candiduria, 98, 547
Capsid protein (C), 735
Carbapenem, 453
Carbapenem resistant Klebsiella pneumoniae (CRKP), 56
Carbapenemase, 856
Carbapenemase-producing organisms, 450
Carbapenems, 367, 428, 430, 453, 463–466, 855, 860, 861
Carbenicillin, 462
Cardiovascular system, 235
Caroli disease, 304
Caroli syndrome, 304
Caspofungin, 566, 569, 928, 935
Catheter securement, 258
Catheter-associated bacteremia, 173, 178
Catheter-related infections, 507, 508
Cavitary pneumonia, 12
Cavitary squamous cell carcinoma, 361
CD4+ T-cell immunity, 647, 648
CD8+ T-cell immunity, 647
Cefadroxil, 410
Cefazolin, 453
Cefepime, 453, 464, 465, 859
Cefotaxime, 453
Cefotetan, 453
Cefoxitin, 453, 506, 509–511
Ceftaroline, 424, 861
Ceftazidime, 453, 464, 465
Ceftizoxime, 453
Ceftolozane, 859
Ceftriaxone, 453, 859
Ceftriaxone calcium complex, 862
Cefuroxime, 453
Cell culture, 718
Cell-mediated immunity, 600
Cellular immune defects, 5
Cellulitis, 366, 369, 401, 404, 408–412
Centers for Disease Control and Prevention (CDC),  

736, 848, 1041, 1096
Centers for Disease Control and Prevention’s National Healthcare 

Safety Network (NHSN), 265
Central Line-Associated Bloodstream Infections (CLABSI),  

116, 117, 1074
Central nervous system (CNS), 234, 335, 336

disease, 475, 496
infection

brain abscesses, 484

brain stem encephalitis, 483, 484
febrile gastroenteritis, 484
meningitis, 483

Central venous catheters, 463, 552
Cephalexin, 410, 479
Cephalosporins, 428, 450–452, 463, 465, 486, 859, 862

classification of, 860
Enterobacteriaceae, 453

Cerebrospinal fluid (CSF), 821
Chagas cardiomyopathy, 22
Chagas’ disease, 88, 786, 787
Chemokines, 738
Chemotherapeutic agents, characterization of, 354
Chemotherapy, 492, 570
Chemotherapy-induced mucositis, 18
Chikungunya virus (CHIKV), 766
Child-Turcotte-Pugh (CTP) score, 41
Chloramphenicol, 486
Chlorhexidine (CHG)-impregnated sponge dressing, 256
Cholangiocarcinoma, 42
Cholangitis, 304
Cholecystitis, 306, 307
Choledochocholedochostomy, 449
Cholelithiasis, 306
Cholera vaccine, 1090
Cholestatic hepatitis, 697
Chorioretinitis, 319, 553
Chromosomally-integrated HHV-6 (CIHHV-6), 671, 672
Chronic disseminated candidiasis. See Hepatosplenic candidiasis
Chronic granulomatous disease (CGD), 473, 942
Chronic hepatitis B (CHB), 698, 968
Chronic kidney disease (CKD), 74, 231, 232
Chronic liver disease

Aeromonas spp., 53
Aspergillus fumigatus, 53
complications, 47
Listeria monocytogenes, 53
Mycobacterium tuberculosis, 53
Plesiomonas shigelloides, 53
Rhizopus spp., 53
Vibrio spp., 52
Yersinia spp., 53

Chronic lung disease, 507
Chronic lymphocytic leukemia (CLL), 160
Chronic meningoencephalitis, 719
Chronic myeloid leukemia, 160
Chronic rejection (CR), 47
Chronic suppressive therapy, 916
Chronic ulcers, 375
Chrysobacterium species, 466
Cidofovir, 627, 629–632, 958

clinical indications, 958, 959
dosing and drug interactions, 985
drug resistance mechanisms, 959
mechanism of action and resistance, 985
pharmacokinetics, 985
pharmacology, 958

Ciprofloxacin, 410, 464, 512, 918
Cirrhosis

Aeromonas spp., 53
Aspergillus fumigatus, 53
aspiration pneumonia, 51
bloodstream infections, 51, 52
community acquired pneumonia, 51
health-care acquired pneumonia, 51
hepatic hydrothorax, 52
immunologic dysfunction, 48, 50
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infectious complication, 47
Listeria monocytogenes, 53
Mycobacterium tuberculosis, 53
Plesiomonas shigelloides, 53
Rhizopus spp., 53
skin and soft tissue infections, 52
spontaneous bacterial peritonitis, 51
UTIs, 51
Vibrio spp., 52
Yersinia spp., 53

Cirrhosis associated immune dysfunction (CAID), 50
Citrobacter spp., 370

C. freundii, 450
Cladophialophora bantiana, 131
Clarithromycin, 506, 508, 509, 511–513, 1009
Clavulanic acid, 858
Clearance (CL), 905
Clindamycin, 424, 428, 430, 479, 873

activity spectrum, 873
adverse reactions, 873, 874
resistance, 873
transplantation, use in, 874

Clofazimine, 506, 509–512
Clostridial myonecrosis, 366
Clostridium spp., 366, 367

C. difficile, 213
Clostridium difficile associated diarrhea (CDAD), 436, 1124
Clostridium difficile infection (CDI), 865, 877, 1041

BMT patients, 294
clinical features, 295
diagnosis, 295, 296
epidemiology, 292
history, 291
host immune response, 293, 294
hypervirulent or BI/ 027 /NAP1 toxinotype III strain, 294
immunosuppressive agents, 291
multiple pre-disposing factors, 291
pathogenicity, 293
preventive and control measures, 296
recurrence rate, 296
risk factors, 291, 292
route of transmision, 292
route of transmission, 293
SOT patients, 294, 295
surface layer proteins, 293
treatment, 296

Coagulase-negative staphylococci (CoNS)
clinical manifestations, 426
diagnosis, 426
disease pathogensis, 425, 426
epidemiology, 425
HSCT recipients, 425
SOT recipients, 425
treatment, 426, 427

Coccidioides, 529, 603, 604
C. immitis, 381

Coccidioidomycosis, 381, 382, 521, 523, 527, 532, 533, 599
clinical manifestation, 603
hyphae, 603
pathogenesis, 603
prevention, 605
treatment, 604

Cold panniculitis, 406
Colistimethate sodium, 916
Colistin, 453, 465, 584, 884, 916
Colitis, 620
Colonic disease, 496

Colony-stimulating factors (CSFs), 179
G-CSF

antibacterial and antifungal activities, 1021
biological actions, 1021
ex vivo studies, 1021
neutrophil production, 1021
non-neutropenic patient therapy, 1024
prophylaxis during neutropenia, 1023, 1024

GM-CSF
ASCO guidelines, 1024
augmented adaptive immune response, 1021
clinical studies, 1024, 1025
clinical use of, 1024
gene-array technology, 1022
pre-clinical findings, 1022
safety and efficacy, 1025
Salmonella typhimurium infection, 1022

M-CSF, 1023, 1025
toxicity and adverse events, 1025, 1026

Coma blisters, 408
Common lymphoid progenitors (CLP), 232
Common variable immunodeficiency (CVID) syndrome, 716
Community acquired pneumonia (CAP), 51
Community respiratory viruses (CRV), 841, 845
Community-acquired bacterial meningitis, 432
Community-acquired methicillin resistant Staphylococcus aureus 

(CA-MRSA), 419, 422
Community-acquired pneumonia (CAP), 342, 861, 918
Community-onset pneumonia, 430
Congestive heart failure, 352
Continuous flow centrifugation leukapheresis (CFCL), 1036
Coombs-positive hemolytic anemia, 862
Cord blood stem cell transplantation (CBT), 16, 616
Cordblood stem cells, 12
Corticosteroid, 432, 484, 487, 544–546, 552, 560, 570, 579, 620, 681, 

685, 686, 913
Corticosteroid immunosuppression, 483, 486
Corynebacterium spp., 367

C. jeikeium, 367
Cotrimoxazole, 454
Coxsackievirus proteases, 713
Coxsackievirus-adenovirus receptor (CAR), 713
Coxsackieviruses (CVA), 712
C-polysaccharide (BINAX-NOW), 433
Creatinine clearance (CrCl), 908
Crohn’s disease, 477
Crusted scabies, 385
Cryptococcal cellulitis, 381
Cryptococcal infections, 527
Cryptococcal meningitis, 131, 593, 595
Cryptococcal peritonitis, 593
Cryptococcosis, 380, 381
Cryptococcus

C. gattii, 591, 593, 594
C. neoformans, 380, 591–594, 596
C. neoformans var grubii, 591
infection of, 936

clinical disease and manifestations, 592, 593
clinical manifestations of Cryptococcosis, 593
Cryptococcosis epidemiology, after transplantation, 591
Cryptococcal IRIS, 595, 596
diagnosis, 593, 594
pathogenesis, 592
prognosis, transplant recipients, 596
risk factors, 592
transmission and patterns, after transplantation, 592
treatment in transplant recipients, 594, 595

Index



1146

Cryptogenic organizing pneumonitis (COP), 357
Cryptosporidium spp., 311, 789, 1077
Culex mosquitoes, 737
Culture based assays, 795, 796
10-kDa Culture filtrate protein (CFP-10), 494
Cutaneous antisepsis, 254
Cutaneous aspergillosis, 376, 561
Cutaneous histoplasmosis, 382
Cutaneous lesions

adipose tissue, lesions of (see Adipose tissue, lesions of)
erythematous lesions (see Erythematous lesions)
hair and scalp lesions (see Hair and scalp lesions)
papulosquamous lesions

cutaneous T-cell lymphoma, 403
dermatitis, 401
pityriasis rosea, 402
pityriasis rubra pilaris, 402
psoriasis, 401

purpuric and petechial lesions (see Purpuric lesions)
pustular lesions (see Pustular lesions)
skin tumors, 413
ulcerative lesions, 413
vesiculobullous lesions (see Vesiculobullous lesions)

Cutaneous mucormycosis, 378, 580
Cutaneous nocardiosis, 367
Cutaneous sporotrichosis, 382
Cutaneous T-cell lymphoma, 366, 374, 403
CXCR4-antagonist plerixafor, 1036
Cyclophosphamide, 355
Cyclophosphamide, doxorubicin, vincristine, prednisone (CHOP), 656
Cyclospora cayetanensis, 789
Cyclosporine, 3, 4, 399, 911, 1009
Cyclosporine A (CsA), 495
CYP3A inhibitors, 910
CYP3A4 inhibition, 913
Cystic fibrosis (CF), 340, 421, 908, 909
Cytarabine, 355
Cytochrome P450 (CYP450) pathway, 904
Cytomegalovirus (CMV), 94–96, 123–125, 202, 213, 214, 307, 308, 

345, 346, 374, 375, 474, 485, 795, 801, 805, 841–843, 
1071, 1129, 1130

acquired infection, 611
adoptive immunotherapy, 633, 634
anti-CMV prophylaxis, 611
anti viral disease

acyclovir, 627, 628
artesunate, 631, 632
brincidofovir, 631
cidofovir, 629, 630
foscarnet, 629
ganciclovir, 628
leflunomide, 631
letermovir, 630
maribavir, 630
valacyclovir, 628
valganciclovir, 628, 629

antiviral resistance, 632, 633
biologics and risk of

alemtuzumab, 622, 623
basiliximab, 624
rituximab, 623

cell entry, 612
diagnosis and viral surveillance, 613, 614
higher risk for, 611
immunity

adaptive immunity, 613

and hematopoiesis, 613
immune evasion, 613
innate anti-CMV immunity, 612, 613

intermediate post-SOT/early post-engraftment  
periods, 1075

management
gastrointestinal disease, 626
organ disease, 627
pneumonitis, 626, 627
retinitis, 627

monoclonal antibody MSL-109, 632
pneumonitis, 169
prevention

drug prophylaxis, 624, 625
immunoprophylaxis, 625
risk reduction, 624

risk factors
autologous stem cell transplantation, 615, 616
cord blood stem cell transplantation, 616
late infections, 615
nonmyeloablative transplants, 615

in solid organ allograft recipients, 611
structure, 612
syndrome, 843
vaccines, 634, 635

Cytomegalovirus retinitis (CMVR)
clinical presentation, 323
definition, 323
differential diagnosis, 323
incidence, 323
risk factors, 323
source of infection, 323
treatment, 324
visual prognosis, 324

Cytotoxic chemotherapy, 655, 656
Cytotoxic T lymphocyte (CTL), 613

D
Daclizumab, 529
Dalbavancin, 430
Dalfopristin, 437
Dandenong virus, 760
Dapsone, 919
Daptomycin, 424, 427, 434, 437, 868, 869

activity spectrum, 869
adverse reactions, 869
enterococcus, 438
resistance and reduced susceptibility, 869
in transplant patients, 869, 870

DAS181, 682
Dasatinib, 355, 406
Decompensated cirrhosis, 41
Deep sequencing, 756
Deferasirox, 585, 936
Deferoxamine, 582, 585
Dehydropeptidase 1 (DHP-1), 860
Delafloxacin, 875
Delayed cardiac complications, 236
Delayed neurologic complications, 235
Delayed onset chronic leukoencephalopathy, 233
Delayed type hypersensitivity, 862
Delbavancin, 427
Dendritic cell immunotherapy, 1032
Dendritic cell vaccines, 635
Dengue fever (DF), 735, 764
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Dengue hemorrhagic fever (DHF), 764, 765
Dengue shock syndrome (DSS), 764
Dengue virus (DENV), 764
Deoxycholate, 942, 943
Deoxycholate amphotericin B (DAMB), 943
Dermatitis, 401

acute, 408
Dermatitis herpetiformis, 410, 411
Dermatomal varicella zoster virus, 373
Dermatophytosis, 383
Dexamethasone, 622
Diabetes mellitus, 267
Diabetic blisters, 408
Diabetic ketoacidosis (DKA), 578
Diagnostic clues, 403
Diarrhea, 230, 455

diagnosis, 455
epidemiology, 454, 455
treatment, 455

Dicloxacillin, 479
Diffuse alveolar damage (DAD), 353
Diffuse alveolar hemorrhage (DAH), 237, 353
Diffuse large B-cell lymphoma (DLBCL), 645, 654
Diffuse panbronchiolitis (DPB), 917
Direct acting antiviral (DAA) therapy, 702

in post-transplant setting, 703
in pre-transplant setting, 703
timing of, 702, 703

Direct antiviral therapy, 697
Direct fluorescent antibody testing (DFA), 668, 670, 686, 845
Discitis, 334
Dissecting cellulitis of the scalp, 414
Disseminated candidiasis, 380
Disseminated coccidioidomycosis, 382
Disseminated cryptococcosis, 381
Disseminated cutaneous herpes simplex virus, 373
Disseminated disease, 474, 496, 507, 508
Disseminated fusariosis, 377
Disseminated herpes simplex virus infection, 373
Disseminated intravascular coagulation, 405, 406
Disseminated phaeohyphomycosis, 379
Disseminated zoster, 374
Disulfiram reaction, 862
DNA gyrase, 874, 875
DNA polymerase, 957
DNA vaccine, 748
Donation after brain death (DBD), 43
Donation after circulatory death (DCD), 43
Donor liver transplantation (DDLT), 43
Donor-derived Enterobacteriaceae infections, 451, 452
Donor-derived fungal infections, 527
Donor-derived infections

HTLV-1, 88
latent Strongyloides infection, 88
lymphocytic choriomeningitis virus, 88
opportunistic fungal infections, Histoplasma  

capsulatum, 89
viral hepatitis and HIV, 87
West Nile virus, 88

Donor-specific antibody (DSA), 1098
Doripenem, 860
Double sandwich ELISA system, 172
Double-stranded DNA viruses (dsDNA), 805
Doxorubicin, 523, 622
Doxycycline, 479, 510, 511, 918
Drug efflux, 871

Drug interactions
nontuberculous mycobacterial disease, 511, 512
solid organ transplantation, drug interactions in

antimetabolites, 911, 913
CNI and PSI, 910, 911
corticosteroids, 913
immunosuppressive agents, 913, 914

Drug modification, 866
Drug-drug interactions, 981–983
Drug-induced immune modulation, 903
Drug-induced lung injury (DILI), 354, 355
D test, 874

E
Early antigen (EA) complex, 649
Early secreted antigen target-6 (ESAT-6), 494
Ebola, 756, 767
Echinocandin, 930, 931, 935
Echinocandins, 310, 380, 528, 531, 532, 566, 569,  

570, 572, 584, 601, 928, 929, 1117
blastomycosis, 606
Candida infections, 551
host-fungal pathogen interplay, 945, 946
intra-abdominal candidiasis, 552
mucosal candidiasis, 553
urinary tract infections, 552

Echinococcosis, 1083
Echinococcus spp.

E. granulosus, 1083
E. multilocularis, 1083

Ecthyma, 366, 408, 411
Ecthyma gangrenosum, 370, 404
Eczema herpeticum, 373
Edema, 409
Elizabethkingia meningoseptica, 466
Emesis, 229
Empiric antibiotic therapy, 424
Empiric antifungal therapy, 173
Empiric therapy, 310, 625
Empyema, 33
Encephalitis, 715
Endemic mycoses, 599, 601

blastomycosis (see Blastomycosis)
coccidioidomycosis (see Coccidioidomycosis)
histoplasmosis (see Histoplasmosis)
paracoccidioidomycosis, 606

Endobronchial tuberculosis, 11
Endocarditis, 548
Endocrine complications

bone metabolism, 238
growth hormone dysfunction, 238
osteoporosis, 238
thyroid dysfunction, 238, 239

Endogenous fungal endophthalmitis, 324, 325
Endophthalmitis, 319, 549, 552, 593

bacterial endophthalmitis, 325
clinical manifestations, 547
endogenous fungal endophthalmitis, 324, 325
risk factors, 324
treatment, 553

End-organ disease, 611, 622, 625, 634
End-stage kidney disease, 703, 704
Energy dependent phase (EDP1), 865
Engraftment syndrome (ES), 353
Entamoeba histolytica, 311
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Entecavir (ETV), 699, 970
dosing and drug interactions, 991
mechanism of action and resistance, 991
pharmacokinetics, 991

Enterobacter spp., 369, 448, 449
Enterobacteriaceae, 468, 876

diarrhea (see Diarrhea)
donor-derived infections, 451, 452
emerging pathogens, 455, 456
epidemiology and risk factors, 447

bloodstream infections, 450
HSCT, 448
intra-abdominal infections, 448
kidney transplant, 448
liver transplant, 448, 449
LRTI, 449
lung transplantation, 449
urinary tract infections, 448
wound/surgical site infections, 449, 450

infection diagnosis, 452, 453
MDRE (see Multidrug resistant  

Enterobacteriaceae (MDRE))
organisms in, 447
prevention

infection control, 454
prophylaxis, 454

treatment, 453
asymptomatic bacteriuria, 453
carbapenems, 453
cephalosporins, 453
febrile neutropenia, 453
penicillins, 453
tigecycline, 453

Enterococcus
E. faecium, 858
diagnosis, 437
epidemiology, 434
HSCT, 435, 436
SOT, 436, 437
treatment, 437, 438

Enterovirus 71 (EV 71), 712, 717
Enterovirus CNS infections, 715
Enterovirus D-68 (EV-D68), 761
Enterovirus infection

classification of, 712
clinical syndromes, 718

acute viral hepatitis, 716
antineoplastic chemotherapy, 717
conjunctivitis, 717
diffuse skin rash, 716
gastroenteritis, 717
hemophagocytic syndrome, 717
hypogammaglobulinemia, 716
lymphopenia, 717
nephritis, 717
non-Hodgkin’s B-cell lymphoma, 717
non-poliovirus, 715, 716
PCR testing, 717
persistent diarrhea, 717
poliovirus, 715
stable chronic enterovirus meningitis, 717
vaccine-derived poliovirus, 716
viral myocarditis, 717
X-linked agammaglobulinemia, 716

diagnosis, 718
epidemic hand foot, 711

epidemiology, 714, 715
immune response, 714
mild upper respiratory tract illness, 711
mouth disease, 711
nomenclature of, 711, 712
pathogenesis, 712, 713
prevention, 718, 719
treatment, 719, 720
virology, 711

Entomophthorales, 577
Entomophthoromycosis, 577
Entomophthoromycotina, 577
Envelope protein (E), 735
Enzyme-linked immunoassay (EIA), 600, 821
Enzyme-linked immunoblot (ELISPOT) assay, 823
Enzyme-linked immunosorbent assay (ELISA), 563, 649
Eosinophilic folliculitis, 399, 400
Epithelial barriers, 232
Epstein-Barr early antigen (EA), 844
Epstein-Barr nuclear antibody, 844
Epstein Barr nuclear antigens, 645, 646
Epstein-Barr virus (EBV), 96, 97, 125, 126, 145, 203,  

214, 308, 801, 841, 844
diagnosis

heterophile antibody testing, 648
latent cycle antigens, antibodies to, 649
lytic cycle antigens, antibodies to, 649
viral load testing, 649, 650
virus specific antibodies, 649

epidemiology, 648
genome, 643, 644
host immune response, 647

CD4+ T-cell immunity, 647, 648
CD8+ T-cell immunity, 647
humoral immunity, 648
innate immunity, 647

pre-transplant screening and post-transplant surveillance, 652
diagnosis, 653
EBV-associated disease, prevention of, 652, 653
MHC I, 652
preemptive therapy, 653

PTLD (see Post-transplant lymphoproliferative disease (PTLD))
serologic testing, 844
structure, 643, 644
taxonomy, 643, 644
vaccine development, 656, 657
viral life cycle

latent infection, 644, 645
lytic infection, 644
oncogenesis, 645–647

ERCP-associated pancreatitis, 304
Ertapenem, 453, 464, 476
Erythema induratum. See Nodular vasculitis
Erythema infectiosum, 727
Erythema multiforme (EM), 412
Erythema nodosum, 407
Erythematous lesions

EM, 412
granuloma anulare, 413
gyrate erythema, 412, 413
SJS, 412
TEN, 412
urticaria, 411, 412

Erythromycin, 371, 479, 871
ESAT-6 system 1 (Esx-1), 494
Escherichia coli, 368, 369, 447–452, 455
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Esophageal variceal ligation (EVL), 52
Esophageal variceal sclerotherapy (EVS), 52
Esophagitis, 548, 553
Etanercept, 482, 493
Ethambutol, 506, 509, 510, 1004
Etoposide, 354
Euthyroid sick syndrome (ETS), 239
Everolimus, 620, 621, 633
Exanthem subitum, 671
Exanthematous morbilliform eruptions, 375
Exogenous sources, 268
Extended spectrum β-lactamases (ESBLs), 448, 450, 856
Extended-spectrum beta-lactamase (ESBL)-producing bacteria, 1042
Extensively drug resistant TB (XDR-TB), 1004, 1011
Extracorporeal membrane oxygenation (ECMO), 906
Extragenital ulcerations, 398
Extrapulmonary aspergillosis, 570
Extrapulmonary disease, 496–498, 509, 512, 513

F
Face transplant, 622
Famciclovir, 669, 955, 956

clinical indications, 956
dosing and drug interactions, 986
drug resistance mechanisms, 956
mechanism of action and resistance, 985, 986
pharmacokinetics, 986
pharmacology, 956

Fanconi’s anemia, 156
Fanconi’s syndrome, 866
Fatal transtentorial herniation, 234
Febrile gastroenteritis, 484
Febrile neutropenia, 453

administration, 185
anaerobic infections, 190
antimicrobial stewardship programs, 194
bacterial infections, 187, 188
definition, 185
duration of therapy, 194
empiric therapy, 193, 194
febrile episodes, 186
fungal infections, 190, 191
gram negative organisms, 188–190
gram positive organisms, 188, 189
infection control, 194
initial evaluation, 192
intermediate to high risk patients, 194
low risk patients, 193, 194
management, 192
myeloablative or non-myeloablative, 185
periodic surveillance, 185
polymicrobial infections, 192
sites of infection, 186, 187
viral infections, 191

Febrile neutropenic episodes, 186
Fecal decolonization, 189
Fecal microbiota transplant (FMT), 296
Federation for Accreditation of Cellular Therapies (FACT), 804
Fibrosing cholestatic hepatitis, 62, 703
Fidaxomicin, 886

activity spectrum, 886
adverse events, 887
resistance, 886, 887
transplant patients, 887

Fifth disease, 727

FilmArray® assay, 1044
FilmArray respiratory viral panel (FA RVP), 801
Filoviridae, 767
Flaccid paralysis, 716
Flavivirus, 735
Flouroquinolones, 510, 511
Fluconazole, 380–383, 553, 563, 583, 595, 601, 930, 933

Candida infections, 545
candiduria, 547
Cryptococcus infection, 594, 595
endophthalmitis, 553
histoplasmosis, 602
host-fungal pathogen interplay, 945
IFI, 532
invasive candidiasis, 553
mucosal candidiasis, 553

5-Flucytosine (5-FC), 523, 553, 594, 595
Fludarabine, 484, 492, 622
Fluorinated quinolone prophylaxis, 465
Fluoroquinolone

immunomodulation, 918
Pseudomonas aeruginosa, 463

Fluoroquinolone(s), 450, 464–466, 506, 510–512,  
874, 876, 910, 947, 1124

Enterobacteriaceae, 454
Enterococcus, 437
MDRE, 451
VGS, 428
Stenotrophonomas maltophilia, 464

Fluoroquinolone monotherapy, 193, 1008
Follicular non Hodgkin lymphoma, 332
Folliculitis, 365
Fomivirsen, 627
Foscarnet, 309, 627–633, 669, 957, 1132

clinical indications, 958
dosing and drug interactions, 985
drug resistance mechanisms, 958
mechanism of action and resistance, 984
pharmacokinetics, 984, 985
pharmacology, 958

Fosfomycin, 453, 885, 917
activity, spectrum of, 885
transplant patients, 885, 886

Fosfomycin plus tobramycin for inhalation (FTI), 917
Frosted branch angiitis, 323
Fulminant necrotizing process, 168
Functional hyposplenism, 6
Fungal conidia, 942
Fungal infection

allo-HSCT
Candida spp., 215, 216
Fusarium spp., 218
invasive aspergillosis, 216, 217
Mucor and Rhizopus spp., 217
Scedosporium prolificans, 218
Scedosporium apiospermum, 218

alveolar macrophages and neutrophils, 1031
antifungal therapies, 1031, 1032
causes, 1031
dendritic cell immunotherapy, 1032
incidence, 1031
IFN-γ activation

clinical use, 1033
FDA approval, 1033
immune cell activation, 1032
lysosomal activity, 1032
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Fungal infection (cont.)
MHC class I expression, 1032
TH1 cell stimulation, 1032

mortality, 1031
normal donor granulocyte transfusion

candidemia, 1035
CFCL, 1036
CXCR4-antagonist plerixafor, 1036
in HSCT populations, 1035
IFN-gamma1b therapy, 1036
mortality rate, 1035
mycoses management, 1035
neutropenia, 1035, 1036
placebo-controlled trials, 1034
post-infection mortality, 1035

recombinant myeloid growth factors, 1033, 1034
Fungal myositis, 335
Fungal sepsis, 405
Fungemia, 520
Fungitell assay, 563
Fusarium, 377, 527, 530
Fusidic acid, 886

G
Galactomannan (GM), 796, 824
Ganciclovir, 618, 626–629, 632, 633, 653, 669, 672, 957

clinical indications, 957
dosing and drug interactions, 983, 984
drug resistance mechanisms, 957
mechanism of action and resistance, 982, 983
pediatric patients, pharmacokinetics in, 983
pharmacokinetics, 983
pharmacology, 957

Gastroenteritis, 717
Gastrointestinal disease, 496, 626
Gastrointestinal infections, 1074, 1075

cytomegalovirus infection, 297
fungal infections, 297
herpes simplex virus infection, 297
non-Clostridium difficile, 297

Gastrointestinal mucormycosis, 580
Gastrointestinal tract disease, 620
GB virus C, 756
Genitourinary reactions, 879
Genomic assays, 798, 800–802
Gentamicin, 866
Gentifinib, 401
Germ cell tumors, 160
Giant molluscum, 376
Glucocorticoids, 560
Glycycline, 464
GOLD criteria, 1056
Gomori methenamine silver (GMS), 562, 594
gp350 vaccination, 657
Graft pyelonephritis, 422
Graft-vs.-host disease (GVHD), 3, 4, 200, 201, 211, 340, 351, 375, 

409, 419, 421, 431, 432, 435, 448, 450, 467, 559, 560, 571, 
578, 611, 615, 616, 618–620, 623, 626, 631, 633–635, 777, 
795, 1073, 1123

Graft vs. tumor effect (GVT), 153, 227
Gram-negative bacteria (GNB), 419, 461–462, 468

Aeromonas, 370
Bartonella spp., 371
Citrobacter, 370
enterobacter, 369

Escherichia coli, 368, 369
Helicobacter, 369, 370
Klebsiella, 369
Legionella, 369
Morganella, 369
Pseudomonas, 370
Salmonella, 369
Serratia, 369
Stenotrophomonas, 370
Vibrio, 370, 371

Gram positive bacteria, 419
Bacillus, 367
Clostridium, 366, 367
Corynebacterium, 367
Nocardia, 367, 368
Staphylococcus spp., 365, 366
Streptococcus, 366

Granulocyte colony-stimulating factor (G-CSF), 367, 570, 571, 1034
antibacterial and antifungal activities, 1021
biological actions, 1021
ex vivo studies, 1021
neutrophil production, 1021
non-neutropenic patient therapy, 1024
prophylaxis during neutropenia, 1023, 1024

Granulocyte colony-stimulating factor-mobilized granulocyte 
transfusions, 584, 585

Granulocyte-macrophage colony-stimulating factor  
(GM-CSF), 179, 1034

ASCO guidelines, 1024
augmented adaptive immune response, 1021
clinical studies, 1024, 1025
clinical use of, 1024
gene-array technology, 1022
pre-clinical findings, 1022
safety and efficacy, 1025
Salmonella typhimurium infection, 1022

Granulocyte transfusions, 570
Granulocytopenia, 5, 1035
Granuloma, 492
Granuloma annulare, 413
Griseofulvin, 383
Grocott-Gomori’s methanamine silver (GMS), 820
Group A β-hemolytic streptococci (GAS), 429, 430
Group B β-hemolytic streptococci (GBS), 429
Group milleri streptococci (GMS), 428
Grover’s disease, 400
Growth hormone dysfunction, 238
Guanarito virus, 760
Guillain-Barré-like syndrome, 739
Gut microbiota, 48
Gyrate erythema, 412, 413

H
Haemophilus influenzae type b (Hib), 1103, 1104
Hair and scalp lesions

plaques and pustules, 413, 414
tumors, 413

Half-life (t1/2), 905
Halo sign, 360, 474, 564
Hand, foot, and mouth disease (HFMD), 712, 716
Hantavirus pulmonary syndrome (HPS), 755, 766
Haploidentical donor, 157
Health care workers (HCW), 1072
Healthcare associated pneumonia (HCAP), 51, 55, 341
Healthcare-associated infections (HAI), 273
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Heart transplantation, 361, 504, 528, 621, 700, 705, 1116
bronchitis and soft tissue infections, 22
causes of death, 22
epidemiology, 22
global incidence, 22
infecting microbial agents

bacterial, 27
fungal, 27–28
parasitic, 28–29
viral, 28

latent parasitic infections, 22
monitoring

drug-drug interactions, 27
infections, 26

pretransplant evaluation
donors, 24
recipients, 23, 24

prevention of infections
avoidance of exposure, 24, 25
immunization, 24, 25
prophylaxis, 25, 26

pulmonary and CNS infections, 22
risk of infection posttransplantation

< 1 Month, 26
> 6 Months, 26
1-6 Months, 26

sites and types of infection
abdominal/genitourinary, 30
blood stream infections, 29
central nervous system, 30
chest, 30
skin, soft tissue and bone, 29

toxoplasmosis, 22
Trypanosoma cruzi amastigote, 29

Heartland virus, 756, 766
Heart-lung transplantation, 23

epidemiology, 22
infecting microbial agents

bacterial, 31
fungal, 31
parasitic, 32
viral, 32

monitoring
drug-drug interactions, 27
infections, 26

pretransplant evaluation
donors, 24
recipients, 23, 24

prevention of infections
avoidance of exposure, 24, 25
immunization, 24, 25
prophylaxis, 25, 26

risk of infection posttransplantation
< 1 Month, 26
> 6 Months, 26
1-6 Months, 26

sites and types of infection
abdominal/genitourinary, 33, 34
bloodstream infections, 33
central nervous system, 34
chest, 33
skin, soft tissue and bone, 32, 33

Heat shock proteins (HPSs), 397
Heating, ventilation, and air conditioning (HVAC) ducts, 1073
Helicase-dependent amplification (HDA), 798
Helicobacter, 369, 370

H. cinaedi, 369
Helminths, 384, 385
Hemagglutinins (HA), 684
Hematogenous dissemination of mucormycosis, 580
Hematologic complications, 237, 238
Hematologic malignancies, 185
Hematopoiesis, 613
Hematopoietic stem cell graft failure, 619
Hematopoietic stem cell transplantation (HSCT), 291, 504, 505, 679, 

680, 682, 684–687, 700, 705, 706, 717, 741, 754, 755, 782, 
795, 819, 823, 903, 906–908

acquisition, 157–158
adaptive immunity, 155, 156, 232, 233
anti-bacterial prophylaxis

AML, 1124
CDAD, 1124
fluoroquinolones, 1124
GVHD, 1123–1125
hypogammaglobulinemia, 1125
immune deficits, 1125
immunization, 1125
neutropenia, 1123
neutropenic fever and bacteremia, 1124
Stenotrophomonas, 1124

antifungal prophylaxis
anti-Aspergillus prophylaxis, 1127, 1128
fluconazole, 1126, 1127
galactomannan monitoring, 1127
IFD, 1126
itraconazole, 1127
posaconazole, 1126, 1127

antiviral prophylaxis
cellular immunotherapy, 1130
CMV, 1129, 1130
DNA vaccine, 1130
EBV, 1131
glycoprotein B vaccines, 1130
HHV6, 1131
innate immune response genes, 1130
letermovir, 1130
lymphoma therapy, 1131
maribavir, 1130

aspergillosis, 560, 561, 563, 564, 568–571
CMV

allograft stem cell transplants, 614, 615
CNS disease, 617
gastrointestinal tract disease, 620
hepatitis, 618
hosts’ immunologic susceptibility, 616
myelosuppression, 619, 620
pneumonia, 617, 618
retinitis, 618, 619
solid organ transplantation, 620–622
viral encephalitis, 619

coagulase-negative staphylococci (CoNS), 425
complications, 159
conditioning regimens, 227–229
conditioning-induced liver complications, 230
conditioning-induced renal complications

acute renal failure, 231
chronic renal failure, 231, 232

COP, 357
Cryptococcus infection, 592, 596
DILI, 354, 355
due to delayed immune reconstitution, 154
endocrine complications
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Hematopoietic stem cell transplantation (HSCT) (cont.)
bone metabolism, 238
growth hormone dysfunction, 238
osteoporosis, 238
thyroid dysfunction, 238, 239

Engraftment Syndrome (ES), 353
Enterobacteriaceae, 448, 451, 454
enterococcus, 435, 436
factors, 227
graft versus tumor effect, 153
haploidentical donor, 157
hematologic complications, 237, 238
HHV-6, 671
history, 154
HSV, 667–669
human leukocyte antigen system, 156
IFI

fungal pathogens in, 519–521
incidence and types of, 522, 523
primary fungal pathogens, 522, 524
risk factors, 523, 524
timelines and outcomes for, 524, 525

immunobiology, 154, 155
indications, 160

benign disorders, 160
malignant disorders, 159, 160

influenza, 688
innate immune system, 155
innate immunity, 232
IPS, 353, 354
matched donor, 156
matched unrelated donor, 156
MHC alleles, 156
neurologic complications

acute cardiac complications, 235, 236
cardiovascular system, 235
CNS infections, 234
delayed cardiac complications, 236
delayed neurologic complications, 235
metabolic encephalopathy, 235
neurologic toxicity, 233, 234
vascular complications, 234, 235

orointestinal complications
diarrhea, 230
emesis and anorexia, 229
mucositis, 229

PAP, 355, 357
pediatric (see Pediatric HSCT)
preemptive therapy, 625, 626
preparative regimens

GVHD and prophylaxis, 159
myeloablative vs. reduced intensity conditioning, 158

PTLD, 357, 358, 651, 655
pulmonary complications

acute pulmonary infections, 236
idiopathic pneumonia syndrome, 237
invasive fungal disease, 236, 237
late complications, 237
respiratory viral infections, 236

pulmonary edema, 351–353
radiaion-induced lung injury, 355
reconstitution of immunity, 155
reduced intensity conditioning regimens, 153
RSV, 681
secondary malignancies

acute myelogenous leukemia, 240

myelodysplastic syndrome, 240
post-transplant lymphoproliferative disorder, 240
solid tumors, 239

serologic assays, 156
sites of bacterial infection, 462
Staphylococcus aureus, 421
Streptococcus pneumoniae, 431, 432
umbilical cord blood donor, 156, 157
VZV, 670

Hemodialysis, 76, 77
Hemoglobinopathies, 160
Hemolysis, 199
β-Hemolytic streptococci

clinical manifestation, 429
diagnosis, 429, 430
epidemiology, 429
GAS, 429
GBS, 429
treatment, 430

Hemophagocytic lymphohistiocytosis (HLH), 160, 201, 202, 485, 717
Hemorrhagic fever with renal syndrome (HFRS), 755, 766
Hemorrhagic necrotic bullae, 369
Henipavirus, 763
Heparin induced thrombocytopenia (HIT), 204
Hepatic abscesses, 307
Hepatic amebiasis, 311
Hepatic artery thrombosis (HAT), 45
Hepatic hydrothorax, 52
Hepatic steatosis, 44
Hepatic veno-occlusive disease, 907
Hepatitis, 618
Hepatitis A virus (HAV), 63, 711, 1087, 1088, 1103

acute liver failure (ALF), 698
characterized by, 697
cholestatic hepatitis, 697
RNA virus, 697
single-antigen vaccine/immune globulin, 697
supportive care, 697
vaccination, 698
viral proteins, 697

Hepatitis B core-antibody (HBcAb), 699, 700
Hepatitis B immune globulin (HBIg), 698, 846
Hepatitis B surface antigen (HBsAg), 699, 700, 846
Hepatitis B vaccination, 1086, 1102
Hepatitis B virus (HBV), 215, 801, 846, 847, 968, 969

adefovir dipovoxil, 970
antiviral prophylaxis, 699
bone-marrow transplant recipients, 700
chronic infection, 698
direct antiviral therapy, 697
DNA virus, 697
entecavir, 970
heart transplant recipients, 700
hepatic cirrhosis, 698
kidney transplant recipients, 699, 700
lamivudine, 699, 968, 970
liver related mortality, 698
long-term HBIG prophylaxis, 699
nucleoside antagonists, 699
nucleotide antagonist, 699
NUCs, 699
pegylated interferon, 968
pre-transplant evaluation, 700, 701
screening, 698
TAF, 970
TDF, 970
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telbivudine, 970
Hepatitis C virus (HCV), 801, 847, 965–967

acute, 701
allograft, source of, 704, 705
bloodborne transmission, 697
bone marrow transplantation, 705, 706
chronic, 701–703, 705
direct anti-HCV drugs, 701
drug resistance testing, 968
genome, 701
genotypes, 701
HCV NS3/4A protease inhibitors, 966, 967
heart and lung transplantation, 705
kidney transplant patient

evaluation of, 704
natural history of, 704

after liver transplantation, 703
liver transplant setting, treatment, 702

DAA, 702, 703
ribavirin, 702
SVR, 702

mediated liver disease
acute infections, 701
chronic infections, 701, 702

NAT testing, 848
non-liver transplantation

end-stage kidney disease, 703, 704
kidney transplantation, 704

NS5A inhibitors, 967
NS5B inhibitors, 967, 968
populations at highest risk, 701
transmission, 701
treatment strategies, 701

Hepatitis E virus (HEV), 63, 64, 754
Hepatitis viruses, 801

antiviral therapy, 991
pharmacokinetics of antiviral agents, 990

Hepatobiliary tract infections
bacterial infections

cholecystitis, 306, 307
hepatic abscesses, 307
immunogenic strictures, 305
immunosuppression, 306
macroangiopathic strictures, 305
microangiopathic strictures, 305
post-transplant cholangitis, 305
pre-transplant cholangitis, 303–305

protozoal infections
cryptosporidium, 311
Entamoeba histolytica, 311
mycobacterial infection, 312
Schistosoma, 312–314

viral infections
Candidiasis, 310, 311
cytomegalovirus, 307, 308
Epstein-Barr virus, 308
herpes simplex virus, 308, 309
invasive aspergillosis, 309

Hepatocellular carcinoma (HCC), 42
Hepatocytes, 48
Hepatomegaly, 600
Hepatopulmonary syndrome (HPS), 41
Hepatorenal syndrome (HRS), 1056
Hepatosplenic candidiasis, 522, 550

clinical manifestations, 546
treatment, 552

Herpangina, 712
Herpes simplex keratitis, 327
Herpes simplex virus (HSV) infection, 145, 191, 214, 308, 309, 

371–373
acyclovir-resistant HSV, 373
chronic, 372, 373
diagnosis, 372
digital, 373
disseminated cutaneous, 373
disseminated HSV infection, 373
herpes simplex viruses 1 (HSV-1)

clinical disease, 667, 668
diagnosis, 668, 669
epidemiology, 667
prevention, 669
treatment, 669

herpes simplex viruses 2 (HSV-2)
clinical disease, 667, 668
diagnosis, 668, 669
epidemiology, 667
prevention, 669
treatment, 669

herpes vegetans, 373
knife-cut sign, 373

Herpes vegetans, 373
Herpes viruses

antiviral agents, 954–955
dose of antiviral agents, treatment of, 980–981
pharmacokinetics of antiviral agents, treatment of, 978
pharmacokinetics of antiviral agents, trreatment of, 978

Herpes zoster (HZ), 1100
chronic, 374

Herpes zoster ophthalmicus (HZO), 327
Herpesvirus 6 (HHV-6), 145
Herpesvirus 8 (HHV-8), 145
Herpesvirus antivirals, 953

acyclovir, valacyclovir, penciclovir and famciclovir, 955
clinical indications, 956
drug resistance mechanisms, 956
pharmacology, 956

cidofovir, 958
clinical indications, 958, 959
drug resistance mechanisms, 959
pharmacology, 958

drug resistance
incidence and clinical diagnosis of, 959, 960
management of, 960

foscarnet, 957
clinical indications, 958
drug resistance mechanisms, 958
pharmacology, 958

ganciclovir and valganciclovir, 957
clinical indications, 957
drug resistance mechanisms, 957
pharmacology, 957

letermovir, 961
maribavir, 960, 961
pritelivir and amenamevir, 960

Herpetic ulcers, chronic, 373
Heterophile antibody testing, 648, 649
High dose corticosteroid therapy, 353
High-efficiency particulate air (HEPA), 572, 1073
High-performance liquid chromatography (HPLC), 602
High-resolution chest computed tomography (HRCT) scan, 683
Hilar adenopathy, 600
Histone deacetylation inhibitors (HDACi), 655
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Histoplasma antigen, 600
Histoplasma capsulatum, 601
Histoplasmosis, 382, 521, 527

clinical manifestation, 600
epidemiology, 599

Hodgkin lymphoma (HL), 160, 646
Hodgkin’s disease, 354, 355, 717
Hospice care, 1053–1055, 1060
Hospital acquired pneumonia (HAP), 916, 917
Hospital facilities management, 1073, 1074
Hospital of the University of Pennsylvania (HUP), 1045
Hospital-acquired methicillin resistant Staphylococcus aureus, 874
Hospital-acquired pneumonia (HAP), 342
Host-fungal pathogen interplay, 941, 942

amphotericin B formulations, immunomodulatory effects of, 
943–945

antibacterial agents on antifungal activity, immunomodulatory 
effects of, 946, 947

antifungal drug-induced effects, 942, 943
azoles, immunomodulatory effects of, 945
echinocandins, immunomodulatory effects of, 945, 946
phagocytes activity, modulation of, 947

Hosts’ adaptive immune system, 232
Hot tub lung, 1077
Huaiyangshan virus (HYSV), 755
Human adenoviruses (AdV), 94
Human bocavirus (HBoV), 756, 760, 761, 807
Human coronaviruses (HCoV), 688, 689
Human enterovirus A (HEV-A), 712
Human enterovirus B (HEV-B), 712
Human enterovirus C (HEV-C), 712
Human enterovirus D (HEV-D), 712
Human herpes virus 6 (HHV-6), 214, 375, 621, 805, 807

human herpes viruses 6A (HHV-6A)
clinical disease, 671, 672
diagnosis, 672
epidemiology, 671
treatment, 672

human herpes viruses 6B (HHV-6B)
clinical disease, 671, 672
diagnosis, 672
epidemiology, 671
treatment, 672

Human herpes viruses 7 (HHV-7), 215, 754
clinical disease, 673
diagnosis, 673
epidemiology, 672
prevention, 673
treatment, 673

Human herpes viruses 8 (HHV-8), 215, 756
clinical disease, 673
diagnosis, 674
epidemiology, 673

Human immunodeficiency virus (HIV), 42, 645, 649, 801, 847, 848
HIV-associated acquired immunodeficiency, 505
NAT testing, 848

Human leukocyte antigen (HLA), 156, 1098
Human metapneumovirus (HMPV), 345, 754, 762, 807

clinical manifestations, 683
epidemiology, 683
in transplantation, 683
treatment, 683

Human papillomaviruses (HPV), 375, 802, 1105
Human rabies immunoglobulin (HRIG), 1089
Human rhinoviruses (HRV), 688, 689, 762
Human T cell lymphotropic virus type 1 (HTLV-1), 88, 757, 758

Human T cell lymphotropic virus-associated  
myelopathy (HAM), 30, 757

Humanized monoclonal antibodies, 746
Humoral immune defects, 6
Humoral immunity, 613, 648
Hyalohyphomycoses, 379, 520
Hydrocephalus, 603
Hydrophilic antibiotics, 906
Hydroxyphosphonylmethoxypropylcytosine (HPMPC).  

See Cidofovir
Hyperacute rejection, 359
Hyperfractionated cyclophosphamide, 622
Hyperinfection syndrome, 88, 384, 782, 784, 785
Hypersensitivity pneumonitis, 354
Hypocomplementemia, 339
Hypogammaglobulinemia, 85, 716
Hyponatremia, 41, 740
Hypoprothrombinemia, 862
Hypothyroidism, 239

I
Iatrogenic immunosuppression, 374, 380, 855
Ideal body weight (IBW), 910
Idiopathic pneumonia syndrome (IPS), 237, 353, 354
2016 IDSA/SHEA guideline, 1046, 1047
IFN-gamma1b therapy, 1036
IFN-γ release assays (IGRAs), 497
IgM antibody capture enzyme-linked immunosorbent assay  

(MAC- ELISA), 744
Iluconazole, 531
Imatinib, 406
Imipenem, 486, 506, 509–511, 860
Immune defect(s), 4–7
Immune deficiency disease, 160
Immune dysfunction, 3
Immune evasion, 613
Immune globulin therapy, 729
Immune reconstitution inflammatory syndrome (IRIS),  

546, 594–596, 600
Immune reconstitution syndrome (IRS), 323, 521
Immune suppression-associated systemic toxicities, 97
Immune suppressive drugs, 1003
Immune thrombocytopenic purpura (ITP), 204
Immunodiffusion (ID), 601
Immunomodulation, 917

dapsone and sulfonamides, 919
fluoroquinolone, 918
macrolide antibiotics, 917, 918
tetracycline antibiotics, 918

Immunoprophylaxis, 625, 684
Immunosuppressant drug interactions, 911
Immunosuppression, 506, 595
Immunosuppressive agents, 700, 913, 914
Impetigo, 408
Inactivated poliovirus vaccine (IVP), 714
Infected osteoradionecrosis, 478
Infection control, 454

autologous and allogeneic SCT, 1069
avoidance

contaminated water/inadvertent ingestion, 1077
diarrheal illness, 1077
geographic risk factors, 1077
hand hygiene, 1076
immune suppression, 1077
risk of influenza, 1077
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sexual behaviors, 1077
workplace risks, 1076

early post-SOT/pre-engraftment periods
bacterial pathogens, 1072
CLABSI avoidance, 1074
gastrointestinal infection, 1074, 1075
HCWs, 1072
hospital exposures, 1072
hospital facilities management, 1073, 1074
institutional food and beverages, 1071, 1075
isolation precautions, 1072, 1073
PE room, 1073, 1074
respiratory viruses, 1074
VZV, 1075

intermediate post-SOT/early post-engraftment periods, 1075, 1076
isolation precautions, 1070
late post-SOT/late post-engraftment periods, 1076
net state of immunosuppression, 1069
pre-transplant period, 1070, 1071
SOT recipients, 1069
stages, 1069
time of transplantation and engraftment, 1069, 1070

Infection control risk assessment (ICRA), 1073
Infection control service, 462
Infectious diarrhea, 456
Infectious Diseases Society of America (IDSA), 1041
Infectious mononucleosis, 308
Infectious uveitis

herpes simplex keratitis, 327
HZO, 327
ocular toxoplasmosis

causes, 325
clinical presentation, 326
diagnostic tests, 326
incidence, 325
prognosis, 326
risk factors, 325
treatment, 326

ocular tuberculosis, 326, 327
Infective endocarditis (IE), 29

antibiotic therapy, 280
clinical signs, 279
diagnosis, 279
estimated incidence, 275
heart surgery, 281
immunosuppressed and hemodialysis, 275
incidence, 275
laboratory findings, 279–280
microorganisms, 276–279
modified Duke criteria, 273, 274
mortality, 275
pathogenesis, 276
prophylaxis, 281, 282
risk factors, 275
sepsis, 275

Inflammation, 697
Infliximab, 477, 493
Influenza, 1086

antiviral options for treatment, 687
clinical manifestations, 685, 686
diagnosis of, 686
epidemiology, 685
influenza A viruses, 684
pharmacokinetics of antiviral agents, 987
prevention, 688
treatment, 686, 687

types, 684
Inhalation, investigational therapies, 917
Inhaled levofloxacin (AeroquinTM), 917
Inherited metabolic disorders, 160
Inhibitory mold agar (IMA), 821
Innate anti-CMV immunity, 612, 613
Innate immunity, 155, 232, 559, 647
Integument transplants, 622
Intensive insulin therapy, 258, 259
Interfereon gamma release assay (IGRA) screening, 1005, 1006
Interferon, 703–706

dosing and drug interactions, 996
mechanism of action and resistance, 995
pediatric patients, pharmacokinetics, 996
pharmacokinetics, 995, 996

Interferon gamma (IFN-γ) activation, 492–494, 1026
clinical use, 1033
FDA approval, 1033
immune cell activation, 1032
lysosomal activity, 1032
MHC class I expression, 1032
TH1 cell stimulation, 1032

Interferon gamma release assay (IGRA), 54, 82, 842, 1071
Interferon therapy, 746
Interleukin-12 (IL-12), 505
Interleukin-receptor associated kinase 4 (IRAK-4), 941
Internal transcribed spacer (ITS), 824
Interstitial pneumonia, 237
Intestinal allograft viral enteritis, 126
Intestinal anaerobic microflora, 467
Intestinal and multivisceral transplantation (IMVTx)

immediate post-transplantation period, 121
antimicrobial prophylaxis, 122
definition, 120
hospital re-admission, 121
sites of infections, 121, 122

immunologic mechanisms, 111
immunological and infectious challenge, 111
immunosuppression, 113
indication, 111, 112
infections, 112, 119
intestine immunology

bacterial translocation, 115
barrier structures, 113
dendritic cells, 114
epithelium functions, 113
Goblet cells, 113
intestinal macrophages, 114
microbes, 114, 115

for irreversible intestinal failure (IF), 111
late post-transplantation period

adenovirus, 126, 127
Aspergillosis fungal infections, 129, 130
Candida fungal infections, 129
CMV, 123–125
cryptococcal meningitis, 131
EBV, 125, 126
intestinal allograft viral enteritis, 126
intestinal parasites, 131
Mycobacterium tuberculosis, 131
norovirus, 128
pneumonia, 130, 131
rotavirus, 127, 128

PNALD, 112
peri-operative infections, 115, 119, 120
post-transplant infections, 118, 119
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Intestinal and multivisceral transplantation (IMVTx) (cont.)
pre-transplant evaluation, 117, 118
risk infection

catheter-related bloodstream infections, 116
causes, 115
CLABSIs, 116, 117
entero-cutaneous fistula formation, 116
Kuppfer cells, 116
malnutrition, 116
parenteral nutrition, 116
short gut syndrome, 116

Intestinal protozoa, 789
Intestinal transplant recipients, 622
Intra-abdominal candidiasis, 552
Intraabdominal hemorrhage, 46
Intra-abdominal infections, 54, 55, 448, 546, 547
Intracerebral hemorrhage, 234
Intracranial infection

early post-transplant period
antimicrobial-resistant organisms, 332
donor-derived infection, 332
recipient-derived infections, 332
surgery, 332

intermediate time period
acquiring Mycobacterium tuberculosis, 333
antimicrobial prophylaxis, 332
antiviral prophylaxis, 332
epidemiology, 332
microsporidia, 333
opportunistic infections, 332
progressive multifocal leukoencephalopathy, 332

late time period, 333
meningoencephalitis/abscesses, 331
organisms, 331

Intrahepatic fibrosis, 304
Intrathoracic lymphadenopathy, 361
Intravascular catheter-related blood stream infections (IVDR BSI)

antimicrobial resistance, 251
contaminated infusate, 249
cost, 249
diagnosis, 252
epidemiology, 251
microbiology, 251
mortality, 250
mucosal barrier injury related BSI, 252
pathogenesis, 249, 250
prevention, 253, 254

anti-infective lock solutions, 257
anti-infective Luer-activated devices, 257, 258
anti-infective-coated CVCs, 256, 257
catheter securement, 258
chlorhexidine bathing, 256
chlorhexidine-impregnated sponge dressing, 256
compliance, 259
cutaneous antisepsis, 254
insertion site, 255, 256
intensive insulin therapy, 258, 259
maximal barrier precautions, 255
simulation-based training, 256
topical antimicrobials, 255

pulsed-field gel electrophoresis, 250, 251
sources, 249

Intravenous beta-lactam therapy, 431
Intravenous immunoglobulin (IVIG), 625–627, 681–683, 716
Intravenous RSV-specific immunoglobulin (RSV-IVIG), 681
Invasive aspergillosis (IA), 90, 216, 217, 309, 376, 522, 560, 563–565, 

570, 934, 935, 1031, 1032, 1126

Invasive candidiasis (IC), 522, 524, 934
Invasive disease, 559
Invasive fungal disease (IFD), 236, 237, 309, 796, 1126
Invasive fungal infections (IFIs), 819, 933, 1042

antifungal prophylaxis, 530, 1112
amphotericin B, 532
echinocandins, 531, 532
fluconazole, 531, 532
genetic determinants of fungal risk, 530
immunosuppression, 532
itraconazole, 533
non-pharmacologic strategies, 533
posaconazole, 531, 532
primary, 531
secondary, 531
TLR, 530
voriconazole, 531

epidemiology, 521, 522, 1111
heart transplantation, 1116
HSCT

fungal pathogens in, 519–521
incidence and types of IFIs, 522, 523
risk factors, 523, 524
timeline and outcomes, 524, 525

invasive aspergillosis, 934, 935
invasive candidiasis, 934
invasive mold diseases, 936
kidney transplantation, 1116
lung transplantation

ABLC, 1115
aerosolized amphotericin B formulations, 1115
AmBd, 1115
antifungal prophylaxis strategies, 1114
follow-up period, 1115
itraconazole, 1116
risk factors, 1114
voriconazole and itraconazole, 1115

pancreas transplantation, 1116
small bowel transplantation (see Small bowel transplantation)
SOT

fungal pathogens in, 519–521
incidence and types of IFI, 525–528
risk factors, 528, 529
timelines an outcomes, 529, 530

zygomycosis, 935, 936
Invasive listeriosis, 482
Invasive mold diseases, 936
Invasive mucormycosis, 579
Invasive pneumococcal disease, 432
Invasive pulmonary aspergillosis (IPA), 345, 808
Iron chelation therapy, 584
Iron deficiency, 200
Isavuconazole, 531, 566, 568, 570, 583–585
Isavuconazonium sulfate, 935
Ischemic strokes, 234
Isoniaizd, 509, 510
Isoniazid LTBI therapy, 1007
Isospora belli, 789
Itraconazole, 382, 567, 569, 570, 578, 583, 602, 607, 931

Aspergillus, 377
blastomycosis, 382, 606
coccidioidomycosis, 382, 604
Cryptococcus infection, 594, 595
histoplasmosis, 382, 602, 603
hyalohyphomycoses, 379
IFI, 531–533
phaeohyphomycosis, 379
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superficial mycoses, 383
Ivermectin, 384

J
Japanese encephalitis (JE), 740, 1090
Japanese encephalitis virus (JEV), 735, 764
Jejunoileal bypass surgery, 495
Jet nebulizer, 915
Junin virus, 760

K
Kaposi’s sarcoma (KS), 98, 371, 413

clinical disease, 674
epidemiology, 673
risk factors, 673

Kaposi’s varicelliform eruption, 373
Karnosfky performance scale (KPS), 1059, 1062
Katayama fever, 312
Ketoconazole, 379, 383
KI polyomavirus (KiPyV), 807
Kidney and pancreas transplantation

acquired/late infectious complications
asymptomatic bacteriuria, 98
candiduria, 98
dermatophytosis, 98
emerging fungal pathogens, 98
immune suppression-associated systemic toxicities, 97
pyelonephritis, 98
SOT and non-SOT controls, 97
urinary bladder drainage method, 98

antimicrobial prophylaxis
atovaquone, 101
CMV prophylaxis, 102
cost-effectiveness, 100
oral and esophageal Candida prophylaxis, 101
perioperative antibiotic prophylaxis, 101
TMP-SMX, 100, 101
tuberculosis prophylaxis, 101
UTI prophylaxis, 101

early infections
donor-derived infections, 87, 88
healthcare acquired infections, 87
healthcare-acquired infections, 86, 87
risk factors, 85
surgical complications, 85, 86

hemodialysis, 76, 77
immunosuppressive agent, 75
immunosuppressive therapy, 76
opportunistic bacterial infections, 88, 89
opportunistic fungal infections

coccidioidomycosis, 90
cryptococcosis, 90
Cryptococcus neoformans, 90
invasive aspergillosis, 90
Pneumocystis jiroveci, 91
pneumocystis pneumonia, 91

opportunistic viral infections
BK polyomavirus, 91, 92, 94
cytomegalovirus, 94–96
Epstein-Barr virus, 96, 97
human adenoviruses, 94

peritoneal dialysis, 77
posttransplantation period, 84, 85
pretransplantation issues, 76
pretransplantation screening

interferon gamma release assays, 82
living donor and deceased donor, 83–84
T-spot, 82
TST, 82

pre-transplantation screening, infectious disease  
consideration, 84

surgical approaches, 75
viral infection

HBV infection, 77, 78
HCV infection, 78, 79
HIV infection, 79, 80
pharmacologic consideration, 80, 81

Kidney Disease Outcomes Quality Initiative (KDOQI), 1057
Kidney transplantation, 448, 621, 622, 699–700, 703, 704, 1116
Kissing lesions, 373
Klebsiella spp., 369, 447–449

K. pneumoniae, 447, 449–452
Klebsiella pneumoniae carbapenemases (KPCs), 856
Kodoko virus, 760
Kupffer cells, 48

L
Lactobacillus acidophilus, 862–863
Lamivudine (LAM), 699, 968, 970

dosing and drug interactions, 992
mechanism of action and resistance, 992
monoprophylaxis, 699
pediatric patients, pharmacokinetics, 992
pharmacokinetics, 992

Lassa virus, 760
Latent cycle antigens, antibodies to, 649
Latent infection, 645
Latent membrane proteins (LMPs), 645

latent membrane proteins 1(LMP1), 646
latent membrane proteins 2A (LMP2A), 646

Latent Strongyloides infection, 88
Latent tuberculosis infection (LTBI), 82, 492, 494–497, 1004, 1071

diagnosis, 1005
donor screening, 1005
risk factors, 1005
screening methods, 1005, 1006
treatment, 1007–1009

Lateral-flow immunochromatographic assays (LFIA), 821
Leflunomide, 631, 633
Left ventricular assist devices (LVAD), 437
Legionella, 369
Leishmania spp., 788

L. amastigotes, 788
Leishmaniasis, 383, 788
Leptotrichia hongkongensis, 466
Less common invasive Candida infections, 548
Letermovir, 624, 625, 630, 633, 634, 961
Leukaemia (ECIL-4) guidelines, 680
Leukapheresis technology, 1034
Leukocytoclastic vasculitis, 404
Leukopenia

acute infection, 202
cytomegalovirus infection, 202
definition, 201
dengue infection, 201
fungal infections, 201
non-infectious and infectious etiologies, 201
non-infectious causes, 201
parvovirus B19, 201
risk, 201

Levofloxacin, 434, 464, 512
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Ligase chain reaction (LCR), 798
LighCycler® SeptiFast, 824
Limbs transplants, 622
Linezolid, 424, 427, 430, 434, 437, 438, 476, 509–511, 867, 868, 873
Lipid formulation of amphotericin B, 552
Lipodermatosclerosis (LDS), 407
Lipophilic antibiotics, 906
Lipopolysaccharides (LPS), 865
Liposomal amphotericin B (L-AmB), 532, 566, 568, 569, 582, 584, 

601, 927, 943, 1112
Listeria monocytogenes, 475, 481

ampicillin, 486
bone marrow transplantation, 485
in cancer patients, 484
clinical syndromes

bacteremia, 483
central nervous system infections (see Central nervous  

system infection)
infection in pregnancy and neonatal period, 482, 483

diagnosis, 486
epidemiology, 482
in heart transplant recipient, 485
pathogenesis, 481–482

Listeriae, 481
Listerial endocarditis, 484
Listeriosis

in cancer patients, 484
diagnosis, 485–486
Listeria monocytogenes (see Listeria monocytogenes)
prevention, 487
in transplant recipients

CMV disease, 485
Listeria grayi, 485
lung transplantation, 485
orthotopic liver transplantation, 485
renal transplantation, 485
solid organ and bone marrow transplant recipients, 485

treatment, 486
Live-attenuated influenza vaccine (LAIV), 688, 1096, 1097
Live-attenuated varicella virus, 1100
Liver transplantation (LT), 448, 449, 621, 698

acute cellular rejection, 47
biliary complications, 46
chronic HBV infection, 698
chronic liver disease

aeromonas spp., 53
Aspergillus fumigatus, 53
infectious complications, 47
Listeria monocytogenes, 53
Mycobacterium tuberculosis, 53
Plesiomonas shigelloides, 53
Rhizopus spp, 53
Vibrio spp, 52
Yersinia spp., 53

chronic rejection, 47
cirrhosis

aeromonas spp., 53
Aspergillus fumigatus, 53
aspiration pneumonia, 51
bloodstream infections, 51, 52
community acquired pneumonia, 51
health-care acquired pneumonia, 51
hepatic hydrothorax, 52
immunologic dysfunction, 48, 50
infectious complication, 47
Listeria monocytogenes, 53

Mycobacterium tuberculosis, 53
Plesiomonas shigelloides, 53
Rhizopus spp., 53
skin and soft tissue infections, 52
spontaneous bacterial peritonitis, 51
UTIs, 51
Vibrio spp., 52
Yersinia spp., 53

contraindications, 42–43
donor selection, 58–59
HBV prophylaxis, 62
HBV reinfection, 62
HCV, 701, 702

DAA, 702, 703
recurrent, 703
treatment post-liver transplanation, 63

hepatic artery thrombosis, 45
hepatocytes, 48
hepatitis A virus after LT, 63
hepatitis E virus after LT, 63, 64
indications, 1111
immunosuppression regimen

antibody mediated rejection, 46
calcineurin inhibitor, 46
donor specific antibodies, 46
glucocorticoids, 47
humanized monoclonal antibodies, 47
mTOR inhibitors, 46
mycophenolate, 46

indications, 41, 42
infectious complications

bacterial and healthcare-acquired infections, 54–57
community-acquired/late infections, 61–62
donor-derived infections, 58
epidemiology, 53
factors, 54
fungal infections, 57–58
immunocompromised states, 54
intra-abdominal infections, 55
opportunistic infections, 59–61
pre-transplant screening, 53
prevention of, 62
prophylaxis, 62
screening measures, 54

intra-abdominal hemorrhage, 46
Kupffer cells, 48
living donor liver transplantation, 43
surgical approaches, 45
targeted antifungal prophylaxis

double-blind controlled study, 1114
echinocandins, 1114
low-risk recipients, 1114
meta-analyses, 1114
risk factors, 1113
single-center randomized controlled study, 1113
single-center retrospective study, 1113

universal antifungal prophylaxis, 1111–1113
Living donor liver transplantation (LDLT), 43
Long-term antiviral therapy, 700
Loop-mediated amplification (LAMP), 798
Low resolution HLA typing, 156
Lower respiratory tract infection (LRTI), 449, 679–681, 683–686

aerosolized ribavirin and IVIG, 681
PIV, 682
risk factors, 680

Luer-activated device (LAD), 258
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Lujo virus, 760
Lumbar osteomyelitis, 334
Lung cancer, 361
Lung infiltrate, 351
Lung transplantation, 23, 449, 467, 474, 485, 504, 528,  

561, 621, 705
ABLC, 1115
aerosolized amphotericin B formulations, 1115
aerosolized L-AmB, 1115
allograft rejection, 359, 360
AmBd, 1115
antifungal prophylaxis strategies, 1114
epidemiology, 22
follow-up period, 1115
history, 21
infecting microbial agents

bacterial, 31
fungal, 31
parasitic, 32
viral, 32

itraconazole, 1116
lung cancer, 361
monitoring

drug-drug interactions, 27
infections, 26

PGD, 358, 359
pretransplant evaluation

donors, 24
recipients, 23, 24

prevention of infections
avoidance of exposure, 24, 25
immunization, 24, 25
prophylaxis, 25, 26

risk factors, 1114
risk of infection posttransplantation

< 1 Month, 26
> 6 Months, 26
1-6 Months, 26

sites and types of infection
abdominal/genitourinary, 33, 34
bloodstream infections, 33
central nervous system, 34
chest, 33
skin, soft tissue and bone, 32, 33

voriconazole
and itraconazole, 1115
prophylaxis, 1115, 1116

Lymphadenitis, 496
Lymphadenopathy, 778
Lymphedema blisters, 409
Lymphoblastoid cell lines (LCLs), 645
Lymphocutaneous infection, 607
Lymphocytic choriomeningitis virus (LCMV), 203, 755, 759, 760
Lymphocytopenia, 740
Lysis-centrifugation system, 600
Lysyl-phosphatidylglycerol (LPG), 869
Lytic cycle antigens, antibodies to, 649
Lytic infection, 644

M
Machupo virus, 760
Macrodilution methods, 508
Macrolides, 511, 871, 917–919

activity spectrum, 872
adverse reactions, 872

resistance, 871
streptogramins, 872, 873
transplant patients, use in, 873

Macrophage colony-stimulating factor (M-CSF), 1023, 1025
Maculopapular rash, 738
Major antigenic determinant, 861
Maki roll-plate technique, 279
Malakoplakia, 368
Malaria, 787, 788
Malarial prophylaxis, 1077
Malt extract agar, 821
Manhattan tertiary cancer center, 1046
Mannose-capped lipoarabinomannan (ManLAM), 493
Marburg, 767
Maribavir, 624, 630, 633, 960, 961
Marrow failure syndromes, 160
Mass aerodynamic diameter (MMAD), 914
Matched unrelated (MUD) donor, 156
Matrix metalloproteinases (MMPs), 918
Matrix-assisted laser desorption ionization-time of flight  

(MALDI- TOF), 821
Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-TOF MS), 802, 803
Maximal barrier precautions, 255
Maximum concentration (Cmax), 905
Measles, 762, 763
Measles, mumps and rubella (MMR), 1086, 1104, 1105
Mechanical blister, 408
Mediastinal actinomycosis, 478
Mediastinitis, 30, 33
Medicare, 1060
MefA, 871
Melphalan, 355
Memory T-cells, 155
Meningitis, 482–486
Meningococcal disease, 1088, 1089
Meningococcal vaccine (MCV4), 1088, 1100
Meningoencephalitis, 484, 593, 715, 716
Merkel cell carcinomas, 413
Meropenem, 476, 486, 506
MESH nebulizers, 915
Metabolic assays, 803, 804
Metabolic encephalopathy, 235
Metalloenzymes, 856
Methenamine silver-stain, 581
Methicillin resistantStaphylococcus aureus(MRSA),  

419–423, 436, 864, 1072
Methotrexate, 354
Methotrexate elimination, 907
Methylprednisolone, 913
Metronidazole, 409, 479, 877, 878

activity spectrum, 878
adverse reactions, 879
resistance, 878, 879
transplant recipients, use in, 879, 880

MexAB-OprM pump, 876
Micafungin, 553, 566, 584, 928, 932, 946, 1117
Micro RNAs (miRNAs), 647
Microbial surface components recognizing adhesive matrix molecules 

(MSCRAMM), 276
Microdilution methods, 508
Middle East respiratory syndrome coronavirus (MERS-CoV), 688
Miliaria crystallina, 409
Miliaria rubra, 400
Milrinone, 719
Mimic infectious processes, 397
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Mincle, 493
Minimum concentration (Cmin), 905
Minimum inhibitory concentration (MIC), 905

breakpoints, 453
Minocycline, 464, 466, 476, 479, 509, 510, 918
Mixed immune defects, 6
Model for End-Stage Liver Disease (MELD) score, 41, 433
Modification of diet in renal disease (MDRD) equation, 910
Molluscum contagiosum, 376
Moloney murine leukemia virus (MMLV), 756
Monoamine oxidase (MAO), 868
Monobactams, 860, 861
Monoclonal antibody against WNV E protein (MGAWN1), 746
Monoclonal antibody MSL-109, 632
Monocytogenes, 483
Monte Carlo simulation models, 1043
Morganella, 369

M. morganii, 369
Mouse model, 714
Moxifloxacin, 434, 509, 510, 512
mprF, 869
Mtb. See Mycobacterium tuberculosis (Mtb)
mTOR inhibitors, 4, 620, 621
Mucociliary transport, 914
Mucocutaneous herpes infections, 668
Mucoraceae, 577
Mucorales, 521, 563, 577, 580, 581, 585
Mucormycosis, 377–379, 527, 528, 577

antifungal therapy
combination antifungal therapy for, 584, 585
first-line monotherapy options, 582, 583

clinical manifestations, 579, 580
diagnosis, 580, 581
epidemiology, 578
incidence, 577–578
risk factors, 578
taxonomy, 577
treatment, 581

early diagnosis, 581, 582
surgical management, 582
underlying disease, reversal of, 582

Mucosal barrier injury laboratory-confirmed bloodstream infection 
(MBI-LCBI), 251

Mucosal barrier injury related BSI, 249
Mucosal candidiasis

clinical manifestations, 548
treatment, 553

Mucositis, 229, 278, 297
Multidisciplinary antibiotic stewardship team (MAST), 194
Multidrug resistant (MDR) bacteria, 461, 916
Multidrug resistant efflux pumps, 876
Multidrug resistant Enterobacteriaceae (MDRE), 452

AmpC beta-lactamases, 450
extended-spectrum beta-lactamases, 450
mechanisms of resistance, 451
risk factors, 450, 451
solid organ transplantation, 451

Multidrug resistant organisms (MDRO), 55, 306
Multidrug resistant pseudomonal infections, 463
Multidrug resistant TB (MDR-TB), 1003

adverse events, 1012, 1013
causes, 1004
clofazimine, 1013
cycloserine, 1013
ethionamide, 1013

fluoroquinolones, 1012
hematological toxicity, 1013
injectable agents, 1012
linezolid, 1013
LTBI treatment, 1013
rifabutin, 1012
standardized short course treatment regimens, 1011

Multilayered wound closure, 270
Multinational Association for Supportive Care in Cancer  

(MASCC) score, 453
Multi-organ failure (MOF), 235
Multiple lung nodules, 360
Multiple myeloma, 160
Multiplex vs. single-virus testing, 848
Multivisceral transplant (MVT), 526, 622
Mumps, 762, 763
Musculoskeletal actinomycosis, 478
Musculoskeletal infections, 507
Mutant prevention concentration (MPC), 876
Myalgia, 1012
MycArray™ assays, 801
MycAssayTM Aspergillus, 824
Mycobacterial infections, 413
Mycobacterium spp.

M. abscessus, 504, 507, 511–513, 1015
M. chelonae, 511
M. fortuitum, 507, 511
M. haemophilum, 511
M. kansasii, 510
M. marinum, 491
M. tuberculosis, 371
nontuberculous, 371

Mycobacterium avium complex (MAC), 504, 506, 509, 510, 1004
Mycobacterium bovis- bacillus Calmette-Guerin (BCG), 493
Mycobacterium tuberculosis (Mtb), 371, 1004, 1006

bacterial determinants of disease, 493–494
biology of

acid fast staining, 491
Ghon complex, 491
granuloma formation, 492
LTBI, 492
macrophage phagosome, 491
macrophages, 491
neutrophils, 492
phagocytic cells, 491
T helper 1 cells, 491
Th1 and Th17 responses, 492

clinical manifestations, 496
diagnosis

acid-fast staining, 497
cerebral spinal fluid (CSF) culture, 497
IGRAs, 497
nucleic acid amplification tests, 498
PPD, 497
QuantiFERON-TB Gold In-tube test (QFT-GIT), 497
T-SPOT.TB test (T-Spot), 497
TST, 497
Xpert MTF/RIF (Cepheid), 498

epidemiology, 494
host determinants of disease, 492–493
outcomes, 498
radiographic finding, 496
risk factors for, 494–495
timing of diagnosis, 495–496

Mycophenolate mofetil, 495, 620, 621

Index



1161

Mycophenolic acid (MPA), 911, 913
Myeloablative antineoplastic therapy, 3
Myelodysplastic syndrome (MDS), 160, 240, 524
Myeloid differentiation factor 88 (MyD88), 941
Myeloperoxidase (MPO), 942
Myelosuppression, 619, 620, 868
Myocarditis, 485, 713, 714, 716
Myositis, 716

N
Nafcillin, 424
Nalidixic acid, 874
Nasopharyngeal carcinoma (NPC), 657
National Action Plan for Combating Antibiotic-Resistant  

Bacteria, 1041
National Enterovirus Surveillance System, 714
National Healthcare Safety Network (NHSN) surveillance, 74, 251
National Hospice and Palliative Care Organization (NHPCO), 1060
National Respiratory and Enteric Virus Surveillance System, 714
Natural killer (NK) cells, 155, 612, 613
Nebulizers, 915
Necrolytic migratory erythema, 412
Necrotic ulcers, 370
Necrotizing fasciitis, 429
Necrotizing left lung Pseudomonas infection, 11
Necrotizing pneumonia, 422
Neisseria meningitidis, 1100
Nephrotoxicity, 883
Neuraminidases (NA), 684, 961
Neuroblastoma, 160
Neurologic complications

acute cardiac complications, 235, 236
cardiovascular system, 235
CNS infections, 234
delayed cardiac complications, 236
delayed neurologic complications, 235
metabolic encephalopathy, 235
neurologic toxicity, 233, 234
vascular complications, 234, 235

Neurologic toxicity, 233, 234
Neuromuscular blockade, 866
Neutropenia, 339, 906–908, 1123
Neutropenic diet, 1075
Neutropenic enterocolitis, 546
Neutrophilic alveolitis, 353
Neutrophilic eccrine hidradentis, 400, 401
New York Heart Association and American College of Cardiology/

American Heart Association, 1055
Next generation sequencing, 756
NF-κB pathway, 646
Nipah and hendra viruses, 763
Nitroreductase, 878
Nocardia, 343, 344, 367, 368, 883

N. asteroides, 131
Nocardiosis

in cancer patients, 475
clinical syndromes, 474–475
cure rates/prognosis, 476, 477
diagnosis, 475
epidemiology, 473–474
HSCT, 475
infection control, 477
microbiology, 473
prevention/prophylaxis, 476

risk factors for, 474
treatment, 476

Nodular panniculitis, 405
Nodular vasculitis, 405, 406
Non liver transplant recipients

bone-marrow transplant recipients, 700
heart transplant recipients, 700
kidney transplant recipients, 699–700

Non-alcoholic steatohepatitis, 703
Non-Aspergillus molds, 522, 524, 527, 529
Non-cardiogenic pulmonary edema, 353
Nondestructive polyarthropathy, 727
Non-fermentative Gram-negative bacilli (NFGNB)

Achromobacter spp., 465
Acinetobacter spp., 462

A. baumannii, 465
Alcaligenes species, 465
Burkholderia cepacia complex (BCC), 465
Chrysobacterium species, 466
Elizabethkingia meningoseptica, 466
frequency of infections, 463
Pseudomonas spp.

P. aeruginosa, 462–464
P. fluroescens, 466
P. putida, 466

Stenotrophonomas maltophilia, 462, 464
Non-Hodgkin lymphoma, 160
Noninvasive elastrography, 704
Non-liver transplantation

end-stage kidney disease, 703, 704
kidney transplantation, 704

Non-myeloablative preparative therapy, 353
Nonmyeloablative stem cell transplantation, 17, 615
Nonperinatal listeriosis, 482
Non-poliovirus, 715, 716
Non-SARS coronaviruses, 754
Non-specific interstitial pneumonitis (NSIP), 353
Non-steroidal anti-inflammatory agents (NSAIDS), 914
Non-tropical pyomyositis, 432
Non-tuberculous mycobacterial (NTM) infection,  

88, 312, 344, 371, 506, 917
clinical diagnosis, 507, 508
clinical presentation, 506

catheter-related infections, 507
disseminated disease, 507
pulmonary disease, 507
skin, soft-tissue and musculoskeletal infections, 507

common site of infection, 503
diagnosis, 1014
drug resistance, 1004
epidemiology

HSCT, 503
SOT, 504

immunologic susceptibility to, 505, 506
laboratory diagnosis, 508
microbiology, 506
Mycobacterium spp.

M. abscessus, 1015
M. chelonae, 1015
M. fortuitum, 1015
M. kansasii, 1014
M. massiliense, 1015

natural drug resistance, 1014
pathophysiology, 1014
pre-transplantation, isolation of, 513
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Non-tuberculous mycobacterial (NTM) infection (cont.)
prevention, 513
rapidly growing

Mycobacterium abscessus complex, 511
Mycobacterium chelonae, 511
Mycobacterium fortuitum, 511

risk factors, 505
SGM, 508, 511

Mycobacterium avium complex, 509, 510
Mycobacterium kansasii, 510

survival, 512, 513
treatment, 508

adverse reactions, monitoring for, 512
drug interactions, 511, 512
optimal combination of drugs, 508
rapidly growing mycobacteria, 511
slow growing NTM, 509, 510
slowly growing mycobacteria, 511

treatment of, 503
Norovirus, 128
Norwegian scabies, 385
Nosocomial pneumonia, 422
Novel polyomaviruses, 754
NS3/4A protease inhibitors, 966, 967
NS5A inhibitors, 967
NS5B inhibitors, 967, 968
Nucleic acid amplification testing (NAAT), 728, 737,  

741, 745, 796, 819, 841, 848, 1005
Nucleic acid sequence-based amplification (NASBA),  

614, 626, 798, 822, 842
Nucleic acid testing (NAT), 668–670
Nucleos(t)ide analogues (NUCs), 699
NXL-104, 859

O
OAS1, 738
Obesity, 267, 909, 910
Occult HBV infection (OBI), 700
Ocular hypotony, 627
Ocular infections

anterior segment, 319
complications, 319, 320
endophthalmitis

bacterial, 325
endogenous fungal, 324, 325
risk factors, 324

incidence, 320
infectious uveitis

diagnostic tests, 326
herpes simplex keratitis, 327
HZO, 327
ocular toxoplasmosis, 325, 326
ocular tuberculosis, 326, 327

orbital and adnexal infection, 327, 328
posterior segment, 319
viral retinitis

acute retinal necrosis syndrome, 320–322
CMV retinitis (CMVR), 323, 324
progressive outer retinal necrosis, 322, 323

Ocular toxoplasmosis
causes, 325
clinical presentation, 326
diagnostic tests, 326
incidence, 325
prognosis, 326

risk factors, 325
treatment, 326

Ocular tuberculosis, 326, 327
Oligo-arthritis syndrome, 657
Oncogenesis, 646, 647
Opportunistic infections, 371

adoptive T-cell therapy (see Adoptive T-cell immunotherapy)
Colony-stimulating factors (see Colony-stimulating factors 

(CSFs))
IFN-γ, 1026
incidence of, 1019
risk factors, 1019

OPT-80, 886
Optical density index (ODI), 824
Oral acyclovir, 669
Oral corticosteroids, 698
Oral poliovirus vaccine (OPV), 714, 715, 1072
Orally administered, live, attenuated virus, 1088
Orbital infection, 327, 328
Orf virus, 763
Organ transplantation, 413, 473, 477

bone marrow transplantation, 1057, 1059
clinical evaluation, 1053
ethnicities and ages, 1053
history, 1053
lung transplantation, 1053, 1054
organ allocation systems, 1054
palliative care (see Palliative care)

Organ/space infections, 265
Organizing pneumonia, 358
Oritavancin, 430
Orointestinal complications

diarrhea, 230
emesis and anorexia, 229
mucositis, 229

Oropharyngeal candidiasis, 548, 553
Orthomyxovirus. See Influenza
Orthotopic liver transplantation (OLT), 204, 433, 468, 485, 526
Oseltamivir, 687, 961

clinical applications, 963, 964
dosing and drug interactions, 989
drug resistance, 964
mechanism of action and resistance, 988, 989
pediatric patients, pharmacokinetics, 988, 989
pharmacokinetics, 988, 989
pharmacology, 961, 963

Osteomyelitis, 548, 606
Osteoporosis, 238
Ototoxicity, 866
Oxacillin, 424, 479
Oxazolidinones, 430
Oxygen-independent system, 942

P
Pneumocystis carinii pneumonia (PCP), 91
Pneumocystis jirovecii pneumonia, 883
Paecilomyces infections, 379
Palivizumab (PVZ), 681, 682, 684
Palliative care

benefits, 1053
in cancer treatment, 1054
in chronic illness management, 1060, 1061
clinical prognostication, 1059
consultation, 1059
end of life care, 1061
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end-stage heart failure, 1055
end-stage kidney failure, 1057
end-stage liver disease, 1056, 1057
end-stage pulmonary disease, 1055, 1056
goal of, 1054
and hospice care, 1054, 1055, 1060
NHPCO guidelines, 1060, 1062–1064
in non-cancer diseases, 1060
patient screening, 1053
PPS, 1059
prognostication, 1059
quality of life, 1053

Palliative Performance Scale (PPS), 1059
Palliative Prognostic Index (PPI), 1059
Palliative Prognostic Score (PaP), 1059
Palpable purpura, 404
Pancreases transplantation, 529, 621, 622, 1116
Pancreatic panniculitis, 406, 407
Pancreatitis, 879
Pan-viral microarray, 756
Papulosquamous lesions

cutaneous T-cell lymphoma, 403
dermatitis, 401
pityriasis rosea, 402
pityriasis rubra pilaris, 402
psoriasis, 401

Para-aminobenzoic acid (PABA), 881
Paracoccidioides brasiliensis, 606
Paracoccidioidomycosis, 599, 606
Parainfluenza viruses (PIVs)

epidemiology and clinical manifestations, 682
in transplantation, 682
treatment of, 682

Paralytic poliomyelitis, 715
Paramyxovirinae, 762, 763
Paramyxoviruses

diagnosis of
laboratory, 683, 684
radiographic evaluation, 683

HMPV (see Human metapneumovirus (HMPV))
PIVs

epidemiology and clinical manifestations, 682
in transplantation, 682
treatment, 682, 683

RSV
aerosolized ribavirin, 680, 681
epidemiology and clinical manifestations, 680
HSCT, 681
infection on transplantation, 680
IVIG, 681
in SOT, 681, 682

transmission and prevention, 684
immunoprophylaxis, 684
vaccines, 684

Parasitic infections, 413
Parasitic myositis, 335
Paraspinal infection, 335
Paraspinal myositis, 335
Parenteral-nutrition associated liver failure (PNALD), 112
Parvovirus 4 (PARV4), 760
Parvovirus B19, 203, 845, 846

clinical presentation, 727
non-transplant host, 727
SOT and HCT, 728
transplant recipient, 727, 728

diagnosis, 728

epidemiology, 726, 727
genome and proteins, 725, 726
immunology, 726
infection and pathogenesis, 726
prevention

hospital infection control, 729
vaccine development, 729

sickle cell disease, 725
SOT and HCT recipients, 725
treatment, 728, 729

Passenger lymphocyte syndrome (PLS), 199
Pathogen-associated molecular patterns (PAMPs), 941
Pattern recognition receptors (PRRs), 50, 941
Pediatric hematopoietic stem cell transplantation

vs. adult patients, 165, 166
late post-engraftment phase

bacterial infections, 170
fungal infections, 170
viral infections, 170

post-engraftment phase
bacterial infections, 169
fungal infections, 169
protozoan infection, 169
viral infections, 169

pre-engraftment phase
bacterial infections, 167, 168
fungal infections, 168
viral infections, 168

SOT (see Solid organ transplanatation (SOT))
timing of infections, 165, 166

Peg-IFN-α2 therapy, 968
Peg-interferon-alfa-2a, 995, 996
Peg-interferon-alfa-2b, 996
Pegylated-interferon, 701, 702, 968
Pelvic actinomycosis, 478
Pemphigus vulgaris, 410
Penciclovir, 955, 956

clinical indications, 956
drug resistance mechanisms, 956
pharmacology, 956

Penicillin, 409, 410, 428, 434, 450, 463, 478, 479,  
486, 855, 858, 861, 862

classes and spectrum, 858
Enterobacteriaceae, 453

Penicillin G, 428
Penicilliosis, 607
Penicillium marneffei, 607, 1091
Peptide nucleic acid fluorescent In situ hybridization  

(PNA FISH), 549, 800
Peramivir, 687, 961

clinical applications, 963, 964
drug resistance, 964
pharmacology, 961, 963

Percutaneous transhepatic cholangiography (PTC), 305
Perfusion fluid (PF), 86
Periodic acid Schiff (PAS) stain, 562, 581, 600, 820
Peri-pancreatic fluid collections (PPFC), 86
Peripheral blood stem cell graft vs. bone marrow stem cells, 15
Peritoneal dialysis, 77
Pertussis vaccines, 1086
Petechiae, 405
Petechial lesions, see Purpuric lesions
Phaeohyphomycosis, 379, 520, 521
Phaeohyphomycotic ulcer, 380
Phagocyte, pattern recognition receptors of, 943
Phagocyte-fungus-antifungal drug interplay, 942
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Phagocytic cells, 941
Pharmacodynamics (PD), 904
Phenicols, lincosamides, oxazolidinones, pleuromutilins, and 

streptogramin A (PhLOPSA), 868
Phosphotransferases, 866
Picornaviridae, 711
Piggyback technique, 45
Piperacillin, 465, 858
Piperacillin-tazobactam, 464–466
Pirodavir, 719
Pityriasis alba, 401, 402
Pityriasis rosea, 402, 403
Pityriasis rubra pilaris, 402
Plaque reduction neutralization test (PRNT), 745
Plaques and pustules, 413, 414
Plasma protein binding (PPB), 905
Plasmacytoid dendritic cells (pDC), 1032
Plasmodium falciparum, 787
Platelet dysfunction, 862
Plazomicin, 865
Pleconaril, 719
Pleuropulmonary disease, 506, 507
Pleuropulmonary listeriosis, 485
Pneumocandins, 928
13-valent Pneumococcal conjugate vaccine (PCV13), 179
Pneumococcal disease, 1099, 1100
Pneumococcal vaccine, 1086
Pneumocystis jirveci, 345
Pneumocystis jiroveci pneumonia (PCP), 91, 101,  

130, 218, 476
Pneumonia, 33, 351, 617, 618, 626, 627, 717

aspiration, 343
bronchial anastomotic strictures, 343
bronchial obstruction, 343
cause of death, 236
clinical and radiographic manifestations, 341
community-acquired pneumonia, 342
diagnosis, 341, 351
healthcare-associated pneumonia, 341
hospital-acquired pneumonia, 342
prophylactic antimicrobials, 341

Pneumovax, 1125
Pneumovirinae, 762, 763
Polio vaccination, 1104
Poliomyelitis, 1088
Poliovirus (PV), 711, 715
Polyene-caspofungin therapy, 584
Polyene-echinocandin therapy, 584
Polyenes, 927, 928
Polymerase chain reaction (PCR) assays, 805, 842

CMV, 805
Polymicrobial infections, 186, 192, 461, 462, 467
Polymorphonuclear leukocytes (PMNs), 942
Polymyxin(s), 468, 884, 885
Polymyxin B, 884
Polyoma BK virus infection, 203
Polyoma viruses, 215
Polysaccharide vaccine, 1100
Porcine choriomeningitis virus (PCMV), 767
Porcine endogenous retroviruses (PERVs), 767
Porcine lymphotropic herpesvirus (PLHV), 767
Porphyria cutanea tarda (PCT), 410
Portopulmonary hypertension (PPH), 41
Posaconazole, 377, 379, 523, 531, 532, 567, 569–571,  

583, 584, 591, 594, 595, 601, 928, 930,  
932, 935, 936, 947

Post-transplant infections, 904

Post-transplant lymphoproliferative disease (PTLD),  
96, 97, 200, 240, 644, 648, 650, 1131

clinical presentation, 652
definition, 651
HSCT, 357, 358
incidence, 651
pathogenesis, 651
pre-transplant screening and post-transplant surveillance

adoptive T-cell immunotherapy, 656
antiviral therapies, 655
diagnosis, 653
local therapies, 655
pathology, 653, 654
reduction of immunosuppression, 654, 655
rituximab and cytotoxic chemotherapy, 655, 656

risk factors, 651, 652
SOT, 360, 361

Post-transplant mycotic abscesses, 310
Post-transplantation constrictive bronchiolitis (PTCB), 357
Powered air-purifying respirator (PAPR), 1073
Poxviridae, 763, 764
Prednisolone, 495
Prednisone, 484, 913
Preemptive therapy, 625, 626, 628
Presatovir (GS-5806), 682, 965
Primary antifungal prophylaxis

HSCT recipients, 931–933
SOT recipients, 933

Primary antifungal therapy, 564–568
ABCD, 568
amphotericin B deoxycholate, 567, 568
isavuconazole, 568
treatment algorithm, 565
triazoles, 565, 568
voriconazole, 565, 567, 568

Primary cutaneous cryptococcosis, 381
Primary cutaneous leishmaniasis, 384
Primary drug resistance, 1003
Primary graft dysfunction (PGD), 358, 359
Primary pulmonary infection, 380
Primary sclerosing cholangitis (PSC), 304
Pritelivir, 960
Procalcitonin (PCT), 803, 1044
Progressive multifocal leukoencephalopathy (PML),  

30, 234, 332, 334
Progressive outer retinal necrosis (PORN)

clinical examination, 322
definition, 322
differential diagnosis, 323
etiology, 322
intravenous and intravitreal antiviral therapies, 323
prognosis, 323
treatment, 323

Proliferation signal inhibitors (PSIs), 910–912
Prophylactic antimicrobials, 341
Prospective antifungal therapy (PATH), 522
Protective environment (PE) room, 1073, 1074
Proteomic assays, 802, 803
Proteus mirabilis, 451
Protozoa, 383, 384
Provocation poliomyelitis, 715
Pseudallescheria, 377
Pseudomonal pneumonia, 463
Pseudomonas spp., 370, 858

P. aeruginosa, 370, 421, 462–464, 1033
P. fluroescens, 466
P. putida, 466
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Pseudoporphyria cutanea tarda, 410
Pseudoporphyria mimics, 410
Psoas muscle abscesses, 335
Psoriasis, 401
Psoriasis vulgaris, 403
Pulmonary actinomycosis, 344, 478
Pulmonary alveolar proteinosis (PAP), 355, 357
Pulmonary aspergillosis, 564
Pulmonary candidiasis, 547
Pulmonary complications

acute pulmonary infections, 236
idiopathic pneumonia syndrome, 237
invasive fungal disease, 236, 237
late complications, 237
respiratory viral infections, 236

Pulmonary disease, 507, 607
Pulmonary edema, 351–353
Pulmonary infections, 468
Pulmonary infiltration, 172, 862
Pulmonary mucormycosis, 579, 581
Pulmonary Mycobacterium avium complex disease, 11
Pulmonary nocardiosis, 474
Pulsed-field gel electrophoresis, 250, 251
Purified protein derivative (PPD), 497
Purpuric lesions

calciphylaxis, 404
disseminated intravascular coagulation, 405
leukocytoclastic vasculitis, 404
petechiae, 405
superficial thrombophlebitis, 404

Pustular lesions
acneiform hypersensitivity drug eruptions, 398, 399
AGEP, 398
eosinophilic folliculitis, 399, 400
Grover’s disease, 400
miliaria rubra, 400
neutrophilic eccrine hidradentis, 400, 401
reactive neutrophilic dermatoses, 397, 398

Pyelonephritis, 448
Pyoderma gangrenosum, 397
Pyogenic spinal infection, 334
Pyrimethamine, 780

Q
Qnr protein, 876
QuantiFERON-TB Gold In-tube test (QFT-GIT), 54, 497
Quantitative molecular diagnostic tests, 842
Quinolone prophylaxis, 1042
Quinolone-induced phototoxicity, 877
Quinolones, 874, 875

activity spectrum, 875
adverse reactions, 876, 877
resistance, 875, 876
transplantation, role of, 877

Quinupristin, 437
Quinupristin-dalfopristin, 872, 873

R
Rabies virus, 758, 759
Radiation dermatitis, acute, 401, 402
Radiaion-induced lung injury, 355
Radiation pneumonitis, 356
Radiographic infiltrate, 351
Rapamycin, 361, 615
Rapamycin inhibitors, 560

Rapid molecular assays, 799
Rapidly growing mycobacteria (RGM), 508

Mycobacterium abscessus complex, 511
Mycobacterium chelonae, 511
Mycobacterium fortuitum, 511

Reactive erythema, 411
Reactive neutrophilic dermatoses, 397, 398
Recombinant human cytokines, 179
Recombinant myeloid growth factors, 1033, 1034
Recombinant polyepitope protein, 657
Recurrent cholangitis, 305
Red-Man syndrome, 865
Reduced-intensity conditioning (RIC), 153, 227
Reduction of immunosuppression (RI), 654, 655
Refined strategies, 3
Regimen-related toxicity (RRT), 227
Renal replacement therapy (RRT), 74
Renal transplantation, 504, 526, 704
Representation difference analysis (RDA), 756
Resolving Infection in Neutropenia with Granulocytes  

(RING) trial, 570
Respiratory syncytial virus (RSV), 684, 762, 1072

clinical manifestations, 680
epidemiology, 680
immunoprophylaxis, 684
infection in tranplantation, 680
treatment

aerosolized ribavirin, 680, 681
in HSCT, 681
IVIG, 681
in SOT, 681, 682

Respiratory tract infections, 449
actinomycosis, 344
acute bronchitis, 341
asplenia, 339
B lymphocyte deficiency, 339
hypocomplementemia, 339
invasive pulmonary aspergillosis, 345
neutropenia, 339
Nocardia, 343, 344
nontuberuclous mycobacteria, 344
Pneumocystis jirveci, 345
pneumonia

aspiration, 343
bronchial anastomotic strictures, 343
bronchial obstruction, 343
clinical and radiographic manifestations, 341
community-acquired pneumonia, 342
diagnosis, 341
healthcare-associated pneumonia, 341
hospital-acquired pneumonia, 342
prophylactic antimicrobials, 341

respiratory viruses, 345
sinusitis

bacterial sinus infections, 340
classification, 340
determinants of, 340
diagnosis, 340
invasive fungal sinus infections, 340
occurrence, 340
risk factors, 340
signs and symptoms, 340
treatment, 340
viral infections, 340

T lymphocyte deficiency, 339
tracheobronchitis, 341
tuberculosis, 344
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Respiratory viral infections (RVIs), 236
antiviral agents, 962–963
BOS, 680
clinical syndromes, 679
cumulative rates of, 679
HCoVs, 688, 689
HRVs, 688, 689
incidence of, 679
infections with, 679
orthomyxovirus (see Influenza)
paramyxoviruses (see Paramyxoviruses)

Respiratory viral pathogens, 215
Respiratory viruses, 801, 988, 1074
RespPlex test, 849
Reticuloendothelial system (RES), 48, 828
Retinitis, 319, 618, 619, 627
Reverse halo-sign, 580
rG-CSF, 1034
Rheumatic heart disease, 275
Rhinocerebral mucormycosis, 378, 579
Rhinovirus, 711
Rhizopus oryzae, 582, 584
Rhombencephalitis, 483, 484
Ribavirin, 680, 683, 687, 701–703, 706, 747, 964

clinical applications, 965
dosing and drug interactions, 995
drug resistance, 965
mechanism of action and resistance, 994, 995
pediatric patients, pharmacokinetics, 995
pharmacokinetics, 995
pharmacology, 964, 965

Rickettsial infections, 405, 412–413
Rifabutin, 509–513, 627, 910
Rifampicin, 409, 410, 427, 466, 498, 509, 511, 512, 913
Rifampin, 427, 466, 498, 509, 511, 512, 913

monotherapy, 1007–1009
Rifamycins, 506, 511, 512, 880

activity spectrum, 880
adverse reactions, 880, 881
resistance and decreased susceptibility, 880
transplant patients, use in, 881

Rift Valley fever virus (RVFV), 766
Right lung Mycobacterium kansasii pneumonia, 12
Rimantadine, 686, 687, 964

dosing and drug interactions, 988
mechanism of action and resistance, 987
pharmacokinetics, 987, 988

Rituximab, 355, 361, 474, 622, 623, 655, 656
monotherapy, 656

RNA respiratory viruses, 961
amantadine and rimantadine, 964
oseltamivir, peramivir and zanamivir, 961

clinical applications, 963, 964
drug resistance, 964
pharmacology, 961, 963

presatovir, 965
ribavirin, 964

clinical applications, 965
drug resistance, 965
pharmacology, 964, 965

RNA-seq, 802
Roseola Infantum, 671
Rotavirus, 127, 128
Roux-en-Y hepaticojejunostomy, 45

S
Sabouraud dextrose agar (SDA), 821
Salmon-colored plaques, 402
Salmonella spp., 369, 454, 455

S. enterica serovar typhi, 1088
S. typhimurium infection, 1022

Salvage therapy, 569
Saralex-cl (Menyhay Healthcare Systems), 258
Scabies, 385
Scattered non-necrotizing granulomas, 603
Scedosporium spp., 377, 527, 529, 530, 936

S. apiospermum, 218
S. prolificans, 218

Schistosoma spp., 312–314, 788, 789
Schistosoma-HCV coinfection, 313
Schistosomiasis, 788
Sclerosing panniculitis, 407
Scopulariopsis, 379
Secondary cutaneous mucormycosis, 378
Secondary sclerosing cholangitis (SSC), 304
Second-line antifungal therapy, 569
Seizures, 432
Sepsis, 274, 275, 353
Septal panniculitis (erythema nodosum), 407
Septic shock, 274
Septifast™ test, 800, 1044
Sequence-independent single–primer amplification  

(SISPA), 756
Serological tests, 779
Serratia, 369
Serratia spp., 447, 449, 451
Serum galactomannan assay, 563, 572
7 non-structural proteins, 735
7-O-glucuronide MPA (MPAG), 911
Severe bleomycin toxicity, 354
Severe fever with thrombocytopenia syndrome virus  

(SFTSV), 756
Shigella spp., 454
Signal transducer and activator of transcription (STAT) 4, 505
Single-nucleotide polymorphisms (SNPs), 420
Sinusitis

bacterial sinus infections, 340
classification, 340
determinants of, 340
diagnosis, 340
invasive fungal sinus infections, 340
occurrence, 340
risk factors, 340
signs and symptoms, 340
treatment, 340
viral infections, 340

Sinusoidal obstruction syndrome (SOS), 705
Sirolimus, 399, 615, 620, 633
Sirolimus pneumonitis, 361, 362
Sixth disease, 671
Skin tissue infections, 52
Skin blisters, 408
Skin infections, 507
Skin necrosis, 407
Skin tumors, 413
Slow-growing mycobacteria (SGM), 508, 511

Mycobacterium avium complex, 509, 510
Mycobacterium kansasii, 510

Small bowel transplantation
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allogeneic HCT
echinocandins, 1117
fluconazole vs. placebo, 1116, 1117
itraconazole, 1117
posaconazole, 1117, 1118
voriconazole, 1118
Winston trial, 1117

autologous HCT, 1118, 1119
coccidioides, 1119
endemic mycoses, 1119

Small particle aerosol generator (SPAG-2 device), 964
Society for Healthcare Epidemiology of America (SHEA), 1041
Sofosbuvir, 968
Soft tissue infection, 52, 476, 507
Solid organ allograft rejection, 3
Solid organ transplant (SOT), 291, 466–468, 679, 680, 687, 725, 727, 

755, 819, 903, 1003, 1069, 1095–1097, 1099–1104
allograft rejection, 359, 360
anemia

ABO incompatibility, 199
drugs, 199, 200
frequency and severity, 199
graft versus host disease, 200, 201
hemolysis, 199
hemophagocytic syndrome, 201
infections, 200
iron deficiency, 200
post-transplant lymphoproliferative disorder, 200
pre-transplant, 199
prevalence, 199

anti-bacterial prophylaxis, 1125, 1126
anti-fungal prophylaxis, 1128, 1129
anti-viral prophylaxis, 1131, 1132
aspergillosis, 560, 571
bacterial infections, 143
chest radiograph, 172
clinical signs and symptoms, 171
CMV infection, 143, 144
coagulase-negative staphylococci (CoNS), 425
composite tissue allotransplantation

anatomic and physiologic features, 142
facial and hand composite tissue allotransplants, 142, 147
immunization strategies, 147
lifestyle adaptations, 148

computed tomography, 172
culture-directed antibiotics, 141
double sandwich ELISA system, 172
drug interactions in

antimetabolites, pharmacokinetic alterations of, 911, 913
CNI and PSI, pharmacokinetic alterations of, 910, 911
corticosteroids, pharmacokinetic alterations of, 913
immunosuppressive agents, pharmacokinetic alterations of, 

913, 914
early infection, 141, 170
diagnosis, 171
empirical therapy, 172, 173
Enterobacteriaceae (see Enterobacteriaceae)
Enterococcus, 436, 437
Epstein-Barr virus, 145
face, limbs and integument transplant, 622
facial and upper extremity transplantation, 148
flexible fiberoptic bronchoscopy, 172
fungal infections

antifungal therapy, 146

Aspergillus, 147
Candida, 146
coccidioidomycosis, 147
Cryptococcus, 147
endemic fungi infections, 146
histoplasmosis, 147
invasive fungal infections, 147
opportunistic fungal infection, 146
preventative strategies, 147

heart transplant recipients, 504
herpesviruses, 145
HHV-6, 671, 672
HSV, 145, 667
IFI

fungal pathogens in, 519–521
incidence and types, 525–528
risk factors, 528, 529
timelines and outcomes, 529, 530

influenza vaccinations, 142
influenza viral infections, 146
influenza, 688
intermediate phase infections, 171
intestinal and multivisceral transplants, 622
kidney and pancreases transplantation, 621, 622
late phase infections, 171
leukopenia

acute infection, 202
cytomegalovirus infection, 202
definition, 201
dengue infection, 201
fungal infections, 201
non-infectious causes, 201
parvovirus B19, 201
risk, 201

liver transplantation, 621
long-term viral infections, 142
lung and heart transplants, 621
lung cancer, 361
lung transplant recipients, 504
management, 172
Mtb, 494
nucleic acid detection assays, 172
oral candidiasis, 141
passenger lymphocyte syndrome, 199
PCR, 172
perioperative care, 142
pneumococcal vaccinations, 142
prevention

antibacterial prophylaxis, 175–177
antifungal prophylaxis, 174–175, 177, 178
antiviral prophylaxis, 177, 178
colony-stimulating factors, 179
immunization, 178, 179
pneumocystis prophylaxis, 177, 178
screening requirements, 176, 178

primary fungal pathogens, 526
primary graft dysfunction (PGD), 358, 359
PTLD, 360, 361, 651, 654
renal transplant, 504
respiratory viral diseases, 146
risk factors, 141, 170, 620, 621
RSV, 681, 682
serologic testing, 172
sirolimus (mTOR inhibitor) pneumonitis, 361, 362
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Solid organ transplant (SOT) (cont.)
Staphylococcus aureus, 421, 422
Streptococcus pneumoniae, 432, 433
thrombocytopenia

immune thrombocytopenic purpura, 204
infectious etiologies, 202–203
noninfectious etiologies, 203–204
treatment, 205

timing of infections, 165, 167, 170
treatment modalities, 142
valganciclovir prophylaxis for CMV prevention, 669
VZV, 145, 670
ultrasound, 172

Solid tumors, 239
Spanish Network for Research on Infection in Transplantation 

(RESISTRA), 560
Spinal infection

blunted host immune response, 334
early time period, 334
intermediate time period, 334
late time period, 334, 335
signs and symptoms, 334

Splenctomy, 6
Spongiosis, 408
Spontaneous bacterial peritonitis (SBP), 51, 433
Sporothrix schenckii, 382, 607
Sporotrichosis, 382, 599, 1076
Sporozoites, 776
Squamous cell carcinoma, 413
St. Louis encephalitis virus, 735, 740, 764
Staphylococcal abscesses, 475
Staphylococcal chromosomal cassette mec (SCCmec), 857
Staphylococcal enterotoxins (SE), 426
Staphylococcal scalded skin syndrome (SSSS), 366
Staphylococcus aureus, 366, 400, 420

clinical manifestation, 422, 423
bacteremia, 422, 423
necrotizing pneumonia, 422
nosocomial pneumonia, 422
in small bowel and multivisceral transplantation, 423

diagnosis, 423
epidemiology and pathogenesis, 420
HSCT recipients, 421
SOT recipients, 421, 422
treatment, 423–425

Staphylococcus spp., 365, 366, 420
S. epidermidis, 400
S. lugdunensis, 425

clinical manifestations, 426
diagnosis, 426
disease pathogensis, 425, 426
epidemiology, 425
HSCT recipients, 425
SOT recipients, 425
treatment, 426, 427

S. aureus (see Staphylococcus aureus)
Stasis dermatitis, 401
Steatohepatitis, 702
Stem cell graft-assisted antitumor response, 3
Stem cell transplantation (SCT), 466, 467, 1069
Stenotrophomonas, 370, 1124

S. maltophilia, 462, 464
Stevens-Johnson syndrome (SJS), 100, 412
Still’s disease, 482
Strand displacement amplification (SDA), 798
Strongyloides stercoralis, 781, 782

Streamlining, 1046
Streptococcal toxic shock syndrome, 189
Streptococci

β-hemolytic streptococci
clinical manifestation, 429
diagnosis, 429, 430
epidemiology, 429
GAS, 429
GBS, 429
treatment, 430

Enterococcus
diagnosis, 437
epidemiology, 434
HSCT, 435, 436
SOT, 436, 437
treatment, 437, 438

S. pneumoniae (see Streptococcus pneumoniae)
VGS

clinical presentation, 427, 428
diagnosis, 428
epidemiology, 427
treatment, 428

Streptococcus spp., 366
S. dysgalactiae subspecies equisimilis, 429
S. pneumoniae, 366, 427

clinical presentation, 430, 431
diagnosis, 433
epidemiology, 430
HSCT, 431, 432
SOT, 432, 433
treatment, 434

S. pyogenes, 366
Streptogramins, 871

activity spectrum, 872
adverse reactions, 872
resistance, 871
streptogramins, 872, 873
transplant patients, use in, 873

Streptomycin, 506, 510, 865
Strongyloides, 782, 783

S. stercoralis, 7, 218, 384, 1083
Strongyloides hyperinfection syndrome, 783
Strongyloidiasis, 781

clinical findings, 783
diagnosis, 784, 785
epidemiology, 782
filariform larvae, 781
pathogenesis, immunity and hyperinfection syndrome, 782, 783
treatment, 785

Subacute measles encephalitis (SME), 762
Subcutaneous and deep mycoses

Aspergillus, 376, 377
blastomycosis, 382
candidiasis, 380
coccidioidomycosis, 381, 382
cryptococcosis, 380, 381
Fusarium, 377
helminths, 384, 385
histoplasmosis, 382
hyalohyphomycoses, 379
mucormycosis, 377–379
phaeohyphomycosis, 379
protozoa, 383, 384
Pseudallescheria, 377
scabies, 385
Scedosporium, 377
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sporotrichosis, 382
superficial mycoses, 383
zygomycosis, 377–379

Subdural hematoma, 234
Sudamina, 409
Sulbactam, 859
Sulfamethoxazole, 510, 919
Sulfonamides, 881, 882, 919

activity spectrum, 882
adverse reactions, 882, 883
resistance, 882
transplant patients, use in, 883

Superficial cutaneous staphylococcal infections, 365
Superficial dermatophytosis, 383
Superficial fungal infections, 401, 411–413
Superficial mycoses, 383
Superficial skin infections, 365
Superficial thrombophlebitis, 404
Supportive care. See Palliative care
Suppressor of cytokine signaling (SOCS)1, 505
Surface layer proteins (SLP), 293
Surgical site infection (SSIs), 29, 32

CDC classifications, 265
CDC’s NHSN definitions, 265, 266
clinical presentation, 268
deep, 265
incidence, 266
intraoperative

antibiotic re-dosing, 270
multilayered wound closure, 270
temperature management, 270
wound closure technique, 270

mechanism
early onset, 268
endogenous sources, 267
exogenous sources, 268
late onset organ/space infections, 268
transplant types, 267

microbiology, 268, 269
organ/space infections, 265
patient’s environment, 271
postoperative

serum blood glucose, 270
wound care, 270

preoperative
antibiotic administration, 270
antiseptic bath/shower, 269
colonization, 269
hair removal, 269
infection, 269
tobacco cessation, 270
wash and clean, incision site, 270

risk factors
diabetes mellitus, 267
immunosuppression, 266
obesity, 267
repeat surgery, 267

route of infection, 265
superficial, 265
treatment, 269

Surgical wound infections, 55
Surveillance and Control of Pathogens of Epidemiological  

Importance (SCOPE), 251
Suspected viral eye disease, 617
Sustained virologic response (SVR), 702
Sweet’s syndrome, 381, 398

Syndrome of inappropriate anti-diuretic hormone secretion  
(SIADH), 374

Syngeneic transplantation, 153, 185
Systemic corticosteroids, 378, 430, 495
Systemic extrapulmonary infection, 7
Systemic fungal diseases

Aspergillus
airway and sinus disease, 823
antifungal host immune response, 824
conidia, 823
culture, 823, 824
GM indices and GM dynamics, 824
microbiological testing, 823
multiple NAATs, 824
RenDx Fungiplex assay, 824
respiratory tract and sinuses, 823
serum BG testing, 824
surveillance GM and PCR testing, 823
transbronchial biopsies, 823

Candida, 825, 826
clinical and epidemiological clues, 830
cryptococcosis, 826, 827
diagnostic approach, 830
diagnostic laboratory methods

antigens detection, 821
biosafety of laboratory personnel, 821
culture, 820, 821
culture of pathogenic fungi, 821
detection of fungal antigens, 822
detection of invasive fungi, 820
histopathology, 819, 820
host response, 823
macroscopic and microscopic morphology, 821
microscopic examination, 819
morphological, biochemical and/molecular methods, 819
NAATs, 822
serodiagnosis, 819

geographically limited/endemic fungi
coccidioidomycosis, 829, 830
histoplasmosis, 828, 829

non-aspergillus opportunistic molds, 824, 825
pneumocystis, 827

T
T cell depleted stem cell graft, 16
T cell receptor (TCR) repertoire, 155
T lymphocyte deficiency, 339
T spot TB test (T-spot), 1006
T2Candida Panel, 1044
Tachyzoites, 775, 776, 779, 780
Tacrolimus, 913
Tazobactam, 858, 859
Tedizolid, 424, 427, 430, 437, 511, 867
Telaprevir

dosing and drug interactions, 993
mechanism of action and resistance, 993
pharmacokinetics, 993

Telbivudine (TBV), 699, 970
Tenofovir alafenamide (TAF), 699, 970
Tenofovir disoproxil fumarate (TDF), 699, 970

dosing and drug interactions, 993
mechanism of action and resistance, 992
pediatric patients, pharmacokinetics, 993
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