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Preface

Infectious diseases are leading causes of morbidity and mortality in patients with
cancer due to the immunodeficiencies that are inherent to underlying malignancies
and acquired as a result of cancer therapies. These infectious complications remain
a significant limitation of cancer treatment modalities.

Infections continue to evolve in both predictable and unpredictable ways as a
result of new potent immunomodulatory therapies, the resulting host immunode-
ficiencies, and anti-infective prophylaxis practices. As a result, the spectrum of
infections, including the epidemiology of suspected pathogens, new pathogens,
and anti-infective resistance, is continually changing. This provides constant
diagnostic and therapeutic challenges for clinicians. Our objective for the second
edition of this volume in the Cancer Treatment and Research series is to provide
the reader with an updated review of the epidemiology, diagnosis, and manage-
ment of infectious diseases that occur in cancer patients and hematopoietic stem
cell recipients. This volume is intended for use by infectious diseases physicians,
oncologists, medical specialists, and other professionals, in order to assist in the
clinical care of this patient population.

The editors wish to thank the authors who generously contributed their time and
expertise to this volume and who have dedicated their medical practices to the care
of cancer patients.

Valentina Stosor
Teresa R. Zembower
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Host Impairments in Patients
with Neoplastic Diseases

J. Peter Donnelly, Nicole M. A. Blijlevens
and Walter J. F. M. van der Velden

Abstract

Healthy individuals possess an immune system comprising physical barriers,
innate and acquired immunity as well as the indigenous microflora that populate
the body surfaces. The immune system maintains constant vigilance over the
body at the cellular level as well as at the interface between the host integument
and the resident microflora. However, neoplastic diseases and their treatment
often lead to impaired immunity resulting in an increased risk of infections due
to viruses, bacteria, fungi, and protozoa. This chapter explores the various
aspects of host impairment focusing on the components of immunity and the
interplay between them to explain why it is that these patients succumb to
infections per se. In so doing, we hope that the reader will be better equipped
to understand the risks patients face so as to anticipate potential infectious
complications and implement appropriate measures to help attain successful
remission of the neoplastic diseases and maintain the best quality of life for the
patient.

J. P. Donnelly (&)
Department of Haematology, Radboud University Hospital Nijmegen Medical Centre, Geert
Grooteplein Zuid 8, 6545 MD, Nijmegen, The Netherlands
e-mail: p.donnelly@usa.net

N. M. A. Blijlevens
Department of Haematology, UMC St. Radboud, Geert Grooteplein Zuid 8, 6525 GA,
Nijmegen, Gelderland, The Netherlands
e-mail: n.blijlevens@hemat.umcn.nl

W. J. F. M. van der Velden
Department of Haematology, Radboud University Nijmegen Medical Centre,
Geert Grooteplein 8, 6500 HB, Nijmegen, The Netherlands
e-mail: w.vandervelden@hemat.umcn.nl

V. Stosor and T. R. Zembower (eds.), Infectious Complications in Cancer Patients,
Cancer Treatment and Research 161, DOI: 10.1007/978-3-319-04220-6_1,
� Springer International Publishing Switzerland 2014

1



Keywords

Innate immunity � Commensal flora � Natural antibiotics � Neutropenia �
Humoral immunity � Cellular immunity � Host defenses � Mucosal barrier
injury � Mucositis � Infectious complications

Contents

1 Introduction........................................................................................................................... 2
2 Basic Clinical Condition and Organ Function .................................................................... 3

2.1 Nutritional Status......................................................................................................... 3
2.2 Comorbidity ................................................................................................................. 5
2.3 Physiologic Status ....................................................................................................... 5
2.4 Psychologic Status....................................................................................................... 6
2.5 Aging............................................................................................................................ 6

3 Integument and Commensal Microflora.............................................................................. 6
3.1 Skin .............................................................................................................................. 7
3.2 Upper Respiratory, Alimentary, and Genitourinary Tracts........................................ 8
3.3 Impact of Antimicrobial Agents on Colonization Resistance of the Alimentary

Tract ............................................................................................................................. 11
4 Innate Immunity ................................................................................................................... 13

4.1 Pattern Recognition Receptors: Key Players of the Innate Immune System ........... 14
4.2 Antimicrobial Peptides: Nature’s Antibiotics............................................................. 15
4.3 Cellular Components ................................................................................................... 15
4.4 Innate Immunity and the Integument ......................................................................... 18

5 Acquired Immunity .............................................................................................................. 19
5.1 Humoral Immunity ...................................................................................................... 19
5.2 Acquired Cellular Immunity ....................................................................................... 19

6 Altered Defenses in Cancer ................................................................................................. 21
6.1 Physiologic Changes in Cancer .................................................................................. 21
6.2 Dysfunctional Innate Immunity .................................................................................. 21
6.3 Impairment of Granulocyte Function ......................................................................... 23
6.4 Dysfunctional Acquired Immunity ............................................................................. 24
6.5 Mucosal Barrier Injury................................................................................................ 26

7 Conclusions........................................................................................................................... 31
References................................................................................................................................... 31

1 Introduction

In the course of evolution, nature has provided the normal human individual with
an impressive and effective defense system against microbial enemies. On its own,
the normal defense system recognizes foreign invaders, alerts the relevant pro-
tective mechanisms, launches counterattacks, ceases hostilities as soon as the job is
done, and clears up the battlefield, causing only negligible collateral damage. An
intact immune system offers protection against most microbial aggressors through
a complex interrelationship of protecting surfaces, cells, and soluble factors.

White blood cells (granulocytes, macrophages, dendritic cells, and lympho-
cytes), platelets, soluble factors of the immunoglobulins, complement, lympho-
kines, and other cytokines, as well as the physical barriers, have to be considered
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as integral and virtually indispensable components of a unitary defense system
(Fig. 1). It has also become clear that the interplay between the body surfaces of
the alimentary tract, particularly the gut, and its resident commensal microflora
presents not a silent landscape but rather a theater in which there is constant
movement and chatter between the host cells and a myriad of microbial species.
Indeed, from a biologic perspective, we humans comprise a community in which
we are outnumbered almost 10 to 1 by our prokaryotic neighbors [1]. Given its
complexity, it is not surprising that such a finely tuned system is subject to pro-
found perturbation by hematologic malignancies and their treatment.

The effects of the various noxious events that occur while treating malignancy
differ in severity as well as in primary targets. To complicate things further, haz-
ardous events are not static but rather exert their impact dynamically as the degree of
disturbance varies with time during or after a course of treatment (Fig. 2). The
human defense system is capable of coping with a tremendous number of insults
before it finally begins to show the first sign of collapse. Robust as it is, physicians
treating malignancies should be aware that their activities put the entire defense
system of patients in jeopardy. This complex interaction between host defenses and
therapeutic modalities has a profound effect on patient outcome.

2 Basic Clinical Condition and Organ Function

2.1 Nutritional Status

Weight loss correlates inversely with survival in patients with cancer. This occurs
whether or not intensive treatment is given because the integrity of host defenses

Fig. 1 The balance between the host and the indigenous microbial flora
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can be endangered by the catabolic state induced by cachexia and malnutrition,
resulting in a quantitatively deficient intake of calories and protein, with insuffi-
cient vitamin levels and trace metal concentrations [2, 3]. Cachexia will be
exacerbated by anorexia, chemotherapy-induced nausea and vomiting, gastroin-
testinal obstructions, as well as by metabolic disturbances. These perturbations
may result in delayed tissue healing, mucosal atrophy with a decrease in the
secretions of lysozyme and secretory IgA, as well as impairment of both the
classical and alternative complement pathways. Vitamin A deficiency may also
have a detrimental effect on the cellular immune system [4].

Deficiencies in trace elements can further undermine the host defenses on
already compromised patients. Zinc deficiency can develop during total parenteral
nutrition disturbing the function of phagocytes and T cells but can be overcome by
adding the mineral [5]. The microbicidal capacity in vitro of neutrophils and
T-lymphocyte function is reduced by iron deficiency though the clinical signifi-
cance is uncertain. Iron overload occurring in the setting of hematopoietic stem
cell transplantation (HSCT) is a risk factor for infection involving a variety of
pathogens such as Yersinia enterocolitica, Listeria monocytogenes, Vibrio spp.,
Plasmodium falciparum, Mycobacterium tuberculosis, Mycobacterium avium
complex, Candida albicans, Aspergillus spp., and the agents of mucormycosis [6].
A deficit in phosphate, which may occur during episodes of starvation and

Fig. 2 Evolution of impairment of defense systems after treatment for malignancy
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insufficient parenteral nutrition, is associated with a decrease in the chemotactic,
phagocytic, and microbicidal functions of granulocytes in vitro, and clinically with
bacterial and fungal infections [7].

2.2 Comorbidity

Concomitant chronic illnesses, such as chronic pulmonary diseases or renal and
hepatic failure, enhance the risk of infection. Patients with a preexisting immune
disturbance, such as HIV infection or a congenital immunodeficiency syndrome, are
placed in double jeopardy. Much more common, however, is the detrimental effects
of smoking, particularly in patients with primary lung tumors, due to airway col-
onization with pathogenic microorganisms and impaired clearance of secretions [8].
Tobacco use is also a risk factor for infection in autologous HSCT recipients [6].

Patients with poorly controlled diabetes mellitus are more likely to develop
wound infections after skin penetration injuries, and they frequently suffer from
concurrent vascular disease and neuropathy. High concentrations of glucose in the
urine, and oral secretions promote colonization by Candida spp. and other
pathogens [9]. There is a well-known association between diabetes mellitus and
notorious infections, such as rhinocerebral mucormycosis and malignant external
otitis [10], which is not difficult to explain in view of the immune aberrations that
are associated with diabetes, such as impaired opsonization, decreased chemotactic
activity of granulocytes and monocytes, iron overload [11], and myeloperoxidase
deficiency [12].

2.3 Physiologic Status

Tumors themselves may also predispose to infection by local organ dysfunction. In
patients with solid tumors, obstruction of natural passages can lead to inadequate
drainage of secretory or excretory fluids from nasal sinuses, bronchi, and bile
ducts. Furthermore, tissue invasion may create connections between normally
sterile spaces and the environment through disruption of epithelial surfaces.
Examples include perforation of the esophagus by mediastinal tumors, invasive
gynecologic malignancies with local pelvic abscesses, skin ulcerations with cel-
lulitis and deep soft-tissue infections, and invasion of the bowel wall by tumors
with the lower gastrointestinal tract, resulting in bacteremia. Localizations in the
central nervous system, spinal cord compression, and paraneoplastic neuropathy
are associated with an increased risk of infection due to lethargy and, for instance,
a diminished ability to cough and swallow, and incomplete emptying of the
bladder [8].

Of course, in hematologic malignancies, infectious complications invariably go
hand in hand because the neoplasm resides within the immune system itself and
interferes directly and indirectly with its function. Patients undergoing splenec-
tomy have a risk of around 1 in 20 of that they will develop overwhelming sepsis
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at some time during their life. Encapsulated bacteria such as Streptococcus
pneumoniae and Haemophilus influenzae are usually the culprits, though Neisseria
meningitidis and staphylococci are occasionally encountered.

Several factors might explain this increased susceptibility to microbial infection.
Encapsulated bacteria are able to elude phagocytosis because specific opsonizing
antibodies are necessary for efficient phagocytosis. The spleen is also the principal
organ for eliminating particles that are not opsonized, and so, it is left to the
macrophages within the organ to remove them. The primary immunoglobulin
response also takes places in the spleen, and low levels of circulating IgM have
been observed after splenectomy and in cases of functional asplenia.

2.4 Psychologic Status

Psychologic stress is thought to suppress host defense mechanisms. This general
assumption has been corroborated by the observations that psychologic stress has a
negative influence on the function of T cells and NK cells. Indeed, stress and the
amount of stress appear to be associated with an increased risk of acute viral
respiratory illness. This is most likely mediated by endogenous opioids, hormones
from the hypothalamic–pituitary–adrenal axis, catecholamines, and cytokines [13].

2.5 Aging

In elderly patients, the atrophy and dryness of the skin and mucosal membranes
may lead to increased susceptibility to infections. In addition, the primary and
secondary humoral responses, as well as the oxidative metabolism of neutrophils
and T-cell functions, decline with age, but their exact role in susceptibility to
infection is unclear [14].

3 Integument and Commensal Microflora

The integument comprises the skin, respiratory tract, (including the nasal cavity,
ears, and conjunctiva), the alimentary tract, and the genitourinary tract and pro-
vides the first line of defense against microbial invasion. In physical terms, the
only difference between the skin and the other parts of the integument is that it is
dry, whereas the others are bathed in mucins and therefore continually moist.
Thus, while both surfaces are normally colonized with a variety of microorgan-
isms, including many different genera of bacteria and yeasts, the range and number
of species and the biomass associated with mucosal surfaces are much greater than
those of the skin. However, the resident microbial flora of each surface play an
integral role in helping to maintain the function and integrity of these first lines of
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defense. Moreover, when intact and healthy, both the mucosa and skin are capable
of resisting colonization with foreign or allochthonous organisms, thus maintain-
ing an ecologic balance within the indigenous microbial flora.

3.1 Skin

The skin of an adult has an estimated surface area of 1.5–2.3 m2 and possesses
features that are inimical to microbial invasion, provided it remains healthy and
intact. The cells are composed of keratin and resemble loose paving stones. They
are joined together by desmosomes and are continually sloughed off during des-
quamation so that adherent bacteria are also lost. This rapid cell turnover occurs
every 2 weeks and helps to limit opportunities for transient organisms to establish
residence.

A number of additional biologic factors contributes to the skin as an effective
microbial barrier. Production of sebum establishes an oily, parched environment
that is particularly hostile to the establishment of gram-negative bacteria, which
are vulnerable to desiccation and require an aqueous environment for survival.
Moreover, in this lipid-rich environment, only those microorganisms that elaborate
lipases are capable of acquiring carbon from these lipids. The skin is also an
effective barrier because it forms an acid mantle, having a pH of 5.0–6.0, and its
surface temperature is, on average, about 5 �C lower than that of the core body
temperature. Thus, the range of organisms that are able to reside on the skin is
strictly limited to a few, mainly gram-positive bacteria, such as various members
of the coagulase-negative staphylococci, particularly Staphylococcus epidermidis,
Corynebacterium jeikeium, and other coryneforms, Propionibacterium spp., and
certain yeasts (Table 1) that can withstand these hostile conditions and compete
successfully for binding sites and nutrients to establish a permanent and intimate
attachment to the epidermis [15].

Many of the resident bacteria also elaborate toxins that inhibit closely related
microorganisms, allowing individual species to retain their foothold and consoli-
date their territory. Resident species also grow as biofilms, which consist of mi-
crocolonies enmeshed in a glycocalyx, rather than the planktonic growth found in
laboratory cultures. Thus, each microbial consortium possesses a boundary and
exists as a distinct unit separate from its neighbors.

3.1.1 Erosion of the Skin Integument, Including Intravenous
Catheters

The effectiveness of the skin as a defense barrier can be eroded in a variety of
ways. Topical antibiotics and those secreted in sweat will disturb the balance
within the resident commensal flora, leaving the surface vulnerable to colonization
by exogenous potential pathogens such as the gram-negative bacteria. Antibiotics
will also exert selective pressure on the resident flora, causing resistance to
emerge, as has been observed during treatment with ciprofloxacin because the drug

Host Impairments in Patients with Neoplastic Diseases 7



is secreted with sweat [16]. Chemotherapy and irradiation can bring about radical
changes in the normal skin by interrupting normal cell replacement, resulting in
hair loss, dryness, and loss of sweat production. The latter may also lead to lower
levels of the antimicrobial peptide, dermcidin, which is secreted in normal sweat
and is an effector of innate immunity [17]. In addition, steroids also can exert a
profound effect on sebum secretions. When the skin is broken, the release of
fibronectin is thought to assist colonization with Staphylococcus aureus, and other
changes facilitate colonization with gram-negative bacilli such as Acinetobacter
baumanii and Enterobacteriaceae. Cutaneous infection results from the loss of
integrity and reduced local immunity of the skin as well as disturbances within the
resident flora. Abraded skin and the associated exudates and minor breaches in the
integument can lead to local infection as well as provide a reservoir that assists
further spread to other body surfaces, including the oral cavity. When the balance
is lost between the host defenses and resident commensal flora around the hair
follicles, they can become inflamed and necrotic, forming a potential nidus of
infection.

Cutaneous infections in the immunocompromised patient can also develop from
needle punctures, but the insertion of catheters provides the single most effective
means of breaching the natural protective barrier of the skin and creating access
for microorganisms.

3.2 Upper Respiratory, Alimentary, and Genitourinary Tracts

The surface area of the upper respiratory, alimentary, and genitourinary tracts
available for microbial colonization is greater than that afforded by the skin
because of the folds, crypts, and villi. The surfaces of each anatomic region are
also very different, ranging from the hard enamel of the teeth to the microvilli of
the bowel. Extreme changes in the local environment also occur, ranging from the
neutrality of the mouth to the acidity of the stomach. Although the interplay
between these environments and their resident microflora is incomplete and poorly

Table 1 Microbial residents of the normal skin

Major group Genus Opportunistic pathogens

Gram-positive cocci Staphylococcus spp. S. epidermidis

Micrococcus spp.

Gram-positive bacilli Corynebacterium spp. C. jeikeium

Brevibacterium spp.

Propionibacterium spp.

Acinetobacter spp. A. baumanii

Yeasts Pityrosporum spp.

Candida spp. C. parapsilosis

8 J. P. Donnelly et al.



understood, some generalizations are possible and useful in understanding how the
mucosal surfaces play their part as a first line of defense.

Two principal physical host factors influence the microbial ecology of the
mucosal surfaces. Dilution of the microbial load is achieved by sneezing and
coughing of microbes trapped in mucus, flushing of the mouth and esophagus by
saliva, micturition, and peristalsis of the intestines. Acidity plays a crucial role
both in disinfecting the stomach and in regulating the microbial milieu of the
vagina. The upper respiratory, alimentary, and genitourinary tracts are essentially
composed of epithelial cells interspersed by cells that produce mucins. These
hydrophilic substances perform various functions, including lubrication, water-
proofing, and preventing sudden changes in osmotic pressure [18]. They also
contain inhibitory substances, such as lactoferrin, lysozyme, defensins, and per-
oxidase, as well as secretory IgA. Mucins also appear to interfere with adherence
of foreign bacteria to epithelial cells and prevent access of antigens to antibodies
while allowing the biofilm formed by resident bacteria to blend or fuse so that the
bacteria can form a more intimate contact with the epithelial cells.

The resident microbial flora probably plays a crucial role in maintaining the
integrity of this part of the integument. The microorganisms compete with one
another for sites of attachment and nutrients as they continually modulate the
microecology. On the whole, the microflora are harmless commensals exhibiting
stable symbiosis. The human host is probably immunologically tolerant to all
resident flora because so few of the genera have ever been implicated as oppor-
tunistic pathogens, even in the most profoundly immunosuppressed individuals.
For example, even when translocation into the bloodstream occurs, the resident
bacteria are poorly adapted to the environment within the body proper and only
rarely establish an intracorporeal infective process (Table 2).

3.2.1 The Lung
The lung appears to be particularly vulnerable to damage by cytotoxic chemo-
therapy and irradiation and is exquisitely susceptible to infection. Immunopatho-
logic reactions mediated by the pulmonary macrophages that survive
chemotherapy can lead to various other syndromes, including respiratory distress.
Pulmonary hemorrhage as a result of profound thrombocytopenia further imperils
the lung, increasing the risk of infection. However, the risk of invasion and dis-
semination is high when the integrity of the mucosa is impaired, the ecology of
resident flora is disturbed, and exogenous microorganisms such as gram-negative
bacilli or other potential pathogens establish colonization. Resident flora such as
Candida spp. can result in superficial infection, often as a consequence of reac-
tivation of herpes simplex virus [19, 20]. Clinically, the presence of pseudo-
membranes over the ulcerated tissue can initiate local invasion and progressive
spread to the esophagus and gastrointestinal tract, resulting in disseminated can-
didiasis. Aspiration and inhalation of spores and hyphal elements of Aspergillus
spp. and other molds permit colonization of the sinuses and bronchial tree, which
may extend into the alveolar spaces, resulting in invasive disease that is often fatal.
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Table 2 Resident flora of the upper respiratory tract and oral cavity

Major group Genus Opportunistic pathogens

Gram-positive cocci Micrococcus spp.

Staphylococcus spp. S. epidermidis

Stomatococcus spp. S. mucilaginosus

Streptococcus spp. nonhemolytic group S. milleri

Streptococcus spp. viridans group S. oralis, S. mitis

Gram-positive bacilli Actinomyces spp. A. israelii

Arachnia spp.

Bacillus spp.

Bacterionema spp.

Bifidobacterium spp.

Clostridium spp. C. sporogenes

Corynebacterium spp.

Eubacterium spp.

Lactobacillus spp.

Propionibacterium spp.

Rothia spp.

Gram-negative cocci Moraxella spp. M. catarrhalis

Neisseria spp.

Veillonella spp.

Gram-negative bacilli Actinobacillus spp. A. actinomycetemcomitans

Capnocytophaga spp. C. ochracea

Eikonella spp. E. corrodens

Fusobacteriurn spp. F. nucleatum

Haemophilus spp. H. parainfluenzae

Leptotrichia spp. L. buccalis

Prevotella spp. P. melanogenicus

Selenomonas spp.

Wolinella spp.

Spirochetes Treponema spp.

Mycoplasma Mycoplasma spp. M. salivarium

Yeasts Candida spp. C. albicans
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3.2.2 Microflora of the Intestinal Tract
The alimentary tract contains many different bacterial genera, the vast majority of
which remain harmless (Table 3). The gut is also the major reservoir of gram-
negative bacilli, which are either endogenous (e.g., Escherichia coli) or have been
acquired by ingestion (e.g., Klebsiella pneumoniae and Pseudomonas aeruginosa)
[21–23].

Normally, the alimentary tract flora contains in excess of 1014 microorganisms,
representing between 500 and 1,000 different species [24] and amounting to
several grams, but only very few species are capable of establishing infection, even
in the most profoundly immunosuppressed patient. Most of the microbial flora is
densely distributed around the surfaces of the oral cavity and the large bowel,
where scores of different microorganisms, including spirochetes, spore formers,
bacilli, and cocci, compete for the available surfaces and nutrients. Anaerobes
predominate and play a crucial role in maintaining a healthy commensal flora,
preventing the establishment of exogenous or allochthonous organisms, which is
known as colonization resistance [25, 26]. The integrity of the mucosa, the pro-
duction of saliva and mucus, peristalsis, gastric pH, bile acids, digestive enzymes,
and the levels of secretory IgA also play an important role in maintaining colo-
nization resistance [27].

3.3 Impact of Antimicrobial Agents on Colonization Resistance
of the Alimentary Tract

Exposure to antimicrobial agents is one of the most effective means for destroying
colonization resistance, as is manifest by fungal overgrowth and increases in the
enterococcal populations [28–30]. The most likely contributors to colonization
resistance, the gram-positive non-spore forming, lactic acid-producing bacilli,
particularly bifidobacteria, are particularly susceptible to antibiotics known to
impair colonization resistance, including the penicillins, rifamycin, clindamycin,
erythromycin, bacitracin, and vancomycin [24, 27, 31–36]. Some cephalosporins
are also detrimental to colonization resistance, whereas meropenem and the
quinolones have been declared ‘‘friendly’’ [28, 34–39]. Some drugs such as
aztreonam and imipenem only appear ‘‘friendly’’ because they are inactivated by
feces [30, 40], whereas under the circumstance of diarrhea, parenteral feeding, and
gut toxicity, normal stool is no longer produced so these agents may remain
sufficiently active to destroy what remains of the colonization resistance. Initially,
co-trimoxazole was thought to be neutral [27, 34, 41–45], but other evidence
suggests otherwise [46]. Individual antibiotics that appear to spare colonization
resistance, such as ceftazidime and piperacillin, might have a marked impact when
given in combination, leading to an increase in both Clostridium difficile as well as
yeasts [47]. C. difficile can cause enterocolitis, which responds to treatment with
metronidazole or oral vancomycin, but the latter may select for resistant bacteria
such as Enterococcus faecium and Lactobacillus rhamnosus [48]. The widespread
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Table 3 Resident flora of the lower alimentary tract

Major group Genus Opportunistic pathogens

Gram-negative anaerobic
bacilli

Bacteroides spp. B. fragilis

Desulfomonas spp.

Leptotrichia spp. L. buccalis

Fusobacterium spp. F. nucleatum

Butyrvibrio spp.

Sucinimonas spp.

Vibrio spp.

Gram-negative facultatively Escherichia spp. E. coli

Anaerobic bacilli Citrobacter spp. C. freundii

Klebsiella spp. K. pneumoniae

Enterobacter spp. E. cloacae

Morganella spp. M. morganii

Proteus spp. P. mirabilis

Gram-positive facultatively Lactobacillus spp. L. rhamnosus

Anaerobic bacilli

Gram-positive anaerobic bacilli Bifidobacterium spp.

Clostridium spp. C. tertium, C. difficile, C.
sporogenes

Eubacterium spp.

Lachnospira spp.

Propionibacterium spp. P. acne

Gram-positive facultatively Enterococcus spp. E. faecalis, E. faecium

Anaerobic cocci Staphylococcus spp. S. epidermidis

Streptococcus spp. S. milleri, S. mitis, S. oralis,

S. bovis

Gram-positive anaerobic cocci Peptococcus spp.

Peptostreptococcus spp.

Acidaminococcus spp.

Megasphaera spp.
(continued)
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use of fluoroquinolones for prophylaxis has led to the emergence of resistance
among the E. coli, which are indigenous to the bowel [49–52].

4 Innate Immunity

The immune system has historically been divided into the innate (‘‘natural’’) and
adaptive (‘‘acquired’’) immune system to highlight the difference in primary
primitive versus secondary more sophisticated responses. Current knowledge,
however, challenges this dichotomy because the innate and adaptive immune
systems have considerable overlap and are highly interlinked. For instance, the
composition of the ‘‘cytokine cocktail’’ released after stimulation of pattern rec-
ognition receptors (PRRs) by pathogen-associated molecular patterns (PAMP)
directs the adaptive immune response toward T-helper 1 (Th1), Th2, Th17, or
regulatory T-cell activity [1]. In other words, the innate immune system orches-
trates the adaptive immune system [53, 54]. Nevertheless, for the sake of clarity,
the dichotomy has been maintained so far.

The innate immune system is a primary highly conserved immune system that
can been found in most living organisms, from plants to insects to mammals [55].
This is essentially all there is to the immune system of plants and insects unlike
more evolved creatures such as mammals that also possess an adaptive immune
response. Being the first point of contact with microorganisms and foreign mol-
ecules, the innate immune system mobilizes a primary response to external threats.
This is characterized by being rapid, crude, lacking in specificity and without any
development of ‘‘memory’’ so that when re-challenged the same response ensues.
By contrast, the adaptive immune system is highly specific in recognizing foreign
molecules and reacts with increased magnitude with every re-challenge.

The innate immune system consists of a variety of humoral and cellular
components [55] as well as the epithelial cell network that creates a direct physical
barrier. Humoral factors consist of the complement systems (classical, alternative,
and lectin pathway), antimicrobial peptides (AMPs), acute phase proteins (e.g.,
C-reactive protein), and mucosal secretions (mucins and saliva). Cellular com-
ponents consist of natural killer cells (NK) and phagocytic cells such as

Table 3 (continued)

Major group Genus Opportunistic pathogens

Gram-positive anaerobic cocci Ruminococcus spp.

Sarcina spp.

Veillonella spp.

Coprococcus spp.

Gemella spp.

Yeasts Candida spp. C. albicans, C. glabrata, C. krusei,
C. lusitania
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monoyctes, macrophages, polymorphonuclear neutrophils (PMN), and dendritic
cells (DC). Endothelial cells and fibroblasts are also being increasingly recognized
as essential cellular components of the innate immune system. For instance,
intestinal epithelial cells (IECs) recognize microbes, produce cytokines and AMPs,
phagocytize and present antigens [56].

4.1 Pattern Recognition Receptors: Key Players of the Innate
Immune System

The discovery of a pattern recognition receptor (PRR, the so-called Toll receptor)
in the fruit fly helped reveal just how innate immune cells recognize foreign
molecules. It also boosted research into innate immunity, which lead to the dis-
covery of many different PRRs in humans, including the Toll-like receptors
(TLRs), the NOD-like receptors (NLRs), and the family of C-type lectin receptors
(CLRs) [57–59].

PRRs recognize conserved molecular patterns of the cell wall of bacteria, or the
so-called PAMPs, including lipids, proteins, and nucleic acids. PRRs are expressed
on nearly every human cell ranging from blood cells to epithelial and endothelial
cells. They are present on the cell surface though some reside in the cytosol. The
expression is highly regulated with an increase in expression during infection and
other inflammatory conditions. These receptors are capable of recognizing PAMPs
with a degree of specificity. Because microbes contain different motifs that are
recognized by different PRRs, the system is redundant, thereby reducing the risk of
infection when there is any dysfunction of certain PRRs.

Although originally PRRs were thought to discriminate self from nonself, they
also recognize endogenous ligands, such as heparin sulfate, fibrinogen, heat shock
proteins, and b-defensin-2, so-called danger-associated molecular patterns (DAMPs),
released mostly in case of tissue damage [60, 61]. This enables the innate immune
system to respond to danger, whether or not resulting from infection [62].

During infection and tissue damage, the ensemble of activated PRRs and
subsequently activated intracellular signaling pathways results in the release of a
mixture of cytokines and activation of diverse signaling pathways. The cytokine
profile then defines the inflammatory response and orchestrates the development of
the adaptive immune response, adequately controlling the infection while pre-
venting uncontrolled inflammation and tissue damage [63, 64]. The simultaneous
activation of multiple PRRs provides virtually an infinite range of possibilities for
tailoring an effective response to a wide range of microbes. However, over-
whelming infection, deregulated expression or activation of PRRs, and failing
negative feedback mechanisms can result in disruption of this finely tuned immune
system, resulting in infections or uncontrolled inflammatory responses manifesting
as autoimmune diseases and sometimes systemic inflammatory response syndrome
(SIRS) and acute respiratory distress syndrome (ARDS) [63, 65].
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4.2 Antimicrobial Peptides: Nature’s Antibiotics

Antimicrobial peptides are evolutionarily conserved elements of innate immunity
and probably originated because of the coevolution of host and pathogens,
necessitating a strict control of pathogenic microbes while preserving beneficial
commensal bacteria. More than 700 AMPs have been identified, and they are
widely distributed in nature [14]. In general, AMPs are small (12–50 amino acids),
and amphipatic, and they contain two positive charges. AMPs are produced mainly
by epithelial cells and PMNs. They can be constitutively expressed or inducible by
microbial cell wall constituents, tissue damage, and pro-inflammatory cytokines.

AMPs possess pleiotropic functions in the context of host immunity, although
not all AMPs share the same set of activities [66, 67]. Direct antimicrobial activity
is related to the charge and amphipatic nature of the peptides, hydrophilic at one
end and hydrophobic at the other end, facilitating interaction with the microbial
cell membrane and ultimately resulting in pore formation and subsequent cell
death [68]. Other mechanisms of action have been described for these peptides
including increased microbial clearance by opsonization and increased chemotaxis
and activation of phagocytic cells. Other immunomodulatory activities have been
described such as increased production of cytokines by stimulating PRRs,
increased chemotaxis, reduced apoptosis in PMNs, and increased differentiation,
maturation, and antigen presentation of DCs [66–68].

4.3 Cellular Components

4.3.1 Epithelial Cells: A Physical and Immunologic Barrier
The best-known defense function of epithelial cells is the creation of physical
barriers. However, these cells are, in fact, ‘‘non-classical’’ immune cells as they are
equipped with receptors that sense their surroundings and direct immune activity.
Epithelial cells produce a wide array of mediators including antimicrobial pep-
tides, growth factors, chemokines, and cytokines (IL-1 alpha, IL-7, IL-8, and IL-
18). In addition, these cells can act as antigen-presenting cells. Moreover, they
have immune regulatory functions as they communicate with B-lymphocytes, cd-T
lymphocytes, and dendritic cells. For instance, through the release of TGF-b,
TSLP, and retinoic acid, epithelial cells contribute to the induction of tolerogenic
dentritic cells and down-regulation of inflammation in environments that are
constantly exposed to foreign antigens and the commensal flora.

4.3.2 Thrombocytes
The protective role of platelets [69] in normal individuals is often underestimated
but becomes obvious during treatment for a malignant disease. Thrombocytopenia
is an almost inevitable repercussion of intensive chemotherapy and irradiation, but
a decreased function of thrombocytes is a similar matter of concern. Such a
thrombocytopathy is either disease-related or caused by concurrent medication
(Table 4). The consequences for both an increased susceptibility to infection and a
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decreased capacity to repair damaged tissues can be considerable and may have an
impact on the eventual outcome of a treatment episode. Thrombocytopenia also
appears to be an independent risk factor for bacteremia [70], and the incidence of
major hemorrhages at autopsy of patients who die with or from an infection is
striking.

4.3.3 Granulocytes
Under normal circumstances, the proliferation of neutrophil precursors is regulated
by hematopoietic growth factors such as interleukin-3, granulocyte macrophage-
colony stimulating factor (GM-CSF), and granulocyte-colony stimulating factor
(G-CSF). Starting from a pluripotent stem cell, it takes approximately 6 days to
form metamyelocytes by sequential divisions and another 6 days to mature into
polymorphonuclear granulocytes [71]. Approximately 90 % of the total population
of neutrophils resides in the bone marrow, only to be released into the circulation
upon an inflammatory stimulus. Neutrophils that enter the bloodstream are dis-
tributed over two compartments of equal size in dynamic equilibrium: a free
circulating pool of neutrophils and the marginating pool, consisting of neutrophils
that adhere loosely to the vascular endothelium. The size of these respective pools
is under the influence of several factors.

Adherence of neutrophils to endothelial cells is mediated by a number of
adhesion molecules on neutrophils, which are induced by factors such as com-
plement factor C5a, which acts as a ligand. Likewise, there is a whole series of
adhesion molecules on the endothelial cells themselves, with cytokines such as
interleukin-1 and tumor necrosis factor-a being important inducers of these mol-
ecules [72]. Other inflammatory impulses and glucocorticosteroids are also potent
inhibitors of margination. Circulating neutrophils disappear after approximately
6 h in blood, whereas they survive 1–3 days in tissues.

Table 4 Causes and sequelae of thrombocytopenia and thrombocytopathy

Causes of thrombocytopenia

Disease related Leukemia and lymphoma, bone marrow metastasis

Treatment related Chemotherapy, radiotherapy

Causes of
thrombocytopathy

Disease related Leukemia and myeloma, renal insufficiency

Treatment related Chemotherapy, b-lactam antibiotics, anti-inflammatory drugs, anti-
histamines, heparin

Hazardous sequelae Hemorrhagic lesions facilitate growth of microorganisms and interfere
with organ function

Decrease of platelet-derived growth factor, epidermal cell growth factor,
endothelial cell growth factor, fibronectin (diminished adhesion),
P-selectin (diminished transmigration)
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During an acute inflammatory reaction, an increase in neutrophils, sometimes
accompanied by eosinophils and followed by macrophages, can be seen at the site of
inflammation. The formation of this inflammatory exudate is the result of activation
of several humoral factors, such as cytokines, prostaglandins, and complement,
which enhance the blood flow and increase vascular permeability. This occurs in
conjunction with chemotactic activity, which results from other soluble factors,
especially C5a, leukotriene B, interleukin-8, and bacterial products. In the peripheral
blood, granulocytosis evolves as a consequence of the release of the marrow reserve
and increased granulocytopoiesis on stimulation by factors such as interleukin-1.
However, the mere presence of granulocytes at the site of an infection is meaningless
if they are not able to execute their normal functions. Phagocytosis, an Fc- and C3b
receptor-mediated process with IgG1, IgG3, and C3b as ligands or opsonins, results
in the uptake of particles larger than one micron via pseudopods until they enclose in
a vacuole (phagosome). The rate of ingestion by neutrophils is impressive in
comparison with that of other phagocytes.

As soon as the particles, with or without opsonins, make contact with the cell
membrane of a granulocyte, oxidases in the membrane are triggered to activate
oxygen-dependent microbicidal mechanisms, and superoxide, hydrogen peroxide,
and hydroxyl radicals are formed. During and after ingestion, the lysosomes,
which are microscopically visible as azurophilic granules, fuse with the phago-
some and pour their digestive enzymes into the vacuole, a process known as
degranulation. One of these lysosomal enzymes, myeloperoxidase, triggers the
reaction of H2O2 with chloride, which results in the formation of hypochlorite, a
potent microbicidal product. Usually, this operation of phagocytosis and intra-
cellular killing of microorganisms is a suicidal act for the neutrophils, leaving the
remainder for consumption and enzymatic digestion by the more powerful mac-
rophages. However, even macrophages may require cooperation with products
from activated T lymphocytes for the optimal killing of some microorganisms.

The proliferation and maturation of eosinophilic precursors are under the
control of interleukin-3, GM-CSF, and interleukin-5 and have a time span similar
to that of neutrophils [73], whereas survival in the tissues appears to be consid-
erably longer. Eosinophils are able to kill several parasites, largely by means of an
extracellular process mediated by IgE and, probably, complement.

4.3.4 Monocytes and Macrophages

Monocytes (blood) and macrophages (tissue)
Monocytes and macrophages are cells of the myeloid lineage derived from the
pluripotent myeloid progenitors under the influence of growth factors IL-3 and
GM-CSF. Monocytes circulate in the peripheral blood, but enter peripheral tissues
where they transform to more adapted macrophages, which patrol the barriers for
invaders. Monocytes and macrophages are preeminently equipped in phagocytosis
of microbial invaders, but also of cell debris, apoptotic cells, and foreign materials.
Additionally, they can act as antigen-presenting cells, although less efficiently as
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DCs, and produce pro-inflammatory cytokines (M1-type macrophages). However,
some macrophages (M2 type) also exhibit regulatory functions by releasing anti-
inflammatory cytokines, such as IL-10.

4.3.5 NK Cells
NK cells were originally defined as immune cells naturally capable of killing
specific tumor cell lines. They belong to the innate immune system, for they do not
need aid with DCs and priming to be effective. These cells have been shown to be
indispensible in inducing anti-viral and anti-tumor responses. NK cells are
equipped with a complex set of surface molecules and receptors that are either
activating (KARs) or inhibiting (KIRs) [74]. The KIRS are very important because
with these receptors NK cells can differentiate normal host cells from foreign or
infected cells by differentiating between host cell expression of normal or altered
MHC class I expression. Effector functions consist of direct cytotoxicity resulting
from the release of perforin and granzyme, antibody-dependent cellular cytotox-
icity, and release of cytokines, especially IFNc. In addition, NK cells possess
regulatory functions. At one side, they support DC maturation, Th1 cell activation,
and release of pro-inflammatory cytokines, but at the other side, they kill activated
T lymphocytes, hyper-activated macrophages, and immature DCs, dampening
inflammation and shutting down immune response [75].

4.4 Innate Immunity and the Integument

The integument is normally in a state of immunologic tolerance and homeostasis
despite being exposed to billions of microorganisms and other foreign substances
such as food, beverages, and drugs. This clearly demands comprehensive and
careful regulation of the immune system [76, 77]. There is a steady balance
between tolerance to non-pathogenic commensal bacteria and intolerance to their
pathogenic cousins, necessitating the generation of an effective immune response.
Constant interaction and ‘‘cross talk’’ between IECs, immune cells (monocytes,
macrophages, and DCs), and microbes are necessary to determine exactly what is
going on at the epithelial surface and direct immune actions for maintaining the
status quo [76, 78, 79]. Commensal and pathogenic bacteria are also kept in check,
as are immune responses, to prevent damage and uncontrolled inflammation.

The innate immune system plays a central role in keeping this delicate balance
and even small defects therein can result in disease as a result of infection or
uncontrolled inflammation. Both PRRs and AMPs are of great significance here.
During homeostasis, activation of PRRs such as TLR2 and TLR9, by commensal
flora, helps to maintain barrier function and immune quiescence [80–82], whereas
sensing of even commensal flora can elicit pro-inflammatory responses and con-
tribute to the pathogenesis of diseases that compromise barrier functions, such as
inflammatory bowel diseases [83–86] AMPs like b-defensins are widely expressed
in the skin and gastrointestinal tract and regulate the composition and burden of
the microbial flora at these epithelial barriers.
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5 Acquired Immunity

5.1 Humoral Immunity

The humoral branch of the immune system involves interaction of B cells with
antigen and their subsequent proliferation and differentiation into antibody-
secreting plasma cells. An important difference in antigen recognition by T cells
and B cells is that the latter can recognize an antigen, whereas T cells can only do
so once the antigen has been phagocytosed and is presented on the surface of an
antigen-presenting cell. In this way, the immune system is able to cope with
invaders under a variety of different circumstances. The humoral system recog-
nizes a plethora of bacterial or viral microorganisms as well as the soluble proteins
they release. The cell-mediated system is suited to recognizing altered cells
belonging to the ‘‘self,’’ that is, infected phagocytes as well as cancer cells.

5.1.1 Immunoglobulins
Immunoglobulins are produced by the humoral branch of the system when chal-
lenged by an antigen and bound to it. IgM is secreted early and during differen-
tiation. Plasma cells then become committed to produce the other classes of
immunoglobulin, such as IgG, IgA, IgE, and IgD [72]. The specific functions of
IgG and IgM include not only neutralization of the antigen, but also complement
activation and opsonization. Secretory IgA, which is found on mucosal surfaces, is
not an opsonin but it inhibits the motility of bacteria, neutralizes their toxins, and
prevents their adherence to epithelial cells. Circulating IgA probably plays only a
minor role in host defense.

The spleen plays an important role in the humoral immune response as the
primary immunoglobulin response takes place there, as shown by the low con-
centrations of IgM found after splenectomy. Reduced concentrations of the
complement factor properdin have also been found, leading to suboptimal
opsonization. Functional asplenia develops in a large proportion of patients after
allogeneic HSCT and is also associated with increased risk for bacterial infections.

5.2 Acquired Cellular Immunity

Whereas humoral immunity is primarily responsible for clearing extracellular
bacteria, the cellular immune system serves also to eliminate intracellular patho-
gens and virus-infected cells.

5.2.1 Dendritic Cells
Dendritic cells have a specific role in immunity as they function at the crossroads
of innate and acquired immunity. They arouse a keen interest because of their
unique capacity to efficiently process antigens, present them, and sensitize naive
T cells. By releasing different cocktails of cytokines, they shape T lymphocyte,
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and also B-lymphocyte and NK cell responses, functioning as orchestrators of
acquired immunity. A wide range of dendritic cells have been discovered with
even more specific functions [87]. There is now strong evidence that cells of the
dendritic family not only control immunity but also regulate responses to self and
non-self, thereby avoiding immunopathology. These two complementary functions
are critical to ensure the integrity of the organism in an environment full of
microbes and foreign antigens. These cells are also important in the intestinal tract
for maintaining the immunologic homeostasis. For instance, CD103+ dendritic
cells express indoleamine 2,3-dioxygenase that influences T regulatory/T effector
cell balance and oral tolerance induction [88].

5.2.2 B-Lymphocytes
B-lymphocytes produce immunoglobulins but also possess antibody-independent
functions. They act as antigen-presenting cells and interact with T lymphocytes
optimizing cellular immune responses, although some controversies still exist
about these B–T-cell interactions [89].

5.2.3 T Lymphocytes
T lymphocytes are classically categorized as T-cytotoxic CD8+ (Tc), T-helper
CD4+ (Th), and regulatory T cells (Treg), including naturally occurring Foxp3+
CD4+ Tregs. Naïve T lymphocytes are sensitized by antigen-presenting cells and
the differentiation and activation status depends on multiple conditions including
contact between the T-cell receptor (TCR) with MCH molecules, contact between
co-stimulatory receptors and an optimal cytokine environment. Tc plays an
important role in viral infections and anti-tumor immunity. On activation after
contact between the TCR and MCH class I molecules expressing antigens, cyto-
toxins such as perforin, granzyme, and granulysin are released. Perforin forms
pores in the target cell’s plasma membrane allowing granzymes to enter the target
cell, which eventually leads to apoptosis. A second way to induce apoptosis is via
cell-surface interactions between the Tc and the infected cell through Fas–Fas
ligand interactions. Th aid other immune and non-immune cells, such as epithelial
cells, in their defensive actions. Several phenotypes have been defined based on
cytokine signatures. However, new variants are still discovered and T-cell plas-
ticity is increasingly recognized showing T cells capable of changing their phe-
notype, for instance, transition of Tregs into Th17 and vice versa has been reported
[90]. Traditionally, Th1 and Th2 were recognized as functionally different Th
subtypes [91]. Th1 cells (T bet) are generated from naïve T cells under the
influence of IL-12, and IFNc and Th2 (GATA-3) under the influence of IL-4 and
IL-5. Recently, a third subset was discovered, named Th17 (RORct) generated by
IL-1, IL-6, TGF-b, and IL-23 [92]. In their effector functions, these Th subsets also
differ. Th1 cells release IL-2, IFNc, and TNFa and increase the phagocytic and
killing capacity of normal macrophages helping them to eliminate intracellular
organisms (e.g., Toxoplasma gondii, L. monocytogenes, and Aspergillus spp.).
IFNc also induced anti-viral defenses. Th2 release IL-4, IL-5, and IL-13 and are
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more specifically involved in extracellular parasitic and worm infections as they
boost eosinophilic infiltration and activation. In addition, Th2 contributes to
effective B-lymphocyte activation and immunoglobulin production. Th17 have
largely been implicated in the defense against extracellular pathogens, both bac-
teria and fungi, residing at the host barriers of skin and mucosa. Th17 cells release
IL-17A, IL-17F, IL-21, and IL-22 contributing to chemotaxis of neutrophils and
the increased release of antimicrobial proteins from epithelial cells.

6 Altered Defenses in Cancer

6.1 Physiologic Changes in Cancer

Tumors themselves also predispose to infection by local organ dysfunction. In
patients with solid tumors, obstruction of natural passages can lead to inadequate
drainage of secretory or excretory fluids from nasal sinuses, bronchi, and bile
ducts. Furthermore, tissue invasion may create connections between normally
sterile spaces and the environment through disruption of epithelial surfaces.
Examples include skin ulcerations with cellulitis and deep soft-tissue infections,
and invasion of the bowel wall by tumors of the lower gastrointestinal tract,
resulting in bacteremia. Localizations in the central nervous system, spinal cord
compression, and paraneoplastic neuropathy are associated with an increased risk
of infection due to lethargy and, for instance, a diminished ability to cough and
swallow, and incomplete emptying of the bladder [8].

6.2 Dysfunctional Innate Immunity

Chemotherapy and radiotherapy inflict severe damage upon the different compo-
nents of the immune system. Physiologic barriers are breached, immune cells
decreased in number resulting in neutropenia, monocytopenia, and various degrees
of lymphopenia, often accompanied by functional impairment, and the production
of humoral factors such as antimicrobial peptides is decreased. In the setting of SCT,
extensive immunodeficiencies result from myeloablative conditioning and immu-
nosuppression for graft-versus-host disease (GVHD) prophylaxis. The residual
components of the immune system, especially those comprising innate immunity,
are of the utmost importance in defending patients against infection [93], although
little is known about which components of the innate immune system remain rel-
atively intact. In general, immune cells such as tissue-residing macrophages, APCs,
and NK-cells as well as stromal and epithelial cells and humoral factors such as
complement remain [94]. Specialized Paneth cells of the small intestine are also
spared from [95] chemotherapy-induced damage, although the impact on their
capacity to produce AMPs is not known. Most of these cells are effective by swiftly
recognizing bacterial motifs capable of eliciting immune responses.

Host Impairments in Patients with Neoplastic Diseases 21



Although innate immune components aid in the protection of patients treated
with chemotherapy, they also contribute to the inflammatory complications related
to the resultant damage that consists of oral and gastrointestinal mucositis [96],
SIRS as well as ARDS and, in the HSCT setting, GVHD and immune-mediated
pulmonary complications [97, 98]. The common denominator is an uncontrolled
inflammatory response resulting from excessive release of pro-inflammatory
cytokines. Central in the pathogenesis of most of these inflammatory conditions is
the occurrence of conditioning-induced tissue damage and disturbance of the
normal host bacterial homeostasis in these tissues. Chemotherapy and radiotherapy
initiate an inflammatory cascade by activating nuclear factor-jB [99], resulting in
the production and release of pro-inflammatory cytokines and chemokines (IL-1,
IL-6, IL-8, TNFa, IFNc) by macrophages, IECs, and endothelial cells [99–101].
This inflammatory response is subsequently aggravated by the loss of barriers
facilitating the translocation of microbes or microbial wall components stimulating
PRRs [102–104] finally, resulting in clinical disorders. In GVHD, the alloreactive
T-cell responses are initiated and during the effector phase sustained by innate
immune responses.

Besides the loss of adequate barrier function, epithelial cells under ‘‘stress’’
change their attitude toward bacteria and label all microbes as a threat resulting in
uncontrolled immune responses [105]. Treatment-related factors mentioned earlier
also change the microbial composition, overall with an inversion of the ratio of
opportunistic pathogens versus commensals. At the same time, microbes sense the
immune status and ‘‘stress’’ of the host and change their behavior by up-regulating
virulence factors and becoming genuine pathogens [106].

The role of the innate immunity in cancer patients has been emphasized by the
impact of single nucleotide polymorphisms (SNPs) in innate immune genes, which
result in enhanced or attenuated expression and/or function, on treatment com-
plications including infections. This has been based on the concept ‘‘environ-
mentally determined genetic expression’’ (EDGE), which states that the effects of
normally silent genetic polymorphisms are unmasked when normal homeostasis is
severely disrupted such as occurs after exposure to high-dose chemotherapy and/or
radiotherapy (Fig. 3) [107]. Several studies have shown SNPs in complement
components (mannose-binding lectin), NK receptors, and PRRs resulting in
increased risk of bacterial and fungal infections [108–110]. These and other
polymorphisms have also been related to other complications of cancer therapy
and have been studied especially in the HSCT setting [111, 112]. Polymorphisms
in PRRs is of importance in host–microbe interactions such as NOD2, originally
described in Crohn’s disease, and TLRs have been implicated in the occurrence of
GVHD, bronchiolitis obliterans, and treatment-related mortality [113, 114].
Although contradictory results and lack of consistency do not permit firm con-
clusions, these polymorphisms have provided an insight into the pathogenesis of
complex immunologic processes that occur following intensive anti-cancer treat-
ment. Future studies are designed to address the applicability of this information in
the prevention or treatment of infections and other complications in patients
receiving chemotherapy or undergoing HSCT. Modulating the innate immune
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system with the use of selective agonists and antagonists of TLRs and other PRRs
could be a future therapeutic strategy ameliorating complications in cancer therapy
[115, 116].

6.3 Impairment of Granulocyte Function

Most cytotoxic drugs used in the treatment of malignant diseases have a dose-
dependent deleterious effect on the proliferation of normal hematopoietic pro-
genitor cells, including those of the myeloid series. After destruction of the mitotic
pool by one or more cytotoxic compounds and depletion of the marrow pool
reserve, granulocytopenia lasting days or weeks will ensue, particularly in the
treatment of hematologic malignancies and following HSCT-conditioning regi-
mens. Likewise, therapeutic radiation may induce a clinically significant granu-
locytopenia, depending on dose rate, total dose, irradiated area, and field size.
Total body irradiation, as used in HSCT procedures, is the most illustrative of the
potential deleterious effects of irradiation. However, both chemotherapeutic drugs
and irradiation do not only inhibit the proliferating cell pool, they also interfere
with nonproliferating cells and their function. In granulocytes, this may result in
decreased chemotaxis, diminished phagocytotic capacity, and defective intracel-
lular killing. Glucocorticosteroids seem to enhance granulocytopoiesis and
mobilize the marginal as well as marrow pool reserve, but these supposedly
positive effects on the granulocytes are counterbalanced by numerous disadvan-
tages. Indeed, these drugs restrain the accumulation of neutrophils at the site of
inflammation through impaired migration, probably due to reduced adherent
capacity of the granulocytes, and diminished chemotactic activity. Furthermore,
they negatively influence phagocytosis and intracellular killing by neutrophils in a
dose-dependent fashion and are associated with a reduction in the number of
eosinophils in the blood. Finally, many other drugs, including antibiotics, that are

Fig. 3 EDGE concept. The
concept ‘‘environmentally
determined genetic
expression’’ (EDGE) states
that the effects of normally
silent genetic polymorphisms
are unmasked when normal
homeostasis is severely
disrupted such as occurs after
exposure to high-dose
chemotherapy or
radiotherapy (Adapted from
[107]. With permission from
Nature Publishing Group)
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regularly used in cancer patients are known to interfere with the production and
function of granulocytes, which also may lead to an increased susceptibility to
infection.

Although they usually occur simultaneously, any substantial reduction in the
number of granulocytes or qualitative defect in the phagocytic process can, in fact,
make the patient prone to recurrent bacterial and fungal infections. It has been
shown that an inverse correlation exists between the number of circulating neu-
trophils and lymphocytes, and the frequency of infection. Depending on the
duration of neutropenia, the risk of a febrile episode varies between 30 and 80 %.
In a study by Bodey et al. [117], all patients with a neutrophil count of less than
100/lL for more than 3 weeks developed an infectious complication, and the risk
for secondary infections increased proportionally with the duration of granulo-
cytopenia. Moreover, infection-related mortality increased with the duration of
hospitalization and the number of days of granulocytopenia.

It may be difficult to establish an unequivocal diagnosis of infection because the
inflammatory response in patients without properly functioning granulocytes is
muted, thereby obscuring the classic signs and symptoms of infection [118]. Of the
episodes of fever associated with granulocytopenia, a definite microbiologic
etiology can be established in about a quarter of cases. Local infections, if detected
at all, are frequently complicated by bacteremia, which accounts for more than
90 % of culture-documented infections in cancer patients [119, 120].

After bacteria, fungi are the next most common pathogens, especially in
immunosuppressed patients who have prolonged and profound granulocytopenia.
Autopsy evidence of significant fungal infections can be found in one half of these
patients. Most of these infections are not diagnosed or treated antemortem, but they
account for 20–30 % of fatal infections in patients with acute leukemia [121–123].
Besides granulocytopenia, the use of pharmacologic doses of corticosteroids and
indwelling catheters may also foster the development of systemic fungal infection
[124].

6.4 Dysfunctional Acquired Immunity

6.4.1 Impaired Humoral Immunity
Humoral immunity is impaired in patients with malignancies, leading to decreased
production of immunoglobulins, such as in chronic lymphocytic leukemia (CLL),
multiple myeloma, and other lymphoproliferative disorders. Humoral immunity is
generally well preserved in patients with acute lymphocytic or myelogenous
leukemia. However, with intensive chemotherapy and/or progression of the dis-
ease, the capacity to produce immunoglobulins decreases. This may lead to
defective opsonization of bacteria and subsequent impairment of phagocytosis by
neutrophils and macrophages, adding to the quantitative effect of chemotherapy-
induced neutropenia.
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Although the humoral response in patients with malignant lymphomas is
unimpaired, subsequent radiotherapy and chemotherapy, particularly if both
treatment modalities are combined, lead to reduced antibody titers and increased
susceptibility to infections with pneumococci and H. influenzae. Splenectomy
potentiates the reduction in immunoglobulins by chemotherapy in these patients.
Therefore, combined therapy may increase the risk of post-splenectomy bactere-
mia in patients with lymphoma, and even after curing Hodgkin’s disease, patients
are left with a potentially life-threatening humoral immunodeficiency, due to the
effects of treatment rather than to the underlying disease itself.

Thus, the advent of more aggressive chemotherapy has changed the classic
concept of specific defects of host defense mechanisms in the various types of
leukemia and lymphoma. The effects of chemotherapy and radiation are now the
primary factor determining the nature and depth of the defect in host defense.
Likewise, the increased susceptibility to pneumococci and H. influenzae in patients
with CLL or multiple myeloma may be replaced by a defect in cellular immunity
and neutrophil function when these patients are being treated with glucocorticos-
teroids or other agents. Whether patients with hypogammaglobulinemia due to CLL
should routinely receive intravenous immunoglobulins has been a matter of con-
siderable debate. A cost-effectiveness analysis has suggested that indiscriminate
replacement may not improve quality or length of life in this patient group, and that
it is extraordinarily expensive [125]. However, such a decision analysis model
cannot be applied to the individual patient who actually has suffered from recurrent
bacterial infections. Therefore, it seems reasonable to institute immunoglobulin
replacement in those patients who have had a documented infection with pneu-
mococcus or H. influenzae and have decreased serum IgG concentrations.

6.4.2 Impaired Cellular Immunity
The importance of cell-mediated immunity in protecting the host against various
intra- and extracellular pathogens is evident from the opportunistic infections
occurring in various groups of patients with cancer. Those treated with prednisone
or other immunosuppressive agents that affect specific cellular immune responses
may be unable to cope with pathogens such as L. monocytogenes, T. gondii,
herpesviruses, and fungi. The introduction of monoclonal antibodies including
rituximab and alemtuzumab to treat hematologic malignancies has resulted in an
increase in opportunistic infections due to the induction of lymphopenia, impaired
T lymphocyte responses, and phagocyte dysfunction.

Stem cell transplantation (SCT) results in long-lasting dysfunction of T, B, and
NK cells hence opportunistic infections may only become manifest long after
transplantation and recovery from neutropenia. The most prominent example is
VZV infection, which occurred in up to 50 % of SCT recipients in earlier series,
but now significantly less because of the use of prophylaxis with acyclovir during
the first year after transplant. Additional viral threats include CMV and EBV
reactivation and disease as well as infections due to respiratory viruses. Other
opportunistic infections consist of fungal infections as invasive aspergillosis,
systemic candidiasis, and Pneumocystis jirovecii infections. The occurrence of
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these infections after SCT is even more pronounced when acute and chronic
GVHD occur as these conditions result in organ damage and require prolonged use
of immunosuppressants.

Lymphoproliferative diseases, including Hodgkin’s lymphoma, T-cell non-
Hodgkin lymphoma, and CLL themselves can also elicit impaired cellular immune
responses. Hodgkin’s lymphoma is a disease that is associated with impaired
cellular immunity, although delayed hypersensitivity responses are intact in the
majority of untreated patients [126]. The particular defect in T-cell-mediated
immunity is probably due to an excess of T-suppressor cells. CLL has also been
associated with opportunistic infections, due to a varying degree of defective
T-lymphocyte responses, but these defects are most pronounced with an increased
duration of the disease and the number of therapies received to treat CLL [127].

6.5 Mucosal Barrier Injury

The pathobiology of cytotoxic therapy-induced mucositis has been depicted as
consisting of five phases that are not necessarily sequential [128]. First, there is an
initiation phase in which free radicals are generated and apoptotic cell death is
induced by damage to DNA and other structures. Next, the master transcription
factor, NF-jB, is involved in the production of the pro-inflammatory cytokines,
TNF-a IL-1 and IL-6, which is followed by the amplification and signaling phase
of these pro-inflammatory cytokines. Then, there is ulceration, crypt hypoplasia,
villous atrophy, and cleavage of extracellular-matrix substrates such as collagen
and fibronectin by activated matrix metalloproteinases. This is the phase when
bacteria and their cell wall products such as peptidoglycan and lipopolysaccharide
are thought to breach the impaired physical barrier more easily and activate tissue
macrophages to produce more pro-inflammatory cytokines. The last phase is the
healing phase when various factors down-regulate inflammation and restore the
integrity of the mucosal barrier. The paracrine mediator of mesenchymal–epi-
thelial communication, keratinocyte growth factor, plays a key role in maintaining
the barrier function of epithelial tissues and the healing process after injury [129].

6.5.1 Effect of Chemotherapy and Irradiation on the Oral Cavity
Cytotoxic chemotherapy and irradiation interrupt cell division, leading to break-
down in the integrity of the oral mucosa. The production of saliva may also be
impaired, leading to a dry mouth and, if mucin is produced may be extremely
viscous and difficult to either swallow or expectorate. Periodontal disease may be
exacerbated and minor oral cuts and abrasions may become inflamed or ulcerated.
The nonkeratinized surfaces of the mouth, including the dorsal surface of the
tongue, the roof of the mouth, and the buccal mucosa, may become erythematous,
inflamed, and edematous, limiting the intake of both solids and liquids [130]. This
phenomenon is now generally referred to as mucositis, although some prefer the
older term, stomatitis. Thus, when mucositis is present, the mouth loses its normal
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ability to dilute foreign bacteria. Mucositis also occurs at the same time as other
manifestations of toxicity, particularly bone marrow depletion and gut toxicity,
manifested by nausea, vomiting, and diarrhea. Moreover, mucosal changes nor-
mally progress to a peak severity and coincide with the nadir of bone marrow
aplasia and then begin to recover as hematopoiesis returns (Fig. 4) [130–133].

Because myeloablative regimens deplete the pool of myeloid cells, the patient
becomes further dependent on the vestiges of the innate immune system and
especially epithelial cells of the digestive tract and skin for protection against
potentially lethal infectious complications. These epithelia form an anatomic and
immunologic barrier often referred to as the integument that serves as the front line
against microbial invasion. Although these epithelia are highly organized and
sophisticated structures, the barrier they create is not invincible to microorganisms
especially after it is damaged by anti-cancer therapy.

6.5.2 Oral Mucositis
Mucositis is essentially the clinical manifestation of mucosal barrier injury and is
characterized by functional complaints such as dysphagia and odynophagia, ana-
tomic changes such as edema, erythema, ulceration, pseudomembrane formation,
and alterations in mucus consistency with changes in saliva production (xerostomia).
Mucositis results in significant morbidity and markedly lowers the quality of life for
several weeks following cytotoxic chemotherapy and irradiation. Modern

Fig. 4 Oral mucositis and its relationship to neutropenia. Mucositis and bone marrow aplasia,
leading to profound neutropenia, are both manifestations of toxicity frequently occurring together
with gut toxicity manifested by nausea, vomiting, and diarrhea. As with neutropenia, mucosal
changes normally progress to a peak severity, which coincides with the nadir of bone marrow
aplasia and then begins to recover as hematopoiesis returns
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remission-induction cytostatic chemotherapy and conditioning regimens for HSCT
often induce substantial injury to the mucosa. Combinations containing melphalan,
etoposide, methotrexate, cytarabine, and idarubicin have all been shown to induce
mucositis [134, 135]. Mucositis can be particularly severe when anthracyclines are
combined with total body irradiation and cyclophosphamide to condition patients for
an allogeneic HSCT [136]. The duration and incidence of fever, parenteral narcotic
use, total parenteral nutrition, antibiotic therapy, and the length of stay in a hospital
are all correlated with the severity of mucositis, as is the risk of significant infections
and mortality [134, 137, 138]. Oral viridans streptococcal infections are related to
mucosal barrier injury of the upper part of the digestive tract, particularly the oral
cavity, whereas enteric gram-negative bacillary infections and neutropenic entero-
colitis are related to the lower part of the digestive tract.

Extensive mucosal damage is often accompanied by a decline in saliva pro-
duction leading to a dry mouth. Any mucus produced may be extremely viscous
and difficult to either swallow or cough up [136, 139]. Periodontal disease may be
exacerbated, and minor oral cuts and abrasions may become inflamed and ulcer-
ated. The nonkeratinized surfaces of the mouth, including the underside of the
tongue, the roof of the mouth, and the cheeks, may become red, inflamed, and
swollen, and thus limit the intake of both food and drink with the risk of mal-
nutrition and catabolism [130]. Moreover, mucosal changes normally progress to a
peak severity coinciding independently with the nadir of bone marrow aplasia, and
then begin to recover as hematopoiesis returns [130, 140, 141].

Exposing oral commensal flora to the antimicrobial agents used for prophylaxis
and local antisepsis will inevitably select for more resistant species. Very sus-
ceptible bacteria, such as the oral Neisseria spp., will be suppressed by a wide
range of antimicrobials. Others that are marginally susceptible to frequently used
agents such as co-trimoxazole, penicillin, and fluoroquinolones, will thrive. This
partly explains why the viridans streptococci have become one of the most fre-
quent causes of bacteremia in neutropenic patients who have undergone myelo-
suppressive chemotherapy or HSCT [142], although the chemotherapeutic agents
may be a more important factor, especially when it induces severe mucosal
damage [143]. S. mitis, many of which are actually S. oralis (formerly S. sanguis
II) [144], is causing concern because its appearance in the bloodstream following
treatment with high-dose cytarabine is associated with sepsis syndrome and the
adult respiratory distress syndrome (ARDS).

Bacteremia due to other unusual oral commensals, such as Stomatococcus,
Rothia mucilaginosa, Capnocytophaga spp., and Leptotrichia buccalis, are
likely to be selected by quinolone use. In addition, gingivitis as the source of
S. epidermidis bacteremia has been reported [145]. Similar risk factors are asso-
ciated with bacteremia due to members of the S. milleri group [146]. The
chlorhexidine mouthwashes used to minimize infective complications arising from
the oral toxicity induced by chemotherapy also influence the microflora [133, 147,
148]. The oral flora may also change as a direct result of chemotherapy [149], and
it is likely that more intensive conditioning regimens will aggravate mucositis,
leading to a commensurate increase in the number of unusual bacteria.
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Use of the growth factors, G-CSF and GM-CSF [150, 151] does not appear to
have any influence on mucositis [152].

6.5.3 Gut Mucositis
Besides damage to the oropharyngeal, esophageal, and gastric mucosa, chemo-
therapy and irradiation impair gut function and lead to rapid alterations in per-
meability. The increased absorption of sugars such as rhamnose, mannose, and
lactulose and the decreased uptake of xylose after chemotherapy, irradiation, or a
combination of both indicate a loss of integrity and damage to tight junctions [135,
153, 154]. Impaired gut function and integrity may also facilitate translocation,
and blood stream infections of patients colonized with bacteria and fungi [155].
Gut toxicity has also been shown to be responsible for the reduced absorption of
quinolones [156, 157] and has been implicated in the erratic bioavailability of the
antifungal agent itraconazole and posaconazole [158, 159]. A dysfunctional gut
will also have a marked effect on the nutritional status of the patient not least by
the diminished release of citrulline by the lower number of functioning enterocytes
[160]. This amino acid can be detected in blood and used to determine the extent
of gut injury in stem cell transplant recipients [160].

The gastrointestinal tract has long been implicated as the principal origin of
infections caused by the enteric gram-negative bacilli, including E. coli, K. pneu-
moniae, and Enterobacter spp. [161], providing the motivation for adopting pro-
phylaxis with fluoroquinolones [162–164]. More recently, the role of neutropenic
enterocolitis or typhlitis, a severe form of mucosal damage of the gut induced by
cytotoxic therapy, has also become clearer in providing a portal of entry for various
toxin-producing bacteria, including S. aureus, P. aeruginosa, various Clostridium
spp. and even Bacillus cereus [165–168]. This illustrates how the delicate balance
between the host and the resident microflora can be disturbed in the setting of
mucosal barrier injury and prolonged exposure to antibiotics. Colonization by
Candida species of the mucosal surfaces appears to be a prerequisite for local
mucosal infection and subsequent invasive disease [169]. Mucosal barrier injury,
including neutropenic enterocolitis, is also an independent risk factor for invasive
candidiasis among patients receiving cytotoxic chemotherapy [135, 153].

One of the most important consequences of the loss of colonization resistance is
that cell surfaces become vacant, allowing some exogenous bacteria such as
P. aeruginosa to establish residence, leading to chronic colonization, with the
attendant risks of invasion and systemic dissemination. The ecology of the bowel
flora is also altered markedly by diarrhea induced by treatment with certain che-
motherapy [170], GVHD [171], and total body irradiation [170, 172]. When severe
chemotherapy-induced mucositis extends to the cecum, typhlitis, or neutropenic
enterocolitis can occur and the recovery of Clostridium septicum from the blood
confirms the diagnosis [173] (Fig. 5) [174]. Gut permeability also increases fol-
lowing conditioning therapy for bone marrow transplant [175]. Agents used either
for the treatment of neoplasms or supportive care may even exert an influence on
gut and oral flora, either alone or in combination.
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Some chemotherapeutic agents have been shown to have antibacterial activity
and even to enhance the effects of antimicrobial agents [176–181]. The antifungal,
miconazole, is also inhibitory to gram-positive bacteria [182]. Gut motility is
reduced during parenteral nutrition due to the low amounts of fiber and reduced
microbial biomass, which result in dilute feces. When the gut fails to function
normally, the protective ‘‘anaerobic wallpaper’’ may still be intact but will be
unusually fragile to the effect of antimicrobial agents. Thus, unless placed in a
degree of isolation and supplied with low-microbial content diets, patients will be
vulnerable to acquiring other gram-negative bacilli from the environment [21–23].

Fig. 5 Neutropenic enterocolitis—an example of MBI-related infection. Neutropenic enteroco-
litis (also known as typhlitis) is an example of the interplay between the nature of the
chemotherapeutic regimen, the mucosal barrier injury it induces, the indigenous microbial flora
that remains after exposure to broad-spectrum antimicrobial therapy, and the absence of
neutrophils. Certain cytotoxic drugs e.g., cytarabine can disrupt the mucosal barrier of the gut as
well as causing protracted neutropenia and hemorrhage due to thrombocytopenia. Necrosis of the
gastrointestinal mucosa particularly of the terminal ileum or cecum manifests as enterocolitis and
predisposes the patient to infection with any organism capable of invasion. Antimicrobial
treatment, first with selective antimicrobial prophylaxis e.g., with a fluoroquinolone and later with
broad-spectrum antibiotics e.g., ceftazidime, will profoundly disturb the normal resident flora and
may provide a selective advantage to a resistant bacterium such as Clostridium septicum. The
stage is set for neutropenic enterocolitis associated with infection. Neutropenic enterocolitis is not
only a paradigm for MBI but is also the most severe clinical manifestation of MBI
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6.5.4 Mucosal Barrier Injury and Infection
The systemic inflammatory response as measured by CRP appears directly related
to the course and extent of mucosal damage reflected by low-citrulline levels
rather than infection per se [183]. Also, the risk of infection is significantly higher
during chemotherapy cycles that are complicated by mucositis than during those
without mucositis. This has been shown for bacteremia due to oral viridans
streptococci mainly S. mitis and S. oralis [184]. Drug-induced achlorhydria and the
use of antimicrobial prophylaxis with typically but not exclusively fluoroquino-
lones also contributes toward the development of bacteremia [142].

Candida spp. normally reside on the mucosal surfaces of the digestive tract of
many adults. Adherence to these surfaces appears to be a prerequisite for local
infection and subsequent invasive disease since regular surveillance cultures of
hematologic patients have shown that colonization invariably precedes infection
[52]. Patients treated for AML with either high-dose cytarabine or an anthracycline
have low serum D-xylose levels indicating malabsorption and are at higher risk of
developing invasive candidiasis. SCT recipients prepared with regimens composed
of TBI and patients treated with remission-induction regimens have an increased
risk of developing invasive Candida disease.

7 Conclusions

It is clear from the foregoing that patients with neoplastic diseases seldom suffer
impairment of a single defense mechanism. Rather, the risk of infection is the
product of the interplay between the many lines of defense, all of which can be
breached simultaneously. Moreover, any attempt to confine the damage inflicted
upon the host defenses by protecting only one specific line of defense such as the use
of growth factors to stimulate hematopoiesis is likely to offer only limited benefit.
What is required is a two-pronged approach involving more selective cancer
treatment, to avoid damaging healthy tissue combined with strategies that prevent,
or at least ameliorate, any unavoidable toxicity. This requires a holistic approach
involving both the laboratory and the clinician in continuing to refine therapeutic
regimens that are effective and in designing others to cope with the morbidity
associated with impaired host defenses. Both are essential to successfully achieve
remission of neoplastic disease and to maintain the best quality of life for the patient.
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Epidemiology of Infections in Cancer
Patients

Teresa R. Zembower

Abstract

Although major advances in the care of cancer patients over the past several
decades have resulted in improved survival, infectious complications remain a
significant cause of morbidity and mortality. To successfully identify, treat, and
prevent infections, a comprehensive understanding of risk factors that
predispose to infection and of commonly encountered pathogens is necessary.
In addition, clinicians must keep abreast of the changing epidemiology of
infections in this population. As therapeutic modalities continue to evolve, as
established pathogens become increasingly drug resistant, and as new
pathogens are discovered, successful management of infections will continue
to present challenges in the years to come.

Keywords

Epidemiology � Infection � Cancer � Risk factors � Emerging pathogens

Contents

1 Introduction........................................................................................................................... 44
2 Risk Factors for Infection .................................................................................................... 45

2.1 Host-Associated Risk Factors ..................................................................................... 45
2.2 Treatment-Associated Factors ..................................................................................... 54

3 Commonly Encountered Pathogens by Type of Malignancy ............................................. 61
3.1 Acute Leukemia and Lymphoma................................................................................ 62
3.2 Chronic Lymphocytic Leukemia ................................................................................ 66

T. R. Zembower (&)
Division of Infectious Disease, Feinberg School of Medicine, Northwestern University, 645 N.
Michigan Avenue, Suite 900, Chicago, IL 60611, USA
e-mail: t-zembower@northwestern.edu

V. Stosor and T. R. Zembower (eds.), Infectious Complications in Cancer Patients,
Cancer Treatment and Research 161, DOI: 10.1007/978-3-319-04220-6_2,
� Springer International Publishing Switzerland 2014

43



3.3 Multiple Myeloma....................................................................................................... 67
3.4 Hairy Cell Leukemia ................................................................................................... 67
3.5 Solid Organ Tumors .................................................................................................... 68

4 Emerging Pathogens and Trends ......................................................................................... 68
4.1 Bacteria and Bacterial Syndromes.............................................................................. 68
4.2 Fungi ............................................................................................................................ 71
4.3 Viruses ......................................................................................................................... 74
4.4 Antimicrobial Resistance ............................................................................................ 76

5 Summary ............................................................................................................................... 77
References................................................................................................................................... 77

1 Introduction

Infectious complications are a serious cause of morbidity and mortality in cancer
patients, especially those with underlying hematological malignancies where
autopsy studies demonstrate that approximately 60 % of deaths are infection
related [1–7]. Although fewer data exist on infectious mortality in patients with
solid organ tumors, approximately 50 % of these patients are estimated to have an
infection as either the primary or an associated cause of death [3, 5–9]. Because
patients with underlying malignancies are a heterogeneous group, an epidemiol-
ogic review of risk factors and infections in these patients must take into account
the diversity of the population.

Risk factors for infection include underlying immune deficiencies, associated
comorbidities, and treatment-related adverse effects. Clearly, more than one pre-
disposing factor may exist in a given patient, and their cumulative burden more
accurately reflects the risk of infection. To some extent, however, these risk factors
are associated with specific infectious pathogens, and an understanding of each
individual risk factor can help direct strategies for diagnosis and treatment.

Patients with underlying malignancies are at risk for a wide array of infectious
diseases. Bacterial infections predominate, followed by fungal infections. Viral
infections occur not infrequently, often as a result of reactivation of latent disease,
primarily in patients with hematological malignancies. Parasitic and other unusual
infections are encountered less frequently but should be considered in individuals
with appropriate exposure history [10–14].

Epidemiologic trends include recognition of emerging pathogens or syndromes
and increasing antimicrobial drug resistance that is now commonplace among
bacteria and fungi and is increasing among some viruses. The astute clinician must
remain aware of these emerging issues to optimize care of the cancer patient.

This chapter will provide an overview of the risk factors for infection, review
commonly encountered pathogens associated with specific malignancies, and
examine emerging pathogens and epidemiologic trends.
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2 Risk Factors for Infection

For ease of understanding, factors that predispose to infection are divided into
those that are host associated and those that are treatment associated. Host-asso-
ciated factors include underlying immune deficiencies, medical comorbidities, past
infections, poor nutritional status, and psychological stress. Treatment-associated
factors include surgery, radiation, immunosuppressant therapies, antimicrobial use,
and invasive procedures [12]. Again, clinicians should be aware that in practice,
multiple deficiencies are usually encountered simultaneously (Table 1).

2.1 Host-Associated Risk Factors

2.1.1 Immune Deficiencies
Host defense mechanisms are mediated by the immune system which has tradi-
tionally been thought to be composed of two major subdivisions: the innate or non-

Table 1 Factors predisposing to infection in cancer patients

Host factors

Disrupted anatomical barriers

Humoral immunodeficiencies

Cell-mediated immunodeficiencies

Organ dysfunction

Concurrent illnesses and past infections

Nutritional status

Psychological stress

Treatment-associated factors

Surgery
Radiation therapy

Immunosuppressant therapies

Chemotherapy

Biological response modifiers

Antimicrobial use

Diagnostic and invasive procedures

Central venous catheters

Urinary catheters

Tracheostomy

Blood transfusions
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specific immune system and the adaptive or specific immune system [12, 15, 16].
This categorization is somewhat artificial as the systems are highly interrelated.
Despite this, literature still describes these systems separately, and there is some
utility in doing so, as defects in their separate components predispose, in part, to
specific infections. A detailed description of the immune system is beyond the
scope of this chapter (see chapter Host Impairments in Patients with Neoplastic
Diseases); however, a basic understanding of the key components of innate and
adaptive immunity is important for clinicians caring for patients with malignancies
(Table 2).

Deficiencies in Innate Immunity
The innate immune system is constitutively present, not antigen specific, and able
to mobilize rapidly; thus, it provides the first line of defense for invading micro-
organisms. The innate immune system is comprised of anatomical barriers,
humoral factors that aid in the inflammatory response, and cellular components
that facilitate phagocytosis.

Anatomical barriers of the skin and mucous membranes form protective layers
that, when intact, prove impermeable to most of the infectious agents [8, 12, 17–19].
Protective processes such as desquamation of skin epithelium, ciliary movement,
peristalsis, and production of tears, saliva, and respiratory and gastrointestinal (GI)
tract mucus work in conjunction with these barriers to trap and remove harmful
organisms. Substances such as fatty acids found in sweat; lysozyme and

Table 2 Innate versus adaptive immunity

Innate immune system Adaptive immune system

Characteristics Discriminates self from non-self Discriminates self from non-self

General protection Antigen specific

Early phase of host response; immediate Late phase of host response

Does not require prior exposure Requires prior exposure

Response does not alter on repeated
exposure; no memory

Response improves with
successive exposures;
immunological memory

Components

Physical and
chemical
barriers

Skin, mucous and mucous membranes, tears,
saliva, nasal secretions, sweat, defensins,
surfactant

Lymphocytes at surfaces

Humoral
components

Complement, coagulation system,
lactoferrin, transferrin, lysozyme,
interleukin-1, interferons

B lymphocytes

Cellular
components

Monocyte-derived macrophages, dendritic
cells, mast cells, natural killer cells,
granulocytes (neutrophils, eosinophils,
basophils)

T lymphocytes
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phospholipase in tears, saliva, and nasal secretions; defensins and surfactant in the
pulmonary tract; and defensins in the GI tract inhibit the growth of organisms,
primarily bacteria. The acidic nature of sweat and GI secretions also helps prevent
organism growth. In addition to the barriers themselves, the normal flora of these
sites can prevent the colonization of pathogenic organisms by secreting toxic sub-
stances or by competing with pathogenic bacteria for nutrients or attachment to cell
surfaces.

In cancer patients, these barriers can be compromised by malignant invasion,
mechanical obstruction, or treatments such as radiation and cytotoxic chemo-
therapy [8, 12, 20–22]. Primary or metastatic skin tumors increase the risk for skin
and soft tissue infections and for bacteremia with organisms such as Staphylo-
coccus aureus, coagulase-negative staphylococci (CoNS), Streptococcus pyoge-
nes, and Corynebacterium spp. Tumors of the oral cavity and nasopharynx damage
the mucosa, resulting in local infection in the mouth, nose, throat, or sinuses and
predisposing to infections with streptococci, Haemophilus influenza, and anaerobic
necrotizing infections. Occasionally, these infections can spread to the meninges
causing meningitis or locally invade the sinuses, resulting in osteomyelitis with or
without subsequent cerebral abscess. Tumors of the GI tract can invade the
mucosa, causing local abscess formation, bacteremia, or perforation and resulting
peritonitis. In these infections, gram-negative bacteria predominate; however,
fungal infections are also encountered, primarily in patients who have received
broad-spectrum antibacterial agents. Gynecological malignancies disrupt barriers
in the female genitourinary (GU) tract predisposing to infection with enterococci,
enteric aerobic and anaerobic gram-negative bacilli, and Clostridium spp. Ana-
tomical barriers are further compromised by cytotoxic chemotherapeutic agents
such as anthracyclines, bleomycin, cytosine arabinoside, methotrexate, 6-mer-
captopurine, and 5-fluorouracil, those most likely to cause skin breakdown, sto-
matitis, and GI mucositis. Dermatologic side effects are also increasingly reported
in patients who receive thalidomide [23]. Radiation combined with chemotherapy
further increases the risk of skin and mucosal toxicity.

Deficits in the humoral components of the innate immune system also predis-
pose to infection [24–29]. Some important components include the complement
and coagulation systems and substances such as lactoferrin, transferrin, lysozyme,
interleukin-1, and interferons. Complement deficiencies predispose to infection
through ineffective opsonization and through defects in lytic activity resulting
from altered assembly of the membrane attack complex (MAC), components C5b
through C9. These deficiencies predispose to infections with the encapsulated
bacteria, Streptococcus pneumonia, H. influenza, and Neisseria meningitidis;
mycobacteria; fungi such as the yeast Saccharomyces cerevisiae; and viruses. The
role of complement in defense against viral infection is sufficiently important that
pathogenic viruses such as Herpesviridae and Coronaviridae have had to develop
strategies to evade complement activation. Alterations in coagulation can com-
promise vascular permeability and diminish chemotaxis of phagocytic cells.
Additionally, deficiencies in the production of beta-lysin, a platelet-derived protein
that acts as a cationic detergent, can diminish response to gram-positive bacteria.
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Lactoferrin and transferrin bind iron, an essential nutrient for bacteria; lysozyme
helps break down the bacterial cell wall; and interleukin-1 induces fever and the
production of acute-phase proteins involved in opsonization. Deficiencies in these
components increase the risk of bacterial infections. Deficiencies in interferon
predispose to viral infections because it is vital to limiting viral replication within
cells.

Once the anatomical and humoral defenses are breached, cellular innate
defenses such as monocyte-derived macrophages, dendritic cells, mast cells, nat-
ural killer cells, and granulocytes (i.e., neutrophils, eosinophils, and basophils)
also respond rapidly to microbial challenges. However, as these cells also initiate
and modulate the response of T and B lymphocytes, they serve as important links
between the innate and adaptive immune systems [12, 15, 16].

Macrophages exist throughout the body and are an important component of
phagocytosis and intracellular microbial killing. They also function as antigen-
presenting cells (APCs) to present ingested foreign antigens on their surfaces to
other cells of the immune system such as T and B lymphocytes [30]. Likewise,
dendritic cells, first described by Paul Langerhans (i.e., Langerhans cells) in the
late nineteenth century, are another essential component of innate immunity.
These cells originate in the bone marrow and are found in small quantities in
tissues in contact with the external environment such as the skin, respiratory tract,
and GI tract. When activated, they migrate to lymphoid organs where they also
capture and process antigens and serve as highly efficient APCs. These APCs,
through pattern recognition receptors, bind to lipopolysaccharides, peptidoglycans,
lipoteichoic acids, mannan, bacterial DNA, and double-stranded RNA (collec-
tively referred to as pathogen-associated molecular patterns or PAMPs) to aid in
the recognition of pathogens [12, 31, 32].

Mast cells, while traditionally recognized for their role in allergic diseases, are
also increasingly acknowledged for the important role they play in protection
against infection [33]. They are leukocytes found in most tissues of the body,
particularly in locations in close contact with the external environment, thus
functioning as early immune sentinel cells at sites of pathogen entry. They con-
tribute to host defense directly through phagocytosis and production of reactive
oxygen species and antimicrobial peptides, and indirectly through release of his-
tamine and other vasoactive mediators that increase vascular permeability and
blood flow, and through their action on smooth muscle to help increase expulsion
of mucosal parasites and to enhance mucus production to aid in pathogen
immobilization and cytoprotection. Mast cells also produce chemotactic factors
that can recruit inflammatory cells including eosinophils, natural killer cells, and
neutrophils to sites of infection. Their role in protection against parasites including
helminthes, nematodes, and protozoa is well known. More recently, their role in
protection against bacterial infections, especially gram-negative infections, has
been established. While there is some evidence that mast cells help mediate
antiviral and antifungal immunity, this evidence is more limited. Cancer patients
receiving corticosteroids and other immunosuppressive agents that decrease mast
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cell activity may have compromised ability to respond in a timely manner to
parasitic and bacterial infections.

Natural killer cells (NK cells) are lymphoid cells that, unlike T and B cells, lack
antigen-specific receptors [34–37]. They are able to recognize cells as ‘‘self’’
versus ‘‘non-self’’ and to kill infected or stressed host cells very rapidly. As such,
they are among the very early responders during infection. While they were
originally recognized as playing a major role in the destruction of malignant and
virally infected cells, it is now evident that NK cells play an important role in the
effective control of a diverse array of pathogens, including viruses, bacteria, fungi,
and parasites. While many of these infections can be contained in the absence of
NK cells, clearance of these organisms is almost always more efficient and
complete in the presence of a functional NK cell response.

Neutrophils are the single most important cells for defense against bacterial
infection in cancer patients. They are recruited to the site of infection where they
participate in phagocytosis and intracellular microbial killing. Neutropenia,
commonly defined as an absolute neutrophil count (ANC) lower than 1,000 or
500 cells/mm3, primarily occurs in patients with acute leukemia or non-Hodgkin’s
lymphoma and those who have received intensive myelosuppressive therapies for
their underlying malignancies or as part of their hematopoietic stem cell trans-
plantation (HSCT) [22, 38–40]. Patients with aplastic anemia are also likely to
present with severe and persistent neutropenia, although unlike neutropenic
patients with hematological malignancies, they may remain infection free for
prolonged periods [41]. Although less common, solid organ tumors, such as
metastatic carcinoma of the breast, prostate, lung, adrenal, thyroid, and kidney, can
all infiltrate the bone marrow and result in neutropenia [22].

The absolute neutrophil count, the rapidity in the decline of the neutrophil
count, the duration of neutropenia, and whether the count is rising or falling are all
important determinants of infection risk. A large multicenter study by the Euro-
pean Organization for Research on Treatment of Cancer (EORTC) demonstrated
that the change in granulocyte count was the most important factor in determining
success or failure of antibiotic therapy for gram-negative bacteremia. Only 22 %
of patients whose granulocyte count did not rise by at least 100 cells/mm3 during
therapy were successfully treated, whereas 88 % of those whose count rose by at
least 100 cells/mm3 had complete resolution of infection [42].

Whether due to the invasion and progression of the malignancy itself or to the
treatments directed against it, destruction of anatomical barriers and deficits in
non-specific humoral and cellular immunity diminish the host’s frontline, rapid
response to infection.

Deficiencies in Adaptive Immunity
The adaptive immune system is antigen specific and exhibits immunological
memory; thus, it requires time to react but can mobilize more rapidly, although not
as rapidly as innate immunity, on repeat exposure to the same organism [16].
Adaptive immunity is comprised of both humoral and cellular components
mediated through B and T lymphocytes, respectively.
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Humoral immunity is mediated primarily by B lymphocytes that arise from
precursor stem cells in the bone marrow and, following maturation, are distributed
to the spleen and lymph nodes. Under proper antigenic stimulation, they differ-
entiate into immunoglobulin (antibody)-producing plasma cells. These plasma
cells produce opsonizing antibodies. Coating or opsonizing certain bacteria, par-
ticularly encapsulated bacteria, greatly enhances their phagocytosis. Patients with
defects in humoral immunity lack opsonizing antibodies to the common encap-
sulated pyogenic bacteria and thus are susceptible to infections with organisms
such as S. pneumoniae, H. influenza, and N. meningitidis.

Cellular immunity is mediated primarily by T lymphocytes. T lymphocyte
precursors are released from the bone marrow and migrate to the thymus gland,
where maturation occurs. Mature T lymphocytes then exit the thymus and are
present in the circulation, the lymph nodes, and the spleen. During cell-mediated
immunity, various T lymphocytes subsets are activated and develop into effector T
cells, including cytotoxic T lymphocytes and T helper cells of the TH1 and TH2
subsets. TH1 cells secrete lymphokines that activate macrophages and mediate
delayed-type hypersensitivity responses. TH2 cells secrete lymphokines that
stimulate B-cell development and may help activate cytotoxic T cells.

Although Hodgkin’s disease and human immunodeficiency virus (HIV) infec-
tion are the prototypical illnesses associated with cellular immune dysfunction,
impairment of cell-mediated immunity can occur with most cancers, including
acute and chronic leukemia; solid organ tumors such as breast, lung, brain, GI
tract, and GU tract; and following HSCT [43–51]. Additionally, irradiation and
medications such as azathioprine, cyclosporine, and corticosteroids can result in
cellular immunodeficiency [52–54].

Several predominantly intracellular pathogens are associated with deficiencies
of cell-mediated immunity. These include the bacteria Listeria monocytogenes,
Salmonella spp., Nocardia asteroides, and Legionella; mycobacteria including
both Mycobacterium tuberculosis and the non-tuberculous mycobacteria; fungi
such as Cryptococcus neoformans, Histoplasma capsulatum, Coccidioides immitis,
and Pneumocystis jiroveci; viruses such as varicella zoster virus (VZV), cyto-
megalovirus (CMV), Epstein–Barr virus (EBV), herpes simplex virus (HSV), and
adenovirus; the protozoa Toxoplasma gondii and Cryptosporidium; and the hel-
minth, Strongyloides stercoralis [27, 55–64].

2.1.2 Organ Dysfunction
Risk of infection due to compromise of epithelial and mucosal barriers is discussed
above. In addition, risk is also increased due to organ compromise through tumor
invasion, mechanical obstruction, and surgical resection.

Asplenia
The spleen, the largest reticuloendothelial organ in the body, contains monocytes,
macrophages, dendritic cells, natural killer cells, and T and B cells, enabling it to
perform many important functions of both innate immunity and adaptive
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immunity. Its functions include recognition of antigens, clearance of opsonized
and unopsonized particles from the bloodstream, and production of antibody,
especially IgM, and other substances such as properdin, an important component
of the alternate complement pathway and tuftsin, a peptide that potentiates gran-
ulocyte and macrophage motility, chemotaxis, and phagocytosis [65].

Cancer patients who have undergone splenectomy and those who are func-
tionally asplenic such as HSCT recipients are at increased risk for infections with
the encapsulated bacteria S. pneumoniae, H. influenzae, and N. meningitidis. In
fact, patients who undergo splenectomy for staging or treatment for a hemato-
logical malignancy have approximately a 5 % risk of developing overwhelming
sepsis, usually with S. pneumoniae, at some time during their lifetime [66].
Although patients are at the greatest risk of sepsis within the first two years after
splenectomy, one-third of cases may occur up to five years later, and cases have
been reported after more than 20 years. Patients who have undergone splenectomy
or who are functionally asplenic must be instructed regarding the risk of life-
threatening infection. They should alert their healthcare providers about their
asplenic state and should receive education regarding the need for early admin-
istration of oral antibiotic therapy for fevers; some authorities recommend lifelong
prophylactic antibiotics for all immunosuppressed patients after splenectomy
[67–69]. Asplenic patients should undergo immunization with pneumococcal,
H. influenzae, meningococcal, and influenza vaccines, in addition to other vacci-
nations according to routine immunization schedules [70, 71].

Other Organ Dysfunction
Patients with primary or metastatic tumors of the central nervous system (CNS) are
predisposed to a variety of infections. Those with either a partial or complete loss
of the gag reflex are at increased risk for aspiration pneumonia. Patients with CNS
tumors also frequently suffer from impaired micturition, leading to urinary
retention and recurrent urinary tract infections, and from impaired mobility pre-
disposing to skin breakdown with resulting decubitus ulcers and osteomyelitis.
Interestingly, meningitis, encephalitis, and brain abscesses are uncommon in
patients with CNS tumors unless related to problems of surgery [66, 72].

Patients with primary or metastatic lung tumors are particularly susceptible to
recurrent pneumonia and to lung abscess formation due to decreased mucociliary
clearance, bronchial obstruction, and postobstructive atelectasis. Local invasion of
other malignancies such as those of the head and neck, breast, gastrointestinal and
genitourinary tracts also predisposes to infection with the flora residing in these
sites. In addition, malignancies such as lymphoma and carcinoma of the prostate,
ovary, cervix, and rectum commonly obstruct the urinary tract, leading to urinary
retention and recurrent urinary tract infections. Obstruction of the biliary tract by
lymphoma, cholangiocarcinoma, or pancreatic cancer predisposes to ascending
cholangitis. Tumors obstructing blood vessels and lymph nodes can cause septic
thrombophlebitis, ischemia, and lymphedema, predisposing to infection. Impor-
tantly, when obstruction occurs as a result of tumor, eradication of the infection
without relief of the obstruction is usually unsuccessful [11, 12].
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2.1.3 Concurrent Illnesses and Past Infections
Increased infection risk has been noted in cancer patients with certain chronic
illnesses. Studies have demonstrated that patients with type 2 diabetes and
hyperglycemia have increased rates of wound and GU infections, fungal infections
such as candidiasis and rhinocerebral mucormycosis, shorter remission periods,
shorter median survival times, and higher mortality rates [73, 74]. One systematic
review and meta-analysis by Barone and colleagues revealed that preexisting
diabetes was associated with an increased risk of all-cause mortality compared to
cancer patients without diabetes [75]. Although mortality risk reached statistical
significance only for patients with endometrial, breast, and colorectal cancers,
diabetes appeared to pose some additional mortality risk for all cancer types
studied. In another systematic review and meta-analysis, Barone et al. found that
cancer patients with diabetes were approximately 50 % more likely to die fol-
lowing surgery than their non-diabetic counterparts [76]. Risk of infection with
pulmonary and rhinocerebral mucormycosis is also increased in cancer patients
with iron overload treated with deferoxamine [77, 78].

Obesity also increases infection risk in cancer patients, especially those
undergoing oncologic surgery [79–81]. Studies in patients with colon, breast, and
bone and soft tissue tumors have demonstrated that patients with morbid obesity
and those specifically with obesity defined by visceral fat area were more likely to
suffer wound dehiscence and surgical site infection.

Cancer patients previously infected with certain organisms are at increased risk
of infection reactivation, especially when undergoing immunosuppressive thera-
pies; thus, obtaining a thorough infectious disease history prior to therapy is
essential in this population. Questions should include exposures at home, work and
in healthcare settings, habits, and hobbies. Also, a thorough travel history may
provide clues for an otherwise improbable diagnosis. Organisms of concern
include Mycobacterium tuberculosis; viruses such as HSV-1, HSV-2, CMV, VZV,
and hepatitis B; fungi such as Aspergillus spp., histoplasmosis, blastomycosis,
coccidioidomycosis, and Pneumocystis jirovecii; and parasites such as Toxoplasma
gondii, S. stercoralis, and Trypanosoma cruzii [14, 82]. Physicians caring for these
patients should familiarize themselves with the guidelines for monitoring and, in
some cases, providing prophylaxis for these pathogens. Clostridium difficile dis-
ease is common in cancer patients and can recur or relapse, primarily due to
ongoing receipt of antimicrobial agents; however, some chemotherapeutic agents
have also been associated with C. difficile disease including methotrexate, pac-
litaxel, and carboplatin [83–89]. Likewise, previous infection and/or colonization
with drug-resistant bacteria such as vancomycin-resistant enterococci, methicillin-
resistant S. aureus, fluoroquinolone-resistant gram-negative bacteria, extended-
spectrum beta-lactamase-containing gram-negative bacteria (ESBLs), and,
increasingly, carbapenem-resistant bacteria such as Pseudomonas aeruginosa,
Acinetobacter baumannii, and Klebsiella pneumoniae is a risk factor for sub-
sequent infection with these organisms. Clinicians should be aware of past
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infection and colonization status with drug-resistant pathogens to help facilitate
empiric antimicrobial choices when infections arise [14, 82].

2.1.4 Nutritional Status
Significant weight loss, defined as a loss of at least 10 % body weight within
6 months, and malnutrition are poor prognostic indicators and are common
problems among cancer patients. In some studies, approximately 60 % of patients
with lung cancer and 80 % of patients with upper GI tract cancers have significant
weight loss at the time of diagnosis, and the prevalence of malnutrition ranges
from 30 to 80 %, depending on the definition used and the underlying malignancy.
For instance, patients with GI tract cancers, especially those of the head and neck,
are the most likely to suffer from weight loss and malnutrition. In addition,
nutritional status is often jeopardized by the natural progression of neoplastic
diseases. Protein–calorie malnutrition stemming from inadequate intake of car-
bohydrate, protein, and fat to meet metabolic requirements and/or the reduced
absorption of macronutrients is the most common secondary diagnosis in indi-
viduals diagnosed with cancer [90–93].

Many factors lead to these conditions, including anorexia, nausea, vomiting,
diarrhea, constipation, stomatitis, mucositis, dysphagia, alterations in taste and
smell, pain, depression, and anxiety. Anorexia is typically present in 15–25 % of
all cancer patients at diagnosis, may occur as a side effect of treatments, is almost
universal in patients with widely metastatic disease, and can hasten the progression
to cachexia, the most severe form of malnutrition. Cachexia is characterized by the
loss of lean body mass, muscle wasting, and impaired immune, physical, and
mental function. It is estimated to be the immediate cause of death in 20–40 % of
cancer patients, especially those with GI malignancies [90].

Cancer cachexia is a complex process that is thought to result from the actions
of both host- and tumor-derived factors. Increasing evidence from both animal
models and clinical studies supports that a systemic inflammatory response to the
tumor, mediated in part by the dysregulated production of proinflammatory
cytokines, induces an acute-phase protein response and produces alterations in
lipid and carbohydrate metabolism. In addition, there is growing appreciation that
cachexia represents the end product of an inappropriate interplay between these
cytokines, neuropeptides, classic stress hormones, and intermediary substrate
metabolism [90].

These nutritional deficiencies are associated with increased risk of infection,
increased antimicrobial use, increased hospital stay, decreased quality of life, and
increased mortality. A prospective study examined the effects of preoperative
enteral immunonutrition on development of surgical site infections (SSIs) in
patients with colorectal cancer [94]. Immunonutrition consisting of an enteral diet
supplemented with arginine, dietary nucleotides, and omega-3 fatty acids was
given to study subjects for five days prior to bowel surgery, and SSI outcomes
were compared to a control group. Patients receiving the immunonutrition expe-
rienced fewer SSIs than the control group [95]. Similarly, reduced infection rates
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were reported in a systematic review of immunonutrition in critically ill patients,
including those with malignancy [93]. In addition to these studies, other investi-
gators have reported that malnutrition impairs scar formation and increases the risk
for surgical complications such as suture dehiscence and infections [96]. Because
poor nutritional status is so prevalent and portends worse outcomes, early detec-
tion of risks for malnutrition and ongoing nutritional assessments should be a
standard part of the quality of care in oncology practices [97].

2.1.5 Psychological Stress
For decades, clinical observations have suggested that psychological stress plays a
role in susceptibility and response to certain infections. Recently, rapid advances
in immunology have provided experimental evidence that acute and chronic stress
can alter the immune response to viral challenges, vaccine response, and wound
healing [98, 99]. One recent systematic review supports the concept that stress,
anxiety, and depression are risk factors for acute viral respiratory tract disease
acquisition and progression [100]. Stress activates the major neural pathways of
the hypothalamic–pituitary–adrenal (HPA) axis and the sympathetic nervous
system. The mediators they release can, in turn, induce pronounced changes in
components of both the innate and adaptive immune responses, including cyto-
kines, macrophages, natural killer cells, and T lymphocytes [101, 102]. Although
individual response to stress varies, chronic high-level stress, as experienced by
many cancer patients, is thought to be detrimental. Much remains to be learned
regarding the complex interplay between physical health and psychological health
in these patients [103].

2.2 Treatment-Associated Factors

Although essential to patient care, no procedure or treatment is without risk. The
following treatment-associated factors have all been shown to predispose patients
with underlying malignancies to an increased risk of infection.

2.2.1 Surgery
Extensive surgery, especially in the maxillofacial, gastrointestinal, or pelvic
regions, increases the risk of infection in cancer patients [22, 104]. Although
extensive procedures are often necessary, especially for advanced invasive tumors,
they remove large areas of otherwise protective tissue and disrupt anatomical
barriers that predispose to leakage of material already containing bacterial flora.
The infectious complications following surgery vary depending on the site and
extent of the operation and the type of procedure performed; even so, postoper-
ative infections have been shown in one series to be twice as common in cancer
versus non-cancer patients [105, 106].

Intra-abdominal procedures such as Hartmann’s operation, which involves
sigmoid resection with a diverting colostomy, are frequently complicated by
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infection in patients with underlying malignancies [107]. Likewise, cancer patients
undergoing craniotomy who have previously had a ventriculoatrial shunt placed
are at increased risk of meningitis and/or sepsis [108]. Extensive surgery of the
paranasal sinuses has also been shown to predispose to Pseudomonas meningitis in
these patients [109]. Postoperative cellulitis is frequently reported after breast
cancer surgery [110, 111]. The extent of the operation plays a major role in
determining infection. As expected, the largest interventions are associated with
the maximum risk. Other factors such as obesity and diabetes can also increase the
infectious risk in these patients as previously described. Reduced infection rates
may be associated with recent advances in minimally invasive surgery [112, 113]
and, as previously stated, in patients who receive preoperative immunonutrition.

Neutropenic enterocolitis (typhlitis) is the most common gastrointestinal tract
infection related to neutropenia and is the most ominous. In one review of 438
leukemic patients, the incidence of major gastrointestinal complications, including
typhlitis, was 13 % [114]. Another study estimated the incidence of typhlitis to be
at least 5 % in adult patients receiving chemotherapy for solid malignant tumors,
with mortality rates ranging from 30 to 50 % [115]. The surgical management of
patients with typhlitis is a frequently encountered although controversial issue.
Along with the increased risk of infection, these neutropenic and usually throm-
bocytopenic patients have a high risk of operative mortality from the surgery itself.
Consequently, the care of these patients should be individualized. Non-operative
management with bowel rest, decompression, nutritional support, and broad-
spectrum antibiotics is often successful and is usually recommended initially.
Operative intervention is typically reserved for patients with bowel perforation and
uncontrollable hemorrhage, or for those whose clinical condition deteriorates
despite conservative management [115, 116].

2.2.2 Radiation Therapy
In addition to surgery, preoperative irradiation increases the risk of infection. In
one series, preoperative irradiation given to patients undergoing surgery for breast
cancer was associated with a twofold increase in infectious complications. How-
ever, postoperative irradiation was not associated with an increased risk [117].
Infection is also the most common complication in patients who receive preop-
erative irradiation prior to oncologic surgery of the upper respiratory or gastro-
intestinal tract. This is predominantly due to fistula formation or impaired wound
healing [118] and has been well described in patients receiving radiation therapy
for rectal cancer. In addition to causing local tissue damage, radiation can result in
stenosing lesions, leading to obstruction [22].

Some studies have reported genital condyloma, following pelvic irradiation
therapy [119]. Opportunistic infections such as P. jirovecii, Aspergillus terreus,
and CMV have been reported following the use of radiation in combination with
temozolomide, an alkylating agent, in the treatment for glioblastoma. Radiation of
the spleen or lymph nodes can depress cell-mediated immunity and antibody
production. Total body irradiation predictably results in substantial depression of
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cellular immune function for months to years and can result in prolonged marrow
depression and neutropenia [72].

Radiation reactions such as radiation enhancement and radiation recall pre-
dispose to infection due to local tissue inflammation and breakdown [120–124].
Radiation enhancement, also called radiation sensitization or radiosensitization, is
defined as occurring within seven days of radiation exposure and is postulated to
be due to the effect of medications that either enhance the initial radiation tissue
damage or hinder repair of the tissues after exposure. Radiation recall, or radiation
recall dermatitis, is an acute inflammatory reaction that occurs in previously
irradiated areas precipitated by the initiation of certain drugs, primarily chemo-
therapeutic agents. By definition, it occurs more than seven days after the initial
radiation exposure and can manifest weeks to years after initial radiation. These
reactions frequently result in localized skin erythema but can progress to ulcera-
tion and necrosis. Although uncommon, radiation recall can also affect the gas-
trointestinal tract, lungs, muscles, and brain.

2.2.3 Immunosuppressant Therapies

Chemotherapy
Chemotherapeutic agents predispose to infection in a variety of ways [22, 125].
Many of these agents damage the body’s anatomical barriers. Most notably, they
can cause ulceration of the gastrointestinal tract, allowing for erosion and invasion
by endogenous microorganisms. Other agents such as bleomycin and methotrexate
are associated with skin lesions that can predispose to bacteremia with staphylo-
cocci and other skin flora. Agents such as BCNU, Ara-C, and daunorubicin irritate
veins, increasing the risk of phlebitis and subsequent bacteremia. Many chemo-
therapeutic agents cause bone marrow suppression and neutropenia in a dose-
related fashion. Some of these drugs can also inhibit neutrophilic migration and
chemotaxis. Regimens that include corticosteroids inhibit the bactericidal activity
of neutrophils. Humoral immunity is altered by agents such as methotrexate,
cyclophosphamide, and 6-mercaptopurine. Deferoxamine, an iron-chelating agent,
is associated with increases in bacterial infections and zygomycosis, most likely
due to the increased availability of free iron necessary for fungal growth [77, 78].

Biological Response Modifiers
Biological response modifiers (BRMs) are naturally occurring substances often
used in conjunction with chemotherapeutic agents that help boost, direct, or restore
the body’s immune response to cancer cells. They include interferons, interleukins,
hematopoietic growth factors, monoclonal antibodies, components of vaccines and
gene therapy, and non-specific immunomodulating agents such as bacillus Cal-
mette–Guerin, used in the treatment for bladder cancer, and levamisole, sometimes
used in combination to treat colon cancer. The immunotherapeutic actions of
BRMs can be passive or active. The effects of monoclonal antibodies are passive
in that they are targeted to antigens or receptor sites on cancer cell surfaces. When
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the antibody binds to the target, a cascade of events leads to tumor cell death,
usually without invoking an immune response. Conversely, other BRMs work by
actively evoking either a non-specific immune response to cancer cells as with
interferons and interleukins or a specific immune response as with cancer vaccines
[126–130].

Clinicians should be aware that adverse effects of BRMs, especially mono-
clonal antibodies, interleukins and interferons, can mimic infection as they can
precipitate a flu-like reaction with fever, chills, headache, myalgias, and arthral-
gias. Prolonged symptoms, however, should prompt an evaluation for infection
[131]. Monoclonal antibodies such as alemtuzumab, rituximab, and trastuzumab
may cause myelosuppression, and, in the case of alemtuzumab, profound and
persistent lymphopenia, predisposing to viral and fungal infections. One study
demonstrated that cancer patients with HIV receiving rituximab in addition to their
chemotherapy had a 12 % increase in infection-related deaths and an increased
rate of opportunistic infections [132]. Another study demonstrated that patients
with lymphoma receiving rituximab maintenance therapy had higher rates of
infection and neutropenia [133]. Because interleukin-2 induces a reversible but
profound defect in neutrophilic chemotaxis, high doses used in the treatment for
renal cell carcinoma and melanoma have been associated with infection rates
between 13 and 38 %. These consist primarily of urinary tract infections and
central venous catheter-associated bloodstream infections [134].

2.2.4 Antimicrobial Use
A patient’s intact normal flora protects the surfaces of the skin and mucous
membranes by competing with non-indigenous organisms for binding sites and by
producing substances that inhibit or kill these microorganisms. The use of anti-
microbial agents can radically alter host flora, predisposing to infection. To
understand the changing microbial flora, it is important to understand a concept
known as colonization resistance. Individuals are colonized with non-invasive
flora that, in a sense, can be considered ‘‘protective.’’ This normal flora prevents
colonization and subsequent infection with more invasive, pathogenic bacteria.
Patients who have lost their normal flora, such as those receiving broad-spectrum
antibiotics, are at greater risk of colonization and infection with these more
invasive organisms. In an animal model of infection, van der Waaij elegantly
depicts this phenomenon. In this study, three groups of mice were used: One group
was rendered completely germ free, a second group retained their anaerobic flora
but were rendered free of aerobes, and the third group of normal mice served as the
control. The mice were given different oral doses of streptomycin-resistant E. coli
for ease of detection, and persistent colonization was determined by the evaluation
of fecal flora. The control group required l07 E. coli to become persistently col-
onized, the mice with only anaerobic flora required approximately l05 E. coli, and
the germ-free mice, who had no colonization resistance, required only 101 to l02

E. coli [135].
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Dramatic changes in microbial flora can also occur in debilitated patients. In a
study by Johanson and colleagues, throat cultures were obtained from normal
volunteers and from patients hospitalized on a psychiatric ward, an orthopedic
ward, and two medical wards. The patients on both medical wards had severe
underlying medical illnesses; on one ward, they were receiving antibiotics, and on
the other, they were not. Throat cultures from the normal volunteers and the
psychiatric patients revealed normal flora. However, the throat cultures from 16 %
of the orthopedic patients, 57 % of the medical patients without antibiotics, and
80 % of the medical patients with antibiotics revealed gram-negative bacilli [136].
This suggests that severity of illness and antibiotics, not hospitalization per se, is
associated with changes in endogenous flora; in fact, of all the predisposing
conditions, antibiotic use is the single most important factor leading to changes in
host flora.

Although necessary for both infection prophylaxis and treatment, antimicrobial
agents can cause rapid and radical alterations in endogenous flora. Certain anti-
microbial agents such as penicillin, rifampin, clindamycin, macrolides, bacitracin,
and vancomycin significantly impair colonization resistance, probably because
they inhibit gram-positive, non-sporulating, lactic acid-producing bacilli, such as
Bifidobacterium spp. Other agents such as chlorhexidine mouthwashes used to
minimize plaque and gingivitis and H2 receptor antagonists that reduce gastric
acidity also influence the microflora. Loss of gastric acidity and passage and
survival of oral flora such as alpha-hemolytic streptococci into the bowel may
account in part for its pathogenesis in cancer patients. Another common example is
C. difficile colonization and infection induced by antibiotic therapy [83, 137]. In
general, however, broad-spectrum antibiotics are more apt to suppress normal,
non-invasive flora, particularly anaerobes, and to cause a shift toward gram-neg-
ative bacteria and yeast. Increasing data demonstrate that interactions between
hosts and the microflora are markedly dynamic, and these interactions are an area
of intense research interest [12, 138–142].

In addition to altering the type of microflora, antimicrobial use selects for
resistant organisms [12, 143, 144]. Examples of this have been proven repeatedly
in cancer patients. Historically, trials of non-absorbable antibiotics were used to
decrease colonization of the alimentary canal. These trials were halted in part due
to the emergence of resistant organisms. In one study, surveillance cultures were
monitored in 10 patients receiving ampicillin for 3 weeks. Nine of these patients
became rapidly colonized with ampicillin-resistant gram-negative bacilli, and
several isolates were multiply drug resistant, while only one patient in the control
group acquired a multidrug-resistant organism [145]. The total amount of ceft-
azidime, the duration of therapy, and the number of days of therapy with this agent
have all been implicated in the emergence of vancomycin-resistant E. faecium
bacteremia. Fluoroquinolone use in neutropenic cancer patients is associated with
an increase in infections with resistant staphylococci, streptococci, and anaerobes,
as well as increased fluoroquinolone resistance in gram-negative bacilli. Likewise,
incidence of antimicrobial-resistant fungal infections is related to prophylaxis and
treatment. Fluconazole prophylaxis has resulted in the development of resistant
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strains of C. albicans and non-albicans Candida spp. [146–149] and to outbreaks
of inherently fluconazole-resistant Candida krusei [150, 151].

Although antibiotic use in cancer patients is essential in many situations, the
emergence of resistant organisms is dramatically increasing, can be directly linked
to antibiotic selective pressure, and poses a major health threat to all patients,
especially to those who are immunocompromised.

2.2.5 Diagnostic and Invasive Procedures
Any procedure that breaks the natural protective barrier between the internal
environment and external environment can allow entry of microorganisms and
predispose to infection. Biopsies, bone marrow aspirations, endoscopy, and
indwelling vascular and urinary catheters are but a few examples. Strict attention
to sterile technique, when applicable, can decrease but cannot completely elimi-
nate the infectious risk associated with these procedures.

Central Venous Catheters
Although indwelling venous access devices are commonly required in cancer
patients, infection is a common and often severe complication. Each year in the
United States, more than five million central venous catheters are inserted,
resulting in up to 80,000 catheter-related bloodstream infections and up to 28,000
deaths [152–154]. The risk of infection varies with the device used, duration of
placement, and extent of the patient’s immunosuppression. In general, the risk of
infection is the greatest for non-tunneled catheters, followed by peripherally
inserted central catheters (PICCs), tunneled catheters, and implanted ports. Mul-
tilumen catheters may increase the risk of infection [155]. Catheters placed in the
femoral vein are associated with greater risk than those placed in the subclavian or
internal jugular veins [156]. To decrease the infection risk, the catheters should be
inserted by well-trained providers who adhere to a clinical care bundle that out-
lines steps for proper catheter insertion and maintenance and removal of the
catheter as soon as it is no longer needed [156, 157].

The most common causative pathogens are CoNS, S. aureus, enterococci,
streptococci, and Candida spp., although infections with skin commensals, such as
Bacillus spp., Corynebacterium spp., are also encountered [152, 158]. Gram-
negative bacilli do occur but are less frequently encountered. The rapidly growing
non-tuberculous mycobacteria, M. chelonei and M. fortuitum, have been associated
with exit site or tunnel infections [153, 159].

Clinical diagnosis of infection can be difficult as local signs and symptoms such
as erythema and tenderness are inconsistent and, even if present, can be unreliable
indicators of catheter infection even in immunocompromised patients. The evo-
lution of these signs over time, however, is suggestive of infection. Venous access
device infections are categorized as entry site infections, tunnel or pocket infec-
tions, and catheter-associated bloodstream infections.

Entry site infections can often be treated effectively with appropriate antimi-
crobial therapy, without the need for catheter removal. Tunnel and pocket

Epidemiology of Infections in Cancer Patients 59



infections necessitate catheter removal as well as immediate initiation of an
empirical antimicrobial therapy that includes vancomycin to cover methicillin-
resistant S. aureus until culture results are available.

It is often especially difficult to determine whether a bloodstream infection is
related to the venous access device because frequently, no evidence of local
catheter inflammation is seen. Recently, however, the concept of differential time
to positivity has been used to distinguish venous-access-device-related infections
from other types of infection, as follows: If the times at which blood cultures
become positive (by machine detection in the clinical microbiology laboratory) are
more than 2 h apart for simultaneously obtained catheter and peripheral vein blood
cultures, the catheter is then strongly implicated as the source of the infection.
Although this differential may help determine whether a catheter can be retained or
must be removed, most indwelling catheter-related infections will respond to
antimicrobial therapy alone, without catheter removal; however, some authors
suggest that catheter salvage should be attempted cautiously for neutropenic
cancer patients with gram-negative bacteremia [160, 161]. Certain exceptions are
notable: Catheter removal is advisable for patients with bloodstream infections
caused by fungi and non-tuberculous mycobacteria. For other bacteria, the deci-
sion concerning the need for catheter removal will depend on the severity of the
clinical picture, the degree of immunosuppression, and the availability of an
alternative vascular access site in a given patient. S. aureus may cause endocar-
ditis, and the value of transesophageal echocardiography in the setting of any S.
aureus bloodstream infections has been well demonstrated to determine the
duration of therapy. In general, if blood cultures remain positive despite appro-
priate antimicrobial therapy for more than 48 h, or if the patient is clinically
unstable, the catheter should be removed independent of etiology [154, 161].

Other Invasive Procedures
Other invasive procedures, such as placement of urinary catheters or tracheosto-
mies, can also alter normal flora. Urinary catheters can become colonized with
organisms that track along the catheter and colonize these normally sterile body
sites. Patients with tracheostomies generally become colonized with gram-nega-
tive bacteria within a few days following placement. If pneumonia develops, it is
usually due to these same bacterial pathogens with which the patient is colonized.
Indeed, the majority of patients are infected with the organisms with which they
are colonized; however, 50 % of these organisms are acquired after hospitalization
[162]. Studies have demonstrated that serial axillary surveillance cultures grow
primarily S. epidermidis and Corynebacterium spp. on admission. As illness and
hospitalization progress, however, the resident flora shifts toward gram-negative
bacteria such as K. pneumoniae and P. aeruginosa; E. faecium; less common
organisms such as Clostridium septicum; and yeast such as C. albicans [145, 163].

Blood Transfusions
Nosocomially acquired infections from blood transfusions occur despite modern
blood banking techniques designed to prevent this complication. Cancer patients,
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especially those with hematological malignancies or those undergoing HSCT,
often require several transfusions during the course of their illness and thus are at
increased risk of transfusion-related infection [164–166].

Contamination of blood products can occur during processing and storage, but
most commonly occurs through collection of blood from infected donors
[166, 167]. For an organism to cause an infection in a transfused patient, it must
(1) be present in the donor’s blood at the time of collection while producing few or
no symptoms; (2) escape detection by current screening methods; (3) remain
viable in citrated, refrigerated blood for prolonged periods of time; and (4) be of
sufficient virulence and quantity to produce infection in the transfusion recipient
[168].

Viruses are the most frequently encountered pathogens associated with blood
transfusions. These include hepatitis viruses, HIV, EBV, and CMV. Although most
of these are detected by present screening procedures, CMV remains a significant
risk for cancer patients [169].

Protozoal diseases, such as leishmaniasis, trypanosomiasis, Chagas’ disease,
and microfilarial infections, are acquired through transfusion in developing
countries. An increased incidence of transfusion-related Chagas’ disease has also
been reported in the United States. Malaria is uncommon in the United States but
does occur, especially in people who have returned from travel in endemic areas.
Therefore, transfusion-related malaria remains a potential risk in this country
[170–173]. Babesia microti, a tick-borne protozoan parasite, has been transmitted
through transfusion along coastal regions of the Northeastern United States. It can
cause a life-threatening infection in immunocompromised, especially asplenic,
patients [171, 174].

The procedure of storing citrated blood at 4 �C for prolonged periods has
greatly reduced the risks of transfusion-transmitted bacterial infections. Although
up to 6 % of stored blood contains some form of bacterial contamination, most of
these organisms are normal skin flora such as S. epidermidis and diphtheroids,
which do not cause significant infections in transfusion recipients. Conversely,
Pseudomonas fluorescens/putida and Yersinia enterocolitica can survive and
multiply in cold storage, and these organisms have been associated with life-
threatening sepsis, following blood transfusions [175, 176]. Platelets are often
stored at room temperature to enhance their posttransfusion function. Thus, bac-
terial infections are more likely to occur following platelet transfusions [177].

3 Commonly Encountered Pathogens by Type
of Malignancy

The type of malignancy, the status of the malignancy (i.e., active or in remission),
and the intensity of the treatments directed against it are all important factors in
determining infection risk. Better data exist for incidence and etiology of infec-
tions in patients with hematological malignancies, especially those undergoing
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treatment for acute leukemia and lymphoma, than for other malignancies. This is
especially true for patients who develop neutropenia as a result of their immu-
nosuppressive therapies. This section will outline infections commonly encoun-
tered in clinical practice stratified by type of malignancy (Table 3).

3.1 Acute Leukemia and Lymphoma

Patients with acute leukemia and lymphoma who are neutropenic, either due to
their underlying disease or due to cytotoxic chemotherapy, are at risk for a dif-
ferent set of infections than those who are not neutropenic. The epidemiology of
infection in neutropenic cancer patients undergoes periodic change and is often
subject to geographic and institutional factors; however, certain trends are con-
sistent. Approximately half of the episodes of neutropenic fever will have no
clinical site or causative pathogen identified, while 20–30 % will have clinical
signs of infection such as pneumonia or cellulitis but negative microbiological
cultures. Only 25–30 % of episodes will have a microbiologically documented
infection, with the most common sites being the bloodstream, urinary tract,
respiratory tract, skin and soft tissues, and gastrointestinal tract. A small propor-
tion, generally less than 5 %, will have non-infectious causes of fever, such as
tumor or drug fever, identified [40, 178].

Classically, gram-negative bacilli such as E. coli, Klebsiella spp., and
P. aeruginosa cause the earliest infections in neutropenic patients. These usually
occur within the first 2–3 weeks after the initiation of chemotherapy and are due to
the rapid decrease in the neutrophil count. These infections are characterized by
acute febrile episodes, which can progress to overwhelming sepsis if not treated
promptly [179–184]. However, beginning in the 1980s, investigators noted a rel-
ative decrease in the number of gram-negative bacteremia and a significant
increase in infections caused by gram-positive aerobic bacteria, namely staphy-
lococci and streptococci. These observations persist in more recent studies, with
gram-positive pathogens causing approximately 50 % of microbiologically doc-
umented infections, and up to 75 % if only bloodstream infections are considered.
Gram-negative organisms now account for 20–25 % of infections, and another
20–25 % are polymicrobial. Isolated anaerobic bacterial infections occur very
infrequently. Fungal and viral infections occur much later in the course of neu-
tropenia, and some viral infections occur seasonally, such as respiratory viral
infections [178].

Several reasons for the increase in gram-positive infections have been postu-
lated [125]. The use of both prophylactic and empiric antibiotic regimens targeting
gram-negative bacteria diminishes recovery of gram-negative pathogens while
selecting for gram-positive infections [185, 186]. One example is the emergence of
streptococcal infections in populations of patients receiving fluoroquinolones
[187]. The use of intravascular catheters also increases the likelihood of infection
with gram-positive bacteria, such as staphylococci, that colonize the skin [186].
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Table 3 Infections related to underlying malignancy

Malignancy Immunodeficiency Common pathogens and syndromes

Acute leukemia
and lymphoma

Neutropenia Bacteria

Gram positive: S. aureus, S. epidermidis,
streptococci, enterococci

Gram negative: E. coli, Klebsiella spp., P.
aeruginosa

Yeast/fungi

Candida spp.

Aspergillus spp.

Viruses

HSV

VZV

CMV

Cell mediated
(in the non-neutropenic)

Bacteria

L. monocytogenes, Salmonella spp., N.
asteroides, mycobacteria, L. pneumophila

Yeast/fungi

C. neoformans

Aspergillus spp.

Viruses

HSV

VZV

CMV

EBV

Protozoa

P. jeroveci

T. gondii

Cryptosporidium

Helminth

S. stercoralis

(continued)
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Table 3 (continued)

Malignancy Immunodeficiency Common pathogens and syndromes

Chronic
lymphocytic
leukemia

Hypogammaglobulinemia Bacteria

S. pneumoniae

H. influenzae

N. meningitidis

Multiple
myeloma

Humoral; complement
deficiency; neutropenia in
late-stage disease

Bacteria

S. pneumoniae

H. influenzae

N. meningitidis

See pathogens associated with neutropenia above

Hairy cell
leukemia

Cell mediated; neutropenia
in late-stage disease

Bacteria

Salmonella spp.

L. monocytogenes

M. kansasii

M. avium

M. chelonei

Yeast

Candida spp.

C. neoformans

Viruses

HSV

CMV

See pathogens associated with neutropenia above
(continued)
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Chemotherapeutic regimens that cause oral mucositis predispose to infection with
bacteria that ordinarily colonize the oropharynx, namely alpha-hemolytic strep-
tococci. Although the mortality associated with gram-positive infections is less
than that of gram-negative infections, the morbidity is significant. For example,
alpha-hemolytic streptococci have been associated with cases of acute respiratory
distress syndrome (ARDS) in patients receiving cytarabine [187]. Furthermore,
patients who remain neutropenic for prolonged periods of time are more likely to
develop infections with drug-resistant bacteria such as Enterococcus spp., Cory-
nebacterium jeikeium, Serratia spp., Enterobacter spp., Acinetobacter spp.,
Pseudomonas cepacia, and Stenotrophomonas (Xanthomonas) maltophilia. These
emerge as a consequence of protracted courses of broad-spectrum antibiotics
[188, 189].

Because neutrophils play a major role in controlling infections due to Candida
and Aspergillus, invasive fungal infections are also frequently encountered in
neutropenic patients [188–198]. Autopsy series have documented invasive fungal
infections in 10–40 % of patients with underlying hematological malignancies

Table 3 (continued)

Malignancy Immunodeficiency Common pathogens and syndromes

Solid tumors Disruption of anatomical
barriers

Skin

Staphylococci

Streptococci

Oral cavity and nasopharynx

Anaerobic bacteria

Streptococci

H. influenzae

GI tract

Enterobacteriaceae

Fungi

Female genital tract

Enterobacteriaceae

Anaerobic gram-negative bacteria

Enterococci

Clostridium spp.

Mechanical obstruction Biliary, urinary, and respiratory tract infections;
vascular obstruction

Loss of gag reflex Aspiration pneumonia

Impaired micturition Recurrent urinary tract infections

Impaired mobility Decubitus ulcers with or without osteomyelitis
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[45, 191, 199]. Besides prolonged neutropenia, extended hospital stays, previous
antibiotics, corticosteroids, central venous catheters, and total parenteral nutrition
are also risk factors for fungemia. In addition, many other uncommon fungi have
been reported to cause infection in this patient population.

Viruses commonly infect neutropenic hosts. Reactivation of HSV is by far the
most common viral infection encountered. VZV, CMV, adenovirus, and the viral
hepatitides have also been reported in the neutropenic patient with acute leukemia
or lymphoma [200–206]. In the neutropenic patients with leukemia or lymphoma,
common sites of infection include the bloodstream; the GI tract, including the
mouth, bowel, and perianal region; the respiratory tract; and skin and soft tissues.
Bacterial infections predominate, followed by fungal infections and then by viral
infections. Parasitic infections are uncommonly encountered.

Fewer data exist on the types of infections encountered in the non-neutropenic
host. In one study that included non-neutropenic patients with leukemia and
lymphoma, the most common sites of infection were the respiratory tract, sec-
ondary bloodstream infections due to gram-negative bacilli, and the GU tract.
Primary bloodstream infections were encountered less frequently than in neutro-
penic hosts; however, when they occurred, they were most often due to gram-
positive cocci. Oral infections were also less common in the non-neutropenic host.
In this series, no differences were noted in the incidence of fungal, viral, or
parasitic infections [207]. Other investigators have demonstrated that polymicro-
bial bacteremia is more common in the non-neutropenic host [208].

Often, non-neutropenic patients with leukemia or lymphoma have defects in cell-
mediated immunity, due either to their underlying disease or to the treatment regi-
mens they receive. This cellular immunodeficiency can predispose to infections with
a variety of intracellular organisms after neutrophil recovery. Bacterial infections
caused by L. monocytogenes, L. pneumophilia, Salmonella spp., M. tuberculosis, the
non-tuberculous mycobacteria, and Nocardia spp. may be encountered. In addition,
some patients will have undergone splenectomy, increasing the risk for infection
with S. pneumoniae, H. influenza, and N. meningitidis [209]. Fungal infections other
than Cryptococcus and occasionally Aspergillus are uncommon. When aspergillosis
occurs in these patients, risk factors such as higher daily doses of corticosteroids,
treatment with OKT3, and renal failure often exist [198]. Mucormycosis can rarely
occur in the non-neutropenic population but is pathologically associated with less
extensive angioinvasion [196]. Protozoal infections, on the other hand, are much
more common in the non-neutropenic patient. Infections with P. jiroveci, T. gondii,
S. stercoralis, and Cryptosporidium have all been reported [57, 61, 64]. Viral
infections such as HSV, VZV, and CMV can be encountered in these patients,
especially due to reactivation disease [145, 210].
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3.2 Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia (CLL) represents a clonal expansion of neoplastic
B lymphocytes in more than 95 % of cases. These mature-appearing B lympho-
cytes are found in the peripheral blood. They also infiltrate the bone marrow,
spleen, and lymph nodes. Much of the gamma globulin produced by patients with
CLL is non-functional, leading to defects in humoral immunity [211, 212]. The
hypogammaglobulinemia may be profound in these patients, worsens as the dis-
ease progresses, and does not revert after chemotherapy, increasing the risk for
infections with the encapsulated bacteria S. pneumoniae, H. influenzae, and
N. meningitidis and with E. coli [213]. Additionally, defects in cell-mediated
immunity, complement activity, and neutrophil and other phagocytic cell defects
exist either due to the disease or as a result of the therapies. Treatment modalities
such as alkylating agents with or without corticosteroids predispose to strepto-
coccal, staphylococcal, and enteric gram-negative bacterial infections. In these
patients, the infections often occur at mucosal sites, especially the respiratory tract,
and recurrent infections are common. Treatments with purine analogs or the
monoclonal antibody alemtuzumab predispose to opportunistic infections with
Listeria spp., M. tuberculosis, Nocardia spp., Candida spp., Aspergillus spp.,
Pneumocystis jiroveci, and herpesviruses [211, 212, 214]. More recently, pro-
gressive multifocal leukoencephalopathy (PML) caused by JC virus has been
described in CLL patients treated with the purine analog fludarabine and with
various monoclonal antibodies [215].

3.3 Multiple Myeloma

Like CLL, patients with multiple myeloma (MM) classically present with defects
in humoral immunity. MM patients are hypogammaglobulinemic, producing
normal immunoglobulins at only 10 % the normal rate. Therefore, they are pre-
disposed to infections with the encapsulated bacteria such as S. pneumoniae,
H. influenzae, and N. meningitidis [25, 27, 216–218]. As disease progresses, the
malignant plasma cells proliferate within the bone marrow to such an extent that
the marrow is unable to produce adequate numbers of neutrophils. Therefore,
patients with advanced disease may become neutropenic, increasing their risk of
gram-negative bacterial infections [216, 219]. In recent years, however, the advent
of new treatment modalities, such as HSCT and the novel antimyeloma agents,
bortezomib, thalidomide, and lenalidomide, has improved outcomes for multiple
myeloma patients and transformed it into a chronic disease. The resulting cumu-
lative immunosuppression has increased the risk of infection and expanded the
spectrum of potential pathogens in this patient population to include infections
such as C. difficile, CMV, and opportunistic molds [220].
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3.4 Hairy Cell Leukemia

This chronic B-cell lymphoproliferative disorder presents with cytopenias in the
majority of patients. In particular, patients have monocytopenia, granulocytopenia,
and defective T-cell function. This results in a cellular immunodeficiency and
predisposes to a variety of infections. In fact, in one study, the major risk factor for
the development of severe infection was lymphocytopenia [221]. As with other
patients, the neutropenia predisposes to gram-negative bacterial infections. Defects
of cell-mediated monocyte/macrophage and T-cell function predispose to other
bacterial infections with organisms such as Salmonella and Listeria; fungal
infections with Candida and Cryptococcus; viral infections with HSV and CMV;
and non-tuberculous mycobacterial infections with M. kansasii, M. avium com-
plex, and M. chelonei [222–225]. In one review from the University of Chicago,
five of nine hairy cell leukemia patients with non-tuberculous mycobacterial
infections had disseminated disease at presentation [226].

3.5 Solid Organ Tumors

Patients with solid organ tumors do not have the same risk of infection as patients
with underlying hematological malignancies. This is largely because the standard
chemotherapeutic regimens used to treat these malignancies do not usually result
in either long-term or profound neutropenia. Exceptions include patients with
small cell carcinoma of the lung, testicular carcinoma, and some sarcomas.
Aggressive chemotherapeutic regimens used to treat these malignancies may result
in periods of neutropenia for 7–10 days or more [72]. Likewise, malignancies such
as metastatic carcinoma of the breast, prostate, lung, adrenal, thyroid, and kidney
have a propensity to infiltrate the bone marrow and can result in neutropenia in the
advanced stages of disease.

Patients with tumors of the central nervous system, either primary or metastatic,
are at risk for a unique set of infections based on the associated neurological
deficit. Likewise, any solid organ tumor that invades and disrupts anatomical
barriers may predispose to infection. These include tumors of the skin, oral cavity,
nasopharynx, and gastrointestinal, respiratory, and urogenital tracts. These
malignancies and their associated pathogens were discussed previously.

4 Emerging Pathogens and Trends

Many unusual pathogens are known to infect patients with underlying immun-
odeficiencies, especially patients with hematological malignancies. Some of these
pathogens have assumed increasing importance in cancer patients in the last
10 years (Table 4).
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Table 4 Emerging pathogens and syndromes

Bacteria and bacterial syndromes

Viridans streptococci

Rhodococcus equi

Stenotrophomonas maltophilia

Achromobacter spp.

Alcaligenes spp.

Hypervirulent strains of Clostridium difficile

Escherichia coli pyomyositis

Fungi

Non-albicans Candida spp.

Aspergillus flavus

Aspergillus terreus

Trichosporon spp.

Fusarium spp.

Rhodotorula spp.

Saccharomyces cerevisiae and S. boulardii

Phaeohyphomycosis

Cryptococcus gattii

Viruses

Respiratory viruses

Influenza, including emerging and pandemic strains

Parainfluenza

Respiratory syncytial virus

Human metapneumovirus

Coronaviruses including SARS CoV and MERS CoV

Adenovirus

Rhinovirus

Bocavirus

KI and WU polyomaviruses

Gastrointestinal viruses

Hepatitis E virus

Noroviruses

Reactivation of hepatitis B and hepatitis C viruses

Global emergence of antimicrobial resistance among bacteria, fungi, and viruses
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4.1 Bacteria and Bacterial Syndromes

Viridans streptococci, gram-positive cocci that are part of the normal oral flora, are
fast emerging as pathogens causing bacteremia and sepsis in neutropenic patients,
especially patients with AML or those who have undergone HSCT [227]. Several
species have been implicated with Streptococcus mitis predominating. Of all the
species, S. mitis is also the most likely to be penicillin and fluoroquinolone
resistant [228, 229].

Rhodococcus equi, a gram-positive coccobacillus, is an uncommon pathogen
that has been reported to cause infection in patients with impaired cellular
immunity. HIV infection is the most common predisposing risk factor; however,
cancer patients with cellular immunodeficiency are also at increased risk. R. equi is
most frequently associated with a cavitary pneumonia, which may mimic a fungal
infection or tuberculosis. In a study by Harvey and Sunstrum, the survival rate for
patients with cavitary pneumonia receiving antibiotics alone was 61 % compared
with 75 % for those receiving both antibiotics and surgical resection [230]. More
recently, isolated bacteremia has been reported in patients with underlying
malignancies, with over 90 % associated with central line infections, likely due to
the high percentage of R. equi isolates that can form heavy microbial biofilm on
catheter surfaces [231].

Gram-negative pathogens of increasing importance in cancer patients include
S. maltophilia, an emerging pathogen Burkholderia cenocepacia, Achromobacter
spp., and Alcaligenes spp. S. maltophilia, a gram-negative bacillus, is an organism
that is frequently isolated from the environment, particularly from water supplies.
Both colonization and infection among immunocompromised patients are
increasing, especially in those receiving broad-spectrum antibiotics, particularly
carbapenems. S. maltophilia causes pneumonia, urinary tract infections, bactere-
mia, and wound infections in debilitated patients and is notoriously multidrug
resistant, making treatment difficult [232]. In a recent retrospective review of
S. maltophilia infections in HSCT recipients over four years in Israel, 19 of 570
(3 %) had S. maltophilia infections. The majority of patients had undergone
allogeneic HSCT, had received a carbapenem during the previous month, and had
a central venous catheter infection. All isolates remained susceptible to trimeth-
oprim–sulfamethoxazole [233]. Burkholderia cenocepacia is a gram-negative
pathogen, primarily associated with infections in patients with cystic fibrosis. It
has recently been reported to cause an outbreak in cancer patients related to central
venous catheters and to cause a vaginal infection in a patient with multiple
myeloma [234, 235]. Achromobacter spp. and Alcaligenes spp. are gram-negative
bacteria that are increasingly associated with infections in cancer patients.
A review of consecutive bacteremia from 1989 to 2003 at MD Anderson Cancer
Center revealed that 67 % of patients had underlying hematological malignancies
and 52 % experienced neutropenia. Achromobacter xylosoxidans was the most
common pathogen (94 %), followed by Achromobacter denitrificans (4 %) and
Alcaligenes faecalis (2 %). The majority of patients had infected intravascular
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catheters, followed by pneumonia and urinary tract infections. Of the infections,
52 % were polymicrobial and 7 % had concurrent fungemia. Most isolates were
susceptible to carbapenems, antipseudomonal penicillin, and trimethoprim–sulfa-
methoxazole. Attributable mortality in this series was 15 % [236].

Two emerging bacterial syndromes in patients with underlying malignancies
deserve mention. First, appearance of a hypervirulent strain of C. difficile in recent
years has been associated with rising rates of severe and recurrent infection, and
increased morbidity and mortality. Some studies have demonstrated chemothera-
peutic agents as an independent risk factor for C. difficile infection (CDI) and
disease severity [83–86]; however, this was recently disputed in a study by Stewart
and colleagues in which they found that patients with CDI with underlying
hematological malignancies had longer lengths of hospital stay but no difference in
rates of colectomy, ICU admission, or death [89]. A second emerging syndrome,
E. coli pyomyositis has been increasingly described among patients with hema-
tological malignancies [237–239]. Pyomyositis is typically caused by gram-posi-
tive bacteria, primarily S. aureus; however, review of cases from 2003 to 2007 at
MD Anderson Cancer Center revealed six cases of E. coli as the causative agent.
Of these patients, all were receiving chemotherapy, five were neutropenic and two
(33 %) died despite receiving appropriate antimicrobial therapy with a carbape-
nem. Of note, all the isolates were resistant to fluoroquinolones and 55 % pro-
duced an extended-spectrum beta-lactamase [239].

4.2 Fungi

Infections with Candida spp. remain the most common fungal infections in
immunocompromised cancer patients; however, several recent trends have been
noted. The incidence of nosocomial candidal fungemia rose sharply in the late
1980s and early 1990s. At some institutions, Candida fungemia now surpasses that
of the Enterobacteriaceae, Pseudomonas spp., and Enterococcus spp [240]. Can-
dida albicans is still the most common species, accounting for approximately half
of fungal isolates from cancer patients, although the incidence of non-albicans
species continues to increase. Among these are C. tropicalis, C. parapsilosis, and
C. glabrata [241–243], which tend to be more resistant to the azoles and C. krusei,
which is inherently azole resistant [244]. Central venous catheters, total parenteral
nutrition, and the increasing use of azoles for antifungal prophylaxis are some of
the presumed mechanisms thought to account for this rising trend. Oral fungal
infections with both C. albicans and the non-albicans species are very common
among patients with cancer of the head and neck, particularly those who have
received both chemotherapy and radiation as part of their treatment regimen
[245–248].

Infections with Aspergillus spp. are still the second most common fungal
infections among patients with underlying malignancies. Of the Aspergillus spp.,
Aspergillus fumigatus is the most commonly isolated species to cause invasive

Epidemiology of Infections in Cancer Patients 71



disease; however, at some institutions, A. flavus has supplanted A. fumigatus as the
most common cause of aspergillosis [249]. Clinicians caring for cancer patients
should also be aware of an emerging pathogen, A. terreus, a pathogen closely
related to A. fumigatus, in patients with underlying leukemia and those who have
undergone HSCT, as this pathogen is relatively amphotericin B resistant but may
respond better to posaconazole [250].

Many unusual fungi that were once considered commensals are now increas-
ingly recognized as the cause of serious infections in cancer patients. Such
organisms include Trichosporon spp., Fusarium spp., Rhodotorula spp., Saccha-
romyces spp., the phaeohyphomycosis, and non-neoformans cryptococci.

Based on the recent reviews, Trichosporon spp. are the second most common
cause of fungemia in patients with hematological malignancies after candida
infections [251]. Although most reported Trichosporon infections in the literature
are attributed to T. beigeli (T. cutaneum), newer molecular taxonomic approaches
have demonstrated the existence of numerous species of Trichosporon, including
three species that are commonly isolated from clinical specimens, T. asahii, T. inkin,
and T. mucoides [252]. Trichosporon spp. are primarily seen in neutropenic patients
with hematological malignancies on high-dose corticosteroids. They most often
cause central catheter-related infections, pulmonary infections, or soft tissue
infections. Treatment for these infections is difficult, and relapse is common
[253–255]. Correct identification of the various species requires sequencing of a
portion of the rRNA gene; however, this may be important clinically as they have
somewhat distinct antifungal susceptibility profiles, particularly T. asahii which is
highly resistant to fluconazole, the echinocandins, and amphotericin B [252].

Fusarium spp. cause severe, often fatal, infections in neutropenic patients,
particularly those who have undergone HSCT, especially those who experience
graft versus host disease. Attributable mortality is reported in one recent series to
be as high as 50 % and is dependent on prognostic factors such as status of
underlying disease, severe lymphopenia, use of steroids, delay in targeted therapy,
low albumin levels, fungemia, need for ICU admission, and, most importantly,
delay in neutrophil recovery [256]. Fusarium is highly resistant to conventional
antifungal drugs, and rising neutrophil counts are usually required for a successful
response. Voriconazole is the drug of choice for fusariosis, and recent data
demonstrate that combination antifungal therapy is no better than voriconazole
alone. Subsequent neutropenic episodes are associated with a high incidence of
recurrence [257–260].

Rhodotorula mucilaginosa (also known as R. rubra) is the most common cause
of Rhodotorula spp. fungemia, followed by R. glutinis and R. minuta. Most cases
of Rhodotorula spp. infections in patients with underlying malignancies are
catheter-associated fungemia, followed by endocarditis and meningitis [251]. All
Rhodotorula spp. must be considered intrinsically resistant to both the azoles and
echinocandins. Recently, prophylaxis or treatment with fluconazole has been
found to be a risk factor for Rhodotorula fungemia, and patients receiving azoles
and echinocandins are at risk for breakthrough fungemia. Other risk factors for
Rhodotorula infections include hyperalimentation, broad-spectrum antimicrobials,
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neutropenia, and surgery. The treatment of choice is amphotericin, coupled with
catheter removal. Crude mortality of up to 20 % has been observed [252].

Saccharomyces cerevisiae, also known as ‘‘baker’s yeast’’ or ‘‘brewer’s yeast,’’
is widespread in nature and is now included in some diet or health foods. A sub-
type of S. cerevisiae, S. boulardii, is also used in probiotic preparations for the
prevention and treatment for various diarrheal diseases, such as those associated
with C. difficile or parenteral nutrition. Invasive infections due to S. cerevisiae and
S. boulardii are rare but have increased among cancer patients since the 1990s
[261]. Most cases of Saccharomyces fungemia have been associated with central
venous catheter use and receipt of antibiotic therapy. Immunocompromised
patients are at higher risk of S. cerevisiae rather than S. boulardii infections which
are seen more commonly in patients with underlying GI tract diseases and those in
ICUs. Isolates of S. cerevisiae in one series demonstrated decreased susceptibility
to amphotericin and to azole derivatives, and although break points have not been
defined, MIC90 for fluconazole and itraconazole for S. cerevisiae are considered to
be in the dose-dependent range defined for C. albicans. It is hypothesized that the
use of these drugs may play a role in the emergence of S. cerevisiae infections.
Although data are scarce, voriconazole seems to exhibit good efficacy against
S. cerevisiae (with an MIC90 of \0.25 mg/L). No published series is available for
echinocandin treatment, but preliminary data show good efficacy with caspofungin
against a limited number of S. cerevisiae strains. Despite this spectrum of sus-
ceptibility, a favorable outcome has been observed even for amphotericin B or
fluconazole therapy coupled with central venous catheter removal. Successful
clinical outcome with these agents may be due to the low virulence of this
organism [261]. At present, recommendations for treatment include withdrawal of
probiotic regimens, if given, administration of an antifungal agent with activity
against the organism, and removal of indwelling vascular catheters [252].

A recent review of phaeohyphomycosis by investigators at MD Anderson
Cancer Center demonstrates that while rare, infection rates have increased three-
fold (from 1.0 to 3.1 cases per 100,000 patient-days) at their institution between
1989 and 2008, primarily among patients with underlying hematological malig-
nancies. The dematiaceous molds that cause phaeohyphomycosis are ubiquitous
inhabitants of the soil and encompass more than 100 species and 60 genera,
including Alternaria, Bipolaris, Curvularia, Cladosporium, Aureobasidium,
Exserohilium, Fonsacea, Drechslera, Phialophora, and Hormonema. The most
common sites of infection are the lungs, sinuses, skin, and bloodstream. Risk
factors included acute leukemia, receipt of induction chemotherapy, neutropenia,
lymphopenia, allogeneic HSCT, and treatment with high-dose corticosteroids. In
the isolates available for testing, amphotericin and posaconazole were most active.
Most patients in this series received an amphotericin B formulation combined with
either an azole or an echinocandin; 33 % had undergone surgery, primarily sinus
debridement; and resolution of fungemia was seen in 4 of 5 patients with catheter
removal. Mortality was 33 % at 12 weeks after diagnosis and was associated with
disseminated infection, bilateral pulmonary disease, treatment with an amphoter-
icin B preparation, breakthrough infection, and coinfection with CMV. Treatment
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with granulocyte colony-stimulating factor and recovery from neutropenia within
30 days after diagnosis was associated with improved survival [262].

Cryptococcus gattii, a fungus found in the soil and in association with certain
trees, particularly eucalyptus trees, has previously been found throughout tropical
and subtropical regions of the world. It received increasing attention as an
emerging pathogen when it was found to be the causal agent of outbreaks in
Vancouver Island, British Columbia, Canada, in 1999 and in the Pacific Northwest
area of the United States between 2004 and 2009 [263, 264]. Although it causes a
syndrome of cryptococcosis similar to that of C. neoformans, primarily mani-
festing as pneumonia and meningitis, it is a distinct species. The pathogen C. gattii
is clinically more virulent than C. neoformans, causing multiple lesions in the
lungs and brain of infected patients, responding more slowly to therapy, and
requiring more diagnostic follow-up evaluations [265]. Although this disease is
primarily seen in immunocompetent hosts, disease has been reported in immu-
nocompromised patients, including those with HIV/AIDS, organ transplantation,
and underlying malignancies. Preliminary data suggest that severity of C. gattii
infection is due to defective induction of host immune responses, resulting in low
levels of proinflammatory cytokines that are crucial for controlling the spread of
infection. Although data are limited, despite antifungal susceptibilities similar to
C. neoformans in vitro, intracranial infection with C. gattii is associated with more
neurological complications, a delayed response to therapy, and a higher incidence
of neurosurgical intervention [263].

4.3 Viruses

Respiratory viral infections (RVIs) are a significant cause of morbidity and mor-
tality in patients with underlying malignancies. The development of new molec-
ular techniques has improved the detection of established pathogens and the
identification of emerging ones and has shaped our understanding of the epide-
miology and outcomes of RVIs in immunosuppressed hosts. Clinicians caring for
cancer patients must familiarize themselves with respiratory viruses such as
influenza, including emerging and pandemic strains; parainfluenza; respiratory
syncytial virus; human metapneumovirus; coronaviruses, including SARS CoV
and MERS CoV; adenovirus; rhinovirus; bocavirus; and KI and WU polyomavi-
ruses, which have all been associated with upper and lower respiratory tract dis-
ease in this population. The incidence of RVIs following HSCT has ranged from
3.5 to 29 %; however, older studies are likely to underestimate the incidence due
to less sensitive detection methodologies. Common symptoms include malaise,
myalgias, fever, coryza, cough, and sore throat. Dyspnea may signal progression to
lower respiratory tract (LRT) disease which is estimated to occur in 35 % of HSCT
patients. Some studies suggest that RVIs may be a risk factor for the development
of invasive pulmonary aspergillosis in this population. Progression to LRT disease
and worse outcome was associated with diagnosis of leukemia, age over 65 years,
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severe neutropenia or leukopenia, and myeloablative transplant. Cancer patients
with RVIs can have prolonged shedding, creating a risk for transmission and
outbreaks in institutional settings [266].

In addition to respiratory viruses, two community-acquired gastrointestinal
viruses deserve mention. Hepatitis E virus (HEV) infection, reactivation, pro-
longed viral shedding, and development of cirrhosis have been increasingly
reported in immunocompromised hosts, primarily among patients who have
undergone solid organ transplantation. Chronic HEV in HSCT recipients has not
been as well studied, given its low endemicity in areas of the world most likely to
perform HSCTs. Some case reports in patients with acute leukemia and in those
who have undergone HSCT have demonstrated prolonged shedding following
chemotherapy, or viral reactivation more than three months following transplan-
tation. Given evidence for prolonged viremia and fecal shedding, the potential
exists for nosocomial transmission, and this has been demonstrated in an outbreak
in France. In addition to HEV, chronic norovirus infection has emerged as a viral
syndrome in patients with underlying malignancies, especially hematological
malignancies, and in those who have undergone HSCT. It can cause prolonged
shedding and protracted disease in this population, with patients shedding virus
and remaining symptomatic for months and, in some cases, for more than a year.
Treatment is supportive, and resolution of disease often requires a decrease in
immunosuppression and subsequent recovery of T cells. As with hepatitis E virus,
prolonged viral shedding poses a risk for norovirus transmission in healthcare
settings [267].

Reactivation of hepatitis B virus (HBV) and hepatitis C virus (HCV) can occur
in cancer patients. HBV reactivation is a well-known complication in cancer
patients who undergo cytotoxic chemotherapy and other immunosuppressive
therapies. Rates of reactivation vary from 14 to 72 % in published literature, and
variations are associated with underlying malignancy, degree of immunosup-
pression, and use of prophylaxis. Patients with underlying hematological malig-
nancies are at highest risk, and patients with lymphoma may be at particular risk;
however, an increasing number of cases have been described in patients with solid
tumors, especially those with breast and hepatocellular carcinomas. Other risk
factors include history of high serum viral load, male sex, young age, HBeAg
seropositivity, use of corticosteroids, use of certain chemotherapeutic agents such
as anthracyclines, cyclophosphamide, and vinca alkaloids, and use of monoclonal
antibodies such as rituximab and alemtuzumab. In one series, the use of rituximab
was associated with 39 % of reactivation cases. Syndromes associated with
reactivation vary widely and range from asymptomatic disease to liver failure and
death, with mortality ranging from 5 to 52 %. Prophylactic agents such as lami-
vudine, adefovir, entecavir, or tenofovir should be started as early as possible
before initiating immunosuppressive therapy in HBsAg positive patients. Although
HCV infection is more common than HBV infection in cancer patients, HCV
reactivation following immunosuppressive therapy is rare. Reactivation of HCV is
more common in patients with hematological malignancies but has been reported
in patients with solid tumors and in those who have undergone HSCT. No reliable
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methods exist to predict an individual patient’s risk for reactivation; however, the
use of corticosteroids alone or in combination with other immunosuppressive
agents has traditionally been associated with reactivation disease. Controversy
exists as to whether the use of rituximab is a risk factor for HCV reactivation. The
clinical consequences of HCV reactivation seem to be less severe than those of
HBV reactivation, with only a few deaths reported. However, if severe hepatitis
secondary to viral reactivation develops, mortality rates are similar to those seen
with HBV. No prophylaxis is currently approved to prevent HCV reactivation in
this patient population [268].

4.4 Antimicrobial Resistance

Antimicrobial resistance is now a global crisis, and patients with underlying
malignancies are disproportionally impacted by this emerging trend. Drug-resis-
tant infections cost the United States healthcare system between $16.6 and $26
billion in extra costs annually and cost society approximately $35 billion each year
in lost wages and premature deaths [269]. Antibacterial drug resistance is now
commonplace among cancer patients. The incidence of penicillin resistance among
viridians streptococci is increasing in both adult and pediatric cancer patients [227,
229]. The majority of enterococcal isolates colonizing allogeneic HSCT patients
are now vancomycin resistant, and approximately 30 % of VRE-colonized HSCT
patients subsequently develop clinical infections. According to one recent study,
VRE is now the leading cause of bacteremia in the first 30 days after HSCT and is
associated with a fourfold increase in mortality compared to patients without
enterococcal bacteremia [270–272]. In addition, daptomycin resistance is also
increasing among VRE isolates [273]. Rates of MRSA are increasing among
patients with breast cancer and cancers of the head and neck and, in some centers,
are common causes of bacteremia in patients with febrile neutropenia [274–279].
Gram-negative bacterial resistance is likewise increasing. In some series, over
80 % of E. coli isolates are fluoroquinolone resistant [280]. The presence of
extended-spectrum beta-lactamase-producing Enterobacteriaceae, carbapenem-
resistant Enterobacteriaceae and A. baumannii, and multidrug-resistant P. aeru-
ginosa among cancer patients is now routinely encountered [281–287]. As
mentioned above, the increasing use of azoles for antifungal prophylaxis is thought
to have played a role in the emergence of azole-resistant non-albicans Candida
spp. such as C. tropicalis, C. parapsilosis, C. glabrata, and C. krusei that are now
commonplace in this patient population. Although less common, antiviral resis-
tance is reported among CMV and HSV, due to the prophylactic use of acyclovir
and ganciclovir, which has led to both acyclovir- and ganciclovir-resistant strains
among cancer patients. To combat the increasing problem of antimicrobial resis-
tance, clinicians must know and employ the strategies of infection prevention and
control and antimicrobial stewardship for these patients who are under their care.
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5 Summary

Patients with underlying malignancies are at risk for a wide array of infectious
diseases that cause significant morbidity and mortality. To develop a clear etio-
logic understanding of the infectious agents encountered first requires knowledge
of the host- and treatment-associated factors that predispose to infection. The
astute clinician must also be aware of new and emerging infections in this patient
population. As new pathogens are discovered and established pathogens become
increasingly drug resistant, they will continue to present challenges for physicians
caring for these patients in the years ahead.
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Bacterial Pathogens
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Abstract

Bacterial infections are frequent complications among patients treated for
cancer. The type, severity, and treatment of bacterial infections vary and
depend upon the specific malignancy, associated chemotherapies, and trans-
plantation. This chapter discusses commonly encountered bacterial pathogens
as well as Nocardia and mycobacteria in patients with cancer and addresses the
clinical syndromes and management. Drug-resistant bacteria are becoming an
increasingly recognized problem in patients with cancer. Antimicrobial
resistance in select gram-positive and gram-negative bacteria are discussed
along with the mechanisms of resistance and recommended therapies.
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1 Introduction

Infectious diseases are among the most frequent complications encountered in
cancer management. Optimal patient care necessitates a familiarization with
common bacterial pathogens and their treatment. Staphylococcus aureus, coagu-
lase-negative staphylococci, Enterococcus spp., and viridans group streptococci
are the more common gram-positive bacterial pathogens encountered in patients
with cancer. Among the gram-negative bacteria, members of the Enterobacteria-
ceae family and Pseudomonas aeruginosa are the more frequently encountered
and virulent pathogens. Many patients with cancer, especially those hospitalized,
have prior antimicrobial treatment experience. Antimicrobial resistance is an
increasing problem, and understanding the mechanisms of resistance is imperative
toward prescribing effective therapy. Drug resistance mechanisms of select gram-
positive and gram-negative bacteria as well as treatment options are reviewed.

Nocardia and mycobacteria both stain acid-fast and can produce severe pro-
gressive disease in patients with cancer. Nocardia may produce pulmonary disease
resembling that of mycobacteria, or more distinct forms of extrapulmonary dis-
ease. Tuberculosis is less common in the United States, but must be considered in
any patient with compatible features. Atypical presentations of tuberculosis are
more common in cancer patients. Non-tuberculosis mycobacteria (NTM) encom-
pass a very large group of organisms with diverse manifestations of localized or
disseminated clinical disease. An overview of bacterial infections in patients with
cancer is provided.

2 Select Gram-Positive Bacteria

2.1 Staphylococcus spp.

S. aureus is a virulent pathogen causing significant disease in both immunocom-
petent and immunocompromised patients. Clinical infections in patients with
cancer caused by S. aureus are quite diverse and include intravascular catheter
infections, skin and soft tissue infections, visceral abscesses, endocarditis, bone
and joint infections, and bloodstream infections. Bloodstream infections with
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S. aureus are a medical urgency, requiring prompt intervention. Metastatic foci of
S. aureus infection can develop, requiring prolonged antimicrobial therapy and
possible surgery. Intravascular catheters remain one of the most common causes of
S. aureus nosocomial- and community-acquired bloodstream infections. In the
hospital setting, approximately 20 % of bloodstream infections are caused by
S. aureus [1]. For methicillin- (or oxacillin-) susceptible S. aureus, cefazolin or a
penicillinase-resistant penicillin is recommended for more serious infections,
including bloodstream infections. Vancomycin can be used for B-lactam allergic
patients, but is less active. Oral antimicrobials including first-generation cepha-
losporins, anti-staphylococcal penicillins, trimethoprim–sulfamethoxazole, mino-
cycline, clindamycin, and the newer fluoroquinolones can be used for mild soft
tissue infections.

Most S. aureus bacteria are resistant to penicillin through plasmid-encoded
penicillinase production. Methicillin-resistant S. aureus (MRSA) is defined by a
minimum inhibitory concentration (MIC) with oxacillin at C4 mcg/mL. MRSA
is becoming an increasing problem in hospitals around the world. Patients who
have been treated with an antibiotic within the preceding 3 months (especially
B-lactams and fluoroquinolones) are at increased risk for MRSA [2]. In 2003, up
to 64 % of hospital-onset S. aureus infections in the intensive care units were
MRSA [3]. Of the estimated 94,360 MRSA infections that occurred in the USA
during 2005, approximately 75 % were bloodstream infections [4]. A surveil-
lance of nine US hospitals in 2005 found the combination of S. aureus virulence
and the immunosuppression of patients with cancer enables rapid S. aureus
infection progression and high rates of disease recurrence if not recognized early
or treated aggressively [5].

MRSA carries the mecA gene that encodes for penicillin-binding protein 2A
(PBP2A). PBP2A has very low binding affinity for B-lactam antimicrobials and
confers phenotypic bacterial resistance to all B-lactam antimicrobials, including
penicillins, cephalosporins (except ceftaroline), and carbapenems. The mecA gene
is located in a mobile staphylococcal cassette cartridge (SCC), which aids in
chromosomal incorporation. There are currently eight SCC mec types (I-VIII), that
differ in both mec and cassette chromosome recombinase gene complexes, along
with a number of additional novel SCC subtypes [6, 194]. MRSA is commonly
categorized into either health-care-associated (HA) MRSA or community-associ-
ated (CA) MRSA. The nomenclature refers to differences in demographic back-
grounds, genetic and clonal features, susceptibility patterns, and clinical
characteristics of the MRSA strains. About 85 % of all invasive MRSA infections
are associated with some type of exposure to health care settings, and approxi-
mately 15 % develop within the community. Characteristics and differences
between HA-MRSA and CA-MRSA are listed in Table 1.

CA-MRSA typically is more susceptible to non-B-lactam antimicrobials
(including fluoroquinolones, macrolides, gentamicin, and clindamycin) and has
exotoxin virulence factors [7]. MRSA strains susceptible in vitro to clindamycin
but resistant to erythromycin may harbor erythromycin ribosomal methylase (erm)
genes, conferring an inducible resistance to clindamycin. Clinical failure with
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clindamycin has been reported in this setting [8]. Inducible clindamycin resistance
can be identified in the laboratory with double-disk diffusion testing (D-testing) on
erythromycin-resistant, clindamycin-susceptible MRSA strains. USA 300 and
USA 400 are the two most commonly encountered CA-MRSA clones. The most
common toxin is the Panton–Valentine leukocidin (PVL), a cytotoxin associated
with skin and soft tissue infections and necrotizing pneumonia [9]. PVL is char-
acteristically uncommon in HA-MRSA strains.

Treatment options for MRSA depend upon the infection syndrome as well as
in vitro drug susceptibility data. Vancomycin, daptomycin, linezolid, ceftaroline,
telavancin, teicoplanin and quinupristin-dapfopristin are typically active drugs.
Additional options, depending upon drug susceptibility data, may include tri-
methoprim–sulfamethoxazole, minocycline, doxycycline, tigecycline, clindamy-
cin, and the newer fluoroquinolones. Confirmed vancomycin-intermediate (VISA)
or vancomycin-resistant (VRSA) MRSA is fortunately quite rare; however, even
‘susceptible’ MRSA may be less responsive to vancomycin. Some reports have
shown MRSA bacteremia with a vancomycin MIC of B0.5 ug/mL to have a higher
treatment success rate with vancomycin than MRSA with vancomycin MIC
1–2 ug/ml [10, 11].

Coagulase-negative staphylococci (CoNS) comprise a heterogenous group of
bacteria that are part of the natural skin microbial flora. Although less virulent
compared to S. aureus, many CoNS (including S. epidermidis and S. haemolyticus)
are resistant to multiple antibiotics including methicillin. The mechanisms of
resistance are similar to those of S. aureus and include B-lactamase production and
PBP2A production by the mecA gene. Both S. aureus and CoNS produce a biofilm,
enabling attachment to foreign material. CoNS, including S. epidermidis, are the

Table 1 Characteristics of HA-MRSA and CA-MRSA

HA-MRSA CA-MRSA

Patient risk
factors

Prolonged hospitalization, ICU
admission, residents of long-term care
facilities; comorbidities including
diabetes mellitus and hemodialysis

Children, competitive athletes, prisons,
soldiers; select ethnic groups (Native
Americans, Alaska Natives, Pacific
Islanders), intravenous drug users, men
who have sex with men

Clinical
syndromes

Nosocomial pneumonia, intravenous
catheter infections and related
bacteremias, urinary catheter-
associated urinary tract infections,
surgical site infections

Skin and soft tissue infections
(furuncles, skin abscesses), necrotizing
pneumonia

Antimicrobial
resistance

B-lactam class resistance, resistance to
other drug classes common

B-lactam class resistance, more
susceptible to other drug classes

Predominant
SCC types

Types I, II, III Type IV, V, VII

PVL toxin Rare Frequent

(Based on data from Refs. [6] and [192])
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most common cause of intravascular catheter infections [12, 13]. The high usage
of short-term and tunneled central venous catheters in patients with cancer (e.g.,
for chemotherapy and/or blood product infusions) allows for CoNS to be the most
common cause of bloodstream infections in this patient group as well as for
hospitalized patients in general [1]. Single positive blood cultures with CoNS need
to be interpreted with caution as contamination from the skin is common. CoNS
are also a common pathogen with other types of foreign body infections including
prosthetic valves and other endovascular devices, cerebrospinal fluid shunts,
peritoneal dialysis catheters, ocular implants, and prosthetic joints.

S. lugdunensis is a CoNS that deserves special mention. S. lugdunensis is more
virulent than other CoNS and should never be regarded as a contaminant in blood
cultures. Up to 50 % of S. lugdunensis community-acquired bloodstream infec-
tions in one series were associated with endocarditis, whereas nosocomial S. lug-
dunensis bacteremias were commonly catheter associated [14]. S. lugdunensis has
also been associated with infections of skin and soft tissues (often with abscess
formation), central nervous system (CNS), bone and joint, peritoneum, and oral
cavity [15]. Despite its enhanced pathogenicity, S. lugdunensis remains susceptible
to most B-lactam antimicrobials.

2.2 Enterococcus spp. and Viridans Group Streptococcus

Enterococcus spp. are a component of the normal gastrointestinal bacterial flora
and occasionally may be found in the vagina and oral cavity [16]. Enterococcal
infections may develop secondary to a compromise in bowel wall integrity, fecal
contamination, genitourinary complications, animal contact, and through noso-
comial acquisition. Before the emergence of vancomycin-resistant enterococci
(VRE), 85–90 % of clinical enterococcal isolates were E. faecalis, 5–10 % were
E. faecium, and the remaining 3–4 % were other Enterococcus spp. [17].
Enterococcus spp. have lower intrinsic virulence compared to S. aureus and group
A Streptococcus as well as no exotoxin production.

Although a wide array of clinical infections have been ascribed to Enterococcus
spp. (including endocarditis, urinary tract infections, and osteomyelitis), enteric
and other-related intraabdominal infections as well as bacteremias are especially
common in patients with cancer. Any compromise in bowel wall integrity
increases the risk for infection with Enterococcus spp. Cancers of the gastroin-
testinal, genitourinary and biliary tracts, antineoplastic chemotherapy, neutropenic
colitis (typhlitis), and enteric graft-versus-host disease all enable enterococci and
other enteric flora to translocate beyond the bowel lumen and produce clinical
disease. Infection in these settings is often polymicrobial and should generally be
managed with broadened antibacterial therapy.

Because of lower affinity for the penicillin-binding proteins, Enterococcus spp.
are less susceptible to B-lactams compared to other gram-positive bacteria. Rarely,
enterococci also produce a B-lactamase. The MICs of active penicillins to
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Enterococcus spp. are significantly higher compared to most streptococci [16].
Penicillin, ampicillin, amoxicillin, piperacillin, imipenem, meropenem, and
doripenem are moderately active against susceptible enterococci, but remain
bacteriostatic. The addition of gentamicin or streptomycin may provide additional
activity when combined with a B-lactam and is typically recommended in cases of
enterococcal endocarditis. The cephalosporins (except ceftaroline against E. fae-
calis) and clindamycin are not active. Although trimethoprim–sulfamethoxazole
(TMP-SMX) may have mild in vitro activity, enterococci can metabolically utilize
exogenous folinic acid, dihydrofolate, and tetrahydrofolate to survive, rending this
drug clinically ineffective [18]. The fluoroquinolones also have low-level anti-
enterococcal activity, but their clinical usefulness is quite limited outside of simple
lower urinary tract infections, and rates of quinolone resistance remain high.
Enterococci have the ability to exchange genes encoded on plasmids for additional
drug resistance. Such acquired drug resistance has rendered most macrolides,
tetracyclines, and occasionally vancomycin ineffective.

Peptidoglycan is a crucial component of the bacterial cell wall, and vancomycin
exerts it activity through the inhibition of peptidoglycan biosynthesis. Specifically,
vancomycin binds to the D-alanyl-D-alanine terminus of the pentapeptide pepti-
doglycan precursor and inhibits subsequent enzymatic steps in cell wall develop-
ment [19]. Vancomycin resistance develops through the synthesis of peptidoglycan
cell wall precursors that contain an altered terminal dipeptide (e.g., D-alanyl-D-
lactate or D-alanyl-D-serine) instead of a D-alanyl-D-alanine terminus. Vancomycin
is subsequently not able to bind with the altered enterococcal dipeptide terminus.

VRE were first identified in Europe in 1988 [20, 21] and have subsequently
spread worldwide. Vancomycin resistance is much more prevalent in E. faecium;
however, vancomycin-resistant E. faecalis has been isolated, usually as a nosoco-
mial pathogen [22]. The incidence of VRE colonization and infection are increasing.
Up to 10 % of hemodialysis patients in one center were reported to be colonized
with VRE [23]. Within the USA, a recent multicenter study found 28 % of the
enterococci cultured from intensive care unit (ICUs) to be VRE [24]. In a recent
national surveillance study of bloodstream infections, 60 % of E. faecium and 2 %
of E. faecalis isolated were VRE [1]. Patients with cancer, especially hematologic
malignancies, have a high risk for VRE morbidity and mortality because of
extended health care facility and antimicrobial exposures, chemotherapy-associated
bowel wall compromise and sustained periods of post-chemotherapy neutropenia
[25]. Pretransplant VRE colonization is an independent risk factor for increased
mortality in patients receiving allogeneic hematopoietic stem cell transplantations
[26]. The increase in mortality in this group correlates with the presence of VRE
bacteremia.

There are multiple VRE phenotypes (including A-G and select others)
depending upon the altered terminal dipeptide (D-alanyl-D-lactate for VanA, B,
and D types; D-alanyl-D-serine for VanC, E, and G types) and elimination of
high affinity precursors [27]. VanA is the most common VRE phenotype and
demonstrates high-level resistance to both vancomycin and teicoplanin. Transfer
of VanA-type resistance via plasmid DNA from enterococci to S. aureus has been
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identified and poses great concern [28, 29]. VanB is the next most common and
exhibits moderate to high resistance to vancomycin but remains susceptible to
teicoplanin. The VanC phenotype is characteristic of E. gallinarum and E. cass-
eliflavus/flavescens and has an intrinsic low-level resistance to vancomycin that is
chromosomally encoded [30]. It remains susceptible to teicoplanin. Although E.
gallinarum and E. casseliflavus/flavescens are infrequently encountered, they are
more commonly found in patients with immunosuppression, including hemato-
logic malignancies, hematopoietic stem cell, and solid organ transplantation [31].
VanD has been found in E. faecium that has moderate levels of resistance to both
vancomycin and teicoplanin. VanE and G have been found in E. faecalis with a
similar terminal D-serine substitution and phenotypic effect as the VanC [30].

Most VRE are resistant to penicillin and ampicillin, but on rare occasions these
agents may show in vitro activity. Treatment options for VRE include linezolid,
daptomycin, quinupristin/dalfopristin (for E. faecium only), and tigecycline.
Resistance to each of these agents has been demonstrated. Currently, linezolid is
the only oral agent approved by the Food and Drug Administration for the treat-
ment of VRE infection; however, the myelosuppressive effects (including leuko-
penia and thrombocytopenia) may limit its sustained use in patients with some
cancers. Nitrofurantoin may be active for uncomplicated VRE urinary tract [32].

Viridans group streptococci constitute a heterogenous group of bacteria that are
found throughout the gastrointestinal and female genital tracts. Contrasting
enterococci which predominate more in the lower small bowel and colon, viridans
group streptococci are more prevalent in the oral cavity and upper respiratory tract.
A breakdown in the mucosal barrier through chemotherapy-associated oral
stomatitis and enteritis allows viridans group streptococci to cause infection. S.
mitis and other viridans group streptococcal infections have been well identified
following high-dose cytosine arabinoside therapy for acute leukemia [33]. Other
risk factors for the development of viridans group streptococcal infections include
profound neutropenia, antimicrobial prophylaxis with TMP-SMX or select fluo-
roquinolones, and use of stomach acid suppressants [34, 35]. In neutropenic
patients, viridans group streptococci can produce a toxic shock-like syndrome,
involving multiorgan dysfunction and respiratory failure [35, 36]. Such a syn-
drome may occur despite early clearance of bacteria from the bloodstream. An
unusual outbreak of toxic shock-like syndrome caused by a toxigenic clone of
S. mitis has also been described in immunocompetent patients [37].

Viridans group streptococci are generally susceptible to most B-lactam anti-
microbials. Ceftriaxone is commonly used for its favorable clinical experience and
convenient once daily administration. Penicillin historically was the drug of choice,
but resistance through altered penicillin-binding proteins is not uncommon and may
confer resistance to other beta-lactam antimicrobials. Alternative intravenous
agents include vancomycin, daptomycin, quinupristin/dalfopristin, and tigecycline
[38, 39], while the newer fluoroquinolones, linezolid, macrolides, and tetracyclines
remain oral options. Fluoroquinolone-resistant viridans group streptococci have
been increasingly identified in neutropenic patients receiving fluoroquinolone
prophylaxis [40, 41].
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2.3 Other Gram-Positive Bacteria

Streptococcus bovis is another constituent of normal gastrointestinal tract flora.
Similar to other enteric bacteria, S. bovis bacteremia can develop when the there is
compromise of the bowel wall secondary to either tumor invasion or antineoplastic
chemotherapy. Bloodstream infections with S. bovis appear to have a higher
association than other bacteria with the presence of bowel wall cancers. Patients
with otherwise unexplained S. bovis bacteremia should undergo appropriate
intestinal cancer screening [42]. Many providers also consider enteric evaluation
in patients with otherwise unexplained Clostridium septicum bloodstream infec-
tion [43, 44].

The nutritionally variant streptococci (NVS), Abiotrophia defectiva, and Gran-
ulicatella spp. are fastidious bacteria that may grow as satellite colonies around
S. aureus and other select bacteria or on pyridoxal- or L-cysteine-supplemented
agar. NVS are part of the normal bacterial flora of the upper respiratory, gastroin-
testinal, and genitourinary tracts. NVS bacteremia can occur in patients with cancers
of the gastrointestinal, genitourinary, or upper respiratory tracts and in those
receiving antineoplastic chemotherapy. NVS have also been associated with
destructive valvular lesions in patients with endocarditis. NVS are less susceptible
to penicillin compared to Streptococcus spp., and combination therapy with am-
inopenicillin and aminoglycoside is commonly used for the treatment of endocar-
ditis and refractory infections. Activity of cephalosporins against NVS is variable,
but vancomycin and expanded fluoroquinolones remain active [45, 46].

Streptococcus pneumoniae infections are especially problematic in anatomi-
cally and functionally asplenic patients. Numerous hematologic indications for
splenectomy exist, including hereditary spherocytosis, thalassemia major, mye-
loproliferative disorders with symptomatic splenomegaly, select cases of non-
Hodgkin’s disease, and occasionally for immune thrombocytopenia, thrombotic
thrombocytopenic purpura, hairy cell leukemia, and as a staging procedure in
Hodgkin’s disease [47, 48]. S. pneumoniae is the most common bacterial infection
associated with post-splenectomy severe sepsis. Other pathogens associated with
severe disease in asplenic patients include Neisseria meningitidis, Haemophilus
influenza type B, Capnocytophaga canimorsus, and Babesia microti. Estimates of
post-splenectomy infection incidence and mortality vary although two large
reviews reported a combined severe infection incidence of 3.2–4.2 % with a
mortality of 1.4–2.5 % [49, 50].

Listeria monocytogenes is predominantly seen in neonates, the elderly, pregnant
women, and in immunosuppressed patients, primarily those with cell-mediated
immunity (CMI) dysfunction. Although an infrequently encountered pathogen, this
‘diphtheroid-like’ appearing gram-positive bacillus can produce bloodstream
infections with a particular tropism for the meninges and brainstem (meningoen-
cephalitis and rhombencephalitis) (see Chapter Central Nervous System Infections
in Cancer Patients and Hematopoietic Stem Cell Transplant Recipients), as well as
food-borne illness and disseminated neonatal disease. A recent review of listeriosis
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in patients with cancer at the MD Anderson Cancer Center identified 59 % of
patients had a hematologic malignancy (60 % lymphoma and 40 % leukemia or
myeloma) and the remaining 41 % had solid tumors [51]. Bloodstream infection
was the most common presentation, although 21 % had CNS involvement. Listeria
bloodstream infection has been associated with CMV reactivation in recipients of
allogeneic hematopoietic stem cell transplantation [52, 53].

3 Select Gram-Negative Bacteria

Although the incidence of gram-negative bacterial bloodstream infections in
patients with febrile neutropenia is less than that of gram-positive bacteria
[54, 55], the mortality of gram-negative bacteremia remains substantially higher
[56]. Members of the Enterobacteriaceae family, primarily E. coli and Klebsiella
spp., and P. aeruginosa are most commonly encountered [57]. Gram-negative
bacteria isolated from a sterile body site should never be discounted as a
contaminant.

3.1 The Enterobacteriaceae

The family Enterobacteriaceae contributes to the normal microbial flora of the
lower gastrointestinal tract, oropharynx, and vagina and is the most common group
of gram-negative bacteria isolated in the laboratory. Enterobacteriaceae produce
the vast majority of gram-negative bacterial infections in patients with cancer.
They frequently produce bloodstream, urinary tract, peritoneal, hepatobiliary, and
nosocomial- and ventilator-associated pulmonary infections. The more commonly
encountered members of this family include E. coli, Klebsiella spp., Enterobacter
spp., Citrobacter spp., Serratia spp., Proteus spp., Morganella spp., Providencia
spp., Plesiomonas sp., Hafnia sp., Yersinia spp., Salmonella spp., and Shigella spp.
Although some of the Enterobacteriaceae including Salmonella, Shigella, Aero-
monas, and E. coli 0157:H7 can produce distinct infection syndromes, many other
species of this large family share similarities in clinical disease.

Gram-negative bacteremia in a neutropenic patient can rapidly turn fatal if
effective antimicrobial therapy is not promptly started. E. coli is the most common
gram-negative bacteria isolated from blood cultures and is also the most common
pathogen in urinary tract infections. E. coli O157:H7 comprises most of the en-
terohemorrhagic E. coli and can produce shiga-toxin-mediated hemorrhagic colitis
in both immunocompromised and immunocompetent patients. E. coli O157:H7
often is acquired through the consumption of contaminated ground beef and is the
most common cause of hemolytic uremic syndrome (hemolytic anemia with
schistocytes, thrombocytopenia, and renal insufficiency). Klebsiella spp. are the
more commonly encountered Enterobacteriaceae in respiratory tract infections.
Although often associated with ‘currant jelly’ sputum and the ‘bulging fissure
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sign’ on chest X-ray, these findings are not specific to Klebsiella spp. Proteus
mirabilis causes 90 % of Proteus infections and is readily identifiable in culture
for its ‘swarming’ tendency on agar. A variety of extended-spectrum penicillins,
cephalosporins, carbapenems, fluoroquinolones, aminoglycosides, and TMP-SMX
are active against the Enterobacteriaceae; however, drug resistance is not
uncommon. Select tetracyclines and macrolides may also be active. Knowledge of
both the species and antimicrobial susceptibility data are needed for optimal drug
therapy (see gram-negative bacterial drug resistance).

3.2 Pseudomonas aeruginosa

P. aeruginosa is one of the most concerning bacteria to produce infection in the
immunocompromised patient. Inherent bacterial virulence leading to high mor-
tality and progressive drug resistance through numerous mechanisms have
necessitated preemptive treatment in patients suspected of having infection with
P. aeruginosa. P. aeruginosa infections are generally considered to be nosoco-
mially acquired; however, community-acquired primary Pseudomonas blood-
stream infections occasionally occur [58].

Three sequential studies performed at the University of Texas, MD Anderson
Cancer Center, during the 1960s, 1970s, and 1990s on the mortality of P. aeruginosa
bloodstream infections in patients with underlying malignancies found the overall
cure rate of P. aeruginosa bacteremia in patients with underlying malignancies to be
21, 62, and 80 %, respectively [59–61]. The favorable trend in outcome may reflect
both the additional anti-Pseudomonas antimicrobials developed during the past three
decades and changes in cancer management, including new chemotherapy regimens
and antimicrobial prophylaxis. Despite these medical advances, the morbidity and
mortality attributed to P. aeruginosa infections remain significant. Compared to
immunocompetent patients, both P. aeruginosa and Enterobacteriaceae bloodstream
infections are more common in patients with neutropenia (absolute neutrophil count
\500 cells/uL) [62]. P. aeruginosa bloodstream infections are also more common in
patients with acute leukemia compared to other hematologic or solid organ malig-
nancies [60, 62]. More severe forms of graft-versus-host disease in allogenic
hematopoietic stem cell transplantation are another risk factor for P. aeruginosa
infection [63]. Empiric antibacterial therapy in patients with neutropenia and fever
must contain activity against gram-negative bacteria, including P. aeruginosa.

P. aeruginosa can also cause serious skin and soft tissues infections in patients
receiving antineoplastic chemotherapy. Ecthyma gangrenosum can develop in
neutropenic patients with bacteremia. Ecthyma gangrenosum appears as ery-
thematous round skin lesions with developing central necrosis and ulceration.
Cutaneous Pseudomonas infection in the form of folliculitis may develop after
exposure to contaminated hot tubs, whirlpools, or swimming pools. Deep tissue
wounds with P. aeruginosa may follow puncture wounds to the foot (e.g., nail
punctures through tennis shoes). Although not common for patients with cancer,
P. aeruginosa infections can also produce pulmonary disease, especially in
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patients with underlying bronchiectasis or cystic fibrosis; bone and joint disease;
CNS infections associated with recent neurosurgery; endocarditis from intravenous
drug usage; ear and eye infections, as well as nosocomial urinary tract infections.

Effective antimicrobials against P. aeruginosa include cefepime, ceftazidime,
meropenem, imipenem, doripenem, piperacillin, piperacillin–tazobactam, aztreo-
nam, ciprofloxacin, levofloxacin, gentamicin, tobramycin, amikacin, and colistin.
Aminoglycoside or colistin therapy alone is not appropriate for the treatment of
P. aeruginosa bacteremia [64]. P. aeruginosa has significant potential for the
development of antimicrobial drug resistance. Risk factors for the development of
multidrug-resistant P. aeruginosa include the use of carbapenems for one or more
weeks, a history of P. aeruginosa infection or colonization during the preceding
year, and a history of chronic obstructive pulmonary disease (COPD) [65].

3.3 Gram-Negative Bacterial Drug Resistance

Antimicrobial drug resistance through B-lactamase production by the Enterobac-
teriaceae and other gram-negative bacteria pose increasing therapeutic challenges.
Over the last two decades, more types of B-lactamase production have been
identified, decreasing effective therapeutic drug options. Also concerning is that
routine antimicrobial susceptibility testing will not reliably identify some types of
B-lactamase production nor predict clinical response to expanded B-lactam ther-
apy. Comparative longitudinal antibiograms show an increasing number of bac-
terial pathogens with multiple drug resistance mechanisms [66]. Patients with
cancer have a high risk for colonization and infection with drug-resistant bacteria.
Frequent hospitalizations of this patient group combined with exposures to mul-
tiple antibiotics contribute to this risk [67]. Drug-resistant nosocomial infections
are most often encountered in the ICU setting, followed by non-ICU hospital
wards and outpatient hospital settings [68]. Within the ICU setting, rates of nos-
ocomial drug-resistant bacterial infections are more prevalent in developing
countries compared to the United States [69]. Such discrepancies may reflect
differences in infection control policies and lack of adequate funding, compliance
problems with adequate hand hygiene practices, differences in nurse-to-patient
ratios and hospital overcrowding. Efforts to curb the propagation of multidrug-
resistant pathogens will require enhanced national and global antimicrobial
stewardship as well as appropriate infection control measures.

The first plasmid-mediated B-lactamase identified in gram-negative bacteria
was the penicillin hydrolysis enzyme TEM-1 found in E. coli during the 1960s.
TEM-1 is now the most commonly encountered B-lactamase in gram-negative
bacteria, accounting for up to 90 % of the ampicillin resistance in E. coli as well
as ampicillin and penicillin resistance in strains of H. influenzae and N. gonor-
rhoeae [70, 71]. SHV-1 is another common B-lactamase and is found predom-
inantly in K. pneumoniae and E. coli. The SHV-1 B-lactamase is chromosomally
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encoded in the majority of isolates of K. pneumoniae, but is usually plasmid
mediated in E. coli [71].

Continued antimicrobial selective pressure has allowed for the emergence of
additional TEM and SHV enzymes that enable select bacteria to hydrolyze an
expanded group of B-lactam antimicrobials, including most cephalosporins.
Extended-spectrum beta-lactamase (ESBL) enzymes confer resistance to the
oxyimino-cephalosporins (cefotaxime, ceftazidime, ceftriaxone, cefuroxime, and
cefepime) and monobactams (aztreonam), but not the cephamycins (cefoxitin,
cefotetan) or carbapenems (imipenem, meropenem, ertapenem, and doripenem)
[72]. Additionally, ESBL-producing bacteria are resistant to penicillins, but can be
inhibited by beta-lactamase inhibitors such as clavulanic acid, sulbactam, and ta-
zobactam [73]. Genes encoding for ESBL production are transmissible and prob-
lematic in hospitals and long-term care facilities with congregate patient
populations [74]. Currently over 150 different ESBL enzymes have been identified.

ESBL production is most commonly found in K. pneumoniae, K. oxytoca, and
E. coli [71, 75]. Occasionally, ESBL production has also been seen with Citro-
bacter spp., Enterobacter spp., Proteus spp., Salmonella spp., Serratia spp., and
other enteric bacteria, as well as in isolates of Acinetobacter baumannii and
P. aeruginosa [66]. Prolonged mechanical ventilation is a significant risk factor for
acquiring ESBL-producing bacteria [76] as these patients are usually more
debilitated with a higher likelihood of receiving excessive antimicrobial therapy.
Other risk factors for ESBL-producing bacterial infection include repetitive and
prolonged hospitalizations, use of central venous and urinary catheters, adminis-
tration of total parenteral nutrition, and exposure to third-generation cephalospo-
rins, aminoglycosides, and TMP-SMX [72, 76]. The use of B-lactam/B-lactamase
inhibitor combinations, rather than third-generation cephalosporins, in ventilated
patients may help protect against development of ESBL-producing bacterial
infections [77].

The Clinical and Laboratory Standards Institute (CLSI) testing platform for
ESBL-producing gram-negative bacteria applies only to E. coli, Klebsiella spp.,
and P. mirabilis. Testing methodologies to identify ESBL production in other
bacteria have not yet been validated [72]. In vitro susceptibility testing with ESBL-
producing bacteria can be misleading as some antimicrobials may appear falsely
active in vitro [66]. Unless proven otherwise, CLSI recommends all phenotypically
confirmed ESBL-producing bacteria, irrespective of species, be reported as resistant
to all penicillins, cephalosporins (except cefoxitin and cefotetan), and aztreonam in
order to avoid therapy with potentially ineffective antimicrobials [72].

ESBL-producing bacteria pose significant therapeutic challenges as resistance
genes for other antimicrobials including aminoglycosides, tetracyclines, and
TMP-SMX are often present on the same plasmid [76]. Carbapenems should be
considered first-line treatment for serious infections with ESBL-producing gram-
negative bacteria [72]. Treatment with either imipenem or meropenem produces
the most effective bacterial clearance and favorable patient outcomes. Ertapenem
is effective as well. Combination therapy with a carbapenem is not superior to
carbapenem therapy alone. B-lactam/B-lactamase inhibitor combinations, such as
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piperacillin–tazobactam, can be active against bacteria possessing a single plas-
mid-mediated ESBL. Many bacteria, however, can produce multiple ESBL types,
significantly reducing piperacillin–tazobactam activity [78, 79]. Cefepime is less
effective than the carbapenems, but may provide some activity when used in
higher doses (at least 2 g twice daily) against organisms with a cefepime MIC
\2 ug/mL [72]. Cefepime MIC values are generally higher in ESBL-producing
strains of E. cloacae compared to non-ESBL-producing strains [80]. Cefepime
and piperacillin–tazobactam therefore should not be used as first-line treatment
against ESBL-producing bacteria and only considered when other more effective
antimicrobials are not available. The fluoroquinolones may be effective for some
mild-to-moderate ESBL-producing bacterial infections; however, fluoroquinolone
resistance rates over 55 % have been reported among ESBL-producing Entero-
bacteriaceae [81].

Resistance to expanded-spectrum cephalosporins and many broad-spectrum
penicillins can also develop with the hyperproduction of the Bush group 1, chro-
mosomal-mediated (AmpC) B-lactamase. The AmpC B-lactamase is inducible and
has been most commonly found in E. cloacae, E. aerogenes, C. freundii, and
S. marcescens [75, 82]. In a surveillance study of nosocomial bloodstream infections
in US hospitals, 50 % of E. aerogenes, 35 % of E. cloacae, and 39 % of C. freundii
isolates produced AmpC B-lactamase and were resistant to ceftazidime, ceftriaxone,
piperacillin, and piperacillin–tazobactam [83]. Less common bacteria that have been
found to occasionally harbor chromosomal-mediated AmpC B-lactamases include
Acinetobacter spp., Aeromonas spp., Chromobacterium violaceum, C. freundii,
Enterobacter spp., E. coli, H. alvei, Morganella morganii, Ochrobactrum anthropi,
P. rettgeri, P. stuartii, P. aeruginosa, S. marcescens, and Y. enterocolitica [75]. In
addition, plasmid-mediated AmpC B-lactamases have been found in K. pneumoniae,
Salmonella spp., and P. mirabilis [84].

Although Enterobacter spp., Citrobacter spp., and Serratia spp. may appear
susceptible to penicillins and cephalosporins in vitro, select antibiotic pressure
(e.g., third-generation cephalosporins) can facilitate production of high levels of
AmpC B-lactamase production [85, 86]. Of the third-generation cephalosporins,
ceftriaxone appears to be most provocative toward inducing AmpC B-lactamase
production in E. cloacae [87] and possibly in other bacteria. The higher biliary
concentration of ceftriaxone and broad activity against the Enterobacteriaceae may
contribute to this effect. Interestingly, the fluoroquinolones may offer a protective
effect against AmpC B-lactamase production [87]. In addition to antimicrobial
pressure, AmpC B-lactamase production may develop through a spontaneous gene
mutation enabling a ‘de-repressed’ state of B-lactamase hyperproduction [83].

Many AmpC B-lactamase-producing bacteria are resistant to the semisynthetic
penicillins (e.g., piperacillin) and combination B-lactam/B-lactamase inhibitors.
Antimicrobials that generally remain active include carbapenems, cefepime,
aminoglycosides, TMP-SMX, and fluoroquinolones. ESBL- and AmpC-type
B-lactamase production can occur together in some E. cloacae and E. aerogenes.
Although cefepime may be clinically useful against AmpC B-lactamase producing
gram-negative bacteria, it remains less effective against ESBL-producing bacteria.

Bacterial Pathogens 103



Of significant concern has been the propagation of carbapenemase production
among select Enterobacteriaceae. Carbapenemase-producing Enterobacteriaceae
differ from ESBL- and AmpC B-lactamase-producing bacteria in that no reliably
effective antimicrobial treatment options exist. The carbapenemases can hydrolyze
all penicillins, cephalosporins, and carbapenems, rendering these drug classes
ineffective. Currently, K. pneumoniae is the most commonly encountered bacteria
with carbapenemase production [88]. Carbapenemase-producing genes have also
occasionally been identified in E. coli and other genera of the Enterobacteriaceae
family, including Proteus, Serratia, Salmonella, and Citrobacter [89–92]. Plasmid
and chromosomal carbapenemase enzyme production have also been identified in
non-Enterobacteriaceae pathogens including Acinetobacter sp., P. aeruginosa, and
Stenotrophomonas sp. [74].

Genes encoding seven types of Klebsiella pneumoniae carbapenemase (KPC)
have been identified on plasmids that can be readily transferred within the same or
different species of Enterobacteriaceae [93, 94]. Such drug resistance transmissi-
bility has led to KPC-producing Enterobacteriaceae outbreaks in the Northeastern
USA and hospitals around the world. From 2000 to 2007, reported cases of
carbapenemase-producing K. pneumoniae increased from \1 to 8 % of all iden-
tified Klebsiella spp. [88]. Investigators at Mount Sinai Hospital in New York City
found a 26 % prevalence of carbapenemase-producing K. pneumoniae among all
invasive K. pneumoniae isolates identified between 2004 and 2006 [95]. Similarly,
one-third of all K. pneumoniae isolated in separate surveillance study in New York
City were carbapenemase-producing strains [96]. Previously recognized in India
and Pakistan, a new carbapenemase called the New Delhi metallo-beta-lactamase
(NDM-1), conferring resistance to all beta-lactam agents except aztreonam, was
confirmed in E. coli, K. pneumoniae, and E. cloacae within the United States in
2010 [97].

Risk factors for the development of carbapenemase-producing bacteria include
solid organ or hematopoietic stem cell transplantation, mechanical ventilation,
longer hospital stay, exposure to cephalosporins and carbapenems [95]. Mortality
attributed to carbapenemase-producing Klebsiella has been estimated at 35–44 %
[93]. Currently, there are no CLSI-validated tests for detecting AmpC B-lactamase
or carbapenemase production [75]. Treatment options remain quite limited. In
addition to broad B-lactam drug resistance, resistance to fluoroquinolones and
sulfonamides is common. Aminoglycosides, colistin, tetracycline, and tigecycline
have variable activity.

4 Other Bacterial Pathogens

Clostridium difficile is an anaerobic, spore-forming gram-positive bacillus that is
the most common cause of antibiotic-associated pseudomembranous colitis.
C. difficile infection (CDI) is also the most common nosocomial enteric infection
in patients with recent antibiotic use or hospitalization. The spectrum of disease
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ranges from an asymptomatic carrier state to fulminant toxic megacolon. Anti-
microbials that are active against anaerobic bacteria (especially clindamycin, third-
generation cephalosporins, and broad-spectrum penicillins) are more likely to
provoke C. difficile colitis development. The risk is less with linezolid, amino-
glycosides, rifampin, and vancomycin. C. difficile toxins can be identified in the
stool of 15–25 % of patients with antibiotic-associated diarrhea and in more than
95 % of patients with pseudomembranous colitis [98]. Symptoms of CDI are
attributed to two exotoxins (A and B), which produce mucosal damage and
inflammation to the colon. The BI/NAP1 strain of C. difficile has recently been
identified to have a higher toxin production and hypersporulation capacity sec-
ondary to deletions in the tcdC regulatory gene [99]. Both 18- and 39-base pair
deletions have been detected in up to 30 % of patients with CDI in one study but
without direct correlation to clinical disease severity. Thus, other genetic and/or
patient clinical factors likely contribute toward the severity of CDI [100].

The overall incidence of C. difficile colitis in hospitalized patients is 1–2 %;
however, in patients with a solid organ or hematopoietic stem cell transplant or
receiving myeloablative antineoplastic therapy, the incidence is higher. The
increased incidence may reflect a higher usage of antimicrobials, underlying dis-
ease, and select chemotherapeutic agents (including adriamycin, cyclophospha-
mide, methotrexate, 5-fluorouracil, and tacrolimus) [101]. Although the incidence
of CDI is variable among different patient groups, it has been reported as high as
15–20 % in hematopoietic stem cell recipients in some centers [102, 103].

Initial steps toward CDI management include cessation of any unnecessary
antibiotics. Oral metronidazole or oral vancomycin remains first-line treatment
options. For more severe disease, a combination of oral vancomycin and intra-
venous metronidazole can be used [104]. Intravenous immunoglobulins have been
used in select cases but with mixed results. C. difficile disease can recur, and the
risk of disease relapse progressively increases after each episode of C. difficile
infection. Options for more refractory or relapsing cases of C. difficile include
high-dose vancomycin (which may also be given as pulse dosing and tapering
regimens), rifaximin, nitazoxanide, fidaxomicin and use of probiotics such as
Saccharomyces boulardii (see Chapter Enteric Infections). Fecal bacteriotherapy /
instillation has been used successfully in more treatment refractory cases but not
well studied in patients recently receiving antineoplastic chemotherapy.

Many other anaerobic bacteria can produce significant disease when the
integrity of gastrointestinal tract is compromised. Myeloablative chemotherapy,
especially idarubicin and cytosine arabinoside, used for the treatment of acute
myelogenous leukemia, predispose to mucositis, enteritis, and colitis [105].
Fusobacterium spp., Peptostreptococcus spp., and Porphyromonas spp. are com-
monly encountered in oral and para-pharyngeal infections, whereas Bacteroides
spp., Clostridium spp., Prevotella spp., and Peptostreptococcus spp. are frequently
identified in intra-abdominal infections. Significant pathogen overlap exists, and
anaerobic bacterial infections are typically polymicrobial. Novel bacteria include
Fusobacterium necrophorum, commonly involved with Lemierre’s syndrome, and
C. septicum, commonly involved in neutropenic colitis.
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5 Nocardia

The genus Nocardia is a ubiquitous group of environmental bacteria containing
over 50 species [106]. Nocardia is a novel gram-positive branching filamentous
aerobic saprophyte, found in soil, decomposing vegetation and other organic
matter, and in fresh and salt water. Both Nocardia and Rhodococcus are members
of the family Nocardiaceae, which belongs to a suborder of ‘aerobic actinomy-
cetes’ that also includes Mycobacterium, Corynebacterium, Gordona, and Tsuk-
amurella. Nocardia exhibits varying degrees of acid fastness depending upon the
mycolic acid composition in the cell wall and type of stain used [106]. The
modified Kinyoun acid-fast stain uses a 1 % sulfuric acid as a decolorizer (instead
of the more potent hydrochloric acid used in the decoloration step in Ziehl–
Neelsen staining procedure), which enhances the ability of Nocardia to retain the
colored fuchsin [107]. Unlike mycobacteria, Nocardia has a ‘beaded’ acid-fast
appearance on microscopy. In contrast to other gram-positive bacteria, Nocardia
appears as filamentous bacteria with hyphae-like branching. Nocardia can
resemble Actinomyces spp. on gram stain; however, Actinomyces spp. are not acid-
fast and grow under anaerobic conditions.

The majority of Nocardia infections occur in patients with immunosuppressive
conditions; however, up to one-third of patients are immunocompetent [108].
Patients with depressed CMI are especially at high risk including those with
lymphoma and other hematologic malignancies, patients taking steroids or other
CMI-suppressing medications [109]. Patients with allogenic hematopoietic stem
cell transplants are at much higher risk for nocardiosis than autologous hemato-
poietic stem cell transplant recipients [110, 111]. The development of graft-versus-
host disease and subsequent additional immunosuppressive treatments may
account for much of the increased risk in allogenic hematopoietic stem cell
transplant patients. In hematopoietic stem cell transplant patients, nocardiosis can
develop at varying time periods, which range from two–three months to one–two
years after the transplant [110, 111]. Although the use of cyclosporin has been
associated with the development of nocardiosis [112, 113], combination therapy
with cyclosporin and prednisone in some patient groups may pose less risk than
azathioprine and prednisone or high-dose prednisone alone [114, 115]. Solid tissue
cancers with associated chemotherapy represent another novel category for
Nocardia disease development. Comorbidities including diabetes, chronic lung
disease, and alcoholism contribute as well.

Pulmonary nocardiosis is the most common form of Nocardia infection. The
onset of symptoms may be subacute to more chronic and can include cough which
may be productive, shortness of breath, chest pain, hemoptysis, fever, night
sweats, weight loss, and progressive fatigue. The chest X-ray may show focal or
multifocal disease containing nodular and/or consolidation infiltrate as well as
cavitary lesions [116]. Pleural effusions can develop in up to one-third of patients.
It can be very difficult clinically and radiographically to differentiate Nocardia
from filamentous fungal (e.g., aspergillosis, mucormycosis) or mycobacterial
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disease. Occasionally, Nocardia spp. may be isolated from the respiratory tract in a
person without respiratory disease. Nocardia found as an ‘airway colonizer’ is
more typical in patients with underlying structural lung disease such as bronchi-
ectasis and cystic fibrosis [106] and should be interpreted cautiously. The isolation
of Nocardia in an immunocompromised patient should never be ignored, espe-
cially if any abnormal clinical or radiologic pulmonary findings are present.

Extrapulmonary nocardiosis is relatively common and can occur through
hematogenous dissemination or a contiguous spread of necrotizing pneumonitis
into the pleura, pericardium, mediastinum, and vena cava. Abscess formation is
characteristic of extrapulmonary nocardiosis and can resemble a pyogenic bacteria
process or evolve into a chronic granulomatous or mixed progressive inflammatory
mass. The CNS is the most common extrapulmonary location for nocardiosis (up
to 44 % in one series) [116] (see Chapter Central Nervous System Infections in
Cancer Patients and Hematopoietic Stem Cell Transplant Recipients). Patients
may have one or more brain abscesses and present with headache, nausea, vom-
iting, seizures, or alternation in consciousness [106]. Neurologic symptoms typi-
cally develop gradually, although an acute presentation with rapid progression
may occasionally occur. Cerebral nocardiosis commonly accompanies pulmonary
disease, but isolated CNS disease can present. In immunocompetent patients,
cerebral nocardiosis is less common and may resemble a brain tumor or vascular
infarct [117, 118].

Primary cutaneous and soft tissue nocardiosis can result from traumatic injury
to the skin that involves contamination with soil [119]. Unlike other forms of
nocardiosis, primary cutaneous disease usually develops in immunocompetent
hosts. After skin inoculation, a superficial abscess or localized cellulitis can
develop. Cutaneous nocardiosis can resemble soft tissue infections produced by
S. aureus or streptococci; however, this form of Nocardia disease is usually more
indolent [116]. The infection can spread to the regional lymph nodes and produce a
single or linear chain of nodular lesions. Lymphocutaneous nocardiosis is often
called ‘sporotrichoid’ nocardiosis given the similar presentation of sporotrichosis.
In more advanced disease, a mycetoma can develop with sinus tract development.
N. brasiliensis is the most common Nocardia spp. in cutaneous disease (especially
progressive and lymphocutaneous disease) although N. asteroides and N. otiti-
discaviarum have also occasionally been isolated [119].

Nocardia bacteremia is less frequently encountered. In one review of Nocardia
bacteremia, 64 % patients had concurrent pulmonary nocardiosis, 28 % had
concurrent cutaneous disease, and 19 % had concurrent CNS disease [120].
Nocardia bacteremia associated with central venous catheter infections has been
reported [121, 122]. Polymicrobial bloodstream infections with Nocardia spp. and
gram-negative bacilli have also been identified. Hematogenously disseminated
nocardiosis has led to infection in the eyes (keratitis), heart valves, liver, spleen,
adrenal glands, thyroid gland, and organ tissues.

General treatment recommendations for nocardiosis are hindered by the lack
of prospective controlled trials. Optimal antimicrobial treatment regimens have
not been firmly established. Nocardia spp. display variable in vitro antimicrobial
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susceptibility patterns, and the management of nocardia infections must be
individualized [123]. CLSI has published recommendations for antimicrobial
susceptibility testing for Nocardia spp. and other aerobic actinomycetes [124].
Nocardia isolated from clinically significant infections should undergo antimi-
crobial susceptibility testing to assist in treatment decisions. Drug susceptibility
patterns to major Nocardia spp. are listed in Table 2.

Sulfonamides, including sulfadiazine and sulfisoxazole, have been the antimi-
crobials of choice to treat nocardiosis for the past 50 years despite bacteriostatic
activity [125]. TMP-SMX is the most commonly used sulfonamide preparation in
the USA, although the benefit of the trimethoprim component is unclear. Divided
doses of 5–10 mg/kg/d of the trimethoprim component or (25–50 mg/kg/d sulfa-
methoxazole) are recommended to produce sulfonamide serum concentrations
between 100 and 150 mcg/mL. Adverse reactions to high-dose TMP-SMX are
frequent and include myelosuppression, hepatoxicity, and renal insufficiency.
TMP-SMX is active against the vast majority of Nocardia spp.; however, N. otit-
idiscaviarum is typically resistant to TMP-SMX, and N. nova and N. farcinica are
occasionally resistant as well [119, 125].

Alternative antimicrobial agents with activity against Nocardia spp. include
amikacin, imipenem, meropenem, ceftriaxone, cefotaxime, minocycline, moxi-
floxacin, levofloxacin, linezolid, tigecycline, and amoxicillin–clavulanic acid.
Imipenem is more active than either meropenem or ertapenem against most
Nocardia spp. [126]. Ertapenem should not be used as a replacement for imipenem
or meropenem. Minocycline appears to have the best anti-Nocardia activity of the
tetracyclines and is an alternative oral agent in patients allergic to sulfonamides.
Tigecycline, a glycylcycline, appears to be active in vitro against most Nocardia
spp. Of the fluoroquinolones, moxifloxacin is fairly active in vitro against
N. asteroides complex [126, 127]. Linezolid, an oxazolidinone, is quite active
against virtually all known pathogenic Nocardia spp. and has successfully been
used in the treatment of patients with disseminated and CNS nocardiosis [128].
Amoxicillin/clavulanate is moderately active against many strains of N. asteroides,
N. farcinica, and N. braziliensis, but inactive against most strains of N. nova,
N. otitidiscaviarum, and N. transvalensis [119].

Combination therapy with imipenem–cefotaxime, amikacin–TMP-SMX,
imipenem–TMP-SMX, amikacin–cefotaxime, or amikacin–imipenem may pro-
vide enhanced activity [129]. In mice models, amikacin and imipenem were
more effective in the treatment of cerebral and pulmonary nocardiosis then
TMP-SMX alone [130, 131]. For most forms of nocardiosis, initial combination
drug therapy is recommended. In patients with CNS disease, therapy should
include drugs with favorable CNS penetration (e.g., TMP-SMX plus ceftriax-
one). Patients with severe nocardiosis may benefit from the addition of a third
agent such as linezolid. Combination therapy should continue until clinical
patient improvement, Nocardia speciation, and antimicrobial drug susceptibility
information can be confirmed. Single drug therapy may suffice thereafter.
Duration of treatment is generally prolonged to minimize risk of disease relapse.
Immunocompetent patients with pulmonary or multifocal (non-CNS) nocardiosis
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may be successfully treated with 6–12 months of antimicrobial therapy.
Immunosuppressed patients and those with CNS disease should receive at least
12 months antimicrobial therapy with the appropriate clinical monitoring.

TMP-SMX is an effective prophylaxis agent to prevent Pneumocystis pneu-
monia and also can decrease the risk of nocardia infections. Daily TMP-SMX
prophylaxis most reliably prevents nocardiosis and may also account for the
decreased prevalence of nocardiosis in patients with advanced HIV infection
[132]. Intermittent therapy with oral TMP-SMX (two double-strength tablets twice
weekly or one single strength tablet thrice weekly) is less protective against
nocardiosis [110, 114, 115].

6 Mycobacteria

Mycobacteria are aerobic bacilli that contain long-chain mycolic acid glycolipids
in their cell wall and belong to the family Mycobacteriaceae, order Actinomy-
cetales. All mycobacteria are acid-fast bacilli. Using either the Ziehl–Neelsen or
Kinyoun stain, mycobacteria do not decolorize with acidified alcohol after
staining with carbolfuchsin. The fluorescent stain auramine–rhodamine is more
sensitive for mycobacteria identification but generally less specific compared to
the Ziehl–Neelsen or Kinyoun stains. Gram staining mycobacteria occasionally
reveal gram-positive or gram-variable bacilli; however, mycobacteria may also
appear as unstained silhouettes against the background [133].

Compared to other pathogens, mycobacteria are less commonly encountered in
patients with cancer; however, mycobacterial infections in patients who have
received a solid organ transplant, hematopoietic stem cell transplant, or antineo-
plastic chemotherapy are becoming increasingly recognized. This may reflect
increased environmental exposures, chemotherapy-induced immunosuppression,
improved laboratory diagnostic techniques, and international travel for medical
care. Mycobacteria tuberculosis is more commonly isolated in patients from
countries where tuberculosis is endemic, whereas NTM infections predominate in
countries with a lower incidence of tuberculosis [134].

The treatment of mycobacteria poses numerous challenges. Mycobacteria are
resistant to many ‘conventional’ antimicrobials and require combination drug ther-
apy for prolonged durations. Drug interactions between antimycobacterial treatment
regimens and select antineoplastic drugs along with difficulties in drug susceptibility
data interpretation for many NTM species create additional complexities. A multi-
disciplinary management approach between the hematologist–oncologist and the
infectious diseases specialist is essential for favorable patient outcomes.

6.1 Mycobacteria tuberculosis Complex

Mycobacteria tuberculosis complex in humans and animals includes M. tubercu-
losis, M. bovis, and the less commonly encountered M. africanum, M. microti,
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M. canettii, M. caprae, and M. pinnipedii is primarily responsible for tuberculosis
in humans. M. bovis commonly infects animals (bovine tuberculosis) and occa-
sionally produces disease in humans consuming unpasteurized milk products or
though bladder instillation therapies containing the Bacillus Calmette-Guerin
strain of M. bovis. Approximately one-third of the global population, including
more than 11 million persons in the United States, has been infected with
M. tuberculosis. In 2007, a total of 13,299 tuberculosis cases were reported in the
United States with approximated incidence of 4.6 cases per 100,000 persons [135].
The incidence of tuberculosis in foreign-born persons in the United States is nearly
10 times greater than that of US-born persons. It is therefore consistent that the
incidence of tuberculosis in patients with cancer is highest in foreign-born patients
[136]. Among patients with cancer, M. tuberculosis is most commonly seen in
those with hematologic malignancies including acute leukemia, Hodgkin’s and
non-Hodgkin’s lymphoma, and those who have undergone allogenic hematopoi-
etic stem cell transplantation comprise [136–139]. Among allogenic hematopoietic
stem cell recipients, chronic graft-versus-host disease and total body irradiation
augment the risks for tuberculosis development [140, 141]. Rates of tuberculosis in
patients with hematologic cancers are approximately 40 times higher than the
general US population [137]. With the exception of head and neck cancers, solid
tissue cancers do not present as high of a risk for tuberculosis development.
Interestingly, there may be an association between pulmonary tuberculosis and the
subsequent development of pulmonary adenocarcinoma [142].

Pulmonary tuberculosis can be divided into primary pulmonary tuberculosis and
reactivation (post-primary) tuberculosis. Primary tuberculosis develops as an
uninterrupted proliferation of M. tuberculosis after initial infection and without a
period of quiescence [143]. Symptomatic primary pulmonary tuberculosis is typi-
cally encountered in young infants and in HIV-infected patients. However, patients
with other immunosuppressive conditions, including hematologic malignancies and
cell-mediated immune defects, also may present with primary disease (see Chapter
Respiratory Infections). Hilar and mediastinal adenopathy are common with pri-
mary disease along with confluent infiltrates in the mid and lower lung fields.
Reactivation tuberculosis is most commonly encountered in immunocompetent
adults and often radiographically presents as upper lobar fibronodular infiltrates,
often with thick-walled cavitary disease and volume loss of the lung. Lower lung
and other atypical lung findings occur in up to 1/3 of patients. Hilar adenopathy is
unusual with reactivation tuberculosis. Among immunosuppressed patients, espe-
cially those with advanced HIV infection and hematopoietic stem cell transplan-
tation, pulmonary tuberculosis commonly radiologically presents as multilobar
airspace consolidation or nodular disease [144].

In the setting of immunosuppression, extrapulmonary presentations of tuber-
culosis are common [145, 146]. Lymphadenitis is the most common form of
extrapulmonary tuberculosis and historically has been called scrofula when
referring to lymphadenitis of the head and neck region. The cervical lymph nodes
(about 60 %) and supraclavicular lymph chains are most commonly involved in
TB lymphadenitis; however, the submandibular and auricular nodes may be
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affected. Other less common lymph nodes affected include the axillary, inguinal,
mesenteric, mediastinal, and inframammary nodes. The most common presenting
symptom is a gradually enlarging neck mass (98 % in one case series) [147].
Infected lymph nodes can become fluctuant, matted, or suppurative with sinus
formation and spontaneous drainage. They can coalesce into an enlarging mass
that can eventually compress other structures, including the esophagus and blood
vessels [148]. Fine-needle aspirate (FNA) generally should be the first diagnostic
step (with multiple needle passes). Excisional biopsy should be performed if the
results (histology and staining) of FNA are indeterminate.

Mycobacterial infectious of the CNS are almost always caused by M. tuber-
culosis [149]. Isolated CNS tuberculosis can occur, or present as a component of
disseminated disease. Tuberculosis meningitis is the most common presentation of
CNS disease, although tuberculomas, parenchymal abscesses, and spinal arach-
noiditis (typically in the basilar meninges) can occur. Tuberculosis meningitis is
more common in children under 5 years of age but can also occur in adults,
especially those with immunosuppressive conditions or HIV infection [150, 151].
The spinal fluid typically has a lymphocyte-predominant pleocytosis with elevated
protein and low glucose. An early neutrophil predominance in up to 25 % of HIV-
negative patients, although an ensuing shift to lymphocytes usually occurs in the
subsequent 24–48 h [152]. Untreated, progressive CNS tuberculosis leads to
cognitive decline, seizures, coma, and death.

Abdominal tuberculosis can present in many forms, including infection of the
gastrointestinal tract and the peritoneum. Any part of the gastrointestinal tract may
be involved; however, ileocecal disease is most common [153]. Peritoneal tuber-
culosis develops from hematogenous and lymphatic seeding or from contiguous
microbial spread from adjacent infected organs. Hepatosplenic lesions of tuber-
culosis may appear soon after resolution of chemotherapy-induced neutropenia and
clinically resemble hepatosplenic candidiasis [154, 155]. Elevations in CA-125 in
women, commonly seen in ovarian carcinoma, may be present in patients with
abdominal tuberculosis [156]. Other forms of extrapulmonary tuberculosis
including bone and joint disease, pericardial and renal disease should also be
considered in the appropriate setting among patients with cancer [139, 157].

Treatment guidelines for pulmonary and extrapulmonary tuberculosis have
been published and recommend combination anti-tuberculosis drug therapy [158].
First-line drugs include isoniazid, rifampin, pyrazinamide, and ethambutol.
Combination drug therapy is generally recommended for 6–12 months depending
upon the type of infection, antimicrobial susceptibility data, and combination drug
regimen used in treatment. Drug toxicities and interactions with chemotherapeutic
agents require monitoring. Rifampin induces the hepatic metabolism and lowers
the serum concentration of many drugs (Table 3).

Mycobacteria bovis is a member of M. tuberculosis complex and is a compo-
nent of intramuscular Bacille Calmette–Guérin (BCG) vaccine given to young
children throughout much of the world and intravesicular BCG used in men with
bladder cancer. The BCG vaccine is one of the most commonly administered
vaccines outside of the United States and administered to prevent or reduce miliary
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Table 3 Drug interactions with rifampin

Rifampin induces the hepatic cytochrome P450 enzymatic pathway, resulting in increased
metabolism and lower serum concentrations of the following drugsa:

Anticonvulsants (e.g., phenytoin)

Antiarrhythmics (e.g., disopyramide, mexiletine, quinidine, tocainide)

Azole antifungals (e.g., fluconazole, itraconazole, voriconazole)

Calcium channel blockers (e.g., diltiazem, nifedipine, verapamil)

Oral and systemic contraceptive agentsb

Oral hypoglycemic agents (sulfonylureas)

Opiate analgesics including methadone

Protease inhibitors (atazanivir, indinavir, amprenavir, daurunavir, saquinavir)

Tricyclic antidepressants (e.g., amitriptyline, nortriptyline)

Select immunosuppressants (corticosteroids, cyclosporine, tacrolimus)

Select antimicrobials (e.g., macrolides, doxycycline, ciprofloxacin, chloramphenicol)

Other:

Benzodiazepines Beta-blockers Theophylline

Levothyroxine Coumadin Quinine

Dapsone Barbiturates Digoxin
aIt may be necessary to adjust the dosages of these drugs if they are given concurrently with
rifampin
bPatients using oral or other systemic hormonal contraceptives should be advised to change to
non-hormonal form of birth control (e.g., condoms) during rifampin therapy

and meningeal tuberculosis in children. The protective effects of the BCG vaccine
against tuberculosis development in adults remain ill defined [159]. Because both
the intramuscular and intravesicular vaccines contain live bacteria, progressive
M. bovis infection can develop in patients with immunosuppressive conditions.
Disseminated infection with marrow and visceral organ involvement has been
reported in patients with hematologic malignancies and/or receiving alemtuzumab
[160]. M. bovis infection can also be acquired through consumption of contami-
nated unpasteurized milk from cattle with bovine tuberculosis. Contrasting to
M. tuberculosis, M. bovis is universally resistant to pyrazinamide. First-line active
drugs include isoniazid, rifampin, and ethambutol.

6.2 Non-tuberculosis Mycobacteria

NTM are ubiquitous environmental organisms found in water, soil, animals, birds,
milk, and other foods [161]. There are over 125 species of NTM [162]; however, a
relatively small number of species cause the bulk of human disease. The Runyon
classification is an older method using bacterial growth rate, colony morphology,
and pigment formation to distinguish common NTM pathogens [133]; however,
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current laboratory diagnostics incorporate the use of nucleic acid probes and gene
sequencing for speciation.

In contrast to M. tuberculosis, NTM are generally less pathogenic, acquired
through environment exposure, and not transmitted from person to person. NTM
infection may develop from direct skin inoculation or trauma, ingestion, and possibly
via inhalation of contaminated aerosols. The precise source of infection, however,
usually remains inapparent [163]. Phagocytosis by macrophages and subsequent
upregulation of interleukin-12 and interferon-gamma are the primary host defense
mechanisms against NTM [164]. Suppression of IL-12 and IFN-c through select
cancers, antineoplastic chemotherapy, or genetic deficiency enables progression and
dissemination of NTM disease. The incidence of NTM infections ranges from 0.4 to
4.9 % in hematopoietic stem cell transplant patients [134]. Advanced immunosup-
pression may preclude granuloma formation and lead to mycobacteria-laden his-
tiocytes or macrophages, as seen with Fite or Ziehl–Neelsen stains [133].

Although Mycobacterium avium complex (MAC) can be found worldwide,
many NTM have a geographic predominance. M. kansasii is more commonly
isolated from patients living in the central/midwest states and southern/south-
western states as well as in southeast England and Wales [162, 165, 166].
M. xenopi is the second most common NTM isolated in Canada and the UK but is
rarely encountered in the USA. M. malmoense is more commonly seen in Scan-
dinavia. M. haemophilum has a wide geographic distribution including Europe,
Israel, Australia, Canada, United Kingdom, Africa, Fiji, and the USA. Pulmonary
disease with rapidly growing mycobacteria is more prevalent in the warm, humid
southern and Gulf coastal regions of the USA [167]. Other forms of rapid growing
mycobacterial disease, however, appear to be less geographically restricted.

Pulmonary disease is the most common manifestation of NTM infection, but
extrapulmonary and disseminated NTM disease is increasingly common in
immunosuppressed patients and those with underlying cancers. MAC is the most
common cause of pulmonary NTM disease in the USA [162] and is the most
common disseminated opportunistic bacterial infection in patients with advanced
HIV infection [168]. Fibronodular MAC pulmonary disease may appear similar to
pulmonary tuberculosis with upper lobe predominance, cavitary disease, and a
higher organism burden. Nodular bronchiectasis MAC disease tends to present
with scattered pulmonary nodular or micro-nodular infiltrates with underlying
bronchiectasis. In contrast to immunocompetent patients and those with underlying
chronic lung disease, pulmonary MAC disease is less frequently encountered in
patients with advanced HIV infection or other forms of significant immunosup-
pression. M. kansasii is the second most common NTM pulmonary pathogen in the
USA and a common pathogen encountered in patients with advanced HIV
infection and other immunosuppressive conditions [169]. The pulmonary disease
produced by M. kansasii can resemble tuberculosis with upper lobe disease and
cavitary lesions. M. kansasii disease often occurs in patients with hematologic and
solid organ cancers, occupational lung disease, and COPD [170–172]. Other sig-
nificant NTM pulmonary pathogens include M. abscessus, M. fortuitum, and less
commonly M. szulgai, M. simiae, M. xenopi, M. malmoense, and M. celatum. Lung
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infections with rapidly growing mycobacteria, including M. fortuitum complex and
M. abscessus complex, are more common with underlying gastrointestinal disor-
ders including GERD and repetitive vomiting.

The isolation of NTM from respiratory specimens without significant clinical or
radiologic findings of disease may represent a more indolent infection and not
require treatment [164]. The diagnosis NTM pulmonary disease is based on a
collective assessment of clinical patient symptoms with radiologic and microbi-
ologic information. Guidelines for the diagnosis of pulmonary NTM disease have
been published [162]. Hematologic and solid organ cancers are not common risk
factors for the development of NTM pulmonary disease, but the immunomodu-
latory effects of some cancers and chemotherapy regimens can significantly aug-
ment and accelerate disease progression in patients already infected. Multifocal or
diffuse pulmonary NTM disease in patients with cancer and immunosuppression
may reflect disseminated disease, especially in the presence of unexplained ade-
nopathy, organomegaly, or cytopenias. Hypersensitivity pneumonitis is another
form of pulmonary NTM disease that can occur in select patients from exposure to
aerosolized droplets of MAC, especially from indoor hot tubs [173, 174]. Cases
have also been identified after exposure from swimming pool water and showers.

Disseminated NTM disease is best described in patients with advanced HIV
infection, but has also been associated with hematologic malignancies (including
acute leukemias, CML, and hairy cell leukemia) and hematopoietic stem cell
transplantation [175–177]. Mycobacteria may be identified in blood cultures, bone
marrow, lymph nodes, liver, spleen, and other organ tissues. MAC, M. kansasii,
M. xenopi, M. fortuitum complex, M. chelonae, and M. abscessus complex are the
most frequent NTM identified in patients with disseminated disease. Disseminated
MAC may result from either previous enteric or respiratory tract infection [178].
Hepatosplenomegaly, diffuse adenopathy, chronic diarrhea, anemia, and leuko-
penia are common with disseminated disease. Specialized mycobacterial blood
cultures provide a good diagnostic measure for disseminated MAC and have a
sensitivity above 90 % in HIV-infected patients [179].

Central venous catheter-related infections are the most common NTM disease
in hematopoietic stem cell transplant recipients [134]. The rapidly growing
mycobacteria (M. fortuitum complex, M. abscessus complex, M. chelonae) are
more frequently associated with catheter infections, although M. haemophilum and
M. mucogenicum have occasionally been encountered. Infected venous catheters
with mycobacteria should be promptly removed [180].

NTM lymphadenitis may indicate disseminated NTM disease when multiple
lymph nodes are involved or localized infection when isolated in the head and
neck region of immunocompetent individuals. FNA or excision biopsy is typically
used to make the diagnosis and to exclude other infectious causes as well as
lymphoma and some soft tissue tumors. Localized MAC and M. scrofulaceum
infection of the preauricular, submandibular, and cervical lymph notes are com-
mon in children. MAC represents over 90 % of mycobacteria causes for pediatric
cervical lymphadenitis [181, 182]. Cervical and perihilar lymphadenitis from
M. haemophilum infection can also develop in immunocompetent children.
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Skin and soft tissue NTM disease is well reported in patients with hematologic
malignancies [183, 184], although less than 20 % of NTM infections identified in
hematopoietic stem cell recipients present with cutaneous disease [134]. The rap-
idly growing mycobacteria, including M. fortuitum complex, M. chelonae, and
M. abscessus complex, are especially common in cutaneous and soft tissue infec-
tions. Localized infections can develop after surgery or penetrating trauma, whereas
multifocal and disseminated lesions are more frequent in immunosuppressed
patients. M. fortuitum complex tends to be more closely associated with recent
penetrating trauma or surgery, whereas M. chelonae and M. abscessus complex
occur more commonly in patients with more immunomodulatory conditions [184].
Cutaneous M. marinum infection can develop in both immunocompetent and
immunosuppressed patients and may present as skin nodules, commonly in the line
of lymphatic drainage. This ascending appearance of infection closely resembles
that of sporotrichosis and cutaneous nocardiosis. Single or multiple cutaneous
lesions, monoarticular or oligoarticular septic arthritis, and osteomyelitis have been
frequently reported with M. haemophilum [185, 186].

In vitro drug susceptibility testing for NTM species is problematic. There are
little data with NTM correlating in vitro antimicrobial susceptibility results and
clinical outcomes. Exceptions that correlate susceptibility data with clinical out-
comes include clarithromycin for MAC treatment [187–189] and rifampin for
M. kansasii treatment. Antimicrobial susceptibility testing for MAC should only
routinely be performed for clarithromycin. Amikacin susceptibility testing should
also be considered when used in combination therapy [195]. Clarithromycin testing
results are predictive of susceptibility to azithromycin, and specific testing for
azithromycin activity is more difficult to perform. For M. kansasii, susceptibility
testing should be performed for rifampin, with additional testing performed for other
drugs only if rifampin is resistant in vitro (MIC[1 mcg/mL) [162, 190]. M. kansasii
may be reported as resistant to isoniazid at MIC 0.2–1.0 mcg/mL but clinically
remain susceptible at higher concentrations (e.g., MIC B5 mcg/mL) [190]. Despite
the lack of clear data, antimicrobial susceptibility testing is still recommended for
certain NTM species including the rapidly growing mycobacteria [167]. Cipro-
floxacin susceptibility testing correlates with susceptibilities to levofloxacin and
ofloxacin, but may not predict nor correlate with susceptibilities to moxifloxacin.

6.2.1 Select NTM Species and Treatment Options
MAC is composed of two related species, M. avium and M. intracellulare. These
species generally are considered together as there is no therapeutic or prognostic
value in distinguishing between them. The three most common infections caused
by MAC include pulmonary disease, lymphadenitis, and disseminated disease.
Pulmonary disease is more readily identified in immunocompetent patients,
whereas disseminated disease is more commonly seen in advanced HIV infection
and other immunosuppressed patients.

The newer macrolides (clarithromycin and azithromycin) remain the corner-
stone of MAC treatment. Combination therapy with a newer macrolide is
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recommended as monotherapy can lead to the development of drug resistance
[189]. Ethambutol is another active drug, and coadministration with clarithro-
mycin has shown to decrease the emergence of macrolide-resistant MAC [191].
Current recommendations for the treatment of pulmonary MAC disease include
clarithromycin or azithromycin plus ethambutol and a rifamycin [162]. Daily or
intermittent therapy with amikacin or streptomycin can be added for severe disease
or in patients with macrolide resistance. Oral fluoroquinolone, especially moxi-
floxacin, can also be considered for macrolide-resistant MAC.

M. kansasii is one of the most virulent NTMs and a common human pathogen.
Tap water is a primary reservoir for M. kansasii. M. kansasii can appear as a long,
banded, or beaded bacillus when stained with Ziehl–Neelsen or Kinyoun stains.
The isolation of M. kansasii from any site should generally not be disregarded as a
contaminant or colonizer; M. kansasii usually has a pathogenic role when isolated
in culture [165]. In addition to pulmonary disease, M. kansasii occasionally can
cause lymphadenitis, granulomatous skin lesions, and osteomyelitis. Rifampin is
the cornerstone of M. kansasii treatment and usually given in combination therapy
with isoniazid and ethambutol. Other active drugs include clarithromycin, newer
fluoroquinolones, amikacin, streptomycin, and sulfamethoxazole.

The rapidly growing mycobacteria are defined by their faster growth in solid
media with mature mycobacterial colonies developing on solid agar within 7 days,
compared to other mycobacteria. In addition to M. fortuitum complex, M. chelonae,
and M. abscessus complex, other occasionally encountered rapidly growing myco-
bacteria include the M. smegmatis group (including M. smegmatis, M. wolinsky, and
M. goodii) and M. immunogenicum. As with other NTM, the rapidly growing
mycobacteria group is ubiquitous in the environment and flourishes in warm humid
environments such as hot tubs, spas, and hot water pipes. Although this group typ-
ically stains positive with the Ziehl–Neelsen stain or Kinyoun method, these
organisms can be weakly acid-fast or even occasionally appear negative on acid-fast
staining. Clinical disease with rapidly growing mycobacteria usually is more pro-
nounced in patients with immunosuppressive conditions; however, these organisms
produce significant disease in immunocompetent patients as well. Infections more
commonly seen with rapidly growing mycobacteria include skin and soft tissue
infections, intravenous catheter, and other foreign-body-associated infections, laser
in site keratomileusis (LASIK) surgery, and pulmonary disease [167].

The treatment of rapidly growing mycobacteria depends upon the species of
bacteria. M. fortuitum complex is typically susceptible to more antibiotics than
other rapid growers and may include the tetracyclines and sulfamethoxazole.
M. chelonae is resistant to cefoxitin and usually susceptible to tobramycin. The
newer macrolides, moxifloxacin, linezolid, imipenem, and tigecycline often
remain active. M. abscessus sensu stricto is commonly multidrug resistant
(including relative resistance to tobramycin) although may be susceptible to
cefoxitin and amikacin. Although the newer macrolides are often active against the
rapid growing mycobacteria, M. fortuitum complex and M. abscessus sensu stricto
both contain an erythromycin methylase gene (erm), which can produce inducible
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resistance to the macrolides (including clarithromycin and azithromycin). Thus,
macrolide monotherapy is not recommended.

M. marinum is closely associated with exposures to fish tanks, swimming pools,
and other water reservoirs. It typically causes a granulomatous cutaneous disease
and tenosynovitis. Infection is acquired through skin inoculation or exposure with
preferential growth in the cooler areas of the body (commonly the extremities).
Antimicrobials that are usually active against M. marinum include clarithromycin
(or azithromycin), TMP-SMX, minocycline, doxycycline, moxifloxacin, rifampin,
and ethambutol. For most cases of cutaneous disease, combination therapy with two
active drugs can be used. Clarithromycin and ethambutol have been commonly
used with the addition of rifampin in cases of more severe disease [162]. Teno-
synovitis and joint disease may require surgical debridement. Transplant recipients
and other immunosuppressed patients should wear gloves to clean fish tanks [134].

M. haemophilum infections occur in two general groups: the severely immu-
nocompromised patients (e.g., lymphoma, solid organ and hematopoietic stem cell
transplant recipients, and HIV/AIDS patients) and immunocompetent children
[185]. M. haemophilum infection is more severe in immunosuppressed patients and
includes cutaneous lesions, lymphadenitis, septic arthritis, osteomyelitis, and dis-
seminated disease [185, 186]. Disseminated disease in the lung, blood, and lymph
nodes may occur. M. haemophilum requires hemin- or iron-supplemented culture
media and low temperatures for growth. Amikacin, clarithromycin, the fluoro-
quinolones, and the rifamycins may be active, but treatment should be guided by
antimicrobial susceptible data.
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Fungal Infections in Cancer Patients

Michael Angarone

Abstract

Invasive fungal infections (IFI) have become a leading cause of morbidity and
mortality in cancer patients. Infections with these organisms are often difficult
to diagnose and treat. Appropriate and timely diagnosis requires a high index of
suspicion and invasive procedures, including biopsy, to confirm the diagnosis.
Treatment may be difficult, secondary to variable susceptibility and difficulty
with exact and specific characterization of the fungal pathogen. The pathogens
that are seen range from yeasts to invasive molds. Fortunately newer,
noninvasive diagnostic techniques are available to aid in the diagnosis and
treatments have become better tolerated and more efficacious.
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Invasive fungal infections (IFI) are recognized as a leading cause of morbidity and
mortality in cancer patients. The highest risk has been seen in those individuals
undergoing hematopoietic stem cell transplantation (HSCT); however, these
infections are now recognized as significant sequelae in patients with cancer
receiving chemotherapy alone. Infections with these organisms are often difficult
to diagnose and require a high index of suspicion and invasive procedures with
tissue biopsy are often needed to confirm the diagnosis. Treatment of these
infections continues to be a challenge as many of these organisms have variable
susceptibility to the available antifungal agents, and treatment is often empiric as
the causative agent is being identified. This empiric treatment often requires
multiple agents or agents with a higher side effect profile, placing the patient at
risk for drug-induced complications. In response to these limitations, newer
diagnostic protocols, noninvasive testing, and broader spectrum antifungals have
been developed to aid in the diagnosis and management of these infections [1].

Three major classes of fungi cause infection: yeasts, molds, and dimorphic
fungi. The yeasts, which include Candida spp., Cryptococcus spp., and Tricho-
sporon spp., lack true hyphae, and infection is related to invasion through com-
promised host defenses. The molds, which include Aspergillus spp., Fusarium
spp., and the agents of mucormycosis, are transmitted via inhalation of conidial
(spore) forms, and these organisms have true hyphae. The dimorphic fungi,
Blastomycosis, Histoplasma, and Coccidioides, have both yeast and hyphal forms
and are generally restricted to specific geographic areas. The majority of fungal
infections in cancer patients are caused by Candida and Aspergillus. Over the past
two to three decades, there has been an increasing trend and recognition of non-
candidal infections, especially those caused by non-Aspergillus molds. See
Table 1 for a brief description of the various fungal pathogens, typical diseases
they cause, and treatments of choice.

This chapter will focus on a general overview of fungal infections. It will offer a
review of the epidemiology and risk factors for fungal infections as well as a
description of the commonly encountered fungal pathogens and the infections that
they cause. A review of the available antifungal agents will also be described.
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Table 1 Typical fungal pathogens, type of infection, and treatment of choice

Pathogen Type of infection Treatment of choice

Candida spp.

• C. albicans
• C. krusei
• C. tropicalis
• C. glabrata
• C. parapsilosis
• C. lusitaniae

Mucocutaneous
Blood infections
Endocarditis
Disseminated (Hepatosplenic)
Ocular

Azoles
• C. krusei and C. glabrata azole
resistant
Echinocandins
• C. parapsilosis resistant to
echinocandins
Polyenes
• C. lusitaniae resistant to
polyenes

Tricosporon spp.

• T. asahii
• T. asteroides
• T. cutaneum
• T. inkin
• T. mucoides
• T. ovoides
• Geotrichum capitatum

Cutaneous
Pneumonia

Fluconazole

Pneumocystis jirovecii

Pneumonia TMP–SMX
Pentamidine
Primaquine ? clindamycin
Atovaquone

Cryptococcus spp.

• C. neoformans
• C. gattii

Pneumonia
Cutaneous
CNS (meningoencephalitis)

AMB-D/L-AMB ? 5-FC
*Disseminated and CNS disease
Fluconazole

Aspergillus spp.

• A. fumigatus
• A. terreus
• A. flavus
• A. niger

Pneumonia
Sinusitis
Cerebral

Voriconazole
Polyenes

Mucormycosis

• Mucor spp.
• Rhizopus spp.
• Rhizomucor spp.
• Cunninghamella spp.
• Absidia spp.
• Basidiobolus spp.
• Conidiobolus spp.

Sino-orbital
Rhinocerebral
Pneumonia

L-AMB
AMB-D
Posaconazole

(continued)
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Table 1 (continued)

Pathogen Type of infection Treatment of choice

Fusarium spp.

• F. solami
• F. oxysporum

Sino-pulmonary
Skin and soft tissue
Fungemia

Voriconazole
Posaconazole

Scedosporium spp.

• S. apiospermum
(Pseudallescheria boydii
asexual state)
• S. prolificans

Mycetoma
Fungemia
Disseminated infection (brain
abscess, muscle)

Voriconazole
*Optimal therapy unknown
*Typically resistant to most
antifungal agents

Paecilomyces spp.

• P. variotti
• P. lilacinus

Pneumonia
Cutaneous

Voriconazole
Posaconazole

Phaeohyphomycoses (dematiaceous/black molds)

• Cladophialophora spp.
• Wangiella spp.
• Ramichloridium spp.
• Chaetomium spp.
• Alternaria spp.
• Curvularia spp.

Sinusitis
CNS infection (brain abscess)

Voriconazole
Surgical debridement
*Optimal therapy unknown

Histoplasma capsulatum

Pneumonia
Lymphadenitis
Disseminated (CNS, bone
marrow, skin)

AMB-D, L-AMB
Itraconazole

Blastomyces dermatitidis

Pneumonia
Cutaneous
Bone and joint

AMB-D, L-AMB
Itraconazole

Coccidioides immitis

Pneumonia
Pleuritis
Cutaneous
Meningitis
Brain abscess

AMB-D, L-AMB
Fluconazole

AMB-D amphotericin B deoxycholate; 5-FC 5-flucytosine; L-AMB lipid amphotericin B; TMP–
SMX trimethoprim–sulfamethoxazole
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1 Epidemiology

The epidemiology of IFI in cancer patients is continually changing. In the 1980s,
Candida species played a significant role in infection in cancer patients, and
candidiasis was more prevalent than infections caused by molds. With the intro-
duction of azole antifungals, a shift in fungal pathogens was seen. The azoles
offered increased tolerability, compared with polyene antifungals, and their
widespread use as prophylaxis led to a decrease in the incidence of candidal
infections [2]. Along with this decrease, there has been an increase in infections
caused non-Candida albicans yeast, Aspergillus, and other molds over the last two
decades.

A major consequence of azole use has been a shift in the Candida species
causing infection, with a shift to azole-resistant species such as Candida krusei and
C. glabrata. These azole-resistant species now account for more than half of
candidal isolates identified [3–5]. Newer antifungal agents, such as the echino-
candins, have a broader spectrum of activity and are useful in treating azole-
resistant candidal isolates. As the use of these agents has increased, there has also
been a rise in the incidence of echinocandin-resistant organisms such as C. par-
apsilosis [6]. It remains unclear if this shift is secondary to the pressures of the
antifungal agents or other host and treatment factors.

The true incidence of IFIs is difficult to assess as much of the data have come
from single centers or regional retrospective studies, with most studies having an
incidence ranging from 5 to 30 % in patients with cancer. Over the past two
decades, there has been a shift in the causative agents of IFI, with an increase in
infections by molds such as Aspergillus spp., Fusarium spp., and the agents of
mucormycosis [7–9]. Autopsy studies from the MD Anderson Cancer Center have
evaluated the prevalence of IFI from 1989 to 2003. Over the study period, the
overall rate of IFI remained stable at approximately 30 %. The major finding was a
rise in the prevalence of invasive mold infections, from 60 to 76 %, and a cor-
responding decrease in candidal infections, from 40 to 26 %. Major increases were
seen in infections caused by Aspergillus spp. and endemic fungi and in mucor-
mycosis [8, 10].

Retrospective case series have identified similar trends in the epidemiology of
IFI in cancer patients. Auberger et al. reviewed the incidence and outcomes of IFI
in a single Austrian center between 1995 and 2004. During the study period, IFIs
occurred in 167 of 1,095 (15 %) patients. A significant increase in the incidence of
IFI was seen over time, 12.7 % (1995–2000) to 18.1 % (2001–2004). The vast
majority of cases were attributed to invasive mold infections (87 %), with
Aspergillus spp. predominating. Overall mortality from IFI was 35 %, with a
significant reduction in mortality between the periods studied, 44 % (1995–2000)
versus 28 % (2001–2004) [11]. Similar results have been reported by Hahn-Ast
et al. who compared the incidence of IFI from 1995 to 2006 in a German cancer
center. In this series, the incidence of IFI was 8.8 %, with an increase in the
incidence over time, 7.1 % (1995–2001) to 10.9 % (2001–2006). Most of IFIs
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(approximately 63 %) occurred in individuals with acute mylogenous leukemia
(AML). The overall mortality from these infections was 41 %; however, there was
a decrease in the mortality seen over the two time periods, 56.9 versus 28.6 %.
Better survival was observed in those with controlled cancer, age \60 years,
infection during 2002–2006 and the use of novel antifungal agents (echinocandin
and/or voriconazole) [12]. In an Italian multicenter review, Pagano et al. found that
a majority of IFIs were secondary to molds, especially Aspergillus spp., and the
incidence was greatest in individuals with AML. Mortality from these infections
was high, especially for mucormycosis (mortality rate of *64 %) [13].

There are limited data available on the epidemiology of IFI in pediatric cancer
patients. Children with acute leukemia are at the highest risk of IFI, with incidence
rates varying between 4.9 and 29 % [14–18]. Neutropenia, diagnosis of acute
leukemia, corticosteroid use, and antifungal prophylaxis are associated with the
development of IFI in pediatric cancer patients [16–18]. As seen in the adult
population, there is a declining incidence of candidal infections with an increase in
aspergillosis [14, 16, 17]. Other studies in the pediatric population have confirmed
similar rates of fungal infections in children, with a majority of cases occurring in
the setting of acute leukemia and with Candida spp. and Aspergillus spp. the
leading causative organisms [14, 16].

2 Risk Factors

Fungal organisms are ubiquitous in the environment, and humans are constantly
exposed to fungal spores via the respiratory tract and on skin and mucosal sur-
faces. Anatomic barriers and an intact immune system are highly efficient at
containing these fungal elements in the immune competent host. Systemic fungal
infections occur as a result of breaks in the normal host defenses such as those seen
in patients with cancer. The first line of defense against these organisms is the
anatomic barrier provided by structures such as skin and mucous membranes.
These surfaces prevent the entry of microorganisms from entering the body and
produce enzymes and other antimicrobial secretions that lead to the removal of
fungal organisms. These barriers are compromised in cancer patients through
invasive procedures such as indwelling central venous catheters and mucosal
damage, resulting from chemotherapy. Compromise of these structures allows for
the penetration of fungal organisms into the tissues and accesses the bloodstream
[19]. The next line of defense against fungal infection is an intact immune system.
The complement cascade, phagocytosis, and cell-mediated immunity all play a
critical role in controlling and protecting against IFI. Many of the components of
the immune system become compromised in patients with cancer secondary to the
malignancy itself, chemotherapy, radiation therapy, and the use of immunosup-
pressive agents [20, 21]. This breakdown of immune defenses increases the sus-
ceptibility of cancer patients to fungal infections.
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The major risk factors for IFI in cancer patients are the underlying malignancy,
neutropenia, older age, and degree of immunosuppression. Other factors that con-
tribute to the development of IFI are the state of the underlying malignancy,
indwelling venous catheters, broad spectrum anti-bacterial therapy, renal insuffi-
ciency, intensive care unit admission, total parenteral nutrition, prior IFI, mucosal
colonization with Candida spp., and innate immune defects [20]. To assess the risk of
IFI, Prentice et al. developed a risk stratification that categorizes patients into low-,
intermediate-, and high-risk groups. Those individuals at the highest risk of infection
have prolonged and severe neutropenia, use of high doses of corticosteroids, treat-
ment with high-dose cytarabine, AML, and colonization with Candida spp. [22]. This
stratification tool has been validated and may help to provide more effective anti-
fungal prophylaxis and early detection and treatment of IFI in cancer patients [23].

The two most significant risk factors for IFI are the underlying malignancy
diagnosis and neutropenia. The risk of IFI is greater for individuals with hema-
tologic malignancy, compared with those of solid tumors, and is greatest among
those with acute leukemia (AML and acute lymphocytic leukemia, ALL) [20, 24].
Patients with acute leukemia are also at risk of developing these infections early,
even before chemotherapy or during induction chemotherapy. A review of inva-
sive filamentous fungal infections in cancer patients found that 7 % of infections
occurred prior to initiation of chemotherapy, mostly in patients with acute leu-
kemia and myelodysplastic syndrome [24]. The study also found that nearly half of
the infections occurred during the first-induction chemotherapy [24]. The reason
for the high rate of early infection is unclear, but it has been suggested that the
bone marrow aplasia as a result of the leukemia may play a role [18].

Neutropenia is the most important risk factor for the development of IFI.
Almost all patients undergoing chemotherapy will develop neutropenia during the
course of therapy; however, the degree and duration of neutropenia varies. Indi-
viduals with solid tumors typically have short-lived neutropenia (usually less than
7 days), and IFI is an infrequent complication [19]. The degree of neutropenia is
an important risk factor, and those with an absolute neutrophil count of
\0.1 9 109 cells/lL have the highest risk of infection [22]. Prolonged neutropenia
greater than 10 days confers a much higher risk of IFI than shorter durations of
neutropenia [24–26]. It is estimated that there is a 1 % risk of developing an IFI for
each day a patient is neutropenic. This risk increases to[4 % per day if the patient
remains neutropenic for more than 24 days [25]. Furthermore, short intervals
between neutropenic episodes (\14 days) increase the risk of IFI [26].

Many of the chemotherapies used to treat malignancy have also been associated
with increased risk of IFI. Studies have demonstrated an increased risk of IFI
with the use of high doses of corticosteroids and fludarabine-based regimens
[20, 27–29]. Use of monoclonal antibodies has also demonstrated an increase risk
of infection, especially with fungi. Alemtuzumab, a humanized anti-CD52 anti-
body, leads to the depletion of CD4 and CD8 T-cells. This depletion increases the
risk of severe infection, especially with Candida spp., Aspergillus spp., and
Pneumocystis jirovecii [30, 31].
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Genetic immune defects in host recognition and response to fungal organisms
may also play a role in the risk of infection. The mannose-binding lectin (MBL)
and toll-like receptors (TLR) play a critical role in immune recognition of fungal
organisms, and defects in these proteins have been linked to increased risk of
fungal infection [32]. MBL is a secreted pattern-recognition receptor of the innate
immune system. These proteins bind to conserved carbohydrates found on many
microorganisms and promote the initiation of the compliment cascade and
phagocytosis [32]. Mutations in the mbl2 gene led to a non-functional protein that
has been linked to an increased risk of fever and serious infection, including fungal
infections [33–36]. MBL binds to the mannan-rich outer wall of Aspergillus
leading to the clearance of the organisms, and MBL-deficient mice are much more
susceptible to infection with Aspergillus [36]. In immunocompromised humans,
MBL deficiency has been significantly linked to the development of invasive
Aspergillus infection [32]. The TLR is a transmembrane protein that detects
specific ‘‘microbe-associated molecular patterns,’’ and binding of these receptors
leads to cytokine release and immune activation [37]. TLR2 and TLR4 are major
components of the initial immune response to fungal pathogens, and defects in
these receptors lead to decreased neutrophil recruitment and reduced cytokine
production [37, 38]. In humans, genetic polymorphisms within the TLR4 gene
have been associated with an increased risk of cavitary aspergillosis [39]. Defects
in dectin-1, tumor necrosis factor (TNF), and interleukin-10 (IL10) have also been
linked with increased risk of fungal infections [40–44].

The environment, geographic location, and hospital exposure can all play a role
in acquisition of fungal pathogens. Fungal spores are ubiquitous in the environ-
ment, and humans are constantly exposed to these organisms. Climate can have a
profound impact on the burden of fungal spores in the environment, with higher
rates of infection seen in warm, dry climates compared with more temperate
climates [45, 46]. For example, Aspergillus spore counts have been shown to
increase during warm and dry months in Seattle, Washington; Coccidioides pro-
liferate during periods of high precipitation, and spread of infection has been
linked to the warm and dry months in Arizona [46–48]. Nosocomial spread of
infection has been linked with fireproofing material, carpets, hospital water supply
(especially showers), and food products such as tea, pepper, fruit, and freeze-dried
soups [49–56]. Hospital air has also been found to contain fungal spores, espe-
cially during building construction, and the use of HEPA filtration in hospital can
dramatically reduce the spore load of air [50, 56].

3 Diagnosis of IFI

The diagnosis of fungal infections remains a challenge. Infections with these
organisms can present in a myriad of ways, including persistent fever, sepsis,
fungemia, and organ invasive disease. Isolation and identification of the causative
fungus often require invasive procedures, and many of the molds are difficult to
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cultivate in the laboratory. The primary step in identification of an IFI is having a
high index of suspicion based on the clinical signs of illness. An aggressive search
should be made to identify a causative fungus. This may require cultures per-
formed on tissue specimens, histopathology of these specimens, the use of fungal
antigen assays, and molecular tests to identify fungal specific DNA.

The European Organization for Research and Treatment of Cancer/Invasive
Fungal Infections Cooperative Group and the National Institute of Allergy and
Infectious Diseases Mycoses Study Group (EORTC/MSG) have developed defi-
nitions to classify IFI and aid in the diagnosis of IFI [1]. This classification system
assigns levels of probability to the diagnosis of an IFI in individuals with cancer or
recipients of an HSCT. The classification system is divided into ‘‘proven,’’
‘‘probable,’’ or ‘‘possible’’ IFI based on the patients’ underlying condition and
clinical factors combined with histopathologic, microbiologic, and radiographic
data. ‘‘Proven’’ infection is based on the identification of fungal elements with
tissue destruction on biopsy specimens and microbiologic identification of a
fungus from a normally sterile site, such as blood, cerebrospinal fluid (CSF), or
biopsy specimen. ‘‘Probable’’ infection requires the presence of a host factor (e.g.,
neutropenia and prolonged use of corticosteroids), a clinical criterion (e.g.,
symptoms of sinus infection and radiographic findings concerning for a nodular
pneumonia), and a mycological criterion (e.g., growth of a mold on culture,
positive antigen-detection assay). ‘‘Possible’’ infection is defined as the presence
of host and clinical factors in the absence of mycological data. The primary use of
this system has been in the development of clinical trials for the treatment of
fungal infection and validation of diagnostic assays; however, their implementa-
tion into clinical practice has not identified a difference in clinical outcomes
between the categories [20]. Given the difficulty in making a ‘‘proven’’ diagnosis,
individuals with a ‘‘probable/possible’’ diagnosis should be treated as aggressive as
those with ‘‘proven’’ infection while continuing to confirm the diagnosis.

The gold standard for the diagnosis of fungal infection is the histopathologic
identification of fungal elements on biopsy specimens and the growth of fungal
organisms in culture from blood or other clinical specimens; however, there are
limitations to obtaining these specimens. Often patients are not suitable to undergo
invasive procedures due to their illness or high risk of complication. Also the
sensitivity of fungal culture is limited and may be as low as 35 %, especially for
Aspergillus spp. and other molds [57]. Currently, there are multiple non-culture-
based assays available that can help to aid in the diagnosis of fungal infections and
can be performed on serum or urine specimens. These assays include serologic
assays and fungal antigen-detection assays. Serology can be helpful in the diag-
nosis of infections with coccidioidomycosis and paracoccidioidomycosis [1, 58].
Antigen detection has also been useful in the diagnosis of infections caused by
cryptococcosis, histoplasmosis, and blastomycosis [59, 60].

Two antigen assays are currently available for the diagnosis of candidiasis and
aspergillosis, the (1?3)-B-D-glucan and the galactomannan assays. The (1?3)-B-
D-glucan is a cell wall component present in many fungi, limiting the specificity of
the assay. The assay identifies (1?3)-B-D-glucan in serum, and the presence of
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the antigen can aid in early treatment for fungal infection. The sensitivity to the
(1?3)-B-D-glucan is variable, with a range of 61–88 % sensitivity for the diag-
nosis of aspergillosis [61–63] and 71–97 % for candidiasis [61, 64–67]. Another
major issue with the (1?3)-B-D-glucan is the lack of specificity among fungal
organisms and the high rate of false positive results in patients on hemodialysis and
those with bacteremia [60]. The galactomannan assay offers increased specificity
for the diagnosis of aspergillosis. This assay detects specific components of the
Aspergillus cell wall and for some patients, detection of galactomannan in the
serum may precede clinical signs and symptoms of infection [60, 68]. The sen-
sitivity of the galactomannan assay on serum specimens is variable, between 49
and 89 %, with a lower sensitivity seen in those individuals receiving mold active
agents as either prophylaxis or treatment [61, 69]. The assay has also been tested
on respiratory specimens to increase the sensitivity and diagnostic yield of the
assay. Performance of the assay on bronchoalveolar lavage (BAL) specimens has
demonstrated an increased sensitivity when compared with serum galactomannan
results. Maertens et al. evaluated the performance of BAL galactomannan com-
pared with culture and microscopy of BAL fluid. A greater sensitivity was found
on the BAL galactomannan (91 %) compared with that of culture and microscopy
(50 and 53 %, respectively) [70]. The galactomannan assay can also be followed
serially, usually twice per week, to help provide early diagnosis of IFI [71]. These
assays may allow for earlier diagnosis and earlier treatment for individuals sus-
pected of having a fungal infection, especially Aspergillus infection.

Polymerase chain reaction (PCR) is a diagnostic technique with the potential to
offer an accurate and definitive diagnosis via noninvasive testing. PCR assays
demonstrate high specificity, ranging from 92 to 100 % depending on the gene that
is amplified [63, 72–74]. White et al. evaluated the utility of monitoring twice
weekly the blood PCR assay specific to Aspergillus. The negative predictive value
for this approach was[99 %, and serial positive results were predictive of proven
or probable infection [74]. It has been suggested to combine PCR testing with
galactomannan testing; however, the accuracy and practicality of this approach
have not been evaluated. The major drawback to PCR assays for the diagnosis of
aspergillosis is that they lack standardization, are prone to contamination, and have
not been shown to be superior to the galactomannan assay [60]. At this time, PCR
assays remain experimental; perhaps with the development of a commercial or
standardized assay, this testing method may develop more widespread use and
acceptance.

4 Selected Fungal Organisms

4.1 Candidal Infections

Candidal species are part of the normal microbiota of the skin, airways, genito-
urinary tract, and the gastrointestinal tract. Individuals with malignancies are
predisposed to invasion with these organisms secondary to neutropenia, mucositis,
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broad spectrum antibacterial therapy, total parenteral nutrition, and invasive
central venous catheters [75]. Prior to the use of anti-fungal prophylaxis Candida
spp. represented 20 % of all blood stream isolates and were the fourth leading
cause of death from nosocomial sepsis [76, 77]. Incidence rates for candidal
infections have remained stable in recent years despite increased use of antifungal
prophylaxis [6]. Candida albicans is the most frequently isolated species; how-
ever, there has been a shift to azole-resistant non-C. albicans yeast, especially
C. krusei and C. glabrata [4, 78]. A recent single center review identified a greater
than 50 % reduction in the number of infections caused by C. albicans and
a 2–3 fold increase in infections caused by C. krusei and C. glabrata. In patients
with hematologic malignancies, 86 % of candidal isolates were non-C. albicans
species, and the major risk factor for infection with these organisms was the use of
fluconazole prophylaxis and neutropenia [79].

Candidal infections range from mucosal infection, such as thrush and esopha-
gitis, to bloodstream and multi-organ-disseminated infection. Breakdown of skin
and mucosal barriers allows for the invasion into the blood stream and eventual
dissemination of the organisms. The most common source for invasion is the
gastrointestinal and genitourinary tracts; however, isolation of C. parapsilosis
usually indicates contamination of a central venous device. Candidemia is asso-
ciated with significant morbidity and mortality, with mortality rates ranging from
30 to 75 % [6, 79, 80]. The major factors associated with mortality are hemato-
logic malignancy, neutropenia, and infection with C. glabrata [6, 79–81]. Dis-
seminated (hepatosplenic) candidiasis typically arises as a complication of
candidemia and is the result of seeding of candidal organisms in various organs,
especially the liver and spleen. Often, the only symptom present is persistent
fevers. As neutropenia resolves, lesions within the affected organ(s) may become
apparent on imaging and with the development of organ dysfunction. Dissemi-
nated candidiasis has been reported in about 6 % of individuals with acute leu-
kemia, and remission of the leukemia is associated with recovery from the
candidal infection [82].

Mucocutaneous candidiasis can be treated with topical agents, such as nystatin
for thrush or clotrimazole for vulvovaginal infection, or with systemic triazoles
such as fluconazole for esophagitis [83]. All patients with suspected or docu-
mented candidemia require systemic antifungal therapy. The current recommen-
dation for treatment of neutropenic patients with candidemia is to initiate an
echinocandin and tailor therapy once the organism has been identified. Typically,
C. albicans and C. tropicalis are susceptible to the triazoles, such as fluconazole
and voriconazole. C. glabrata and C. krusei tend to be resistant to the triazoles;
therefore, it is recommended that an echinocandin can be used for treatment.
C. parapsilosis has in vitro resistance to the echinocandins, and treatment with an
azole or polyene (amphotericin B product) is recommended [83]. In addition to
antifungal therapy, indwelling catheters should be removed. In non-neutropenic
individuals, catheter removal has been associated with earlier sterilization of the
blood, which may decrease the likelihood of dissemination. In neutropenic indi-
viduals, catheter removal may be problematic since removal of the central line

Fungal Infections in Cancer Patients 139



may lead to access problems. Additionally, there is a lack of association between
early catheter removal and improved survival [84, 85]. However, catheter removal
should be undertaken in all patients with persistent candidemia or with worsening
infection while on appropriate antifungal therapy, and in all other individuals with
candidemia, central venous catheter removal is strongly recommended [83].

4.2 Trichosporonosis

Trichosporonosis is an uncommon infection usually seen in immunocompromised
hosts, especially those with hematologic malignancies. The major causes of
trichosporonosis are the Trichosporon spp. (T. asahii, T. asteroides, T. cutaneum,
T. inkin, T. mucoides, T. ovoides) and Geothrichum capitatum [86]. These yeasts
are part of the normal skin, gastrointestinal, and pulmonary microbiota and have
also been identified in multiple environmental sources [86, 87]. Portal of entry for
these organisms is via breaks in mechanical barriers such as skin or mucosa.
Fungemia and pneumonia are the primary infections seen with these yeasts.
A large Italian review identified 52 cases of trichosporonosis over a 20-year
period, with 33 % secondary to Trichosporon spp. and 67 % secondary to G. ca-
pitatum. Fungemia was the most frequent manifestation of infection, and mortality
was high (57 % for G. capitatum, 65 % Trichosporon spp.) [87]. Pulmonary
infection resembles classic mycetoma with round lung lesions and a halo sign on
imaging [88]. Respiratory tract infection with these fungi is difficult to diagnose
since these organisms may colonize the airways.

The azoles, such as fluconazole, are the treatment of choice for these infections
based on in vitro susceptibility testing. Despite in vitro susceptibility data,
recurrent or breakthrough infections are common [86, 89, 90]. Mortality rates are
high, ranging between 55 and 65 % [86, 87]. Factors associated with favorable
outcomes are neutrophil recovery, lack of hyperglycemia, and azole therapy [86].

4.3 Pneumocystis jiroveci Infection

Pneumocystis jiroveci was initially classified as a protozoan; however, it is now
considered a fungus based on gene sequencing and analysis of cell wall constit-
uents. There are multiple species of Pneumocystis, each with its own genetic
distinctiveness and host specificities. Based on this species uniqueness, the human
pathogen has been renamed P. jiroveci, formerly known as P. carinii. Infection
with Pneumocystis relies on defective T-cell immunity. This T-cell defect is most
commonly seen in individuals with T-cell depletion such as those with acquired
immunodeficiency syndrome (AIDS) and is less common in patients with malig-
nancy. The highest risk appears to be individuals with lymphoproliferative con-
ditions [91, 92]. In a series of 55 cases of P. jiroveci pneumonia (PJP) over a
10-year period, patients with non-Hodgkin’s lymphoma and lymphoid leukemia
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had the highest risk of infection [93]. Infection is also seen in patients with solid
tumors, especially those treated with long-term steroids [91, 94]. A more recent
risk factor for the development of PJP is the use of lymphocyte-depleting anti-
bodies, such as rituximab [95, 96]. It is estimated that 11–14 % of individuals
treated with rituximab develop PJP [95, 96]. P. jiroveci has a unique tropism for
the lung where it resides as an alveolar pathogen, rarely causing disseminated
disease. Infection typically presents with the slow onset of dyspnea, cough, and
fevers. Examination may reveal tachycardia, crackles, and hypoxia.

Unlike other fungal infections, antifungal agents have little to no effect in the
treatment of PJP. The treatment of choice is trimethoprim–sulfamethoxazole
(TMP/SMX). Acute therapeutic alternatives are intravenous pentamidine, pri-
maquine combined with clindamycin, or atovaquone. Given the high risk of
infection with P. jiroveci in patients treated with steroids or rituximab, primary
prophylaxis should be considered. As with treatment, TMP/SMX is the preferred
agent for prophylaxis and is administered daily or thrice per week. Alternatives are
monthly inhaled pentamidine, daily oral atovaquone, or dapsone.

4.4 Cryptococcosis

Infection with Cryptococcus results in a wide spectrum of illness, ranging from
asymptomatic disease to life-threatening meningoencephalitis [97]. Cryptococcus
is ubiquitous environmental yeast, with the C. neoformans species complex
causing most human infection. Cryptococcosis is an infrequent complication in
patients with malignancy, and underlying hematologic malignancy accounts for
the majority of cases [98]. The major risk factors for cryptococcosis are steroid
use, chemotherapy with fludarabine, and lymphopenia [98]. Pulmonary infection
occurs in [60 % of cases with patients presenting with nonspecific symptoms,
such as fever (37 %), dyspnea (37 %), cough (37 %), chest pain (16 %), and
ARDS (11 %). Asymptomatic disease is seen in more than 30 % of cases pul-
monary cryptococcosis [98]. Only 10 % of cryptococcal infections involve the
central nervous system (CNS) in patients with malignancy, much less frequent
when compared with other patient populations. The signs and symptoms of CNS
infection are similar to other patient populations and include altered mental status,
headaches, and fevers [98] (see Chapter Central Nervous System Infectionsin
Cancer Patients and Hematopoietic Stem Cell Transplant Recipients).

4.5 Aspergillosis

Infection with Aspergillus is the most common invasive mold infection encoun-
tered in individuals with malignancy. There are more than 200 species of Asper-
gillus, but only a few cause disease in humans, namely Aspergillus fumigatus,
A. terreus, A. flavus, and A. niger [8].
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Infection may occur in the lung, sinuses, skin, mucosal surfaces, eye, and CNS.
The most common sites of acquisition are the lungs and sinuses. Clinical mani-
festations of invasive pulmonary aspergillosis (IPA) may be varied and range from
cough and fever to hemoptysis and respiratory failure. The most frequent mani-
festations of disease in neutropenic individuals are fever, cough, and dyspnea [99].
The earliest indications of IPA are radiographic findings, especially with com-
puterized tomography (CT) scanning of the lung. CT scan of the lung may identify
micronodules, macronodules, diffuse interstitial infiltrates, the ‘‘halo sign’’ or the
‘‘air-crescent sign’’ [100, 101]. These findings can allow for early recognition of
IPA, and appropriate testing can be obtained to make an early diagnosis.

Cerebral aspergillosis is a rare condition with an incidence of approximately
7 % but a mortality rate greater than 90 % [13, 102]. The clinical presentation is
nonspecific with fevers, altered mental status, focal neurologic deficits, and sei-
zures [103, 104]. These nonspecific findings can be found in other infectious and
non-infectious conditions of the CNS. Diagnosis of CNS aspergillosis relies on
neuroimaging. The typical findings associated with aspergillosis on CT or mag-
netic resonance (MR) imaging are multiple, complex ring-enhancing lesions
within the brain parenchyma [105, 106]. Those with sinus disease may have dural
enhancement adjacent to the involved sinuses [105, 106]. Evaluation of the
cerebral spinal fluid (CSF) is of limited use, and culture positivity is rare. How-
ever, in a small series of patients, levels of galactomannan in CSF were signifi-
cantly higher in patients with CNS aspergillosis versus controls [107]. This assay
may provide a means to establish an early diagnosis and allow for early directed
therapy against CNS aspergillosis.

Sinus infection with Aspergillus is most often symptomatic with facial swelling,
periorbital swelling, and sinus drainage that is bloody or black [108]. It is often
difficult to distinguish sinus infection with Aspergillus from other causes,
including bacteria and other molds. Diagnosis is most often made by sinus
endoscopy. Endoscopic findings include crusting of the nasal mucosa, nasal
ulceration, and necrotic, or dusky nasal mucosa [109]. Therapy involves a com-
bination of surgical debridement and anti-fungal medications (either voriconazole
of amphotericin B-based therapy) [108].

Evaluation of biopsy specimens reveals tissue invasion of the fungus, with
invasion into blood vessels. The fungus appears as 45� angle branching, septated
hyphae; this is not a unique feature of Aspergillus and may be seen with other
invasive molds such as Fusarium and the agents of mucormycosis. Given the
similarity of the various molds on pathologic specimens, culture is required to
make a definitive diagnosis. Aspergillus can be grown easily on routine fungal
culture media, and large white or black colonies are seen on the media plates
[110]. Microscopically, the mold consists of hyphal stalks and a conidial head.
Newer PCR techniques can be performed directly on tissue specimens, but iden-
tification may only be to the genus level and susceptibility information cannot be
obtained.
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4.6 Mucormycosis

Over the last few decades, there has been a steady increase in cases of mucor-
mycosis with a stable mortality rate between 40 and 50 % [111]. The increase in
these infections may be related to newer chemotherapies, increased longevity of
individuals with malignancy, and increased awareness of this infection in this
population [111]. Infections with the Zygomycetes class of fungi belong to two
orders, Mucorales and Entomophthorales. Multiple genera within these two orders
can lead to infection, but the most frequently encountered genera are Rhizopus,
Mucor, and Rhizomucor [111]. These molds are ubiquitous in the soil and
decaying organic material. Infection occurs through inhalation of fungal spores in
a susceptible host; however, infection can also occur via direct cutaneous inocu-
lation or ingestion of contaminated foods [112]. Infection in patients with
malignancy is uncommon, and the vast majority of infections occur in individuals
with hematologic malignancies, especially those with acute leukemias [13]. The
major sites of infection are the lung and sinuses, with infection of the skin, throat,
and gastrointestinal tract seen less frequently. The major findings with respiratory
tract infection are fever, cough, thoracic pain, and dyspnea. Patients with sinus
infection may develop orbital cellulitis, paresis of the extraocular muscles, or
proptosis. These molds can result in vascular invasion and destruction of bone that
may lead to direct invasion of the brain in sinus infections [13, 111].

Diagnosis is often based on the combination of clinical signs and symptoms
along with radiographic imaging. Infection results in vascular invasion with
resultant vascular occlusion and infarction and necrosis of infected tissue.
Radiographic imaging may identify hemorrhage, abscess or consolidation of
inflammation within the lungs [113]. Rhinocerebral or sino-orbital infection may
demonstrate inflammation of the sinuses with destruction of boney structures and
direct invasion into the orbit or brain [113]. Biopsy specimens will identify the
characteristic right angle branching, pseudoseptate, and ribbon-like hyphae [114].
Fungal cultures can help to identify the genera and species of the mold; however,
they are positive in less than 50 % of cases [111].

Treatment of mucormycosis involves surgical debridement, reduction or cor-
rection of immunosuppression, and antifungal medications. Surgical resection of
necrotic, infected tissue can help to enhance antifungal activity and decrease the
fungal burden [112]. Antifungal therapy is limited to the polyenes and posaconazole.
The polyenes remain the initial treatment of choice (amphotericin B deoxycholate,
liposomal amphotericin B, and lipid complex amphotericin B). The lipid formula-
tions of amphotericin (AmB-L) offer the advantage of higher doses of amphotericin
and a decrease in nephrotoxicty [111, 115]. Retrospective data demonstrate response
rates of 52–69 % and improved survival with AmB-L compared with amphotericin
B deoxycholate [115]. A newer extended spectrum azole, posaconazole, has in vitro
and in vivo activity against Mucorales. Posaconazole has been evaluated as salvage
therapy for treatment of mucormycosis [116, 117]. In 91 patients treated with po-
saconazole as salvage therapy for mucormycosis, successful treatment was seen in
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60 % of patients at 12 weeks, complete response was seen in 14 %, and partial or
clinical response was seen in 46 % of patients [117]. The major disadvantage to
posaconazole is that it is only available as an oral formulation and requires a high fat
meal to enhance absorption, making it difficult to administer to all patients. Other
therapies have been investigated for the treatment of mucormycosis such as colony
stimulating factor, interferon therapy, iron chelation, and combination antifungal
therapy, all with varying results, and are not recommended for use at this time [118].
Currently, it is recommended that therapy begin with a polyene and any surgical
debridement, if possible, followed by a change to posaconazole once a response to
therapy has been identified [118].

4.7 Other Mold Infections (Fusarium, Alternaria,
Phaeohyphomycosis, Endemic Fungi)

Over the past few decades, there has been an increase in infections with exotic,
environmental molds. The genera most commonly identified are Fusarium spp.,
Scedosporium spp., and the dematiaceous molds. These molds are ubiquitous in
the environment and have been identified in water, soil, and on vegetation
worldwide, and it is believed that acquisition of these infections primarily occurs
outside the hospital [112, 119]. A variety of infections, from cutaneous infection to
disseminated disease with fungemia, may be caused by these molds. Fusarium spp.
is a common mold of plants and decaying matter. A majority of reported infections
with these molds have occurred in patients with hematologic malignancy and
neutropenia [120]. The major syndrome related to Fusarium is disseminated dis-
ease with fungemia and multiple organ involvement; however, this mold may also
cause skin, sinus, and pulmonary infection [120–122]. Most patients are treated
with a combination of antifungals, and, despite therapy, mortality rates are[50 %,
especially for patients with fungemia and disseminated disease [120]. The two
major Scedosporium spp., Scedosporium apiospermum and S. prolificans, are
found worldwide and are the major causative agents of mycetoma (S. apiosper-
mum) and localized bone infection (S. prolificans) [123]. Infection typically
involves the lungs with dissemination of the mold to secondary sites of infection
including muscle, brain, and fungemia [124–126]. Resistance to the polyenes and
echinocandins occurs in both species of Scedosporium, and the most active agent
in vitro is voriconazole; however, mortality rates remain very high for this
infection [126, 127]. Phaeohypohomycosis results from infection with the pig-
mented molds. These infections remain extremely rare in patients with malig-
nancy, but can lead to brain abscess, pneumonia, and fungemia [128].

Histoplasma, Blastomyces, and Coccidioides all can cause endemic mycoses.
These fungi are dimorphic and have a yeast phase seen at human body tempera-
tures and a mold phase seen on culture or in the environment. These infections are
rare in patients with malignancy and are often restricted to the geographic location
of the fungus. Disease results from newly acquired infection related to
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environmental exposure or reactivation of latent infection. Most individuals will
develop pneumonia from these molds, but cutaneous, CNS, and disseminated
disease can occur [129–131]. The key to diagnosis is early recognition of a
potential endemic mycoses and identification of the yeast forms on histopathologic
specimens and early institution of therapy [131].

5 Antifungal Therapy

Multiple antifungal agents are currently available with diverse mechanisms of
action, spectrum of activity, and tolerability. The major classes of antifungals are
the polyenes, echinocandins, and the azoles. Table 2 lists the common antifungal
agents, their route of administration, spectrum of activity, and common adverse
effects. Specific treatment varies based on the fungal pathogen, the site of infec-
tion, drug tolerability, and toxicity profile of the chosen agent.

5.1 Polyenes

The polyenes, amphotericin B deoxycholate, and the lipid-associated amphotericin
preparations bind to ergosterol in the fungal cell membrane. This binding leads to
the formation of ion channels in the cell membrane and the physical disruption of
the membrane. The polyenes have a broad spectrum of activity and are reactive
against most fungi. The greatest limitation to the use of amphotericin B deoxy-
cholate is nephrotoxicity, which can lead to renal failure and the need for dialysis
[132, 133]. The lipid formulations of amphotericin B have the advantage of less
nephrotoxicity and allow for infusion of higher doses of amphotericin.

5.2 Echinocandins

The echinocandins (caspofungin, micafungin, anidulafungin) are lipopeptides that
inhibit the synthesis of 1,3-b-glucan, a polysaccharide involved in strengthening
the cell wall. The inhibition results in changes in the osmotic integrity of the
fungal cell leading to cell destruction. Activity of these agents is restricted to those
fungi that possess the 1,3-b-glucan in their cell membrane; in particular Candida
spp. and Aspergillus spp. The utility of the echinocandins has been demonstrated
in the treatment of candidal infections, refractory invasive aspergillosis, and as
empiric therapy for neutropenic fever [134–137]. These agents have also dem-
onstrated efficacy in the treatment of refractory aspergillosis when combined with
voriconazole [138, 139]. Major adverse effects of the echinocandins include ele-
vations in liver aminotransferases (especially caspofungin), gastrointestinal upset,
and headaches. Serum levels of the echinocandins may be increased by cyclo-
sporine, and conversely they may increase the serum levels of tacrolimus [140].
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Table 2 Antifungal agents

Antifungal
agent

Route Dose Toxicity Spectrum of activity

Polyenes

Amphotericin
B

IV 0.5–1.0 mg/kg Nephrotoxicity
Hypokalemia
Hemolysis
Infusion related

Broad spectrum of
activity:
Candida
Aspergillus
Mucormycosis
Blastomyces
Coccidioides
Histoplasma
Cryptococcus

ABCD IV 2.5–5 mg/kg As above,
Less
nephrotoxicity

ABLC IV 2.5–7.5 mg/kg

L-AMB IV 2.5–10 mg/kg

Echinocandins

Caspofungin IV 70 mg load then,
50 mg

Hepatic Candida spp.
Aspergillus spp.

Micafungin IV 50–100 mg Hepatic
GI upset
Phlebitis
Headache

Anidulafungin IV 100 mg load then, 50 mg GI upset
Hepatic

Azoles

Fluconazole PO/IV 200–1,200 mg Hepatic Candida
Coccidioides
Cryptococcus

Itraconazole PO/IV 100–400 mg Hepatic
Hypokalemia
Edema
Cardiac
Poor absorption

Candida
Aspergillus
Blastomyces
Histoplasma

Voriconazole PO/IV 6 mg/kg load then 4 mg/
kg BID

Hepatic
Neurologic
Vision changes

Candida
Aspergillus
Fusarium
Scedosporium

Posaconazole PO 200–300 mg TID
100–200 mg BID

Hepatic
Poor absorption

Candida
Aspergillus
Coccidioides
Mucormycosis
Fusarium
Scedosporium
Cryptococcus

ABCD amphotericin B colloidal complex; ABLC amphotericin B lipid complex; BID twice daily;
IV, intravenous; L-AMB liposomal amphotericin B; PO per mouth; TID thrice a day
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5.3 Azoles

The azoles constitute a group of antifungals with a similar mechanism of action,
but varying spectrum of activity. The azoles inhibit the production of ergosterol
biosynthesis by inhibiting lanosterol 14-a demethylase, which results in an altered
fungal cell membrane. Currently, there are four widely used azole antifungal
compounds used in patients with malignancy, fluconazole, itraconazole, vorico-
nazole, and posaconazole. Fluconazole is a narrow spectrum azole that is primarily
used to treat candidal infections. This agent has good tolerability and is available
in an oral and intravenous formulation. Itraconazole is a broader spectrum azole
with activity against Candida spp., Aspergillus spp., and the endemic fungi. There
are both oral and intravenous formulations; however, the capsular formulation of
this agent has erratic GI absorption and may lead to GI upset.

Newer azoles such as voriconazole and posaconazole offer broader spectrum of
activity and better tolerability. Voriconazole is structurally similar to fluconazole;
but has a spectrum of activity that includes Aspergillus. Based on available data,
voriconazole is considered the drug of choice for the treatment of proven or
suspected invasive aspergillosis [141, 142]. Individual variability of voriconazole
metabolism may lead to altered serum drug concentrations. This variability may
lead to sub-therapeutic levels or toxic levels of the agent that can lead to decreased
efficacy or increased toxicity [143]. The major toxicities of voriconazole are visual
disturbances, hepatotoxicity, and renal toxicity (intravenous formulation only).
The newest azole available in the United States, posaconazole, has been shown to
have enhanced activity against a wide variety of fungi, including the Mucorales
[144–146]. Clinical data have demonstrated the efficacy of posaconazole as sal-
vage therapy for aspergillosis, mucormycosis, fusariosis, and coccidioidomycosis
[116, 117, 147–150].

6 Discussion

IFI are a growing cause of morbidity and mortality in cancer patients. Studies from
single, large cancer centers have identified the growing burden of these infections.
Strategies to enhance the diagnosis along with the growing armamentarium to treat
these infections offer promise at improved survival from these infections. With the
use of these newer, broad spectrum agents, the emergence of rare and more
resistant fungal pathogens cannot be overlooked.

Fungal Infections in Cancer Patients 147



References

1. De Pauw B, Walsh TJ, Donnelly JP et al (2008) Revised definitions of invasive fungal
disease from the European organization for research and treatment of cancer/invasive fungal
infections cooperative group and the national institute of allergy and infectious diseases
mycoses study group (EORTC/MSG) consensus group. Clin Infect Dis 46:1813–1821

2. Marr KA (2010) Fungal infections in oncology patients: update on epidemiology,
prevention, and treatment. Curr Opin Oncol 22:138–142

3. Horn DL, Neofytos D, Anaissie EJ et al (2009) Epidemiology and outcomes of candidemia
in 2019 patients: data from the prospective antifungal therapy alliance registry. Clin Infect
Dis 48:1695–1703

4. Pagano L, Antinori A, Ammassari A et al (1999) Retrospective study of candidemia in
patients with hematological malignancies. Clinical features, risk factors and outcome of 76
episodes. Eur J Haematol 63:77–85

5. Pfaller MA, Castanheira M, Messer SA, Moet GJ, Jones RN (2010) Variation in Candida
spp. distribution and antifungal resistance rates among bloodstream infection isolates by
patient age: report from the SENTRY antimicrobial surveillance program (2008–2009).
Diagn Microbiol Infect Dis 68:278–283

6. Sipsas NV, Lewis RE, Tarrand J et al (2009) Candidemia in patients with hematologic
malignancies in the era of new antifungal agents (2001–2007): stable incidence but
changing epidemiology of a still frequently lethal infection. Cancer 115:4745–4752

7. Husain S, Alexander BD, Munoz P et al (2003) Opportunistic mycelial fungal infections in
organ transplant recipients: emerging importance of non-Aspergillus mycelial fungi. Clin
Infect Dis 37:221–229

8. Leventakos K, Lewis RE, Kontoyiannis DP (2010) Fungal infections in leukemia patients:
how do we prevent and treat them? Clin Infect Dis 50:405–415

9. Marr KA, Carter RA, Crippa F, Wald A, Corey L (2002) Epidemiology and outcome of
mould infections in hematopoietic stem cell transplant recipients. Clin Infect Dis
34:909–917

10. Chamilos G, Marom EM, Lewis RE, Lionakis MS, Kontoyiannis DP (2005) Predictors of
pulmonary zygomycosis versus invasive pulmonary aspergillosis in patients with cancer.
Clin Infect Dis 41:60–66

11. Auberger J, Lass-Florl C, Ulmer H et al (2008) Significant alterations in the epidemiology
and treatment outcome of invasive fungal infections in patients with hematological
malignancies. Int J Hematol 88:508–515

12. Hahn-Ast C, Glasmacher A, Muckter S et al (2010) Overall survival and fungal infection-
related mortality in patients with invasive fungal infection and neutropenia after
myelosuppressive chemotherapy in a tertiary care centre from 1995 to 2006.
J Antimicrob Chemother 65:761–768

13. Pagano L, Caira M, Candoni A et al (2006) The epidemiology of fungal infections in
patients with hematologic malignancies: the SEIFEM-2004 study. Haematologica
91:1068–1075

14. Athanassiadou F, Tragiannidis A, Kourti M, Papageorgiou T, Velegraki A, Drevelengas A
(2006) Invasive fungal infections in children with hematological malignancies: a 5-year
study. Pediatr Hematol Oncol 23:163–166

15. Gozdasoglu S, Ertem M, Buyukkececi Z et al (1999) Fungal colonization and infection in
children with acute leukemia and lymphoma during induction therapy. Med Pediatr Oncol
32:344–348

16. Kaya Z, Gursel T, Kocak U, Aral YZ, Kalkanci A, Albayrak M (2009) Invasive fungal
infections in pediatric leukemia patients receiving fluconazole prophylaxis. Pediatr Blood
Cancer 52:470–475

148 M. Angarone



17. Rosen GP, Nielsen K, Glenn S, Abelson J, Deville J, Moore TB (2005) Invasive fungal
infections in pediatric oncology patients: 11-year experience at a single institution. J Pediatr
Hematol Oncol 27:135–140

18. Wiley JM, Smith N, Leventhal BG et al (1990) Invasive fungal disease in pediatric acute
leukemia patients with fever and neutropenia during induction chemotherapy: a multivariate
analysis of risk factors. J Clin Oncol 8:280–286

19. Maertens J, Vrebos M, Boogaerts M (2001) Assessing risk factors for systemic fungal
infections. Eur J Cancer Care (Engl) 10:56–62

20. Bow EJ (2008) Considerations in the approach to invasive fungal infection in patients with
haematological malignancies. Br J Haematol 140:133–152

21. Guiot HF, Fibbe WE, van‘t Wout JW (1994) Risk factors for fungal infection in patients
with malignant hematologic disorders: implications for empirical therapy and prophylaxis.
Clin Infect Dis 18:525–532

22. Prentice HG, Kibbler CC, Prentice AG (2000) Towards a targeted, risk-based, antifungal
strategy in neutropenic patients. Br J Haematol 110:273–284

23. McLintock LA, Jordanides NE, Allan EK et al (2004) The use of a risk group stratification
in the management of invasive fungal infection: a prospective validation. Br J Haematol
124:403–404

24. Pagano L, Girmenia C, Mele L et al (2001) Infections caused by filamentous fungi in
patients with hematologic malignancies. A report of 391 cases by GIMEMA infection
program. Haematologica 86:862–870

25. Gerson SL, Talbot GH, Hurwitz S, Strom BL, Lusk EJ, Cassileth PA (1984) Prolonged
granulocytopenia: the major risk factor for invasive pulmonary aspergillosis in patients with
acute leukemia. Ann Intern Med 100:345–351

26. Muhlemann K, Wenger C, Zenhausern R, Tauber MG (2005) Risk factors for invasive
aspergillosis in neutropenic patients with hematologic malignancies. Leukemia 19:545–550

27. Baddley JW, Stroud TP, Salzman D, Pappas PG (2001) Invasive mold infections in
allogeneic bone marrow transplant recipients. Clin Infect Dis 32:1319–1324

28. Fukuda T, Boeckh M, Carter RA et al (2003) Risks and outcomes of invasive fungal
infections in recipients of allogeneic hematopoietic stem cell transplants after
nonmyeloablative conditioning. Blood 102:827–833

29. Malagola M, Peli A, Damiani D et al (2008) Incidence of bacterial and fungal infections in
newly diagnosed acute myeloid leukaemia patients younger than 65 yr treated with
induction regimens including fludarabine: retrospective analysis of 224 cases. Eur J
Haematol 81:354–363

30. Klastersky J (2006) Adverse effects of the humanized antibodies used as cancer
therapeutics. Curr Opin Oncol 18:316–320

31. Martin SI, Marty FM, Fiumara K, Treon SP, Gribben JG, Baden LR (2006) Infectious
complications associated with alemtuzumab use for lymphoproliferative disorders. Clin
Infect Dis 43:16–24

32. Lambourne J, Agranoff D, Herbrecht R et al (2009) Association of mannose-binding lectin
deficiency with acute invasive aspergillosis in immunocompromised patients. Clin Infect
Dis 49:1486–1491

33. Schlapbach LJ, Aebi C, Otth M et al (2007) Serum levels of mannose-binding lectin and the
risk of fever in neutropenia pediatric cancer patients. Pediatr Blood Cancer 49:11–16

34. Schlapbach LJ, Aebi C, Otth M, Leibundgut K, Hirt A, Ammann RA (2007) Deficiency of
mannose-binding lectin-associated serine protease-2 associated with increased risk of fever
and neutropenia in pediatric cancer patients. Pediatr Infect Dis J 26:989–994

35. Peterslund NA, Koch C, Jensenius JC, Thiel S (2001) Association between deficiency of
mannose-binding lectin and severe infections after chemotherapy. Lancet 358:637–638

36. Neth O, Hann I, Turner MW, Klein NJ (2001) Deficiency of mannose-binding lectin and
burden of infection in children with malignancy: a prospective study. Lancet 358:614–618

37. Romani L (2004) Immunity to fungal infections. Nat Rev Immunol 4:1–23

Fungal Infections in Cancer Patients 149



38. Meier A, Kirschning CJ, Nikolaus T, Wagner H, Heesemann J, Ebel F (2003) Toll-like
receptor (TLR) 2 and TLR4 are essential for Aspergillus-induced activation of murine
macrophages. Cell Microbiol 5:561–570

39. Carvalho A, Pasqualotto AC, Pitzurra L, Romani L, Denning DW, Rodrigues F (2008)
Polymorphisms in toll-like receptor genes and susceptibility to pulmonary aspergillosis.
J Infect Dis 197:618–621

40. Bochud PY, Chien JW, Marr KA et al (2008) Toll-like receptor 4 polymorphisms and
aspergillosis in stem-cell transplantation. N Engl J Med 359:1766–1777

41. Ferwerda B, Ferwerda G, Plantinga TS et al (2009) Human dectin-1 deficiency and
mucocutaneous fungal infections. N Engl J Med 361:1760–1767

42. Plantinga TS, van der Velden WJ, Ferwerda B et al (2009) Early stop polymorphism in
human DECTIN-1 is associated with increased candida colonization in hematopoietic stem
cell transplant recipients. Clin Infect Dis 49:724–732

43. Sainz J, Hassan L, Perez E et al (2007) Interleukin-10 promoter polymorphism as risk factor
to develop invasive pulmonary aspergillosis. Immunol Lett 109:76–82

44. Sainz J, Perez E, Hassan L et al (2007) Variable number of tandem repeats of TNF receptor
type 2 promoter as genetic biomarker of susceptibility to develop invasive pulmonary
aspergillosis. Hum Immunol 68:41–50

45. Maschmeyer G, Haas A, Cornely OA (2007) Invasive aspergillosis: epidemiology,
diagnosis and management in immunocompromised patients. Drugs 67:1567–1601

46. Panackal AA, Li H, Kontoyiannis DP et al (2010) Geoclimatic influences on invasive
aspergillosis after hematopoietic stem cell transplantation. Clin Infect Dis 50:1588–1597

47. Comrie AC (2005) Climate factors influencing coccidioidomycosis seasonality and
outbreaks. Environ Health Perspect 113:688–692

48. Park BJ, Sigel K, Vaz V et al (2005) An epidemic of coccidioidomycosis in Arizona
associated with climatic changes, 1998–2001. J Infect Dis 191:1981–1987

49. Aisner J, Schimpff SC, Bennett JE, Young VM, Wiernik PH (1976) Aspergillus infections
in cancer patients. Association with fireproofing materials in a new hospital. JAMA
235:411–412

50. Alberti C, Bouakline A, Ribaud P et al (2001) Relationship between environmental fungal
contamination and the incidence of invasive aspergillosis in haematology patients. J Hosp
Infect 48:198–206

51. Anaissie EJ, Stratton SL, Dignani MC et al (2002) Cleaning patient shower facilities: a
novel approach to reducing patient exposure to aerosolized Aspergillus species and other
opportunistic molds. Clin Infect Dis 35:E86–E88

52. Anaissie EJ, Stratton SL, Dignani MC et al (2002) Pathogenic Aspergillus species recovered
from a hospital water system: a 3-year prospective study. Clin Infect Dis 34:780–789

53. Bouakline A, Lacroix C, Roux N, Gangneux JP, Derouin F (2000) Fungal contamination of
food in hematology units. J Clin Microbiol 38:4272–4273

54. Hansen D, Blahout B, Benner D, Popp W (2008) Environmental sampling of particulate
matter and fungal spores during demolition of a building on a hospital area. J Hosp Infect
70:259–264

55. Oren I, Haddad N, Finkelstein R, Rowe JM (2001) Invasive pulmonary aspergillosis in
neutropenic patients during hospital construction: before and after chemoprophylaxis and
institution of HEPA filters. Am J Hematol 66:257–262

56. Walsh TJ, Hiemenz J, Pizzo PA (1994) Evolving risk factors for invasive fungal infections–
all neutropenic patients are not the same. Clin Infect Dis 18:793–798

57. Levine SJ (1992) An approach to the diagnosis of pulmonary infections in
immunosuppressed patients. Semin Respir Infect 7:81–95

58. Pappagianis D (2001) Serologic studies in coccidioidomycosis. Semin Respir Infect
16:242–250

59. Goodman JS, Kaufman L, Koenig MG (1971) Diagnosis of cryptococcal meningitis. Value
of immunologic detection of cryptococcal antigen. N Engl J Med 285:434–436

150 M. Angarone



60. Wheat LJ (2006) Antigen detection, serology, and molecular diagnosis of invasive mycoses
in the immunocompromised host. Transpl Infect Dis 8:128–139

61. Hachem RY, Kontoyiannis DP, Chemaly RF, Jiang Y, Reitzel R, Raad I (2009) Utility of
galactomannan enzyme immunoassay and (1,3) beta-D-glucan in diagnosis of invasive
fungal infections: low sensitivity for Aspergillus fumigatus infection in hematologic
malignancy patients. J Clin Microbiol 47:129–133

62. Horiguchi Y (2004) The performance of (1, 3)-beta-D-glucan and Aspergillus galactomannan
measurement for early diagnosis of invasive aspergillosis in patients with hematological
diseases. Kansenshogaku Zasshi 78:566–573

63. Kawazu M, Kanda Y, Nannya Y et al (2004) Prospective comparison of the diagnostic
potential of real-time PCR, double-sandwich enzyme-linked immunosorbent assay for
galactomannan, and a (1?3)-beta-D-glucan test in weekly screening for invasive
aspergillosis in patients with hematological disorders. J Clin Microbiol 42:2733–2741

64. Digby J, Kalbfleisch J, Glenn A, Larsen A, Browder W, Williams D (2003) Serum glucan
levels are not specific for presence of fungal infections in intensive care unit patients. Clin
Diagn Lab Immunol 10:882–885

65. Odabasi Z, Mattiuzzi G, Estey E et al (2004) Beta-D-glucan as a diagnostic adjunct for
invasive fungal infections: validation, cutoff development, and performance in patients with
acute myelogenous leukemia and myelodysplastic syndrome. Clin Infect Dis 39:199–205

66. Ostrosky-Zeichner L, Alexander BD, Kett DH et al (2005) Multicenter clinical evaluation of
the (1?3) beta-D-glucan assay as an aid to diagnosis of fungal infections in humans. Clin
Infect Dis 41:654–659

67. Pickering JW, Sant HW, Bowles CA, Roberts WL, Woods GL (2005) Evaluation of a
(1?3)-beta-D-glucan assay for diagnosis of invasive fungal infections. J Clin Microbiol
43:5957–5962

68. Swanink CM, Meis JF, Rijs AJ, Donnelly JP, Verweij PE (1997) Specificity of a sandwich
enzyme-linked immunosorbent assay for detecting Aspergillus galactomannan. J Clin
Microbiol 35:257–260

69. Marr KA, Laverdiere M, Gugel A, Leisenring W (2005) Antifungal therapy decreases
sensitivity of the Aspergillus galactomannan enzyme immunoassay. Clin Infect Dis
40:1762–1769

70. Maertens J, Maertens V, Theunissen K et al (2009) Bronchoalveolar lavage fluid
galactomannan for the diagnosis of invasive pulmonary aspergillosis in patients with
hematologic diseases. Clin Infect Dis 49:1688–1693

71. Maertens J, Verhaegen J, Lagrou K, Van Eldere J, Boogaerts M (2001) Screening for
circulating galactomannan as a noninvasive diagnostic tool for invasive aspergillosis in
prolonged neutropenic patients and stem cell transplantation recipients: a prospective
validation. Blood 97:1604–1610

72. Loeffler J, Hebart H, Brauchle U, Schumacher U, Einsele H (2000) Comparison between
plasma and whole blood specimens for detection of Aspergillus DNA by PCR. J Clin
Microbiol 38:3830–3833

73. Pham AS, Tarrand JJ, May GS, Lee MS, Kontoyiannis DP, Han XY (2003) Diagnosis of
invasive mold infection by real-time quantitative PCR. Am J Clin Pathol 119:38–44

74. White PL, Linton CJ, Perry MD, Johnson EM, Barnes RA (2006) The evolution and
evaluation of a whole blood polymerase chain reaction assay for the detection of invasive
aspergillosis in hematology patients in a routine clinical setting. Clin Infect Dis 42:479–486

75. Eggimann P, Garbino J, Pittet D (2003) Epidemiology of Candida species infections in
critically ill non-immunosuppressed patients. Lancet Infect Dis 3:685–702

76. Edmond MB, Wallace SE, McClish DK, Pfaller MA, Jones RN, Wenzel RP (1999)
Nosocomial bloodstream infections in United States hospitals: a three-year analysis. Clin
Infect Dis 29:239–244

77. Jarvis WR (1995) Epidemiology of nosocomial fungal infections, with emphasis on Candida
species. Clin Infect Dis 20:1526–1530

Fungal Infections in Cancer Patients 151



78. Nguyen MH, Peacock JE Jr, Morris AJ et al (1996) The changing face of candidemia:
emergence of non-Candida albicans species and antifungal resistance. Am J Med
100:617–623

79. Hachem R, Hanna H, Kontoyiannis D, Jiang Y, Raad I (2008) The changing epidemiology
of invasive candidiasis: Candida glabrata and Candida krusei as the leading causes of
candidemia in hematologic malignancy. Cancer 112:2493–2499

80. Viscoli C, Girmenia C, Marinus A et al (1999) Candidemia in cancer patients: a prospective,
multicenter surveillance study by the invasive fungal infection group (IFIG) of the European
organization for research and treatment of cancer (EORTC). Clin Infect Dis 28:1071–1079

81. Anaissie EJ, Kontoyiannis DP, O’Brien S et al (1998) Infections in patients with chronic
lymphocytic leukemia treated with fludarabine. Ann Intern Med 129:559–566

82. Anttila VJ, Elonen E, Nordling S, Sivonen A, Ruutu T, Ruutu P (1997) Hepatosplenic
candidiasis in patients with acute leukemia: incidence and prognostic implications. Clin
Infect Dis 24:375–380

83. Pappas PG, Kauffman CA, Andes D et al (2009) Clinical practice guidelines for the
management of candidiasis: 2009 update by the infectious diseases society of America. Clin
Infect Dis 48:503–535

84. Cole GT, Halawa AA, Anaissie EJ (1996) The role of the gastrointestinal tract in
hematogenous candidiasis: from the laboratory to the bedside. Clin Infect Dis 22(Suppl
2):S73–S88

85. Nucci M, Anaissie E, Betts RF et al (2010) Early removal of central venous catheter in
patients with candidemia does not improve outcome: analysis of 842 patients from 2
randomized clinical trials. Clin Infect Dis 51:295–303

86. Suzuki K, Nakase K, Kyo T et al (2010) Fatal Trichosporon fungemia in patients with
hematologic malignancies. Eur J Haematol 84:441–447

87. Girmenia C, Pagano L, Martino B et al (2005) Invasive infections caused by Trichosporon
species and Geotrichum capitatum in patients with hematological malignancies: a
retrospective multicenter study from Italy and review of the literature. J Clin Microbiol
43:1818–1828

88. Martino P, Girmenia C, Venditti M et al (1990) Spontaneous pneumothorax complicating
pulmonary mycetoma in patients with acute leukemia. Rev Infect Dis 12:611–617

89. Pagano L, Caira M, Fianchi L (2005) Pulmonary fungal infection with yeasts and
pneumocystis in patients with hematological malignancy. Ann Med 37:259–269

90. Matsue K, Uryu H, Koseki M, Asada N, Takeuchi M (2006) Breakthrough trichosporonosis
in patients with hematologic malignancies receiving micafungin. Clin Infect Dis
42:753–757

91. Bollee G, Sarfati C, Thiery G et al (2007) Clinical picture of Pneumocystis jiroveci
pneumonia in cancer patients. Chest 132:1305–1310

92. Sepkowitz KA, Brown AE, Telzak EE, Gottlieb S, Armstrong D (1992) Pneumocystis
carinii pneumonia among patients without AIDS at a cancer hospital. JAMA 267:832–837

93. Pagano L, Fianchi L, Mele L et al (2002) Pneumocystis carinii pneumonia in patients with
malignant haematological diseases: 10 years’ experience of infection in GIMEMA centres.
Br J Haematol 117:379–386

94. Roblot F, Godet C, Le Moal G et al (2002) Analysis of underlying diseases and prognosis
factors associated with Pneumocystis carinii pneumonia in immunocompromised HIV-
negative patients. Eur J Clin Microbiol Infect Dis 21:523–531

95. Ennishi D, Terui Y, Yokoyama M et al (2008) Increased incidence of interstitial pneumonia
by CHOP combined with rituximab. Int J Hematol 87:393–397

96. Kamel S, O’Connor S, Lee N, Filshie R, Nandurkar H, Tam CS (2010) High incidence of
Pneumocystis jirovecii pneumonia in patients receiving biweekly rituximab and
cyclophosphamide, adriamycin, vincristine, and prednisone. Leuk Lymphoma 51:797–801

97. Mitchell TG, Perfect JR (1995) Cryptococcosis in the era of AIDS–100 years after the
discovery of Cryptococcus neoformans. Clin Microbiol Rev 8:515–548

152 M. Angarone



98. Kontoyiannis DP, Peitsch WK, Reddy BT et al (2001) Cryptococcosis in patients with
cancer. Clin Infect Dis 32:E145–E150

99. Park SY, Kim SH, Choi SH et al (2010) Clinical and radiological features of invasive
pulmonary aspergillosis in transplant recipients and neutropenic patients. Transpl Infect Dis
12:309–315

100. Caillot D, Casasnovas O, Bernard A et al (1997) Improved management of invasive
pulmonary aspergillosis in neutropenic patients using early thoracic computed tomographic
scan and surgery. J Clin Oncol 15:139–147

101. Caillot D, Couaillier JF, Bernard A et al (2001) Increasing volume and changing
characteristics of invasive pulmonary aspergillosis on sequential thoracic computed
tomography scans in patients with neutropenia. J Clin Oncol 19:253–259

102. Patterson TF, Kirkpatrick WR, White M et al (2000) Invasive aspergillosis. Disease
spectrum, treatment practices, and outcomes. I3 Aspergillus study group. Medicine
(Baltimore) 79:250–260

103. Boes B, Bashir R, Boes C, Hahn F, McConnell JR, McComb R (1994) Central nervous
system aspergillosis. Analysis of 26 patients. J Neuroimaging 4:123–129

104. Walsh TJ, Hier DB, Caplan LR (1985) Aspergillosis of the central nervous system:
clinicopathological analysis of 17 patients. Ann Neurol 18:574–582

105. Ashdown BC, Tien RD, Felsberg GJ (1994) Aspergillosis of the brain and paranasal sinuses
in immunocompromised patients: CT and MR imaging findings. AJR Am J Roentgenol
162:155–159

106. Yamada K, Shrier DA, Rubio A et al (2002) Imaging findings in intracranial aspergillosis.
Acad Radiol 9:163–171

107. Viscoli C, Machetti M, Gazzola P et al (2002) Aspergillus galactomannan antigen in the
cerebrospinal fluid of bone marrow transplant recipients with probable cerebral
aspergillosis. J Clin Microbiol 40:1496–1499

108. Segal BH, Bow EJ, Menichetti F (2002) Fungal infections in nontransplant patients with
hematologic malignancies. Infect Dis Clin North Am 16(4):935–964

109. Talbot GH, Huang A, Provencher M (1991) Invasive aspergillus rhinosinusitis in patients
with acute leukemia. Rev Infect Dis 13:219–232

110. Wiederhold NP, Lewis RE, Kontoyiannis DP (2003) Invasive aspergillosis in patients with
hematologic malignancies. Pharmacotherapy 23:1592–1610

111. Roden MM, Zaoutis TE, Buchanan WL et al (2005) Epidemiology and outcome of
zygomycosis: a review of 929 reported cases. Clin Infect Dis 41:634–653

112. Malani AN, Kauffman CA (2007) Changing epidemiology of rare mould infections:
implications for therapy. Drugs 67:1803–1812

113. Horger M, Hebart H, Schimmel H et al (2006) Disseminated mucormycosis in
haematological patients: CT and MRI findings with pathological correlation. Br J Radiol
79:e88–e95

114. Kara IO, Tasova Y, Uguz A, Sahin B (2009) Mucormycosis-associated fungal infections in
patients with haematologic malignancies. Int J Clin Pract 63:134–139

115. Perfect JR (2005) Treatment of non-Aspergillus moulds in immunocompromised patients,
with amphotericin B lipid complex. Clin Infect Dis 40(Suppl 6):S401–S408

116. Greenberg RN, Mullane K, van Burik JA et al (2006) Posaconazole as salvage therapy for
zygomycosis. Antimicrob Agents Chemother 50:126–133

117. van Burik JA, Hare RS, Solomon HF, Corrado ML, Kontoyiannis DP (2006) Posaconazole
is effective as salvage therapy in zygomycosis: a retrospective summary of 91 cases. Clin
Infect Dis 42:e61–e65

118. Spellberg B, Walsh TJ, Kontoyiannis DP, Edwards J Jr, Ibrahim AS (2009) Recent advances
in the management of mucormycosis: from bench to bedside. Clin Infect Dis 48:1743–1751

119. Raad I, Tarrand J, Hanna H et al (2002) Epidemiology, molecular mycology, and
environmental sources of Fusarium infection in patients with cancer. Infect Control Hosp
Epidemiol 23:532–537

Fungal Infections in Cancer Patients 153



120. Campo M, Lewis RE, Kontoyiannis DP (2010) Invasive fusariosis in patients with
hematologic malignancies at a cancer center: 1998–2009. J Infect 60:331–337

121. Bodey GP, Boktour M, Mays S et al (2002) Skin lesions associated with Fusarium infection.
J Am Acad Dermatol 47:659–666

122. Jossi M, Ambrosioni J, Macedo-Vinas M, Garbino J (2010) Invasive fusariosis with
prolonged fungemia in a patient with acute lymphoblastic leukemia: case report and review
of the literature. Int J Infect Dis 14:e354–e356

123. Guarro J, Kantarcioglu AS, Horre R et al (2006) Scedosporium apiospermum: changing
clinical spectrum of a therapy-refractory opportunist. Med Mycol 44:295–327

124. Ochiai N, Shimazaki C, Uchida R et al (2003) Disseminated infection due to Scedosporium
apiospermum in a patient with acute myelogenous leukemia. Leuk Lymphoma 44:369–372

125. Simarro E, Marin F, Morales A, Sanz E, Perez J, Ruiz J (2001) Fungemia due to
Scedosporium prolificans: a description of two cases with fatal outcome. Clin Microbiol
Infect 7:645–647

126. Tintelnot K, Just-Nubling G, Horre R et al (2009) A review of German Scedosporium
prolificans cases from 1993 to 2007. Med Mycol 47:351–358

127. Gilgado F, Serena C, Cano J, Gene J, Guarro J (2006) Antifungal susceptibilities of the
species of the Pseudallescheria boydii complex. Antimicrob Agents Chemother
50:4211–4213

128. Ben-Ami R, Lasala PR, Lewis RE, Kontoyiannis DP (2010) Lack of galactomannan
reactivity in dematiaceous molds recovered from cancer patients with phaeohyphomycosis.
Diagn Microbiol Infect Dis 66:200–203

129. Adderson EE (2004) Histoplasmosis in a pediatric oncology center. J Pediatr 144:100–106
130. Ashbee HR, Evans EG, Viviani MA et al (2008) Histoplasmosis in Europe: report on an

epidemiological survey from the European confederation of medical mycology working
group. Med Mycol 46:57–65

131. Kauffman CA (2002) Endemic mycoses in patients with hematologic malignancies. Semin
Respir Infect 17:106–112

132. Bates DW, Su L, Yu DT et al (2001) Mortality and costs of acute renal failure associated
with amphotericin B therapy. Clin Infect Dis 32:686–693

133. Wingard JR, Kubilis P, Lee L et al (1999) Clinical significance of nephrotoxicity in patients
treated with amphotericin B for suspected or proven aspergillosis. Clin Infect Dis
29:1402–1407

134. Arathoon EG, Gotuzzo E, Noriega LM, Berman RS, DiNubile MJ, Sable CA (2002)
Randomized, double-blind, multicenter study of caspofungin versus amphotericin B for
treatment of oropharyngeal and esophageal candidiases. Antimicrob Agents Chemother
46:451–457

135. Kuse ER, Chetchotisakd P, da Cunha CA et al (2007) Micafungin versus liposomal
amphotericin B for candidaemia and invasive candidosis: a phase III randomised double-
blind trial. Lancet 369:1519–1527

136. Reboli AC, Rotstein C, Pappas PG et al (2007) Anidulafungin versus fluconazole for
invasive candidiasis. N Engl J Med 356:2472–2482

137. Walsh TJ, Teppler H, Donowitz GR et al (2004) Caspofungin versus liposomal
amphotericin B for empirical antifungal therapy in patients with persistent fever and
neutropenia. N Engl J Med 351:1391–1402

138. Marr KA, Boeckh M, Carter RA, Kim HW, Corey L (2004) Combination antifungal therapy
for invasive aspergillosis. Clin Infect Dis 39:797–802

139. Singh N, Limaye AP, Forrest G et al (2006) Combination of voriconazole and caspofungin
as primary therapy for invasive aspergillosis in solid organ transplant recipients: a
prospective, multicenter, observational study. Transplantation 81:320–326

140. Walsh TJ, Anaissie EJ, Denning DW et al (2008) Treatment of aspergillosis: clinical
practice guidelines of the infectious diseases society of America. Clin Infect Dis
46:327–360

154 M. Angarone



141. Herbrecht R, Denning DW, Patterson TF et al (2002) Voriconazole versus amphotericin B
for primary therapy of invasive aspergillosis. N Engl J Med 347:408–415

142. Walsh TJ, Pappas P, Winston DJ et al (2002) Voriconazole compared with liposomal
amphotericin B for empirical antifungal therapy in patients with neutropenia and persistent
fever. N Engl J Med 346:225–234

143. Trifilio S, Pennick G, Pi J et al (2007) Monitoring plasma voriconazole levels may be
necessary to avoid subtherapeutic levels in hematopoietic stem cell transplant recipients.
Cancer 109:1532–1535

144. Almyroudis NG, Sutton DA, Fothergill AW, Rinaldi MG, Kusne S (2007) In vitro
susceptibilities of 217 clinical isolates of zygomycetes to conventional and new antifungal
agents. Antimicrob Agents Chemother 51:2587–2590

145. Lass-Florl C, Mayr A, Perkhofer S et al (2008) Activities of antifungal agents against yeasts
and filamentous fungi: assessment according to the methodology of the European committee
on antimicrobial susceptibility testing. Antimicrob Agents Chemother 52:3637–3641

146. Pfaller MA, Messer SA, Hollis RJ, Jones RN (2002) Antifungal activities of posaconazole,
ravuconazole, and voriconazole compared to those of itraconazole and amphotericin B
against 239 clinical isolates of Aspergillus spp. and other filamentous fungi: report from
SENTRY antimicrobial surveillance program, 2000. Antimicrob Agents Chemother
46:1032–1037

147. Anstead GM, Corcoran G, Lewis J, Berg D, Graybill JR (2005) Refractory
coccidioidomycosis treated with posaconazole. Clin Infect Dis 40:1770–1776

148. Catanzaro A, Cloud GA, Stevens DA et al (2007) Safety, tolerance, and efficacy of
posaconazole therapy in patients with nonmeningeal disseminated or chronic pulmonary
coccidioidomycosis. Clin Infect Dis 45:562–568

149. Raad II, Hachem RY, Herbrecht R et al (2006) Posaconazole as salvage treatment for
invasive fusariosis in patients with underlying hematologic malignancy and other
conditions. Clin Infect Dis 42:1398–1403

150. Walsh TJ, Raad I, Patterson TF et al (2007) Treatment of invasive aspergillosis with
posaconazole in patients who are refractory to or intolerant of conventional therapy: an
externally controlled trial. Clin Infect Dis 44:2–12

Fungal Infections in Cancer Patients 155



Advances in the Management of Viral
Infections

Jack W. Hsu and John R. Wingard

Abstract

Viral infections are common in cancer patients. The risk and severity of
infection are influenced by patient, disease, treatment, and viral factors. Severe
viral infections are more likely to occur in treatment regimens that are more
immunosuppressive. Historically, the most frequent severe infections have been
due to herpesviruses, but more recently, other pathogens, especially community
respiratory and hepatitis viruses, have received increasing attention as major
viral pathogens in cancer patients. Because of the new diagnostic assays and the
introduction of better therapeutic options, knowledge of viral infections is
important in optimizing antineoplastic therapies.
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1 Introduction

The immunocompromised cancer patient is vulnerable to a wide spectrum of viral
pathogens (Table 1). There has been an increasing recognition for viruses as
clinically important pathogens in cancer patients during the past two decades. In
part, this is attributable to improved diagnostic techniques to better recognize viral
pathogens as causes for illness. In part, this is also due to the increasing dose
intensity of cytoreductive regimens used to control cancer, the increasing use of
hematopoietic cell (also known as bone marrow) transplantation (HCT) in the
treatment for neoplastic diseases, improvements in supportive care that permit
patients to survive bacterial and fungal infections that in the past might have led to
death before viral illness became manifest, and the introduction of antineoplastic
agents (including purine analogs and monoclonal antibodies) that have potent
immunosuppressive properties. Thus, there are greater numbers of highly immu-
nosuppressed patients with severe compromise in cell-mediated immunity, the
major host defense against most viral pathogens.

Not only are viral infections increasingly recognized today, but a wider array of
pathogens have been noted to cause complications of cancer therapy that in the
past have been attributable to toxicities. Pneumonitis, cystitis, myelosuppression,
mucositis, enteritis, and hepatitis are examples of syndromes that in the past have
been attributable to toxicities from cytoreductive regimens, or in the case of HCT
patients, graft-versus-host disease (GVHD) (Table 2); in a number of instances,
however, it is clear that viral pathogens are either sole causes for the syndrome, or
there is an interplay between viral pathogenesis, tissue damage, and disordered
immune responses to the virus in the development, severity, and type of mani-
festations of the syndrome.
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Table 1 Viral pathogens in immunocompromised cancer patients

Herpesviruses

Herpes simplex type 1

Herpes simplex type 2

Cytomegalovirus

Varicella zoster virus

Epstein–Barr virus

Human herpesvirus 6

Human herpesvirus 8

Hepatitis viruses

Hepatitis A

Hepatitis B

Hepatitis C

Non-A, non-B, non-C hepatitis

Adenoviruses

Intestinal viruses

Rotavirus

Norwalk virus

Adenoviruses

Astroviruses

Coxsackieviruses

Caliciviruses

Respiratory viruses

Respiratory syncytial virus

Influenza

Parainfluenza

Metapneumovirus

Papovaviruses

JC

BK

Human papillomavirus

Retroviruses

HTLV1

HIV
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The increased recognition for viral pathogenicity has fortunately been accom-
panied by the introduction of new diagnostics and therapeutics. Several nucleoside
analogs, biologic agents, and new vaccines all offer the clinician tools to prevent or
reduce the morbidity associated with these organisms. Thus, prompt diagnosis of
these potentially treatable syndromes and an understanding of how to use these
new therapeutic modalities are important for optimal management of the cancer
patient.

2 Herpesviruses

The most frequently recognized viral pathogens in cancer patients are members of
the herpesvirus family. These have long been recognized to be potential causes of
serious and life-threatening illness. Patients receiving therapy for lymphoma,
leukemia, and those undergoing bone marrow transplantation are especially sus-
ceptible. The human herpesviruses that cause clinically recognizable infection are
herpes simplex virus type 1 (HSV-1), herpes simplex virus type 2 (HSV-2), var-
icella zoster virus (VZV), cytomegalovirus (CMV), Epstein–Barr virus (EBV), and
human herpes virus type 6 (HHV-6). These DNA viruses are prevalent in the
normal population. Initial infection often occurs early in life, is mild, is self-
limited, and generally requires no therapy. After resolution of the primary infec-
tion, the virus typically establishes a latent infection that can be life long. HSV and
VZV reside latently in sensory nerve ganglia; leukocytes harbor CMV, EBV, and

Table 2 Syndromes due to viral pathogens often attributed to treatment toxicity

Syndrome Patient population Viral pathogen

Oral mucositis Lymphoma,
leukemia, HCT

HSV

Esophagitis Lymphoma,
leukemia, HCT

HSV, CMV

Hepatopathy HCT Hepatitis viruses, adenovirus, CMV, VZV

Myelosuppression HCT CMV, HHV-6

Interstitial
pneumonia

HCT CMV, HHV-6, adenovirus. RSV, influenza,
parainfluenza, metapneumovirus

Hemorrhagic
cystitis

HCT BK virus, adenovirus, CMV

Diarrhea Leukemia, HCT CMV, adenovirus, rotavirus, coxsackie

Fever of unknown
etiology

HCT CMV, EBV, HHV-6

Treatment-related
lymphoma

HCT EBV

HCT hematopoietic cell transplantation, CMV cytomegalovirus, EBV Epstein–Barr virus
HHV-6 human herpesvirus-6, HSV herpes simplex virus, RSV respiratory syncytial virus
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HHV-6. With compromises in cell-mediated immunity, reactivation can occur and
lead to subsequent morbidity. In the nonimmunocompromised patient, reactivation
can also occur but is generally associated with milder symptomatology than with
the primary infection. In contrast, in immunocompromised patients, reactivation is
both more likely to occur and more apt to lead to serious morbidity. The severity
of manifestations tends to correlate with the degree of compromised immunity [1].

2.1 Herpes Simplex Virus

The lesions from HSV-1 infection are typically orofacial. Although labial vesic-
ular lesions are common manifestations of active infection in nonimmunocom-
promised patients, they may be absent in compromised cancer patients after
chemotherapy. Intraoral mucosal ulcerations may be the sole manifestation [2].
These lesions can be indistinguishable from the tissue damage that results from
chemotherapy or radiotherapy. Thus, a pathogenic role for HSV in stomatitis has
been often missed in the past; indeed, the reactivation of HSV and the occurrence
of tissue damage from cytoreductive treatment often occur concomitantly, and
these can result in severe oral mucositis. Most infections are due to reactivation in
HSV seropositive patients. The likelihood of reactivation is a reflection of the
intensity of the treatment: 70–80 % after HCT, 60–70 % after induction therapy
for acute myelogenous leukemia, 40–50 % during treatment for lymphoma, and
10–25 % for patients undergoing various treatment regimens for solid tumors [3].

HSV-2 infection in cancer patients is less problematic because the virus is less
common in the general population. However, reactivation can occur at high rates
in patients who harbor latent HSV-2, and severe manifestations can result, espe-
cially, in patients with hematologic malignancies and HCT recipients. Genital
lesions (especially ulcerations) are frequent manifestations, but extragenital vesi-
cles, in the gluteal and anal regions, can also occur.

Although oral and genital mucosas are the major sites of HSV lesions, exten-
sion to the esophagus, urethra, bladder, and tracheal mucosa may also occur.
Endoscopic biopsy may be necessary to distinguish a viral etiology from fungal or
other possible causes. In profoundly immunocompromised patients, dissemination
and involvement of visceral tissues can occasionally occur [4].

Culture of material from an infected lesion can confirm the diagnosis. Rapid
detection methods using antigen detection or polymerase chain reaction (PCR)
procedures offer quicker and easier alternatives [5–7]. Cytologic examination of
cells removed from infected lesions using the Tzanck procedure can demonstrate
multinucleated cells but do not permit distinction between HSV and VZV [8].
Serologic tests can be helpful in identifying patients harboring latent virus (and
thus, susceptible to reactivation) but are of no value in documenting acute infection.

Acyclovir, a purine analog, is very active against HSV-1 and HSV-2 and has
been shown in numerous clinical trials to be an effective treatment for HSV
infection [9–13]. Several oral and intravenous regimens have been evaluated and
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found to be effective and suitable for different clinical situations. Shortening of the
time of viral shedding, time to cessation of pain, and time to healing of lesions have
been demonstrated in various studies. Valacyclovir is the L-valyl ester of acyclovir
and has excellent bioavailability, providing high blood concentrations of acyclovir,
and approximating the levels achieved with intravenous acyclovir [14–16].

Acyclovir has also been shown to be effective as prophylaxis [17–21]. For
patients at high risk of HSV reactivation and who are susceptible to serious
morbidity, prophylaxis may be preferable to treatment [22–25]. In adult patients
undergoing intensive induction therapy for acute leukemia and in patients
undergoing HCT who are HSV seropositive, the high reactivation rate (60–70 %)
and potentially severe manifestations provide justification for prophylaxis. Indeed,
the emergence of drug resistance appears to be less common where acyclovir is
used prophylactically than when used as treatment for established infections where
repetitive courses of acyclovir may be necessary and the frequency of drug
resistance increases with each subsequent treatment episode [24–26].

The emergence of acyclovir resistance has been noted in some patients with
uncontrolled HIV infection. Resistance is less frequent in patients receiving cancer
therapy but appears most frequent in HCT recipients who have received repetitive
courses of acyclovir for repeated infection episodes. Acyclovir resistance usually
is conferred by mutations in the genes encoding for the viral-specified thymidine
kinase (TK) [27, 28]. This viral-encoded TK is necessary for acyclovir phos-
phorylation, and without it, little drug is converted to its active form. Thus, acy-
clovir and other nucleoside analogs that similarly rely on TK-mediated
phosphorylation for their activity are inactive against acyclovir-resistant mutants.

Foscarnet is a pyrophosphate analog that directly inhibits viral DNA poly-
merase and does not require thymidine kinase for its activity. For patients with
acyclovir-resistant HSV, Foscarnet is an alternative [29, 30].

2.2 Cytomegalovirus

CMV, another member of the herpesvirus family, infects a substantial proportion
of the general population. Infection is generally asymptomatic in the nonimmu-
nocompromised host, and although reactivation is frequent in immunocompro-
mised patients, it rarely causes serious manifestations, except in highly
immunocompromised patients such as HCT recipients, solid organ transplant
recipients, and patients with the acquired immunodeficiency syndrome. Leuko-
cytes are a reservoir of latent virus; thus, blood component transfusions as well as
organ (including marrow and peripheral blood progenitor cells) grafts can be
sources of viral transmission. CMV can cause fever, hepatitis, pneumonitis, leu-
kopenia, thrombocytopenia, esophagitis, enterocolitis, retinitis, a mononucleosis-
like syndrome, and occasionally central nervous system manifestations. In HCT
patients, the most common and severe manifestation is interstitial pneumonitis,
which if untreated results in death in 80–90 % of cases. Enterocolitis is less
common but can represent a cause of severe diarrhea in the transplant recipient and
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appears to be increasing in frequency. Chorioretinitis, a common clinical mani-
festation of CMV infection in HIV-infected patients, is uncommon in HCT
recipients. Myelosuppression, a frequent accompaniment of cancer therapies, can
have a variety of etiologies but CMV is one treatable cause [31–33].

Viremia can be diagnosed by culture [34, 35], but rapid diagnostic assays using
detection of the pp65 antigen or CMV DNA or less commonly pp67 mRNA by
quantitative PCR have largely replaced cultural assays [36–44], and such assays
are capable of detecting virus 1–2 weeks earlier than culture. In tissue or cytologic
specimens, the virus can be suspected by intracellular inclusions and confirmed by
immunofluorescent assays or PCR.

Ganciclovir, a nucleoside analog structurally similar to acyclovir, is very active
against CMV. It is effective in the treatment and in the prevention of CMV
infection in transplant recipients. Ganciclovir exerts a potent antiviral effect in
HCT patients with CMV pneumonitis, with a marked reduction in viral titers in
infected tissue. However, when ganciclovir was used alone, there was no corre-
sponding clinical benefit and most patients succumbed to relentless ventilatory
failure [45]. Several studies have shown that when ganciclovir is used in combi-
nation with immunoglobulin both antiviral and clinical benefits ensue [46–48].
Thus, the mortality rate of 80–90 % from CMV pneumonitis has been reduced to
approximately 50 %. For gastrointestinal CMV infection, ganciclovir alone and
the combination of ganciclovir plus immunoglobulin have not been shown to be
conclusively effective [49, 50], but ganciclovir alone is generally used. Foscarnet
and cidofovir are alternative therapies to ganciclovir.

Ganciclovir has also been evaluated as prophylaxis in allogeneic HCT patients
who are seropositive and thus at high risk of CMV disease [51, 52]. This approach
has been found to be highly effective in reducing the risk of serious morbidity from
CMV. Unfortunately, ganciclovir’s side effects, especially myelosuppression, have
led to episodes of neutropenia and bacteremia; thus, survival has not been
appreciably improved. An alternative strategy, frequently referred to as early
‘‘preemptive therapy,’’ has also been explored [53, 54]. In this approach, patients
undergo surveillance screening for viral reactivation. Those patients found to have
active infection are then treated with ganciclovir to prevent the subsequent
development of clinical manifestations, which generally do not occur for several
days to weeks after reactivation. Screening is generally done weekly on specimens
of blood. Oral ganciclovir, found to be potentially useful as maintenance therapy
in HIV-infected patients [55, 56], is not useful because of poor bioavailability, low
serum levels, and the risk of emergence of resistance. Valganciclovir, an oral
prodrug of ganciclovir, achieves high blood concentrations of ganciclovir and has
also been shown to be effective in preemptive therapy [57–61]. Foscarnet can be
used alternatively [62].

Several reviews have discussed the advantages and disadvantages of prophy-
laxis versus preemptive therapy [63–66]. In general, ganciclovir prophylaxis is
more effective in preventing CMV disease, with fewer breakthrough episodes of
CMV disease, while early preemptive ganciclovir is associated with fewer epi-
sodes of neutropenia and spares a sizable proportion of patients (in which
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reactivation does not occur) from the cost and toxicity of ganciclovir. With the
introduction into clinical use of PCR and antigen detection assays, it can be
expected that there will be fewer failures associated with the preemptive therapy
approach. Although initially preemptive therapy was continued to the end of the
risk period (typically 100–120 days), today, shorter courses have been shown to be
effective. Many centers administer therapy for a minimum of 2 weeks and dis-
continue once the viremia has resolved. Foscarnet and, to a lesser extent, cidofovir
have also been used as preemptive therapy for CMV; however, issues with renal
toxicity have limited cidofovir’s usefulness in the transplant population [67].
Following discontinuation of preemptive therapy, surveillance should continue
since viremia recurs in many patients. If viremia recurs, reinstitution of preemptive
therapy should be done.

Resistance to ganciclovir has occasionally been encountered in HIV-infected
patients on chronic maintenance dose schedules [68] but is rare in cancer patients.
Resistance occurs most commonly by mutations in the UL97 gene region [69], but
mutations in DNA polymerase, the U54 gene, can also occur. Foscarnet can be
used for most ganciclovir-resistant viral mutants [70].

Acyclovir has not been clinically useful in the treatment for CMV disease.
However, several studies in both HCT and solid organ transplant recipients have
indicated that prophylaxis acyclovir (or valacyclovir) is effective in reducing the
risk of developing CMV disease [71–73]. The explanation for this is not clear, but
it would appear that a low level of acyclovir phosphorylation occurs despite the
fact that CMV does not encode for a viral-specific TK, the enzyme that most
avidly phosphorylates acyclovir to its active metabolites. Thus, low levels of
phosphorylated acyclovir may be effective when the viral burden is low, although
not efficacious in instances in which the viral burden would be high (the treatment
scenario).

For patients who are CMV seronegative, infection can occur through acquisi-
tion of virus from blood transfusion or organ donation because leukocytes are a
reservoir of latent virus. Accordingly, use of only CMV-seronegative blood
products is an effective strategy in preventing CMV infection and disease [74–77].
Unfortunately, a substantial proportion of healthy blood donors are CMV-sero-
positive and harbor potentially transmissible virus. Accordingly, significant costs
are incurred in the provision of CMV-negative blood products by blood banks. An
alternative approach is the use of leukocyte filters, which are capable of elimi-
nating most leukocytes that are present in erythrocyte and platelet products [78,
79]. A controlled trial demonstrated that this approach is almost as effective as
CMV screening [79] and this is an option if suitable CMV-negative products are
not available. This may also have the added advantage of reducing the risk of
alloimmunization, another concern for patients who receive multiple blood
products.

CMV hyperimmunoglobulin and plasma have also been shown to reduce the
risk of CMV disease in the HCT recipient [80–85]. Because the antiviral potency
of CMV immunoglobulin appears modest in studies in which it was used for
treatment for CMV disease, speculation has been raised as to the mechanism of its
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action; it has been suggested that it may be acting more as an immunomodulatory
agent affecting antigen presentation or immune responses to CMV antigens rather
than as an antiviral agent. Indeed, conventional lots of immunoglobulin not spe-
cifically chosen for high antiviral titers against CMV seem to be comparable with
high-titer lots of immunoglobulin in preventing CMV disease. It should be noted
that most studies have been conducted in CMV-seronegative patients. Only one
study conducted in seropositive patients has shown a benefit, and the benefit was
modest [85]. It is generally not used today because of its high cost and the advent
of antiviral drug alternatives for prevention. An inactivated CMV vaccine is under
study in HCT patients.

2.3 Varicella Zoster Virus

VZV infection is highly prevalent in the general population. Cancer treatment
regimens are associated with a risk of reactivation that is, compared with the
nonimmunocompromised host, slightly greater in solid tumor patients, substan-
tially greater in patients treated with hematologic malignancies, and greatest in
patients undergoing HCT. The most common manifestation is a dermatomal
vesicular eruption, which may be preceded by a prodrome of localized pain and
pruritus. Postherpetic neuralgia can persist for many months, especially in older
individuals. Dissemination only occasionally occurs, but with highly immuno-
compromised patients such as allogeneic HCT recipients, dissemination can occur
in up to 30–40 % of individuals [86, 87]. Cutaneous dissemination, the most
common form of spread, can be complicated by bacterial superinfection. Visceral
dissemination can be life threatening, and VZV pneumonia is the most common
lethal manifestation. Fulminant hepatitis and pancreatitis are rare manifestations
that can occur even in the absence of or before onset of cutaneous lesions [88]. It
can be life threatening if not recognized and if treatment is not initiated promptly.

Acyclovir is very active against VZV and has become the treatment for choice
[89–93]. Higher concentrations of acyclovir are required to control VZV than
HSV. Because of acyclovir’s poor bioavailability, intravenous administration is
the preferred method of treatment in immunocompromised patients, or alterna-
tively valacyclovir. Although high-dose oral acyclovir, valacyclovir, and famci-
clovir have shown efficacy in nonimmunocompromised hosts, they have not been
well studied in the immunocompromised host. Acyclovir-resistant VZV has only
been rarely encountered to date [94]. Foscarnet can be used for resistant pathogens
[95]. Immunoglobulin can be given to susceptible immunocompromised patients if
exposure is recognized within 3–4 days [96]. An attenuated vaccine has been
found to be safe and protective for susceptible children with acute lymphoblastic
leukemia [97–100]. Safety has not been evaluated in the early convalescent HCT
period [101, 102]. An inactivated VZV vaccine is under study in HCT patients.
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2.4 Epstein–Barr Virus

EBV, the cause of infectious mononucleosis in the nonimmunocompromised host,
only occasionally causes morbidity in the immunocompromised host despite high
rates of reactivation. However, in transplant recipients, severe morbidity can result
from a mononucleosis-like syndrome or a variety of lymphoproliferative disorders.
These can range from polyclonal lymphadenopathy to rapidly progressive
monoclonal malignancy. Although these lymphoproliferative diseases are clearly
EBV associated, molecular techniques have demonstrated mutations of oncogenes
such as C-myc and tumor-suppressor genes, which occur in the transition from
benign to malignant disease [103, 104]. The risk of EBV-associated lymphopro-
liferative diseases correlates with the degree of immunodeficiency. The use of
multiple immunosuppressive agents, especially anti-thymocyte globulin, the use of
T-cell-depletion techniques, the use of mismatched donors in the HCT setting, and
the occurrence of multiple rejection episodes in the solid organ transplant setting
[105], or severe graft-versus-host disease in the HCT setting [106] all contribute to
the risk of these disorders [107, 108]. Although antiviral agents such as acyclovir
and ganciclovir are active in vitro against EBV, their effectiveness in treating
EBV-associated lymphoproliferative diseases has been disappointing in most
cases. Once mutations in oncogenes and tumor-suppressor genes occur, most
treatment approaches have been largely ineffectual. The treatment approach that
has been most fruitful is reduction in immunosuppressive therapy, which can effect
a remission in the benign lymphoproliferative disorders. Rituximab or anti-B cell
lymphoma chemotherapy regimens are also usually administered. Serial moni-
toring for EBV viremia in high-risk patients has been advocated by some. In high-
risk patients, weekly monitoring of EBV viremia with preemptive use of rituximab
in patients with high levels of circulating viral DNA may be effective in preventing
the subsequent development of EBV-associated lymphoma [109].

2.5 Human Herpesvirus Types 6 and 8

HHV-6 rarely causes clinical illness in the normal population despite being very
prevalent. A self-limited eruption, exanthem subitum, has been noted in children.
HHV-6 has been implicated as a potential pathogen causing some cases of
interstitial pneumonitis, several CNS syndromes, rash, and sometimes HHV-6
appears to be a cause of myelosuppression (especially thrombocytopenia) in HCT
recipients [110–114]. Ganciclovir, cidofovir, Foscarnet, and several other nucle-
oside analogs are active against HHV-6 in vitro, but to date, there are no clinical
trials to establish clinical efficacy [115, 116] (see chapter Central Nervous System
Infections in Cancer Patients and Hematopoietic Stem Cell Transplant Recipients).

HHV-8 is the causative agent of Kaposi’s sarcoma. HHV-8 disease is infrequent
in cancer and HCT patients. Treatment and prevention strategies have not been
adequately evaluated for HHV-8 disease.
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3 Immune Responses to the Herpesvirus Family

Both humoral and cellular immune responses occur in response to infection by all
of the herpesviruses. The immune responses, felt to be most important in the
control of active infection, are the cytotoxic response mediated by T lymphocytes
or natural killer (NK) cells. This has been most convincingly demonstrated in
CMV infection [117–119]. In the HCT recipient, resolution of active infection
occurs only with the development of cytotoxic T cell or NK responses. In the
absence of the development of these responses, most patients succumb from
infection. In HCT recipients with GVHD, the orderly development of cytotoxic
responses may be severely impaired and patients are at much greater risk of more
frequent and more severe CMV infection and illness. Similarly, patients who are
the recipients of T-lymphocyte-depleted bone marrow grafts are unable to mount
robust T-cell responses and are similarly more susceptible to more frequent and
severe CMV infection and disease. These observations have led to consideration of
cloning cytotoxic T cells (CTL) with anti-CMV activity and expanding them
ex vivo for use as lymphocyte transfusions to bolster host immunity in an attempt
to prevent severe CMV disease [120–123]. Clinical trials are currently under way.

EBV-specific cytotoxic T-cell precursors are more frequent in the circulation
than CMV-specific CTL precursors. Buffy-coat transfusions have been success-
fully used in the treatment for EBV-associated lymphoproliferative disorders in
transplant recipients without the need for ex vivo clonal expansion [124]. These
approaches to adoptive transfer of cellular immunity appear quite promising for
preemptive therapy as well [125–127].

Bolstering the host immunity through the use of viral vaccines has been
hampered by the lack of safe and highly immunogenic vaccines. A live-attenuated
varicella vaccine is useful in children with acute leukemia (as noted earlier);
however, it have been felt to be too risky for use in the HCT setting, except in
patients two or more years after transplant without active GVHD. Attenuated
CMV vaccines have been tested in clinical trials in solid organ transplants, but
have been similarly felt to be too risky in the HCT setting. Inactivated CMV and
VZV vaccines are being evaluated in HCT patients.

4 Hepatitis Viruses

The hepatitis viruses are a heterogeneous group of RNA (hepatitis A and C) and
DNA (hepatitis B) pathogens. The portal of entry for hepatitis A is generally the
enteric route, with transmission by fecal–oral contact, while for hepatitis B and C,
sexual and blood transmission are the primary routes of acquisition. Recognition
for the potential of transmission through blood products and the development of
screening tests have led to a marked reduction in transmission of hepatitis B and C.
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For cancer patients who are seropositive for hepatitis B and C prior to treat-
ment, the likelihood of reactivation and disease progression is related to viral and
patient treatment factors. Patients with evidence of a high viral load (DNA/RNA in
blood) and those receiving more immunosuppressive therapies (e.g., lymphoma
and HCT patients) are at greater risk. Accordingly, patients should be screened for
prior hepatitis prior to antineoplastic chemotherapy or HCT.

Inactivated hepatitis A and hepatitis B vaccines have been found to be safe and
highly immunogenic. Hepatitis B immunization is recommended for seronegative
patients. Immunoglobulin can be protective for those who must come in close
contact with infected individuals to reduce the risk of infection. After exposure,
immunoglobulin can also be efficacious against hepatitis A and B.

For patients with prior infection with hepatitis B, reactivation is likely with
immunosuppressive chemotherapy regimens and the risk is greater after more
highly immunosuppressive therapies and in patients with higher viral loads before
therapy. Mild elevations of transaminases are most common, but severe, even fatal
hepatitis can occur in 5–10 % of cases [128]. Lamivudine given prophylactically is
highly effective in preventing reactivation, flares of hepatitis, and fewer antineo-
plastic treatment delays due to liver complications and should be given to patients
with circulating HBV DNA [129]. For patients without circulating HBV DNA but
with serologic evidence of prior infection (e.g., presence of hepatitis B core
antibody), either close monitoring for reactivation in less intensively treated
patients or lamivudine prophylaxis in more intensively treated patients should be
considered. The optimal duration of lamivudine is not known. Since hepatic injury
often occurs (or peaks) with HBV infection at the time of immune reconstitution
due to the pathologic effects of the immune response, lamivudine should be
continued until immune reconstitution has occurred. Experts recommend its
continuation for a minimum of six months after completion of chemotherapy or
immunosuppressive therapy [130, 131]. Resistance to lamivudine can occur,
especially in patients with actively replicating virus receiving long-term therapy
[132]. Other antivirals such as adefovir or entecavir are acceptable alternatives, but
there is to date only limited experience with these.

For patients with prior hepatitis C, chronic infection is typical and elevated
transaminases may wax and wane during chemotherapy or after HCT. After HCT,
HCV infection increases the risk of hepatic veno-occlusive disease; alternatively,
hepatic abnormalities may be most prominent several months after immunosup-
pression is stopped. The risk of late cirrhosis years later is also increased. The
combination of pegylated interferon plus ribavirin is the most effective therapy for
HCV infection. Genotype 1 virus responds less well to therapy compared with
genotypes 2 and 3. Because of myelosuppression and the concern for provoking or
worsening GVHD after HCT, treatment is generally delayed if possible until after
immunosuppressive therapy is completed. The magnitude and durability of clinical
benefit have been debated. Generally, early treatment after transplant is not nec-
essary or advisable due to the toxicities of the treatment. Much later, after the
patient has completed immunosuppressive therapy, the presence of chronic active
hepatitis may alter the risk benefit balance [133].
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A hematopoietic graft from a seropositive individual has the potential for
transmitting hepatitis B or C to the recipient. Different reports have suggested
different rates of transmission and different degrees of severity of illness in the
recipient of such transmission [134]. Donors who have circulating viral RNA/
DNA are at higher risk of transmitting virus than those who are seropositive but
not viremic. Donors who are hepatitis seropositive should be excluded if possible.
If they must be used, they should be treated with antiviral therapy if time permits
to reduce the risk of transmission. Donors who are HBV DNA positive should be
treated with lamivudine [131] to reduce the likelihood of transmission. Adoptive
transfer of immunity to hepatitis B in the HCT setting from an immune donor may
be a possible option for some patients [135]. Consideration can be given for
treatment for hepatitis C donors with pegylated interferon and ribavirin.

5 Adenovirus

Adenovirus is a viral pathogen capable of causing respiratory illness, conjuncti-
vitis, gastroenteritis, interstitial pneumonitis, and hepatitis. Type 11 has been
associated with hemorrhagic cystitis. Adenovirus isolation is noted in 5 % of all
allogeneic HCT recipients. Illness ensues in approximately 20 % of infected
individuals. Types 1, 5, and 7 appear to be the most common types causing
invasive disease, which can be fatal in approximately half of cases. HCT patients
who are the recipients of unrelated donor grafts, mismatched grafts, cord blood, or
grafts in which T-cell depletion has been performed, younger-aged patients, and
those given total body irradiation appear to be at greater risk [136, 137]. Currently,
there is no known effective antiviral therapy. Cidofovir is active against adeno-
virus in vitro and case series suggest clinical activity, although there are no
controlled clinical trials. Ribavirin also has some activity, but treatment responses
have been inconstant. Since high-level viremia is often a harbinger of subsequent
development of invasive disease, some centers monitor viremia in high-risk cord
blood or haploidentical transplant recipients on a weekly basis and initiate
cidofovir preemptively if high-titer viremia develops [138].

6 Intestinal Viruses

Outbreaks of a variety of enteric pathogens occur in the community with seasonal
variation. Immunocompromised patients can become infected during these com-
munity outbreaks. Common pathogens include coxsackievirus, rotavirus, the
Norwalk agent, caliciviruses, and astroviruses. The allogeneic HCT recipient is
especially vulnerable to severe, even life-threatening, and diarrheal illness. There
are no effective antiviral therapies. Electrolyte and fluid replacement are important
adjunctive measures. Immunoglobulin given orally has been suggested as a
treatment for these illnesses, but adequate clinical trials are lacking.
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7 Community Respiratory Viruses

Respiratory syncytial virus (RSV), influenza, and parainfluenza viruses are fre-
quent causes of upper- and lower-respiratory-tract illness. Transmission is frequent
in the community and often is the source of infection in immunocompromised
cancer patients. The degree of immune compromise (e.g., lymphopenia) is a risk
factor for severe illness from the community respiratory viruses [139–142] (see
chapter Respiratory Infections).

Inactivated influenza vaccine is available and may be potentially protective for
immunocompromised patients [143], but severely immunocompromised patients,
such as early convalescent allogeneic HCT recipients, unfortunately do not respond
reliably or adequately. Neuraminidase inhibitors, such as oseltamivir or zanamivir,
are preferred treatment options for influenza A and B and have largely replaced
amantadine and rimantidine because of less toxicity and emergence of resistance to
the latter class of drugs. Early start of therapy (less than 48 h after onset of
symptoms) is quite important. An ominous note is the recent observation of some
influenza strains exhibiting resistance to oseltamivir (but retaining susceptibility to
zanamivir). Neurominidase inhibitors can also be used in highly immunosup-
pressed patients exposed to influenza to prevent symptomatic infection.

Ribavirin, a nucleoside analog, can be clinically useful for RSV infection [144,
145]. As with influenza, early initiation of therapy is important. Lymphopenia and
respiratory failure are adverse factors for response. Immunoglobulin with high-
titer antibody against RSV or palivizumab, a RSV-specific monoclonal antibody,
may have additive effects when added to ribavirin, but controlled trials have not
been conducted. A controversial issue is whether administration of therapy for
upper-tract infection will prevent the progression to lower-tract disease. A retro-
spective review on the use of ribavirin for RSV upper-tract infection in leukemia
and in HCT patients suggested a reduction in subsequent pneumonia [146];
however, a small randomized trial in HCT patients suggested a reduction in viral
load with aerosolized ribavirin, but no substantial reduction in subsequent devel-
opment of lower-tract disease was evident [147]. A study of palivizumab sug-
gested no benefit in its use in HCT patients to prevent progression of upper-tract
infection to pneumonia [148].

There are no effective treatment approaches established for parainfluenza
infections. Human metapneumovirus is a recently discovered RNA paramyxovi-
rus. It has been isolated from a small percent of HCT patients undergoing bron-
choscopy, mostly for idiopathic pneumonitis [149]. There is no known effective
therapy, but ribavirin is active as well as immunoglobulin in vitro.

Cautionary measures must be exercised to avoid nosocomial transmission of
these airborne organisms during community outbreaks [150–152]. Infection control
measures are paramount to prevent spread of infection among patients, patient
families, and health care workers during community outbreaks. These include
respiratory isolation of patients with documented and suspected infection, use of
masks, and restricting contact of patients with family and health care workers with
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respiratory infections. Chemoprophylaxis of HCT patients exposed to influenza has
been shown to be useful and well-tolerated in HCT patients [153] whether there is a
role for prophylaxis in other immunocompromised patient groups is unclear.

8 Papovaviruses (Polyomaviruses)

JC and BK viruses cause asymptomatic infection in children but establish a per-
sistent infection in renal and urogenital epithelial cells. JC virus has been asso-
ciated with progressive multifocal leukoencephalopathy. BK virus has been
associated with hemorrhagic cystitis in allogeneic HCT recipients [154–158]. At
present, there are no effective therapies.

Cidofovir is active against polyomaviruses in vitro, and there are case reports
and series describing its use, but its efficacy has not been documented [159]. DNA
gyrase inhibitors, such as ciprofloxacin, may have efficacy in prevention in high-
risk HCT patients [160].

9 Retroviruses

Human T-cell lymphotrophic virus type-1 (HTLV-1) is an endemic retrovirus in
some areas of the world. Transmission can occur by breast feeding, sexual contact,
or blood transfusion. It has been associated with the development of the adult
T-cell 1eukemia/lymphoma syndrome. Latency between infection and onset of
disease is often more than a decade, and the risk of development of disease may be
dependent on the age of infection, with early childhood being most risky.

HIV (formerly HTLV-3) is a retrovirus that is the causative agent of AIDS.
Sexual transmission and transmission via blood transfusion or organ transplant are
well established. The institution of routine screening tests for blood products and
organ donors has reduced the risk of transmission substantially. Several nucleoside
analogs are active inhibitors of reverse transcriptase, and protease inhibitors have
recently been found to be useful in the suppression of viral replication, with
corresponding clinical benefits. There are multiple effective combination regimens
that are effective in long-term suppression of viral replication and decline in
immunity. The emergence of antiviral resistance has plagued the development of
effective and enduring antiviral strategies, however.

10 Conclusions

The increase in viral infections in immunocompromised patients and the
increasing numbers of immunocompromised patients have given a sense of
urgency to improve our diagnostic techniques and to develop an armamentarium of
antiviral agents for use in the control of these prevalent and opportunistic
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microorganisms. Recognition of the relevant protective immune responses is likely
to lead to new biologic strategies to supplement pharmacologic measures to
control serious morbidity from these pathogens in the future.
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Neutropenic Fever and Sepsis:
Evaluation and Management

Kenneth V. I. Rolston

Abstract

Neutropenia remains the predominant predisposing factor for infection in most
cancer patients. Bacterial and fungal infections are common in this setting. Not
all neutropenic patients have the same risk of developing severe infection or
serious medical complications. Although all patients with neutropenia and fever
should receive prompt, empiric antibiotic therapy, low-risk patients can be
effectively managed without hospitalization—often with the administration of
oral antibiotics. Other patients need hospital-based therapy. The emergence of
resistant microorganisms has become a significant problem in neutropenic
patients. Frequent epidemiologic surveys to detect the emergence of resistant
organisms are recommended. Antibiotic stewardship and Infection Control
Programs are important tools in combating resistant organisms.
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1 Introduction

Neutrophils provide protection against a multitude of bacterial and fungal patho-
gens. Neutropenia from any cause results in increased frequency and severity of
infections caused by these organisms. Bodey and colleagues first described the
association between neutropenia and infection in patients with hematologic
malignancies in 1966 [1]. They demonstrated that the frequency and severity of
infection was directly related to the degree and duration of neutropenia, once the
absolute neutrophil count (ANC) dipped below 1,000/mm3. The currently accepted
definition of neutropenia is an ANC of B500/mm3. It was traditional to admit all
febrile neutropenic patients to the hospital for close monitoring and the adminis-
tration of broad-spectrum, parenteral, antibiotic therapy for the entire duration of
the febrile episode [2]. Our understanding of the syndrome of neutropenic fever
has improved substantially in the ensuing years. The availability of truly broad-
spectrum antimicrobial agents (extended spectrum cephalosporins, carbapenems)
made it possible to administer monotherapy instead of always using two or three
agents in combination [3]. The development of accurate risk prediction rules,
improvement in infusion therapy and supportive care, and the increasing role
played by home health care agencies has enabled clinicians to shift the site of care
of febrile neutropenic patients from the hospital to the ambulatory clinic/home, for
at least part of the duration of the febrile episode [4, 5]. The development of oral
agents such as the fluoroquinolones, with potent activity against important gram-
negative pathogens including Pseudomonas aeruginosa, has considerably
improved the efficacy of infection prevention/prophylaxis for high-risk neutro-
penic patients. Improved diagnostic techniques have made the documentation of
many infections (particularly fungal infections) quicker and more accurate [6, 7].
The frequent use (misuse?) of many antimicrobial agents in this setting has led to
reduced susceptibility and/or the development of overt resistance among common
bacterial and fungal pathogens [8, 9]. With new drug development almost at a
standstill, antimicrobial stewardship and infection control have gained increasing
importance in limiting the damage caused by multidrug-resistant organisms
[10, 11]. The development of novel antineoplastic agents (e.g., purine analogs,
various monoclonal antibodies, temozolamide) has altered the traditional spectrum
of infection in patients receiving chemotherapy. These and other issues will
continue to provide diagnostic and therapeutic challenges in the years to come.
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2 Epidemiology of Infection

Bacterial infections predominate during the initial phases of a neutropenic episode,
whereas fungal infections are more common in patients with prolonged neutro-
penia. Bacterial and fungal pathogens that frequently cause infections in such
patients are listed in Table 1. This list is by no means all inclusive, and it is
important to remember that most microorganisms (even those with a low virulence
potential) can cause opportunistic infection in neutropenic patients.

Additionally, the epidemiology of infection keeps changing, and institutional
differences are not uncommon [12, 13]. Consequently, it is advisable to conduct
local surveillance studies, at least in institutions that have been designated Com-
prehensive Cancer Centers, and treat large numbers of cancer patients [14, 15].

Most recent epidemiologic surveys have documented the predominance of
gram-positive bacteria over gram-negative bacteria [14, 16, 17]. The proportion of
infections caused by gram-positive bacteria has been reported to be as high as

Table 1 Common causes of infection in neutropenic patients

Gram-positive bacteria Fungal

Coagulase-negative staphylococci Candida species

Staphylococcus aureus Aspergillus species

Enterococcus species Zygomycetes

Viridans group streptococci Other opportunistic fungi

Bacillus species

Corynebacterium species

Streptococcus pneumoniae

Beta-hemolytic streptococci (groups A, B, C, G, F)

Stomatococcus mucilaginosus

Gram-negative bacteria

Escherichia coli

Klebsiella species

Other Enterobacteriaceae

Pseudomonas aeruginosa

Pseudomonas (non-aeruginosa) species

Acinetobacter species

Stenotrophomonas maltophilia

Anaerobes

Bacteroides species

Clostridium species
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75–80 % at some centers. These data, however, do not paint a complete picture,
since both the European Organization for Research and Treatment of Cancer
(EORTC) and the Surveillance and Control of Pathogens of Epidemiologic
Importance (SCOPE) focus only on single-organism (monomicrobial) bacteremias
[14, 16]. Although this is useful information, bacteremias cause only 20–30 % of
infections in neutropenic patients [2, 3]. Other common sites of infection include
the respiratory tract, the urinary tract, skin and skin structures, and the gastroin-
testinal tract [18]. Whereas gram-positive bacteria are the predominant organisms
isolated from blood cultures, gram-negative organisms predominate at most other
sites (e.g., pneumonias, urinary tract infections, peri-rectal infections, biliary tract
infections, neutropenic enterocolitis). Another critical piece of information miss-
ing from the EORTC, SCOPE, and other surveys is the proportion of infections
that are polymicrobial. Data from the M. D. Anderson Cancer Center indicate that
polymicrobial infections have more than doubled in frequency since the early
1980s and currently account for 25–30 % of microbiologically documented
infections [17–20]. Additionally, approximately 80 % of polymicrobial infections
have a gram-negative component, and approximately 33 % are caused exclusively
by multiple species of gram-negative bacilli [19, 21]. When all sites of infection as
well as monomicrobial and polymicrobial infections are included in the overall
spectrum, a substantially different picture emerges. The proportion of monomi-
crobial gram-positive infections falls sharply from approximately 80 to \50 %
[17, 18]. This can have a significant impact on the choice of agents/regimens used
for antimicrobial prophylaxis and for empiric therapy in this setting.

Gram-positive organisms colonizing the skin are isolated frequently. These
include coagulase-negative staphylococci (CoNS), Staphylococcus aureus, Bacil-
lus species, and Corynebacterium species. Gram-positive organisms arising from
the oropharynx and upper airways include viridans group Streptococci (VGE),
Streptococcus pneumoniae, and Stomatococcus mucilaginosus, whereas the
enterococci arise primarily from the lower gastrointestinal tract. Gram-negative
organisms are represented most frequently by the Enterobacteriaceae (Escherichia
coli, Klebsiella species, Enterobacter species) and P. aeruginosa, with Acineto-
bacter species and Stenotrophomonas maltophilia being reported as increasing
frequently at some institutions [22–24]. Strict anaerobes are seldom isolated from
neutropenic patients (\2 % of all bacterial infections), although Clostridium dif-
ficile-associated disease is becoming increasingly common [25, 26]. Rapidly
growing mycobacteria are uncommon but occasionally cause catheter-related
infections in neutropenic patients [27].

Candida species are still the most common fungi isolated from neutropenic
patients and cause infections ranging from superficial lesions (thrush, esophagitis,
vaginitis) to deep, systemic candidiasis [28]. Most cancer treatment centers have
reported a decline in the proportions of infections caused by Candida albicans and
an increase in the proportion caused by other Candida species (C. tropicalis,
C. glabrata, C. krusei) [29]. Candida parapsilosis is the most common species
associated with catheter-related candidemia [30]. This epidemiologic shift has
been attributed largely to the use of fluconazole prophylaxis, although a similar

184 K. V. I. Rolston



pattern has been described in patients who are fluconazole naïve [31, 32].
Aspergillus species are second in frequency among fungal pathogens in neutro-
penic patients [33]. They also cause a range of infections, including localized
infections such as sinusitis, cutaneous aspergillosis, aspergilloma (fungus ball),
and invasive/disseminated infections frequently involving the lungs and the central
nervous system [34].

Many centers have reported an increase in the frequency of infections caused by
the Zygomycetes, in part related to the use of voriconazole [35–37]. These
infections are often indistinguishable from aspergillosis, with the rhino-cerebral
form being particularly devastating [38]. A number of opportunistic fungal
pathogens have emerged in recent years including Fusarium species, Trichosporon
beigelii, Blastoschizomyces capitus, and Scedosporium species [33].

Viral infections are uncommon in neutropenic patients and are seen more often
in patients with impaired cell-mediated immunity. It is important to remember that
such patients do develop neutropenia, and viral infections may then need to be
considered [2, 18]. Community respiratory viruses (influenza, parainfluenza,
respiratory synsitial virus) do pose a significant threat to patients with hematologic
malignancies and recipients of stem cell transplantation, particularly in the winter
months [39, 40].

3 Initial Assessment of the Neutropenic Patient

One of the basic principles of the management of febrile neutropenic patients is to
perform a quick but thorough evaluation before the administration of empiric
antibiotic therapy. A complete history and physical examination is essential.
Historical information of interest includes details of antineoplastic and immuno-
suppressive therapy, the use of antimicrobial prophylaxis, previous episodes of
infection (or colonization with important pathogens) and their treatment, recent
surgical/dental procedures, travel history, and potential exposure to sick contacts.
Underlying comorbid conditions such as diabetes mellitus, chronic lung disease,
cardiovascular, renal, and hepatic problems should also be noted as they might
have an impact on the nature and severity of infection, the risk of complications,
and the antimicrobial agents selected for therapy.

The inflammatory response is often blunted in neutropenic patients resulting in
a paucity of symptoms and signs. Consequently, the physical examination should
focus on detection of subtle signs especially at frequently infected sites such as the
skin, oropharynx, gastrointestinal tract, and perineum. Although fever is the most
consistent sign of infection in neutropenic patients, some patients may develop a
serious infection without mounting a febrile response, particularly if they are
receiving corticosteroids or other immunosuppressive agents.

Standard laboratory investigations include blood and urine cultures and cultures
from other sites (e.g., respiratory specimens, CSF, wounds) when indicated. In
patients with diarrhea, stool cultures are not very informative, but stool specimens
for the detection of Clostridium difficile toxins should be obtained. Patients with
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pulmonary symptoms or an infiltrate might require a bronchoscopy to obtain
adequate specimens for microbiologic evaluation, as very few will have a pro-
ductive cough. Nasal specimens are recommended for detecting the presence of
community respiratory viruses, especially in the winter months.

Routine chest radiography is not recommended and should be done only in
patients with respiratory signs and symptoms. Computerized tomography of the
chest and other areas (sinuses, abdomen, pelvis) should be performed as clinically
indicated and is far more informative than routine radiographic imaging. Other
standard laboratory tests include complete blood cell and differential counts, a
serum electrolyte panel, blood urea nitrogen and serum creatinine levels, and a
hepatic panel (serum bilirubin and hepatic enzymes). These investigations should
be repeated as clinically indicated.

4 Risk Assessment and Risk-Based Treatment Strategies

It has long been recognized that not all neutropenic patients have the same risk of
developing serious infections and/or life-threatening complications. However, our
ability to reliably identify low-risk and high-risk subgroups at the onset of a febrile
episode was limited. This led to the practice of administering hospital-based
empiric antibiotic therapy to all febrile neutropenic patients [2]. Although suc-
cessful, this strategy was associated with prolonged hospital stay for many
patients, leading to increased resource utilization and costs, and exposing patients
to some of the iatrogenic hazards of hospitalization, as well as to the more resistant
hospital microflora. With a greater understanding of the syndrome of febrile
neutropenia, many investigators have developed reliable risk prediction rules. The
most widely accepted of these, and the one used to identify low-risk patients for
most antibiotic trials worldwide, is the risk index devised by the Multinational
Association for Supportive Care in Cancer (MASCC). This risk index was derived
(and subsequently validated) by assigning integer weights to seven characteristics
to develop an index score—Table 2 [41]. A score of 21 identified low-risk patients
with a positive predictive value of 91 %. Higher scores impart greater specificity
with a corresponding loss in sensitivity. Separate but similar risk prediction rules
have been developed for pediatric oncology patients [42]. Many investigators have
developed simple clinical criteria to identify low-risk patients without having to
calculate a risk index score [43–45]. This might be a simpler and more practical
method of identifying such patients in a busy clinical practice setting.

There is uniform agreement that patients who are not classified as low risk
should be hospitalized for the administration of empiric antibiotic therapy and
close monitoring [2, 18]. Several different options for the treatment of low-risk
patients have recently been evaluated. These include the nature of the empiric
regimen (parenteral, sequential, i.e., IV ? PO, oral) and the setting of therapy
(initial hospitalization followed by early discharge, outpatient management of the
entire febrile episode). These options constitute the entire scope of risk-based
therapy.
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5 Empiric Antibiotic Therapy in Low-Risk Patients

The various strategies currently in use for the treatment of low-risk febrile neu-
tropenic patients and the antimicrobial regimens used in this setting are listed in
Tables 3 and 4. The first reports of oral therapy for documented bacterial infec-
tions in neutropenic patients focused on the therapeutic potential of trimethoprim/
sulfamethoxazole, with a response rate of 54 % being reported in infections
refractory to other regimens [46]. With the development of fluoroquinolones like
ciprofloxacin with potent activity against most gram-negatives including P. aeru-
ginosa, and moderate activity against many gram-positives, empiric oral therapy
became a viable option [47]. With the development of accurate risk prediction
rules, an appropriate population for such therapy was better defined [41, 48].
Despite these advances and the emergence of home healthcare agencies capable of
safely delivering outpatient antibiotic therapy, many clinicians are still not com-
fortable with this approach [KR-personal observations]. Many prefer to admit low-
risk patients to the hospital for a short (24–48 h) ‘‘stabilization’’ period, followed
by early discharge on parenteral or oral antimicrobial agents. This conservative
approach has been successfully evaluated in both adults and pediatric patients [49–
52]. The results of these trials are summarized in Table 5. Talcott’s pilot study
produced disappointing results since 30 % of patients required readmission to the
hospital for various reasons and 13.3 % developed serious medical complications.
Patients with leukemia, some of whom were classified as low-risk patients but had
prolonged neutropenia (up to 31 days), were included in this study and probably
account for the high readmission rate [49]. Better results were achieved by
investigators from Britain who only enrolled patient with solid tumors and lym-
phomas and excluded patients with hematologic malignancies [50]. Early

Table 2 The Multinational Association of Supportive Care in Cancer (MASCC). Risk index for
the identification of low-risk febrile neutropenic patients

Patient characteristics Assigned score

Burden of illness

No symptoms or mild symptoms 5

Moderate symptoms 3

No hypotension 5

No chronic lung disease 4

Solid tumor/no previous fungal infection 4

No dehydration 3

Outpatient status at onset of fever 3

Age \60 years 2

Highest possible score = 26. A score of C21 indicates low-risk status [41]. Scores[21 increase
specificity with corresponding loss of sensitivity
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Table 3 Treatment options for low-risk, febrile neutropenic patients

• Short (24–48 h) stabilization period in hospital, followed by early discharge on parenteral or
oral regimens

• Outpatient (clinic/office/home) treatment of the entire febrile episode (parenteral, sequential,
IV ? PO, or oral regimen)

• Hospital-based parenteral or oral regimens

Adapted from Refs. [4, 5, 43–45, 62]

Table 4 Frequently used antibiotic regimens in low-risk patients

Parenteral regimens Oral regimens

Aztreonam ? clindamycin Cefuroxime

Ciprofloxacin ? clindamycin Ciprofloxacin ? amoxicillin/clavulanate

Ceftriaxone (±) amikacin Ciprofloxacin ? clindamycin

Ertapenem (±) amikacin Ciprofloxacin ? azithromycin

Ceftazidime or cefepime Moxifloxacin (±) agents used in combination with ciprofloxacin

Adapted from Refs. [18, 45, 62, 63]

Table 5 Outpatient management of low-risk febrile neutropenic patients after a short hospital
stay

Authors Ref.
no

Type of study and patient
population

Antibiotic regimens Response to
initial regimen
(±) no
readmission %

Talcott
et al.

[49] Open-label, pilot study of 30
low-risk patients

IV mezlocillin ? gentamicin
or IV ceftazidime

53

Innes et al. [50] Randomized study
comparing oral outpatient
therapy (n = 66) to
parenteral inpatient therapy
(n = 60) after 24 h of
hospitalization

IV
gentamicin ? piperacillin/
tazobactam

90

versus

PO
ciprofloxacin ? amoxicillin/
clavulanate

84.8

Klastersky
et al.

[51] Open-label study of oral,
outpatient antibiotics in 79
low-risk patients

Ciprofloxacin ? amoxicillin/
clavulanate

96

Santolaya
et al.

[52] Prospective, randomized
comparisons of hospital-
based (n = 71) and
ambulatory (n = 78)
antibiotic therapy in low-risk
pediatric patients following
24–36 h of hospitalization

IV ceftriaxone ? teicoplanin
(hospital based treatment)

94

PO cefuroxime (ambulatory
treatment)

95
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discharge on oral ciprofloxacin ? amoxicillin/clavulanate was associated with a
much lower readmission rate (7.6 %). The oral regimen was well tolerated, and
there were no deaths among patients enrolled on this study. Investigators from the
Institute Jules Bordet (Brussels, Belgium) also used this approach (i.e., early
discharge on oral ciprofloxacin ? amoxicillin/clavulante) in 79 patients, most of
whom had solid tumors [51]. The overall success rate was 96 % with only 3
patients needing readmission. No serious complications or deaths occurred in this
cohort of patients. In a similar study conducted in Chile, children presenting with
fever and neutropenia were assigned to receive oral cefuroxime 24–36 h after
hospitalization if categorized as being low risk [52]. Seventy-four (95 %) of 78
patients treated in this manner had a positive response. These studies demonstrate
the adaptability and success of this approach on a global scale.

A significant proportion of patients cared for at a comprehensive cancer center
such as the M. D. Anderson Cancer Center come from other nations, are uninsured,
or pay out-of-pocket. Even a short hospital stay can have a significant financial
impact on these patients and their families. In the early 1980s, approximately 90
patients with solid tumors who developed fever during episodes of chemotherapy-
induced neutropenia were treated with oral TMP/SMX ? clindamycin or rifam-
pin, having refused hospital admission [K. R. –unpublished data]. Most responded
to this therapy with no serious complications or deaths, and considerable cost
savings. This experience served as background data for formal trials of outpatient
antibiotic therapy at this center. To date, 3 randomized trials at M. D. Anderson
Cancer Center (2 in adult patients and 1 in pediatric patients) have evaluated this
approach (i.e., outpatient treatment of the entire febrile episode [53–55]. Smaller
pilot studies and institutional pathways in place at M. D. Anderson Cancer Center
have added to this experience which is summarized in Table 6 [56–59]. Investi-
gators from other institutions have also adopted this approach and reported their
findings [60]. These studies demonstrate that both parenteral and oral regimens are
safe and effective with response rates ranging from 80 to 95 %. Many patients not
responding to the initial regimen did not require hospital admission, as they
responded to alternative outpatient regimens. Among the few patients that needed
hospitalization, none had serious complications, none required intensive care, and
there were no infection-related deaths. A recently published systematic review
concluded that ‘‘oral antibiotics may safely be offered to neutropenic patients with
fever who are at low-risk for mortality’’ [61].

Outpatient management of febrile neutropenic patients does require institutional
infrastructure that some institutions just cannot afford, particularly if they see
small numbers of cancer patients—Table 7. Additionally, some medially low-risk
patients may not have the psychosocial backup and support to be candidates for
outpatient therapy [45, 58]. These patients can be treated in the hospital with the
regimens listed in Table 3 [43, 44, 62].
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6 Empiric Therapy for Patients Not Categorized as Low Risk

The accepted standard of care for febrile neutropenic patients that do not fall into
the low-risk category is the prompt administration of broad-spectrum antibiotic
therapy (based on local susceptibility/resistance patterns) with close monitoring

Table 6 Outpatient (parenteral and oral) antibiotic therapy of low-risk, febrile neutropenic
patients. Experience from clinical trials and institutional pathways at the M. D. Anderson Cancer
Center

Authors Reference
no

Type of study and patient
population

Antibiotic regimens (%)
Response
to initial
regimen

Rubenstein
et al.

[53] Randomized trial of IV
versus PO outpatient
regimen. 83 episodes, all
adult

IV—
aztrenonam ? clindamycin

95

PO—
ciprofloxacin ? clindamycin

88

Rolston
et al.

[54] Randomized trial of IV
versus PO outpatient
regimens, 179 episodes, all
adults

IV
aztreonam ? clindamycin

87

PO
ciprofloxacin ? amoxicillin/
clavulanate

90

Mullen
et al.

[55] Randomized trial of IV
versus PO regimens in
pediatric patients, 75
episodes

IV ceftazidime 94

PO ciprofloxacin 80

Rolston
et al.

[56] Open label, pilot study of
oral quinolone
monotherapy in adult, 40
episodes

PO gatifloxacin 95

Rolston
et al.

[57] Open-label, pilot study of
oral quinolone
monotherapy in adults, 21
episodes

PO moxifloxacin 95

Elting et al. [58] 529 episodes, adult patients
enrolled on institutional
outpatient pathways

PO
ciprofloxacin ? amoxicillin/
clavulanate

80

Escalante
et al.

[59] 257 episodes, adult patients
enrolled on institutional
outpatient pathways

IV
ceftazidime ? clindamycin

80a

PO
ciprofloxacin ? amoxicillin/
clavulanate

IV intravenous, PO oral
aCombined response rate for parenteral and oral regimens, as individual response rates were not
mentioned
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for response and the development of complications in the hospital [2, 18]. The
various treatment options are listed in Table 8 and include combination antibiotic
regimens (usually an antipseudomonal beta-lactam ? an aminoglycoside, or an
agent with gram-positive activity such as vancomycin or linezolid), or mono-
therapy with a single, broad-spectrum, antipseudomonal beta-lactam [2, 18]. Prior
to the emergence of gram-positive organisms as the predominant bacterial
pathogens in neutropenic patients, combinations of an aminoglycoside (e.g.,
gentamicin, amikacin, tobramycin) with an antipseudomonal beta-lactam were the

Table 7 Requirements for a successful program of outpatient antibiotic therapy in low-risk
febrile neutropenic patients

Institutional support for necessary infrastructure

Dedicated, multidisciplinary teams of healthcare providers, (physicians, nurses, pharmacists,
infusion therapists, etc.)

Local epidemiologic/microbiologic detail including current susceptibility/resistance patterns

Adequate monitoring and follow-up

24-h access to healthcare team including ‘‘hotline’’ number

Adequate transport/communication for patients

Table 8 Antibiotic regimens commonly used in febrile neutropenic patients not classified as low
risk

Combination regimens with vancomycina

Vancomycin ? cefepime or ceftazidimeb

Piperacillin/tazobactam

Imipenem or meropenem

Aztreonamc

Ciprofloxacin (or other quinolone)d

Combination regimens without vancomycin

Aminoglycoside ? cefepime or ceftazidimeb

Piperacillin/tazobactam

Imipenem or meropenem

Quinoloned

Monotherapy

Cefepime or ceftazidimeb

Piperacillin/tazobactam

Imipenem or meropenem
aVancomycin is occasionally replaced by linezolid
bCeftazidime not useful at many institutions due to the emergence of resistant pathogens
cAztreonam used primarily in patients with severe beta-lactam allergy
dQuinolones should not be used if patients have received prophylaxis with these agents
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most frequently used regimens in this setting. Advantages associated with such
combinations included broad coverage against most pathogens encountered in
such patients, possible synergy resulting in rapid bactericidal activity (an impor-
tant consideration in neutropenic patients), and the potential for reducing the
development of resistant organisms [2, 18, 63]. The disadvantages of such com-
binations were an increase in adverse events and organ toxicity (oto- or nephro-
toxicity), the need to monitor drug levels frequently particularly in patients with
renal insufficiency and those receiving other nephrotoxic drugs, and suboptimal
activity against many gram-positive pathogens (e.g., MRSA, viridans group
streptococci, Enterococcus species). With the emergence of resistant gram-posi-
tive organisms as frequent pathogens in neutropenic patients, the inclusion of
vancomycin (and teicoplanin in other countries) and later linezolid into the initial
regimen became commonplace [2, 18, 64, 65]. Several studies, however, have
demonstrated that the initial use of a narrow-spectrum gram-positive agent like
vancomycin is not associated with superior outcomes when compared to the
addition of such agents after isolation of a gram-positive organism [66–68]. These
data, and the association of increased and prolonged vancomycin usage with the
selection of VRE and staphylococci with reduced susceptibility to vancomycin
(VISA), have led to the recommendation by most experts and societies that van-
comycin (and similar agents) should only be included in the initial regimen at
institutions that have a high rate of isolation of resistant gram-positive pathogens,
or in patients with known colonization or a previous infection with such agents
[2, 18, 69].

With the development of truly broad-spectrum agents (extended spectrum
cephalosporins, carbapenems, piperacillin/tazobactam), empiric monotherapy
became an option [70–72]. Many prospective, randomized trials have demon-
strated that monotherapy with agents such as ceftazidime, cefepime, imipenem,
meropenem, and piperacillin/tazobactam is associated with response rates similar
to various comparator combination regimens [73–78]. A recently published sys-
tematic review showed that monotherapy was as effective as combination therapy
with similar mortality rates, and similar rates of bacterial and fungal superinfection
[79]. Monotherapy regimens were also associated with lower rates of treatment
failure and fewer adverse events.

The same group has published an analysis linking cefepime monotherapy with a
higher all-cause mortality than other agents used for monotherapy, including ce-
ftazidime [80]. These data need to be interpreted with caution. Ceftazidime has
limited activity against many gram-positive organisms, and many gram-negative
pathogens have developed considerable resistance to it over the years [81, 82]. At
least one recent meta-analysis has reported lower response rates with ceftazidime,
and this agent has largely been replaced by cefepime in clinical practice [83].
Additionally, the FDA has just completed its own meta-analysis based on additional
data beyond those in the aforementioned publication [84]. The FDA has determined
that cefepime remains an appropriate therapy for its approved indications (including
neutropenic fever). The decision of which cephalosporin to use should be based on
local and current susceptibility data and not on studies conducted over two decades
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ago [82]. The weight of current data/opinion supports the use of empiric mono-
therapy for most neutropenic patients with fever [2, 18, 79]. In today’s tight eco-
nomic environment, monotherapy may represent the most cost-effective option.
Figure 1 provides an algorithm for the management of febrile neutropenic patients
based on risk groups.

7 Evaluation of Response

The median time to defervescence in low-risk patients is 2 days and approximately
5 days in patients not classified as low risk [85–87]. Persistence of fever for
3–5 days in otherwise stable patients does not necessarily indicate failure of the
initial regimen, particularly in patients with profound neutropenia. Approximately
70–80 % of patients will respond to the empiric regimen during this initial period
[2, 18]. Persistence of fever beyond 3–5 days should lead to a full re-evaluation of
the patient including a search for a drainable (abscess) or removable (infected
medial device) focus, or development of a secondary or superinfection. A change
in the initial regimen is recommended at this stage. This may consist of additional
antibacterial agents if there were gaps in the original regimen, or the adminis-
tration of antifungal or antiviral agents, if indicated [24].

In patients who remain febrile, imaging of various sites (paranasal sinuses,
chest, abdomen), Doppler or venous flow studies, and various serologic tests may
provide diagnostic clues. Occasionally, more invasive procedures (generally
biopsy of various tissues) might be necessary but are often deferred as many
neutropenic patients are severely thrombocytopenic as well. A small proportion of
patients will have a non-infectious cause of fever, such as tumor fever or drug
fever.

Fig. 1 Algorithm for the management of febrile neutropenic patients (Adapted from Refs. [2, 5,
18, 24, 41, 45])
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8 Duration of Therapy

The duration of therapy continues to be vigorously debated. One approach is to
continue antibiotic therapy in all patients until the resolution of neutropenia (ANC
[500/mm3 for 2 days) regardless of whether or not an infection was documented
during the febrile episode [2, 18]. Another approach is the administration of
therapy for approximately 3–4 days after resolution of all signs and symptoms of
infection (including microbiologic or radiographic evidence if present initially),
with a minimum of 7 days of treatment, regardless of whether or not the patients
have persistent neutropenia. The former approach may result in needless admin-
istration of antibiotics to many patients, potentially increasing health care costs,
toxicity, and the development of bacterial or fungal superinfections. The latter
approach requires careful observation of the patient after discontinuation of
therapy. The ultimate decision as to when to stop therapy often needs to be
individualized and depends on various factors including (1) the patient’s risk
group, (2) the presence and nature of a documented infection, (bacteremia,
pneumonia, urinary tract infection), (3) the nature of the underlying malignancy
(solid tumor or hematologic malignancy), (4) the need for additional chemother-
apy or immunosuppressive therapy or invasive procedures, and (5) the persistence
of neutropenia. Some patients with documented infections and persistent neutro-
penia might benefit from the administration of hematopoietic growth factors
(G-CSF; GM-CSF) and/or granulocyte transfusions, but their use remains con-
troversial [88–90].

9 Antimicrobial Prophylaxis

A detailed discussion on antimicrobial prophylaxis is beyond the scope of this
review. As already mentioned, the risk of developing severe infection is not
uniform among all cancer patients, but is largely dependent on the underlying
disease and the severity and duration of neutropenia. The benefit of antibacterial
prophylaxis in reducing documented infections has only been established in
patients with neutropenia exceeding 7 days. A recent meta-analysis showed
increased survival in patients receiving antibacterial (quinolone) prophylaxis,
especially patients with hematologic malignancies [91]. Routine antibacterial
prophylaxis should not be given to patients in whom neutropenia is expected to last
less than 7 days. This group includes most patients with solid organ malignancies
[92]. The main drawback of antibacterial prophylaxis, even when it is clinically
indicated, is the emergence of resistant organisms [93]. Consequently, local
microbiological monitoring for the emergence of such organisms (primarily E. coli
and P. aeruginosa) is recommended in institutions where prophylaxis is com-
monplace [94]. Trimethoprim–sulfamethoxazole is the agent of choice for the
prevention of Pneumocystis jivoreci infection in patients at risk. Alternative agents
include dapsone, pentamidine, and atovaquone [95]. Mold-active prophylaxis
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(echinocandin, mold-active azole) is recommended in patients at high risk for
developing invasive fungal infections, including recipients of allogeneic hemato-
poietic stem cell transplantation [96–99]. As always, the risks and benefits asso-
ciated with antifungal prophylaxis need to be weighed before deciding on whether
or not to administer prophylaxis [100].

10 Antimicrobial Stewardship

Antimicrobial agents are used with greater frequency and for a larger number of
indications (prophylaxis, preemptive therapy, empiric therapy, targeted or specific
therapy of a documented infection, and maintenance/suppressive therapy) in
cancer patients than in most other patient populations [2]. Although justified, this
has created pressures leading to the emergence of resistant organisms [93]. Tra-
ditionally, the development of novel antimicrobial agents has been an important
tool in battling the problems caused by resistant organisms. However, the devel-
opment of novel agents is at an all time low, mandating the judicious use of
currently available agents—i.e., antimicrobial stewardship. The various strategies
for antimicrobial stewardship program are listed in Table 9, and include a mul-
tidisciplinary antibiotic stewardship team (MAST), institutional pathways/

Table 9 Recommendations for antimicrobial stewardship

Baseline data/infrastructure

Determine local epidemiology and resistance patterns

Know institutional formulary and prescribing habits

Develop multidisciplinary antimicrobial stewardship team (MAST)

Recommendations for antimicrobial usage

Limit antibacterial prophylaxis

Encourage targeted/specific therapy

Consider formulary restriction and/or preauthorization

Create guidelines and clinical pathways

Consider antimicrobial heterogeneity

Consider de-escalation (streamlining) of empiric regimen

Dose optimization

Parenteral to oral conversion

Optimization of 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
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guidelines, formulary restrictions or preapproval requirements for certain agents,
and de-escalation or streamlining of therapy when appropriate [10]. Antibiotic
stewardship programs have been successfully implemented at several institutions
(including ours) and in the opinion of this investigator will soon become man-
datory at most institutions [11, 101–103].

11 Summary

Neutropenic patients continue to develop serious infections despite significant
improvements in the supportive care of cancer patients, and the implementation of
preventive and infection control strategies. The spectrum of infection undergoes
periodic change with the emergence of newer opportunistic pathogens and/or the
development of resistance among well-recognized pathogens. Prompt, empiric
antibiotic therapy when a neutropenic patient becomes febrile remains the standard
of care. However, not all neutropenic patients have the same risk of developing
severe infections and associated complications. Low-risk patients can now be
accurately identified at the onset of a febrile episode, and these patients can be
treated with a short duration (24–48 h) of hospitalization followed by outpatient
therapy, or can be managed entirely as outpatients. Very little change has occurred
in the management of moderate-to-high-risk febrile neutropenic patients over the
past decade. These patients are best managed in the hospital to facilitate close
monitoring for the development of serious medical complications. Antimicrobial
stewardship has become an important strategy in the overall management of
neutropenic patients, especially since new drug development has declined appre-
ciably. It is hoped that antimicrobial stewardship and strict adherence to infection
control policies will reduce the emergence and spread of multidrug-resistant
organisms, which are posing serious therapeutic challenges to clinicians caring for
these high-risk patients. The development of less myelotoxic/immunosuppressive
agents can mitigate this situation considerably, but remains a distant goal.
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Respiratory Infections

Evan J. Anderson

Abstract

The respiratory tract is a common site of infection in cancer patients and is
associated with substantial moribidity and mortality in this population. Cancer,
chemotherapy, and radiation can all cause noninfectious pulmonary infiltrates
and respiratory symptoms that can masquerade as a respiratory tract infection.
Cancer patients are at a particular risk for infection by a wide variety of
different viruses, fungi, and bacteria that can be difficult to treat. Although
noninvasive diagnostics have significantly improved recently, patients with
severe pneumonia and those not responding to usual therapy should be
candidates for aggressive diagnostic testing and tissue sampling. Initial therapy
should be carefully chosen and individually tailored to account for the
individual patient’s underlying risk factors for multi-drug-resistant pathogens,
viral pathogens, or fungi. Once diagnostic testing returns, therapy should be
altered to appropriately narrow the spectrum of coverage.
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1 Introduction

Respiratory tract infections are a common cause of illness among patients with
cancer and are a substantial source of morbidity and mortality. Data regarding the
incidence and epidemiology of respiratory tract infections in cancer patients are
limited. In 2006, cancer was identified as the second leading cause of death in the
United States (nearly 560,000 deaths), while influenza and pneumonia were listed
at number 8 (comprising over 56,000 deaths) [1]. Mortality in the national vital
statistics reports is listed as due to a single cause, while a substantial amount of
mortality is due to the combination of cancer and pneumonia. Additionally, the
fourth leading cause of death is chronic lower respiratory diseases (e.g., chronic
obstructive pulmonary disease), which overlaps with lung cancer and pneumonia.
Of documented infections in patients with febrile neutropenia, 15–30 % are
eventually documented to be pneumonia [2]. Thus, although a detailed under-
standing of the morbidity and mortality associated with pneumonia in patients with
malignancy is limited, the burden is substantial.

Respiratory tract infections are often divided into upper and lower respiratory
tract infections. Upper respiratory tract infections primarily involve the nose,
pharynx, and other adjacent structures. Lower respiratory tract infections are often
defined as having evidence of infection, respiratory symptoms or physical exam-
ination findings suggesting lower respiratory tract disease, and abnormal chest
imaging. Lower respiratory tract infections include bronchitis, bronchiolitis (e.g.,
in young children), and pneumonia.

A detailed discussion of upper respiratory tract infections is beyond the scope
of this book chapter. Included within upper respiratory tract infections are phar-
yngitis, rhinitis, otitis media, and sinusitis. The majority of upper respiratory
infections are due to viral etiologies [3]. Although pharyngitis may be due to viral
etiologies (e.g., herpes simplex virus, cytomegalovirus, or Epstein Barr virus),
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chemotherapy- or radiation-induced mucositis and bacterial etiologies (e.g.,
Streptococcus pyogenes most commonly) may also occur.

Rarely perioral infections that involve the floor of the mandible can rapidly
dissect through the tissue planes of the neck to cause Ludwig’s angina. In this
disease process, a ‘‘bull neck’’ develops with potential airway narrowing and
respiratory compromise, and risk of progression into the mediastinum. Lemierre’s
syndrome can also develop due to spread of infection from the perioral space into
the soft tissues of the neck causing a septic thrombophlebitis of the jugular vein and
septic emboli to the lungs. Fusobacterium, an oral anaerobe, is most commonly
responsible. These infections are uncommon, but potentially life threatening.

Otitis media and sinusitis can occur in patients with underlying malignancies. In
healthy patients infections are most commonly due to Streptococcus pneumoniae,
Haemophilus influenzae, and Moraxella catarrhalis [4]. In patients with more
chronic disease, Staphylococcus aureus, enteric gram-negative bacteria, and
anaerobes can also occur. In the setting of neutropenia or chronic graft versus host
disease (GVHD), the possibility of invasive fungal sinusitis should be entertained
and aggressively evaluated for if the patient develops symptoms potentially con-
sistent with sinusitis. Rapid development of ocular findings, cranial nerve palsies,
or mental status changes in the setting of sinusitis should prompt emergent sinus
imaging and evaluation by an otolaryngologist for possible surgical debridement
and biopsy. Failure to respond to usual empiric antibiotic therapy should also
prompt additional imaging and possibly more invasive strategies to identify a
pathogen and to evaluate for complications.

Lower respiratory tract infections classically include bronchitis, bronchiolitis,
pneumonitis, and pneumonia. These terms are poorly defined, substantial overlap
exists, and differentiation between these entities in an individual patient may be
difficult. This chapter will refer to lower tract respiratory disease as pneumonia
unless otherwise specified. Most epidemiological studies and clinical trials of
pneumonia have required patients to have evidence of acute illness (e.g., fever,
leukocytosis, or severe leukopenia), evidence of acute respiratory symptoms (e.g.,
cough, dyspnea, tachypnea, abnormal breath sounds), and abnormal imaging of the
chest suggesting pulmonary abnormality (e.g., lobar consolidation) [5–8]. Unfor-
tunately, many clinical trials of pneumonia have excluded most or all patients with
underlying malignancies, and guidelines do not adequately address the issues in
this patient population [9–14].

2 Differential Diagnosis of Pneumonia

The differential diagnosis of pulmonary infiltrates is broad and is outlined in
Table 1. Considerations include cardiac, pulmonary, malignant, inflammatory, and
infectious processes. Notably, cardiac or pulmonary toxicity from comorbid
medical conditions (e.g., rheumatoid arthritis) or medications (e.g., amiodarone)
can occur in the setting of cancer management. Cardiotoxic chemotherapeutic
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Table 1 Common causes of respiratory symptoms or disease in cancer patients

Infectious

Lower respiratory tract illness (e.g., pneumonia)

Septic emboli from bacteremia

Sepsis

Aspiration pneumonia

Aspiration pneumonitis

Post-obstructive pneumonia (particulary in setting of an obstructing malignancy)

Cardiac

Acute myocardial infarction (AMI)

Congestive heart failure (CHF) with pulmonary edema

Chronic

Acute e.g., due to AMI or acute valvular insufficiency

Cardiac toxicity from prior therapy, including

Cyclophosphamide

Mitoxantrone

Anthracyclines

Paclitaxel and docetaxel

Trastuzumab

Mediastinal or total body irradiation

Pulmonary

Noncardiogenic pulmonary edema

Volume overload

Capillary leak (e.g., sepsis)

Pulmonary embolism (particularly with infarction)

Fat embolism

Transfusion-related lung injury

Alveolar hemorrhage

Idiopathic eosinophilic pneumonia

ARDS

Preexisting pulmonary disease (e.g., COPD, bronchiectasis)

Preexisting medical disease (e.g., rheumatoid arthritis)

Medication related (e.g., amiodarone)
(continued)
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agents such as cyclophosphamide, anthracyclines, mitoxantrone, paclitaxel,
docetaxel, and trastuzumab or mediastinal radiation should always be considered
as a potential cause of cardiovascular dysfunction, which may present with pri-
marily respiratory symptoms [15, 16]. Similarly, interstitial pneumonitis may
result from treatment with bleomycin, cyclophosphamide, gemcitabine, cytara-
bine, fluorouracil, procarbazine, gefitinib, rituximab, and many other agents
[15, 17, 18]. In addition, inhibitors of the mammalian target of rapamycin
(mTOR), such as sirolimus, everolimus, and temsirolimus, can cause a progressive
noninfectious pneumonitis [19, 20].

Other complications of cancer treatment such as volume overload, acute lung
injury after blood transfusion, pulmonary embolism, and diffuse alveolar hemor-
rhage should also be considered. Primary lung cancer or metastatic disease can

Table 1 (continued)

Oncological

Metatstatic malignancy

Primary lung malignancy

Leukemic infiltrates

Treatment-Related Pulmonary Toxicity

Radiation-induced pneumonitis and fibrosis

Medication related, including

Bleomycin

Busulfan

Chorambucil

Cyclophosphamide

Gefitinib

Methotrexate

Nitrosoureas

Procarbazine

Rituximab

Taxanes

mTor inhibitor-associated pneumonitis

Others

Cryptogenic organizing pneumonia (COP) (bronchiolitis obliterans organizing pneumonia,
BOOP)

After stem cell or bone marrow transplantation

Idiopathic pneumonia syndrome (idiopathic interstitial pneumonitis)

Graft versus host disease (GVHD)

Respiratory Infections 207



also result in pulmonary opacities. Sometimes, malignancies, particularly primary
lung cancer, can obstruct or impede air flow into or out of the lung, resulting in a
post-obstructive pneumonia or a lung abscess. Radiation pneumonitis, particularly
if associated with fever and an elevation in white blood cell count [21], is often
difficult to distinguish from an infectious pneumonitis [22]. The infiltrates with
radiation pneumonitis can have a perivascular haziness which can progress to
patchy alveolar filling infiltrates [21]. In addition, multiple disease processes can
simultaneously occur in the lungs, and this possibility should be entertained.

Indwelling catheter infections must also be considered in patients with symp-
toms of infection and pulmonary infiltrates on chest imaging. Indwelling catheters
dramatically increase the risk of bloodstream infections and endocarditis. Bac-
teremia or right-sided endocarditis can result in embolic pulmonary infiltrates
(typically peripheral) and respiratory distress. Bacteremia and sepsis can also
result in capillary leak with associated diffuse patchy infiltrates or acute respiratory
distress syndrome (ARDS).

3 Epidemiological Risk Factors for Pneumonia

Certain epidemiological risk factors exist for pneumonia, and ascertainment of
such factors in an individual patient can be helpful in expanding or altering the
differential diagnosis. A history of cigarette smoking has been identified as the
strongest epidemiological risk factor for invasive pneumococcal disease in
immunocompetent, nonelderly adults [23]. The season of the year should be
considered as many respiratory viral infections occur predominantly in the winter
and spring (e.g., influenza, respiratory syncytial virus (RSV), and human meta-
pneumovirus). Children, particularly those in daycare, may transmit respiratory
viruses such as RSV and influenza which are risk factors for invasive pneumo-
coccal disease [23]. Sick contacts also may be a source for less commonly
observed infections such as tuberculosis or measles. A history of exposure to
tuberculosis is important since it may remain in a latent state for years before
reactivating with increasing age or immune depletion. It is very important to
consider that approximately 60 % of tuberculosis cases diagnosed in the United
States occur in individuals who were born outside the United States [24]. Geo-
graphic factors are also helpful in considering endemic fungi such as histoplas-
mosis (the Mississippi and Ohio River valleys) and coccidioidomycosis (desert
southwest, particularly the San Joaquin valley) which are more frequently
observed in cancer patients. Although blastomycosis is frequently mistaken for
lung cancer or a metastatic malignancy, symptomatic disease is uncommon in
those with cancer but may occur more frequently in those with defects in cell-
mediated immunity [25]. Exposure to certain pets such as parakeets or parrots (a
cause of psittacosis) or other animals such as birthing livestock (resulting in risk of
infection with Coxiella burnetti or Q-fever) can suggest other uncommon causes of
pneumonia. Ongoing construction at a medical center without appropriate

208 E. J. Anderson



protective measures or exposure to aerosolized soil can result in an increased risk
of Aspergillus pneumonia [26]. These and other nosocomial risk factors for
Aspergillus and also for Legionella infections are outlined elsewhere in this vol-
ume (Chapter Infection Control and Prevention Considerations).

Recent history of a preceding or current viral illness should be obtained. It has
been known that coinfections or mixed infections can be identified in community-
acquired pneumonia (CAP) [12, 27]. Improved diagnostic testing, particularly the
recent application of PCR testing for respiratory viral pathogens, has resulted in a
greater appreciation for the interaction that can occur between bacterial and viral
pathogens. In previously healthy children and adults who are admitted with
pneumonia, 5–30 % have both viruses and bacteria identified using molecular
techniques [10, 28–33]. Additionally, viruses (e.g., influenza, RSV, and human
metapneumovirus) have an important role in predisposing patients to invasive
bacterial pneumonia. In a case-controlled study, prior influenza infection,
1–4 weeks before, predisposed children to subsequent severe pneumococcal
pneumonia requiring hospitalization with an odds ratio of 12.4 [34]. Influenza
infection is also a risk factor for severe S. aureus pneumonia (particularly meth-
icillin-resistant S. aureus or MRSA) [35, 36]. A recent review of autopsies of
patients who died during the 1918 influenza pandemic suggested that much of the
mortality was actually due to bacterial superinfection [37]. Others have also
identified S. pneumoniae more frequently in nasopharyngeal secretions in those
with severe novel 2009 H1N1 disease than in those with mild cases [38]. Addi-
tional pediatric data suggest that invasive pneumococcal disease correlates with a
preceding RSV infection (up to 4 weeks later) and with a preceding human
metapneumovirus or influenza infection (up to 2 weeks later) [38]. It should be
noted that pneumococcal vaccination of children has been associated with a
decrease in lower respiratory tract infections caused by influenza, parainfluenza,
RSV, and human metapneumovirus [39, 40]. Thus, although data are lacking
specifically in the cancer patient population, recent data suggest that viruses may
predispose to subsequent bacterial infection and that bacteria and viruses are
commonly coidentified in pneumonia.

Additional baseline epidemiological risk factors related to the underlying
malignancy should be assessed. For example, a lung cancer patient with under-
lying chronic obstructive pulmonary disease (COPD) with multiple prior COPD
exacerbations is at risk for different pulmonary pathogens than are hematological
malignancy patients. In addition to the specific tumor, the stage of the malignancy
can also be helpful in suggesting potential oncology-related risk factors. For
example, a patient with known brain metastases is at a higher risk of aspiration
pneumonia than a patient without metastatic disease. Other risk factors for aspi-
ration include impaired swallowing (especially with head and neck cancer), altered
mental status, and procedures requiring sedation [41, 42].

Several points bear particular emphasis. First, immune deficits can occur from
the underlying hematological malignancy (e.g., multiple myeloma) which can
result in a deficit in humoral immunity which increases the risk of encapsulated
organisms S. pneumoniae and H. influenzae. Second, strategies used to diagnose or

Respiratory Infections 209

http://dx.doi.org/10.1007/978-3-319-04220-6_15


treat the underlying malignancy can also increase the risk of pneumonia due to
certain pathogens. For example, although uncommonly performed, splenectomy is
strongly associated with an increased risk of infection with encapsulated organ-
isms. Prolonged administration of steroids can increase the risk of invasive fungal
pathogens and Pneumocystis jiroveci pneumonia (PCP). Administration of anti-
lymphocyte antibodies can result in severe depletion of CD4 cells, placing patients
at risk of cell-mediated infections and reactivation of latent infections. It is
increasingly being recognized that delayed lymphocyte reconstitution (perhaps as
a marker of delayed reconstitution of certain lymphocyte populations) can sig-
nificantly impact recovery from certain viral infections such as adenovirus [43].
The depth and duration of neutropenia that occurs during chemotherapy directly
increases the risk of bacterial and fungal infections—Aspergillus most notably.
Finally, the impairment of mucosal defenses due to the cytotoxicity of chemo-
therapy can also increase the risk of invasive bacterial pathogens and impair
mucous clearance from the respiratory tract, further increasing the risk of invasive
respiratory tract infections.

4 Stem Cell Transplant Risk Factors

Engraftment, particularly CD4+ cell engraftment, is better with peripheral blood
stem cell transplantation (SCT) than with bone marrow transplantation (BMT)
with fewer fungal, bacterial, and viral infections occurring after transplantation
[44]. Despite these improvements, pneumonia frequently complicates SCT. The
two most important factors impacting the risk of infection after transplantation are
the presence or absence of GVHD and the time from transplantation [45]. Clas-
sically, during the pre-engraftment period (usually less than 2–6 weeks), bacterial
infections, Candida, Aspergillus, and HSV are among the most common pathogens
[45]. After engraftment until about 100 days from SCT, the impact of deficient
cell-mediated immunity results in an increased risk of CMV, PCP, and Aspergillus
infections [45–48]. In the late phase (after about 100 days), reactivation of CMV
and VZV, and infections with encapsulated bacteria (e.g., pneumococcus) are most
common and the risk correlates with the severity of prior GVHD [45]. Addi-
tionally, development of invasive Aspergillus infections [6 months after trans-
plantation has been associated with chronic GVHD and prior CMV disease [46].
Notably, the risk of serious illness from respiratory viruses remains elevated
throughout transplantation [45].

There are also other important factors impacting the risk of infection after
transplantation. Allogeneic SCT recipients are at a higher risk of infectious
complications than are autologous SCT recipients [45]. It is uncommon for
autologous SCT recipients to have infectious complications after 3 months, while
allogeneic SCT recipients continue to have measurable humoral, cell-mediated,
and reticuloendothelial system deficits [49, 50]. Receipt of HLA-mismatched or
unrelated donor transplants are also independent risk factors for latent viral

210 E. J. Anderson



reactivation and invasive fungal disease [45, 48]. The impact of T-cell depletion
with a monoclonal anti-CD52 antibody (alemtuzumab) upon subsequent risk of
reactivation of latent infections such as CMV and development of new infections
should not be underestimated [46, 47, 51, 52]. Prior CMV is a major risk factor for
subsequent invasive fungal disease [46, 53, 54]. Other important risk factors for
invasive aspergillosis after engraftment include GVHD, receipt of corticosteroids,
neutropenia, lymphopenia, and respiratory virus infections [45, 46]. While hos-
pitalized, patients remain at risk of nosocomial acquisition of respiratory viruses
such as influenza, parainfluenza, RSV, and adenovirus, which have been known to
cause large outbreaks in transplant centers [55–58]. The seasonality of these
viruses appears to closely approximate that of the healthy population [59].

5 Organisms Causing Pneumonia in Cancer Patients

Common and uncommon organisms responsible for pneumonia in cancer patients
are outlined in Table 2. Cancer patients are a heterogeneous group of individuals
who may have pathogens that may closely resemble the organisms observed in
patients with CAP [14], hospital-acquired pneumonia (HAP) [13], or pneumonia in
immunosuppressed patients [60]. For example, a prostate cancer patient on hor-
monal therapy or an outpatient with colon cancer on 5-fluorouracil with no prior
bone marrow suppression is likely to have pathogens that mirror those of CAP. In
contrast, a surgically complicated colon cancer patient requiring a prolonged stay
in the surgical intensive care unit and mechanical ventilation will be predisposed
to pathogens that are commonly observed in HAP. A SCT recipient who develops
pneumonia while neutropenic can be infected by pathogens observed in immu-
nosuppressed patients, but could have pathogens more like a patient with HAP if
the pneumonia develops during hospitalization or even CAP if the patient is
[1 year out from SCT with immune reconstitution with no underlying GVHD. As
well, the organisms causing aspiration pneumonia should be considered in patients
with cancer for whom either comorbid conditions or medication use places them at
a heightened risk of aspiration (e.g., alterations in mental status, mucositis, nar-
cotic, and benzodiazepine use). One recent study documented that 15 % of cancer
patients who underwent bronchoalveolar lavage (BAL) had multiple pathogens
identified [2]. Thus, physicians caring for cancer patients with pneumonia should
carefully consider potential pathogens.

Of particular importance is the consideration of prior microbiological isolates
identified in a patient and prior anti-infective therapy. Adherence to trimethoprim–
sulfamethoxazole (TMP-SMX) prophylaxis greatly decreases the risk of PCP.
Other prophylactic regimens for PCP are generally not as effective and also lack
the protection that TMP-SMX provides against some bacteria and Nocardia
[45, 61]. Prior antibiotic administration with broad-spectrum agents places patients
at risk of infection with a drug-resistant pathogen. For example, prior levofloxacin
administration has been previously associated with acquisition of fluoroquinolone-
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resistant S. pneumoniae infections [62, 63]. Prior administration of an antiviral
such as acyclovir, ganciclovir, or oseltamivir may substantially decrease the risk of
infection, but if infection occurs, it may be due to a drug-resistant viral pathogen
[48, 64]. Multiple authors have documented that prior administration of vorico-
nazole in SCT recipients is a risk factor for breakthrough fungal infections due to
mucormycosis (Rhizopus) [65–67].

Herpes simplex virus (HSV) infections can occasionally involve the lung. Since
HSV can reactivate in up to 70 % of BMT recipients [68], it is recommended that
acyclovir prophylaxis be administered to all SCT recipients until engraftment
occurs and mucositis resolves [49]. It is important to consider HSV as a potential
pathogen of the lungs, particularly in patients with perioral lesions or mucositis.
Although HSV can be identified from bronchial fluid by PCR, it is not routinely
tested for by most molecular laboratories. Viral culture, rapid shell vial, and DFA
tests all can easily identify HSV. Treatment is with high-dose acyclovir. Resis-
tance to acyclovir can occur through mutations in the thymidine kinase gene and
rarely through mutations in the HSV DNA polymerase [48]. Alternatives include
the nephrotoxic medications foscarnet and cidofovir, although occasionally
resistance to these can develop [69, 70] (See Chapter Antimicrobial Agents, Drug
Adverse Reactions and Interactions, and Cancer).

CMV, and particularly CMV pneumonitis, had previously been the most
common cause of death in BMT recipients [71], but has declined with aggressive
monitoring and treatment of CMV reactivations. Consistently identified risk fac-
tors for CMV disease include CMV seropositivity, GVHD, lymphopenia, and use
of alemtuzumab [47, 72–74]. CMV establishes latency; thus, isolation of CMV by
viral culture from peripheral sites (e.g., nasopharyngeal, urine, and stool) is poorly
predictive in identifying patients who will develop subsequent invasive CMV
disease, and some patients who developed disease before peripheral cultures had
enough time to grow [75, 76]. Although CMV pp65 antigen testing of blood
resulted in more rapid identification, it was limited by the need for large blood
volumes and could not be used in neutropenic patients [43]. The advent of PCR
testing of the blood has further improved the detection of CMV in neutropenic
patients and has been associated with improved survival over viral culture [43].
After treatment of patients for CMV, the physician should remain aware that the
risk of subsequent bacterial and fungal infections is substantially increased [53, 54,
77, 78].

The epidemic of 2009 novel H1N1 dramatically impacted hospital admissions
during the spring and fall of 2009. It has the capacity to replicate within human
lung tissue and can cause a diffuse viral pneumonitis that can be associated with
severe hypoxemia, ARDS, and sometimes multisystem organ failure [79–81].
Very few cases of severe illness occurred in patients[60 years of age [81, 82], but
underlying immunosuppression was present in about 15 % of patients with 2009
H1N1 disease requiring hospitalization [82]. A retrospective single cancer-center
study conducted on May–June 2009 noted that 2009 H1N1 occurred more com-
monly among patients with an underlying hematological malignancy than among
those with solid tumors [83]. Over 90 % of patients presented with cough and
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fever [83]. Thirty-seven percentage of patients required hospitalization, and 27 %
of those that were assessed with radiographs had lower respiratory tract disease
[83]. Almost all of these patients received neuraminidase therapy, 86 % received
this on clinical presentation, and none of these patients required mechanical
ventilation or died due to 2009 H1N1 disease [83]. Early administration of osel-
tamivir to patients who have 2009 H1N1 influenza has been associated with better
outcomes and lower risk of death [81, 82]. Thus, when influenza is occurring in the
community, empiric therapy for influenza should be instituted in patients with
compatible symptoms awaiting results of testing [81]. Additionally, therapy should
be continued in patients with negative testing if severe or progressive disease
exists until an alternative diagnosis is established due to PCR being falsely neg-
ative in *10 % of specimens [81]. Notably,[1/3 of healthy patients will continue
to shed 2009 H1N1 or seasonal influenza by PCR for [7 days after onset of
illness; viral shedding may be even more prolonged in hospitalized patients or
patients with underlying immunosuppression [81, 84–86]. It is uncertain whether
detectable influenza genetic material represents viable replicating virus [84].
Delayed viral clearance has been associated with late initiation of oseltamivir [81,
84, 85] and has been associated with comorbidities and with prolonged hospital
stays [85].

6 Imaging

Chest radiography (chest X-ray) is necessary for the routine evaluation of patients
suspected of having pneumonia due to its superior sensitivity and specificity over
that of physical examination [14]. It is recommended in cancer patients that are
febrile, neutropenic, and have any respiratory signs or symptoms [87]. It can be
useful in suggesting other potential etiologies (e.g., congestive heart failure) and
pathogens. Interstitial or peribronchial infiltrates are classically associated with
viral pathogens, while lobar or alveolar infiltrates are more frequently seen with
bacterial pathogens; however, substantial overlap exists. About 70 % of children
with documented bacterial pneumonia will have airspace disease [8]. In children
with influenza that have pulmonary infiltrates, up to 50 % may have an alveolar
component to their infiltrate [88]. With 2009 H1N1 influenza, radiographic find-
ings commonly included diffuse mixed interstitial and alveolar infiltrates [81]. In
patients with bacterial superinfection of 2009 H1N1, lobar and a multilobar dis-
tribution can occur [81]. Chest radiography can also help identify a complicated
pneumonia—usually defined as necrotizing pneumonia, lung abscess, loculated
pleural fluid, or empyema. Presence of an effusion suggests a bacterial process—
particularly S. pneumoniae, S. aureus, or S. pyogenes. Lateral decubitus films are
useful in determining whether an effusion associated with pneumonia is free-
flowing or loculated (suggested by failure of the fluid to move to the dependent
region of the chest with changes in position). Chest X-rays are particularly limited
in the early detection of pneumonia in patients with cancer, particularly when
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obtained in the supine position [89]. It is also well known that a delay in chest
X-ray appearance of pneumonia can occur; thus, patients who have a high clinical
suspicion of pneumonia should be treated presumptively for 24–48 h before
repeating the chest X-ray [14].

High-resolution CT scanning has improved sensitivity and specificity for
pneumonia over that of chest X-ray in patients without underlying cancer [90]. The
sensitivity of chest X-ray in comparison with CT scan has been shown to be about
50 % [89]. In one study, the use of high-resolution CT scanning resulted in a
median increase of 5 days in the time of detection of a pulmonary infiltrate over
that of using chest X-rays alone [91]. Importantly, in those with a negative high-
resolution CT scan, no individuals developed an inflammatory lung lesion within
the next 5 days and\10 % developed an inflammatory lung lesion within the next
20 days [91]. CT angiography can help in the evaluation of pulmonary embolism
which is also common in oncology patients while still proving substantial infor-
mation about the lung parenchyma and mediastinal lymphadenopathy. Although
classic findings on CT imaging include consolidation with bacterial disease,
nodules with fungal disease, a perihilar ground glass opacity with PCP, and a
mosaic pattern of ground glass opacities with viral disease, these findings are
nonspecific and not diagnostic [89]. CT can be helpful in suggesting noninfectious
etiologies (e.g., radiation pneumonitis, drug toxicity, malignancy) and in providing
precise localization of the infiltrate for subsequent diagnostic procedures [89].

Certain characteristics are strongly associated with invasive Aspergillus in the
setting of neutropenia. These findings include the presence of a halo sign, which is
an area of hemorrhage around a nodular lesion, or the presence of an air-crescent
sign [92, 93]. These findings are strongly suggestive of Aspergillus, but can also
occur in infections with Pseudomonas aeruginosa, Nocardia, zygomycetes,
Fusarium, and scedosporium [92, 94]. These classic findings are not the most
sensitive findings observed with invasive pulmonary aspergillosis. In a large
multicentered study of invasive Aspergillus, 95 % had at least one macronodule
(defined as C1 cm), 61 % had a halo sign, 30 % had consolidation, 27 % had an
infarct-shaped macronodule, 20 % had cavitation, and only 10 % had an air-
crescent sign [94]. Interestingly, a good prognostic sign is the finding of a halo
sign, which correlated with improved response to therapy and survival [94].

Other imaging tests may be appropriate depending on the clinical setting to
exclude other diagnoses. For example, brain natriuretic peptides (BNP) or echo-
cardiography may be beneficial in individual patients in excluding congestive heart
failure. Transesophageal echocardiography is more sensitive than transthoracic
echocardiography for endocarditis and should be used in adult patients in whom
endocarditis is being strongly considered in the differential diagnosis [95].
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7 Diagnostic Strategies

The gold standard for the diagnosis of pneumonia requires sampling of respiratory
tract tissue and identifying pathogens by tissue culture or on histopathological
examination. However, an invasive diagnostic strategy is usually unnecessary or
not feasible due to its attendant risks in cancer patients (e.g., risk of infection and
bleeding). It should be recognized that S. pneumoniae is considered the predom-
inant pathogen in CAP; it is identified in about 2/3 of bacteremic pneumonia
[3, 96]. A recent study using transthoracic lung aspiration has confirmed this
finding [97]. Some evidence suggests that although Mycoplasma pneumoniae and
Chlamydiophila pneumoniae are relatively common causes of pneumonia in out-
patients, they are infrequently observed in patients with severe disease in whom
S. aureus, Legionella species, and gram-negative bacilli are more frequently
observed [3]. This may be even truer in patients with underlying cancer who
require hospitalization for pneumonia.

In general, more aggressive diagnostic strategies are necessary in patients with
cancer than in patients without cancer who present with a routine pneumonia. This
is due to the higher likelihood of alternative diagnostic possibilities (e.g., meta-
static malignancy). As well, unusual pathogens (e.g., PCP, tuberculosis) and multi-
drug-resistant pathogens occur with a higher frequency. A higher rate of clinical
failure and mortality has been observed in patients with pneumonia that are not
initiated on appropriate antimicrobial therapy [13, 14, 98–101]. In another study of
200 immunocompromised patients (140 of which had either hematological
malignancy or SCT), mortality was associated with SCT (53 % vs. 33 %),
requirement of mechanical ventilation (odds ratio [OR] of 28), an APACHE II
score of[20 (OR 5.5), and a delay of[5 days in establishing a specific diagnosis
(OR 3.4) [102].

7.1 Noninvasive Testing Modalities

Tables 3 and 4 outline routine and supplemental testing that may be of potential
benefit in patients with underlying malignancies who present with pneumonia.
Although blood cultures identify a pathogen in 5–14 % of patients with CAP
[3, 14], these are particularly important in patients with underlying malignancies in
whom other etiologies (e.g., central line infection with embolic lung lesions) must
be considered. Sputum cultures, although not universally recommended [3], are
likely to be of higher benefit in patients with underlying malignancies in whom
common pathogens are less frequently observed. Obtaining sputum for culture
prior to antibiotic administration increases the yield. In particular, they can be
helpful in identifying pathogens that empiric coverage may not have adequately
covered (e.g., MRSA, a drug-resistant gram-negative rod).

A number of tests for the presence of antigens have been developed for iden-
tifying fungal and bacterial pathogens. Several important caveats exist for antigen
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Table 4 Diagnostic tests for oncology patients with possible pneumonia

Initial laboratory testing Additional baseline laboratory tests to consider

CBC with manual differential Nasal or naspopharyngeal specimen for extended
viral testing for human metapneumovirus,
adenovirus, rhinovirus, parainfluenzavirus

Comprehensive metabolic panel Sputum fungal stain and culture

Blood cultures Sputum AFB stain and mycobacterial culture

Minimum of 2, more if endocarditis is
suspected

Urinary Histoplasma antigen

Urinalysis and urine culture Urinary Blastomyces antigen

Chest XRAY (PA and lateral views) Urinary Coccidioides antigen

Sputum culture for bacterial culture Fungal serologies (lower yield than urinary
antigens)

Useful specimen if [25 WBC/hpf and \10
epithelial cells/hpf observed

Serum cryptocococcal antigen

Nasal or nasopharyngeal specimen for viral
PCR testing (for influenza and RSV)

Strongyloides serology and stool examination for
ova and parasites

Streptococcus pneumoniae urinary antigen

Legionella urinary antigen (serogroup 1)

Aspergillus galactomannan assay

CMV pp65 or CMV PCR from blooda

If bronchoalveolar lavage or lung tissue is
obtained

If pleural fluid is obtained

Gram stain and quantitative bacterial culture pHc

Legionella DFA and culture LDHc

KOH stain and fungal culture Proteinc

AFB stain and mycobacterial culture Glucosec

Viral culture (rapid shell vial culture) or Cell count with differential

Extended viral PCR testing Gram stain with quantitative bacterial culture

PCP DFA assay KOH stain and fungal culture

Aspergillus galactomannan assay AFB stain and mycobacterial culture

16S ribosomal RNA sequencingb Legionella DFA and culture
(continued)
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tests. First, all of the antigen tests have sensitivities that are\90 % and some much
less than this. Thus, they should not be viewed as tests that can ‘‘rule out’’ the
presence of a pathogen. Second, the antigen tests are most sensitive before or
shortly after initiation of treatment with an agent that has activity against the
specific pathogen. These tests generally become negative fairly quickly and in
some cases (e.g., histoplasmosis) can be used to gauge response to therapy.
Finally, these tests are more sensitive in the setting of disseminated disease than in
pneumonia alone.

Urinary antigen assays for Legionella (70 % sensitivity, [90 % specificity for
serogroup 1) and S. pneumoniae (60–90 % sensitivity with approaching 100 %
specificity) should be obtained from patients who have failed outpatient antibiotic
therapy, those with pleural effusions, and those requiring intensive care admission
for pneumonia [3, 14]. It should be recognized that many other Legionella species
can cause pneumonia but are not detected by the urinary antigen; to diagnose these
species, culture or PCR of respiratory specimens is necessary. In patients at risk of
endemic fungal disease, urinary antigen tests exist for histoplasmosis, blastomy-
cosis, and coccidiodiomycosis that have excellent sensitivities but some risk of
cross-reaction with other fungal pathogens including other endemic fungi and
Penicillium [103–107]. Response to therapy can be followed by obtaining serial
specimens for some of these urinary antigen tests [103].

Serum antigen tests also exist but are limited to evaluation for certain invasive
fungal pathogens. First, the cryptococcal latex antigen test is widely available and
should be considered in patients with cell-mediated immunity deficits. An antigen
test (Fungitell BG, Associates of Cape Cod, East Falmouth, Mass.) was developed
to detect (1?3)-b-D-glucan which is a cell wall component of Aspergillus and
most other fungi [108]. Thus, it is not specific for Aspergillus and has been found
to be positive in patients with candidemia and with cyptococcosis, fusariosis, PCP,
and histoplasmosis [109–112]. The sensitivity of this test for Aspergillus has
ranged from 50 to 100 % with a specificity that ranges from 44 to 98 % [108, 111].
In clinical practice, the (1?3)-b-D-glucan assay was not found to be helpful in
discriminating fungal from bacterial infections in the intensive care unit setting

Table 4 (continued)

Cytology ± histology depending on
specimen

PCP DFA assay

16S ribosomal RNA sequencingb

Cytology (+Histology if tissue obtained)

Aspergillus galactomannan assay
aSend in stem cell transplant recipients
bLimited availability, primarily a research tool
cDetermine whether pleural fluid is transudate or exudate
CBC complete blood count, PA posteroanterior, hpf high-power field, PCR polymerase chain
reaction; RSV respiratory syncytial virus, DFA direct fluorescent antibody, KOH potassium
hydroxide, AFB acid fast bacilli, PCP Pneumocystis jerovechi, and RNA ribonucleic acid
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[113]. Even in healthy populations, a false-positive rate of 7–20 % has been
observed, which may be even higher in populations at risk for invasive fungal
infections [108]. False positives have also been observed with certain medications,
following hemodialysis, with use of IV tubing filters, with administration of
albumin or immunoglobulin, and after exposure to gauze [108, 111]. Additionally,
echinocandins interfere with (1?3)-b-D-glucan synthesis and administration of an
echinocandin (e.g., caspofungin, micafungin, anidulafungin) may be associated
with a falsely negative assay [110].

Another antigen test, the Platelia (BioRad Laboratories, Redmond, WA)
Aspergillus enzyme immunoassay has a sensitivity of 79–96 % and specificity of
74–99 % for invasive aspergillosis when performed on blood specimens [108].
The best cutoff for the Aspergillus galactomannan test to optimize sensitivity while
maintaining a high degree of specificity has been an area of intensive investigation.
Obtaining the Aspergillus EIA twice weekly with C2 samples C0.5 to 1.0 can
result in earlier diagnosis of invasive pulmonary aspergillosis [114, 115]. Unfor-
tunately, false-negative and false-positive results can occur with the Aspergillus
galactomannan test. Administration of piperacillin–tazobactam is associated with
false-positive tests, which may be due to galactomannan being carried through the
drug production processing stages from Penicillium [116, 117]. False-positive tests
have also occurred after receipt of other Penicillium-derived antibiotics including
amoxicillin and ticarcillin both with and without a beta-lactamase inhibitor [108].
Additionally, false-positive tests have occurred in patients infected with all of the
endemic fungi, and with Fusarium, Rhodotorula, Trichophyton, Penicillium,
Paecilomyces, and Alternaria species [108, 116, 118]. Plasmalyte (Baxter
Healthcare Corporation), an electrolyte replacement solution containing sodium
gluconate produced by Aspergillus flavus, has also been associated with false-
positive Aspergillus galactomannan tests [108, 119]. Probably the most frequent
cause of a false-negative Aspergillus galactomannan test is the administration of
mold-active antifungal therapy. Marr et al. demonstrated that the sensitivity of the
galactomannan test fell from 89 to 52 % in patients receiving mold-active anti-
fungal therapy [120]. False-negative results have also been noted in patients who
have localized Aspergillus infections [108].

The diagnosis of invasive fungal infections is difficult in patients with cancer or
SCT, resulting in the European Organization for Research and Treatment of
Cancer and Mycoses Study Group setting guidelines for definitive, probable, and
possible invasive fungal infections [121]. In part, this is due to the difficulty that
exists in obtaining a tissue diagnosis which would prove invasive fungal disease.
In general, host factors predisposing the patient to fungal infection (e.g., neutro-
penia, GVHD), clinical features of fungal infection (e.g., CT imaging showing a
halo sign or an air-crescent sign, sinusitis), and mycological evidence of infection
(e.g., positive antigen test, positive culture) all must be present to demonstrate a
probable case of invasive fungal disease [121]. In clinical practice, many cases are
possible cases and this should not dissuade the clinician from treating for invasive
fungal disease since these guidelines were primarily written to help develop
common research definitions [121].
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In a retrospective study from M.D. Anderson, clinical characteristics and risk
factors were able to separate pulmonary zygomycosis from invasive pulmonary
aspergillosis. Risk factors for zygomycosis infection included voriconazole pro-
phylaxis (OR 7.76), concomitant sinusitis (OR, 25.7), C10 pulmonary nodules
(OR, 19.8) and pleural effusion (OR, 5.07) on initial CT scan [66]. The authors did
not observe a difference on CT scan in other findings commonly associated with
pulmonary mold infections such as masses, cavities, halo signs, or an air-crescent
sign [66]. In another study from the same group, sinus involvement alone or in
combination with pulmonary disease strongly suggested invasive zygomycosis in
comparison with Aspergillus [67].

Commonly performed viral testing strategies are outlined in Table 3. In the past
several years, there has been increasing realization of the poor sensitivity of most
rapid antigen tests in identifying viral pathogens [29, 81] and an increased reliance
upon the use of PCR [43, 59, 122, 123]. In the past, many ‘‘home-brew’’ PCR-
based assays were used at various centers [43]. In many centers, PCR is available
for testing for the most common respiratory pathogens (e.g., influenza and RSV)
and for CMV. Some centers also have access to the FDA-approved XTAG
Respiratory Viral Panel (Luminex Corp, Austin, TX) which has the ability to test
for influenza A, B, RSV A and B, parainfluenza types 1–3, adenovirus, human
metapneumovirus, and rhinovirus [43]. Real-time PCR provides more rapid results
that are quantitative and can also detect multiple viruses simultaneously [43]. In a
recent retrospective study of SCT recipients, quantitative PCR viral load of
respiratory virus RNA from BAL specimens did not correlate with subsequent
mechanical ventilation or death [124]. In contrast, 5/6 patients from the same
study, who had viral RNA detected in serum specimens, died. In a multivariate
analysis, detection of viral RNA in serum was associated with an adjusted relative
risk of death within 30 days of 1.8 in comparison with those who were not viremic
[124]. These results remain to be confirmed, but could provide useful prognostic
information in the future. Several caveats to PCR testing for viral pathogens
should be emphasized. PCR identification of a virus may indicate recent infection
but not active disease. Data for this are lacking in cancer patients, but in healthy
infants, prolonged shedding of RSV by real-time PCR has been observed
(20–30 days after symptoms begin) [43, 125]. Although PCR is considered the
gold standard for the diagnosis of 2009 H1N1, PCR specimens from both the upper
and lower respiratory tracts have been falsely negative in about 10 % of patients
[81]. In addition, cross-contamination of samples can easily occur with PCR,
resulting in false-positive tests. Thus, PCR results should always be viewed in the
context of the clinical scenario of the patient and additional respiratory specimen
types should be obtained in a patient in whom the clinical impression is discordant
with the test results [81].

Finally, screening for tuberculosis can now be performed either with PPD skin
test or through a new blood test called the interferon-gamma release assay (IGRA).
In the test, the patient’s blood is mixed in vitro with tuberculosis-specific antigen
that then results in the release of interferon gamma from any T cells that have
previously been exposed to tuberculosis. The benefit of this test is that there is not
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the potential for cross-reaction in patients who have previously been exposed to
BCG vaccine (administered routinely in countries of the world in which tuber-
culosis is endemic). It should be recognized that a PPD is least sensitive for
detecting prior tuberculosis disease when the patient is actively infected with
tuberculosis. For example, in a study from Africa of TB and HIV-infected patients,
the IGRA was 65 % sensitive, while the PPD was 31 % sensitive [126]. Both PPD
and IGRA were least sensitive in those with CD4 counts \200 [126]. Data
regarding use of the IGRA are lacking in patients with active tuberculosis and
cancer. Thus, neither a negative PPD nor a negative IGRA rules out the possibility
of active tuberculosis. Instead, anyone suspected of having active pulmonary
tuberculosis should immediately be placed in negative pressure isolation and
undergo sputum evaluation for tuberculosis.

7.2 Invasive Diagnostic Testing

Obtaining an etiological diagnosis can also be helpful in avoiding prolonged
broad-spectrum antibiotic administration, avoiding antibiotic toxicity, and
decreasing the risk of bacterial superinfections (e.g., Clostridium difficile). Thus,
an unusual clinical presentation, particularly severe pneumonia (e.g., necessitating
ICU admission or intubation with mechanical ventilation), and failure to respond
to initial empiric antimicrobial therapy within 48–72 h should all prompt
aggressive diagnostic measures with attempts to obtain deep specimens or tissue
early in the clinical course of pneumonia.

Several issues are frequently raised as objections to diagnostic procedures in
this population. First, patients frequently have coagulopathies due to their
underlying malignancy or chemotherapy. Second, concern may exist about risk of
introducing infection in those who are immunosuppressed. Third, many patients
are clinically unstable and at risk for needing more substantial respiratory support
(either noninvasive mechanical ventilation or routine mechanical ventilation) after
a procedure. Fourth, those in whom a diagnostic procedure is considered often
have been pretreated with broad-spectrum empiric coverage. Thus, the yield from
the procedure is often low. Finally, the procedures with the best yield are the most
invasive and the most likely to result in complications.

Despite these frequent potential issues, obtaining a deep specimen or tissue can
often be quite helpful. If all the cultures return negative, this can sometimes
provide support for stopping empiric antibiotic escalation in a patient who is not
doing well. It may also provide support for narrowing antibiotic administration
(e.g., stopping empiric MRSA coverage or PCP coverage). It can also identify
other noninfectious causes of fever and pulmonary infiltrates such as malignancy
or pulmonary hemorrhage.

Unfortunately, no standard approach exists in the management of cancer
patients needing a diagnostic procedure. A great deal of center-to-center variability
exists in the way in which these patients are managed. Some centers have very
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little experience with certain techniques, limiting their diagnostic options. The
location of the patient’s infiltrate must also be considered. A peripheral, pleural-
based nodule will not be very amenable to BAL but is likely to be easily reached
by either an imaging-guided needle biopsy, or a video-assisted thorascopic (VAT)
biopsy. In contrast, a perihilar or very medial lesion will be more amenable to
BAL and less easily accessed by an imaging-guided needle biopsy or VATS.

Bronchoscopy with BAL is probably least invasive and can be combined with a
protected sampling, but this does not increase yield [127]. Yield can approach 50 %
using BAL [127]. The combination of BAL with a transbronchial biopsy will
improve the yield due to the tissue that is available for pathological review but
requires a specially trained bronchoscopist and is associated with a higher risk of
bleeding and pneumothorax [128]. BAL fluid can be tested for Aspergillus galac-
tomannan where it has 91 % sensitivity and 88 % specificity when a cutoff of C1.0
was used [129]. It should be noted that like all antigen tests, its sensitivity may be
impacted by effective treatment (patients receiving antimold therapy) [129].

In one study of open thoracotomies in patients with malignancies, a specific
diagnosis was reached in 62 % of those that underwent biopsies with a change in
management made in 57 % of patients after the procedure [130]. Infections,
inflammatory disease (primarily cryptogenic organizing pneumonia), and malig-
nancy had a similar contribution to those in which a specific diagnosis was reached
[130]. Yield was better in those with a focal infiltrate, who were not on a venti-
lator, and who were not neutropenic [130]. Complications were seen in 13 % of
individuals [130]. An additional benefit to this approach is opportunity to directly
visualize the lesion, send larger pieces for pathology, and drain any coexistent
effusion for diagnostic and therapeutic purposes. A recent study of patients with a
history of hematological malignancy that were found to have lung lesions that
subsequently underwent CT-guided needle biopsy had a 60 % diagnostic yield
[131]. Since this study included a number of patients without evidence of infec-
tion, the yield of CT-guided needle biopsy may be lower in the setting of infectious
pulmonary infiltrates.

In patients with severe pneumonia who require intubation, aspiration from the
endotracheal tube shortly after intubation can provide important information in
which it does not require patient cooperation and bypasses the upper airway-
colonizing agents [14]. A regular bronchoscopy can be considered, or a technique
available at some institutions is nonbronchoscopic BAL which appears to have a
higher yield with less contamination than endotracheal aspiration [132, 133]. Such
a specimen should be sent for all of the same studies that are routinely sent with
bronchoscopy including viral testing, Legionella testing, PCP DFA, fungal testing,
and cytology (see Table 4).

Pleural effusion has been associated with early nonresponsiveness to antimi-
crobial therapy and with ultimate clinical failure [100, 101]. Thus, the current CAP
guideline recommendations are to perform a thoracentesis in all individuals in
whom a pleural effusion is [5 cm in size on imaging [14]. In cancer patients, a
thoracentesis can provide both diagnostic benefits by potentially identifying
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pathogens and alternative diagnoses (e.g., metastasis) and therapeutic benefit by
improving the lung–chest wall interaction. Risks include bleeding and
pneumothorax.

Careful examination of the skin should be performed to identify any new or
changing skin lesions. The skin can provide important information about some
systemic infections. Infections due to Cryptococcus, Nocardia, Aspergillus,
Pseudomonas, Fusarium, and mycobacteria can all spread to the skin from a
pulmonary source. A skin biopsy which is minimally invasive can sometimes
provide diagnostic information that would be difficult to obtain from the lungs.

Other sites that can sometimes also be helpful are the eyes and the sinuses.
Endopthalmitis or retinal lesions can be suggestive of fungal disease. In addition to
usual bacterial pathogens, both Aspergillus and mucormycosis can cause sinus
disease. It should be noted, however, that sinusitis is much more strongly asso-
ciated with zygomycosis infection than is Aspergillus [66].

8 Need for Hospital Admission

The approach to management of lower respiratory tract infections includes the
decision whether hospitalization is necessary in an individual patient. Several
severity scores have been developed for deciding which individuals with CAP
should be admitted. The most common severity scores are the CURB-65 and the
PORT score/pneumonia severity index (PSI). The CURB-65 scale does not take
into account any underlying comorbidities, but instead gives a single point for each
factor noted in clinical assessment: Confusion, elevated Urea Nitrogen, Respira-
tory rate (C30 breaths/min), low Blood pressure, and age [65 years. The points
for each of these factors are then added together and are validated with 30-day
mortality data. For patients with a score of 0, mortality is 0.7 %, 1 = 2.1 %,
2 = 9.2 %, 3 = 14.5 %, 4 = 40 %, and 5 = 57 % [3, 14]. Thus, patients with
scores of 0–1 are often treated as outpatients, 2 is recommended to be admitted to
the general medical wards, and C3 should be admitted to the intensive care unit
[14]. It is important to realize that CURB-65 does not take into account patients
with underlying malignancy in which mortality would be expected to be even
higher. The PORT score or PSI is more complicated and requires addition of
additional variables, but does take into account underlying renal disease, liver
disease, and malignancy [14, 134]. Again, higher scores correlate with higher
mortality. Forms for calculating both CURB-65 and the PSI are widely available
both on the Internet and also as applications for PDAs. It is recommended that
scoring systems should contribute to and not supersede clinical judgment [3]. Both
severity scoring systems underestimate the mortality in patients with underlying
malignancy and severity scoring system is validated neither in HAP/VAP nor in
patients with neutropenia nor those who are severely immunocompromised.
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9 Treatment

Appropriate empiric antimicrobial coverage is crucial to optimizing outcomes in
patients with cancer and pneumonia. Prior recent antibiotic administration should
be taken into account when choosing an empiric antibiotic regimen for pneumonia.
Patients receiving fluoroquinolone prophylaxis should not be treated empirically
with a fluoroquinolone if they become ill [87]. In addition, prior colonization with
multi-drug-resistant pathogens should be taken into account in empiric coverage.
For example, prior colonization with MRSA should prompt empiric coverage with
an agent known to be active this pathogen (e.g., vancomycin, linezolid). It should
be noted that daptomycin is not effective in the treatment of pneumonia which may
be due to binding of the drug by surfactant in the lungs [135]. Additionally, recent
drug-resistant microbiological isolates (e.g., carbapenem-resistant Acinetobacter
baumannii or carbapenem-resistant Klebsiella pneumoniae) identified from a
patient should prompt the physician to modify empiric antibiotics to include drugs
that will include the drug-resistant pathogen(s).

In those patients that have had minimal antimicrobial exposure and health care
contact, empiric coverage with a regimen to cover CAP in a patient being admitted
may be appropriate (e.g., respiratory fluoroquinolone or an intravenous b-lactam
plus a macrolide) [14]. Outpatient therapy options would be the same choice of a
respiratory fluoroquinolone or of an oral b-lactam plus a macrolide [14]. In those
who meet criteria for HCAP, HAP, or VAP, risk factors for drug resistance usually
exist. Empiric coverage with an antipseudomonal b-lactam or carbapenem plus
either an antipseudomonal fluoroquinolone or aminoglycoside plus an agent active
against MRSA (vancomycin or linezolid) is warranted [13]. In the setting of
neutropenic fever, empiric coverage will usually appear fairly similar to that of the
HAP/VAP guidelines although coverage with an agent active against atypical
organisms is important for those being admitted from home (e.g., levofloxacin or a
macrolide). Empiric coverage for aspiration may also be necessary or for influ-
enza, depending on the time of year. In the setting of MDR pathogens such as
carbapenem-resistant A. baumannii or carbapenem-resistant K. pneumoniae, con-
sultation with a local infectious disease specialist is encouraged to help make
recommendations based on the local antibiotic sensitivity patterns.

As previously discussed, failure to respond to empiric therapy should lead to a
reconsideration of the diagnosis and more aggressive invasive diagnostic testing.
When possible, it is important to narrow the antibiotic coverage to avoid placing
the patient at risk for colonization with new MDR pathogens or infection with C.
difficile. In those in whom a reduction in immunosuppression can be achieved, this
should be considered when appropriate. Administration of chemotherapy may
need to be delayed until the acute infection resolves.

In the treatment of CMV pneumonitis, induction doses of IV ganciclovir are
recommended. Some use the combination of high-titer CMV-IVIG with ganci-
clovir since an improvement was noted in comparison with historical controls in
outcomes [43].
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In cancer patients with influenza (who are usually immunosuppressed), duration
of administration should be 10 days instead of 5 [81]. In patients with pneumonia
or progressive disease, a higher dose (150 mg given twice daily) should be con-
sidered [81]. Additionally, patients should be monitored for viral clearance and the
development of oseltamivir resistance should be considered if the time to viral
clearance is delayed [81]. Intravenous formulations of zanamivir and peramivir
exist for patients with severe disease [81]. Development of oseltamivir resistance
in 2009 H1N1 has been associated with immunosuppression, failed post-exposure
oseltamivir prophylaxis, and prolonged administration of oseltamivir [81, 136].
Currently, almost all 2009 H1N1 disease that has accumulated oseltamivir resis-
tance has remained susceptible to zanamivir which is more active than is peramivir
against these oseltamivir-resistant isolates [81]. Notably, in the 2008–2009 season,
almost all seasonal H3N2 disease was resistant to the adamantanes (amantadine
and rimantadine). It is certain that the resistance in 2009 H1N1 and seasonal
influenza will continue to change, and current recommendations should be
reviewed prior to each influenza season (see www.cdc.gov/flu/).

Classically, empiric administration of antimold therapy has been recommended
for patients with persistent neutropenic fever. This was driven by a number of
older studies that suggested an increased mortality in patients in whom antifungal
therapy was withheld [137]. Data demonstrating benefit with the early use of CT
scan of the chest and the Aspergillus galactomannan test have resulted in some
recent authors challenging the dogma of routine administration of mold-active
antifungals to all patients with prolonged neutropenic fever [115, 137–140].
Limited data suggest that in those with a negative high-resolution CT scan, this
strategy of withholding empiric antifungal therapy was not associated with an
increased risk of invasive fungal infections or death [140]. This approach is not
considered the current standard of practice as defined in the 2011 guidelines for the
management of febrile neutropenia but is an interesting approach and an active
area of research [87]. Empiric coverage with a mold-active agent such as lipo-
somal amphotericin or an echinocandin is recommended [87]. Among those with
neutropenia who actually have invasive fungal disease, a subset will get clinically
worse usually as the neutropenia resolves and an acute inflammatory response
occurs at the site of preexisting fungal infection. Usual therapy for fungal infec-
tions is otherwise outlined in Chapter Fungal Infections in Cancer Patients.

There is increasing recognition that prior treatment regimens for CAP of 7–14-
day duration may not be necessary and may be associated with an increased risk of
complications such as C. difficile [14, 141, 142]. Data for courses as short as
3 days with azithromycin or 5 days with a fluoroquinolone exist [6, 14, 141]. For
ventilator-associated pneumonia randomized controlled trial data suggest that, for
most pathogens, 8 days is sufficient, although patients with neutropenia, immu-
nosuppressant, and long-term steroids were excluded from the trial [13, 143].
Notably, patients with nonfermenting gram-negative rods such as P. aeruginosa
and A. baumanni had a higher risk of relapse with this approach [143]. Others
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suggest that use of additional noninvasive tests such as procalcitonin, which is
elevated in bacterial infections but not viral disease, may allow physicians to
greatly shorten the duration of therapy for pneumonia [142]. Data for shortening
the antimicrobial course are lacking in oncology patients. Guidelines recommend
7–14 days as appropriate for the infection or longer until the absolute neutrophil
count is 500 cells and rising [87].

10 Outcomes

Evidence suggests 1-year mortality rates of 20–40 % in elderly patients without
cancer admitted with CAP [144]. One would expect that the 1-year mortality rates
would be higher in patients with underlying malignancy. As previously described,
mortality is increased in patients with pneumonia that are not initiated on appro-
priate antimicrobial therapy [13, 14, 98, 99, 101]. In viral infections, delayed
lymphocyte reconstitution and development of end-organ disease have been
associated with worse outcomes [43, 51, 145–147]. In a prior study of severe CAP
requiring ICU admission, being immunosuppressed (which included patients that
had received radiation, chronic steroids, and those receiving cytotoxic therapy)
was associated with a 2.25-fold increased risk of mortality on multivariate analysis
[7]. Mortality has been 3.2-fold higher in those with cancer who develop VAP on
multivariate analysis [98]. In a study of cancer patients who developed acute
respiratory failure, almost 50 % died, and survival was associated with cardiogenic
pulmonary edema and was very poor in anyone in whom mechanical ventilation
was required [148]. Goals of care should be revisited in anyone not responding
after the first 48–72 h of ICU care, particularly in the setting of progressive
malignancy and need for mechanical ventilation since mortality is exceedingly
high [148].

11 Conclusions

Respiratory tract infections occur commonly in cancer patients and contribute
substantially to morbidity and mortality. Noninfectious infiltrates occur commonly
in these patients and should be considered in the differential diagnosis. Recent
molecular methods have improved our capacity to diagnose the pathogens
responsible for pneumonia, but frequently empiric therapy is still necessary and
should take into account the patient’s underlying risk factors for multi-drug-
resistant pathogens, viruses, and fungi. Since many pathogens can cause disease in
this population, in those not responding to empiric therapy, aggressive diagnostic
testing and tissue sampling is necessary to help focus treatment modalities.
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Enteric Infections

Michael Wang and Stuart Johnson

Abstract

Cancer patients, particularly those with neutropenia, are at risk for enteric and
intra-abdominal infections. Specific infections and infectious syndromes in this
setting include neutropenic enterocolitis, bacterial infections such as Clostrid-
ium difficile infection (CDI), viral infections such as CMV colitis, and parasitic
infections such as strongyloidiasis. Diagnosing and gauging the severity of CDI
presents challenges, as chemotherapy may produce symptoms that mimic CDI
and laboratory findings such as leukocytosis are not reliable in this population.
Treatment for enteric infections should be pathogen specific, although broad-
spectrum antibiotics are often required as initial empiric therapy in patients with
neutropenia.

Keywords

Intra-abdominal infections � Neutropenic enterocolitis � Clostridium difficile

Contents

1 Introduction.......................................................................................................................... 238
2 Neutropenic Enterocolitis.................................................................................................... 238
3 Clostridium Difficile Infection ............................................................................................ 240

M. Wang
Division of Infectious Diseases, Lakeland Regional Medical Center,
1234 Napier Avenue, St. Joseph, MI 49085, USA
e-mail: mwang@swmc.org

S. Johnson (&)
Research Service, Hines VA Hospital, Building 1, Room C-344,
Hines, IL 60141, USA
e-mail: stuart.johnson2@va.gov

V. Stosor and T. R. Zembower (eds.), Infectious Complications in Cancer Patients,
Cancer Treatment and Research 161, DOI: 10.1007/978-3-319-04220-6_8,
� Springer International Publishing Switzerland (outside USA) 2014

237



4 Other Bacterial Infections ................................................................................................... 242
4.1 Clostridium Infections Other than CDI ..................................................................... 242
4.2 Streptococcus bovis Infection .................................................................................... 243

5 Parasitic Infections .............................................................................................................. 243
5.1 Cryptosporidium Infection ......................................................................................... 243
5.2 Strongyloides Infection............................................................................................... 244
5.3 Cytomegalovirus Infection ......................................................................................... 245

References.................................................................................................................................. 247

1 Introduction

Treatment for cancer often involves potent chemotherapeutic agents with resultant
neutropenia for which prophylactic antibiotics are often prescribed [1, 2]. These
chemotherapeutic regimens may result in abdominal complications, many of
which are infectious in nature [1]. Abdominal infections in the setting of neutro-
penia carry significant mortality risks, particularly in hematologic malignancies,
and 72–92 % of these neutropenia-associated infections occur in patients with
hematologic malignancies [1, 3].

The differential diagnosis for cancer-related abdominal infection is broad and
includes entities that also occur in patients without cancer. Non-infectious etiol-
ogies that may mimic abdominal infections include small bowel obstruction,
cholecystitis, colonic pseudo-obstruction, and splenic rupture [3]. Infections not
unique to cancer patients, but which are common in this setting, include appen-
dicitis, diverticulitis, and Clostridium difficile infection (CDI). Enteritis due to
Salmonella, Shigella, Yersinia, and Campylobacter are rare in the cancer popu-
lation [4]. These pathogens are normally contracted via contaminated food prod-
ucts and are uncommon in hospitals. The enteric infectious syndrome most directly
related to malignancy is neutropenic enterocolitis [1].

2 Neutropenic Enterocolitis

Neutropenic enterocolitis is a life-threatening complication of chemotherapy in
patients with leukemia or solid tumors [5, 6]. It also occurs in individuals with
aplastic anemia or cyclic neutropenia who have not received cytotoxic therapies.
However, neutropenic enterocolitis most frequently occurs after intensive che-
motherapy for leukemia [7]. The reported incidence of neutropenic enterocolitis
varies from 0.8 to 26 %. Pooled data from 21 studies gave an incidence of 5.3 % in
patients hospitalized for hematologic malignancies, high-dose chemotherapy in
solid tumors, and aplastic anemia [7].

Currently, there is no standard clinical definition for neutropenic enterocolitis [7].
The traditional clinical triad includes fever, abdominal pain, and diarrhea [5, 7, 8].
Ultrasound and computed tomography (CT) have been established as useful diag-
nostic tools [5, 7, 9]. Bowel wall thickening has been proposed as an indicator of
neutropenic enterocolitis, but there is no agreement to the degree of thickness
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required for this diagnosis. One study proposed a cutoff of 4 mm as suggestive of the
diagnosis [7], whereas another study proposed mural thickening of 10 mm as
indicative of a poorer outcome [9]. Neutropenic enterocolitis usually involves the
cecum and has also been referred to as typhilitis [10]. In addition, neutropenic
enterocolitis is frequently complicated by bacteremia or fungemia [5, 11]. Funge-
mia, bacteremia, and hypotension are all associated with increased morbidity and
mortality [11].

Clinically distinguishing neutropenic enterocolitis from CDI may be difficult
[12]. Pathological findings in neutropenic enterocolitis include diffuse dilatation
and edema of the bowel wall, prominently involving the cecum and ascending
colon. There may be different degrees of mucosal and submucosal necrosis,
hemorrhage, and ulceration [5]. Obtaining a pathologic diagnosis may be difficult,
especially given patients’ degrees of neutropenia and thrombocytopenia. In
addition, similar pathologic and radiographic findings are seen in CDI and CDI
may be limited to the ascending colon as well [13]. Pseudomembranes suggest
CDI. Bloody stools, often seen in neutropenic enterocolitis, are not characteristic
of CDI. A positive stool C. difficile toxin assay is usually present in CDI.

There is no universal consensus regarding specific treatment for neutropenic
enterocolitis, but antibiotic treatment should target the likely pathogens involved in
the disease. Commonly implicated organisms include Enterococcus, Escherichia
coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Bacteroides fragilis,
viridans group Streptococcus, and alpha-hemolytic Streptococcus [5, 11]. The
guidelines from the Infectious Disease Society of America (IDSA) for treatment
for neutropenic fever suggest a carbapenem, such as imipenem or meropenem, or
ceftazidime or cefepime [14]. An antipseudomonal beta-lactam antibiotic may also
be combined with an aminoglycoside as dual therapy [7, 14]. However, cefepime
and ceftazidime as monotherapy may not provide adequate anaerobic coverage.
In this instance, metronidazole should be added [7]. The IDSA guidelines for
treatment for intra-abdominal infections also include meropenem or imipenem or
cephalosporins plus metronidazole [15]. In the case of cephalopsorins, an anti-
pseudomonal agent such as ceftazidime or cefepime would be consistent with
neutropenic fever guidelines. Other acceptable regimens may include piperacillin/
tazobactam or aztreonam plus metronidazole [15].

The role of antifungal therapy for neutropenic enterocolitis has not been firmly
established, but pooled data from one meta-analysis reported the frequency of
fungal involvement of 6.2 % [16]. Candida species are most frequently implicated,
including C. albicans, C. glabrata, and C. krusei [5, 16]. There is currently no
consensus on the choice of antifungal agents. Fluconazole may be considered in
select patients, particularly those with C. albicans and those not previously on
fluconazole prophylaxis. Other therapeutic options include caspofungin, vorico-
nazole, and amphotericin B [16, 17]. Fungemia and fungal infections in neutro-
penic enterocolitis carry a high mortality, ranging from 81.8–100 % [3, 5, 11]. The
decision to include antifungal therapy must be made on an individual basis.
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Surgical therapy for neutropenic enterocolitis carries significant morbidity and
mortality. Abdominal surgery in neutropenic patients carries a 30-day and 90-day
mortality risk of 30 and 52 %, respectively [3]. If possible, conservative man-
agement is preferable [1, 3, 5], with surgery delayed until after recovery of neu-
trophil counts [3]. Surgery should be considered in those cases with perforation
[6]. Non-surgical management options that may be helpful include bowel rest,
bowel decompression, antibiotics, and nutritional support [1].

3 Clostridium Difficile Infection

Clostridium difficile is the most common infectious cause of hospital-acquired
diarrhea and colitis in general and the most common cause among cancer patients
as well [18, 19]. The major risk factors for CDI overall, antibiotics, hospitalization,
and advanced age [20] are also common among cancer patients. Cancer patients
have additional factors, which may increase their risk of CDI. In particular, neu-
tropenia secondary to hematologic malignancy or chemotherapeutic agents
appears to increase CDI risk [19, 21]. CDI occurred at a median of 10 days of
neutropenia and was complicated by bacteremia due to other enteric organisms in
21 % of the neutropenic episodes in one study of patients on a leukemia ward with
CDI [19]. Other potential risk factors in cancer patients include hypoalbuminemia,
treatment with proton pump inhibitors, histamine-2 blockers, intravenous vanco-
mycin, fluoroquinolones, and cephalosporins [21]. Antibiotic use is of particular
concern in this patient population. Antibiotics often have profound effects on the
indigenous bowel flora, which normally provide resistance to infection with
C. difficile. In addition, some antibiotics may select for specific antibiotic-resistant
C. difficile strains [22]. Antibiotic duration is also an important factor as evidenced
by one case–control study of outpatients at a cancer hospital where case patients
that developed CDI received longer courses of antibiotics than control patients
[23]. Historically, cephalosporins and clindamycin have carried the highest risk for
CDI [24]. However, fluoroquinolones have been increasingly associated with CDI
[24–27] and this class of antibiotics is often used for prophylaxis in patients with
hematologic malignancies and neutropenia [2]. Fluoroquinolones have been
implicated in the recent North American epidemic of CDI due the BI/NAP1/027
strain of C. difficile, which has developed high-level fluoroquinolone resistance
[18]. During this epidemic in Quebec, fluoroquinolones were the single biggest
risk factor for developing CDI [25]. Other outbreaks have implicated levofloxacin
[26] or a formulary switch from levofloxacin to gatifloxacin [28].

Chemotherapy may also be an inciting agent for CDI, even in the absence of
antibiotics. One potential explanation for this finding is chemotherapy-induced
alteration of bowel flora [29]. Regimens containing high-dose paclitaxel had a rate
of CDI as high as 20 %, compared with standard regimens with an incidence of
2 % [30]. Similarly, a study of ovarian cancer patients reported a CDI rate of
6.4 % in those receiving cisplatin-based regimens [31]. Other chemotherapy
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agents that have been implicated include methotrexate, bleomycin, vinblastine,
5-FU, cyclophosphamide, doxorubicin, and cytarabine [32]. Unfortunately, gas-
trointestinal side effects, including nausea, vomiting, and diarrhea, are commonly
associated with chemotherapy, particularly platinum-based regimens, and these
side effects may be difficult to differentiate from CDI [30].

Diagnosis of CDI among cancer patients can be challenging because of the
frequency of diarrhea and other gastrointestinal symptoms in this population as
well as the high rate of asymptomatic carriage of C. difficile in the hospital setting.
The stool cytotoxicity cell assay using tissue culture has traditionally been used for
diagnosis [33]. However, toxin testing has been replaced in most clinical labora-
tories by enzyme immunoassays (EIA) for toxin A and toxin B [33–35]. This assay
has a quick turnaround time and is reasonably specific, but it has an estimated
sensitivity of *80 % [34]. The lack of sensitivity is not overcome by repeating
EIA testing [33–35], and in general, the test should not be repeated within a seven-
day period [33–35]. However, with the understanding that C. difficile is primarily
acquired in the hospital setting, repeating the toxin assay days or weeks later in
patients with prolonged hospital stays who have new or additional gastrointestinal
symptoms is appropriate. Culture has high sensitivity, but has a three- to four-day
reporting delay and is not widely available [33]. Newer testing strategies include
screening with a test for glutamate dehydrogenase (GDH) followed by toxin assay
for GDH-positive specimens and PCR [36, 37], but stool toxin testing remains the
most widely used strategy at the present time.

Other laboratory findings that may suggest CDI include leukocytosis, elevated
serum creatinine, and hypoalbuminemia. Leukocytosis may not be as useful in this
population, given the frequency of neutropenia [38]. Radiographically, bowel wall
thickening on CT scan may be useful, although this test is relatively insensitive
[13, 33]. Pseudomembranous colitis demonstrated by endoscopy is specific, but it
is also not a sensitive test for the diagnosis and endoscopy may not be practical or
advisable in the setting of neutropenia [33].

Given the increasing severity of CDI, treatment regimens have been increas-
ingly scrutinized. Prior recommendations have included metronidazole as first-line
therapy for all patients with CDI. However, several recent studies have docu-
mented increased rates of treatment failure with metronidazole [39, 40]. There is
now good evidence supporting improved outcomes of treatment for severe CDI
with oral vancomycin over treatment with metronidazole [41]. However, mild to
moderate CDI usually responds to treatment with metronidazole [41] and metro-
nidazole has been effective for CDI in the setting of chemotherapy-induced neu-
tropenia [19]. Appropriate regimens with these agents include metronidazole
500 mg orally three times daily for 10–14 days or vancomycin 125 mg orally four
times daily for 10–14 days [42]. In addition, fidaxomicin, a non-absorbed mac-
rocyclic agent, has also been approved for treatment for CDI [43]. Fidaxomicin
200 mg twice daily for 10 days was not inferior to vancomycin for cure and was
superior for sustained response at 25 days after treatment completion.
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Recurrent CDI has been increasingly problematic and may occur in one-third of
all cases after successful recovery from the first episode [44]. First recurrences can
be treated with the same agent used in the initial treatment regimen [42, 44].
However, if a relapse is noted to be severe, then oral vancomycin should be used.
In addition, repeated or prolonged metronidazole courses should be avoided
because of the risk of neurotoxicity. For patients with multiple recurrences, van-
comycin in tapered and pulsed dose regimens is often effective in stopping sub-
sequent recurrences [42]. There has been limited experience with other regimens
for managing recurrent CDI, including vancomycin plus Saccharomyces boulardii
[45], a post-vancomycin chaser regimen of rifaximin for 2 weeks [46], nitazoxa-
nide [47], intravenous immunoglobulin [42], and fecal transplantation [48].
However, caution is advised in immunocompromised patients as cases of fungemia
secondary to saccharomyces containing probiotics have been reported [49]. There
are no data on stool transplants in immunocompromised patients, and they are not
recommended in this setting [48].

4 Other Bacterial Infections

4.1 Clostridium Infections Other than CDI

Clostridium species, particularly bacteremia, have been associated with occult
malignancy, most commonly a gastrointestinal source [50, 51]. One of these
studies documented malignancy in 48 % of clostridial bacteremia, while another
documented a relative risk of 40 for malignancy in patients with clostridial bac-
teremia. The Clostridium species most commonly associated with malignancy is
Clostridium septicum [51, 52].

C. septicum has a particularly high association with hematologic malignancies
and colon cancer. Approximately 24 % of patients with C. septicum infection will
have hematologic malignancies and 75 % will have colon cancer [53]. C. septicum
can be found in the gastrointestinal tract in humans [53]. It is possible that the
acidic and hypoxic environment provided by anaerobic glycolysis of the tumor
results in spore germination [52]. In the absence of a hematologic malignancy, a
screening colonoscopy should strongly be considered [52].

Clinical syndromes seen with C. septicum infection include gas gangrene,
myonecrosis, and septicemia. In distinction to disease associated with C. per-
fringens, gas gangrene associated with C. septicum typically develops in the
absence of trauma and is spread hematogenously [54]. The a-toxin produced by
C. septicum can induce hemolysis and cause tissue necrosis and is likely a key
virulence factor of the organism [50–53]. Clinically, lesions may begin innocu-
ously, but may evolve into overt gas gangrene within hours. Systemic toxicity then
ensues with tachycardia, fever, diaphoresis, shock, and multiple organ failure [54].

In general, clostridial infections carry a high mortality [50–53] and often
require surgical debridement [50, 53]. Effective treatment regimens include
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penicillin plus clindamycin, although tetracycline and chloramphenicol have also
been used effectively [54].

4.2 Streptococcus bovis Infection

Streptococcus bovis is classified as a non-enterococcal group D Streptococcus and
is found among the normal flora of the human intestinal tract in 5–16 % of adults.
As with C. septicum, S. bovis bacteremia carries a high association with colorectal
cancer [55–57]. It is hypothesized that S. bovis may stimulate an overexpression of
cyclo-oxygenase-2 (COX-2), which is also overexpressed in human colorectal
cancers. COX-2 can inhibit apoptosis or stimulate angiogenesis, which may pro-
mote a carcinogenic process [56]. There is also considerable debate whether
S. bovis is specifically involved in the pathogenesis of colon cancer or whether
ulcerating colorectal carcinomas allow for increased growth of S. bovis with
subsequent bacteremia [56].

Patients with S. bovis infection often present with bacteremia or endocarditis.
S. bovis endocarditis was first discovered in 1951, but at the time, it was not
distinguished from enterococcal endocarditis [55–57]. A review of studies among
patients with S. bovis bacteremia demonstrated colon cancer incidences ranging
from 6 to 71 % [57, 58]. Thus, colorectal screening is recommended in patients
with S. bovis bacteremia or endocarditis [55–57].

5 Parasitic Infections

5.1 Cryptosporidium Infection

Cryptosporidium (C. parvum or C. hominis) is an intestinal protozoan parasite that
is recognized as a cause of sporadic, self-limiting diarrhea in normal individuals.
However, in immunocompromised patients, it may be associated with prolonged
or life-threatening gastroenteritis [58]. While patients with AIDS are the most
common immunocompromised risk group, cancer patients may also be at
increased risk. While patients with solid tumors receiving chemotherapy are at risk
for Cryptosporidium infection, those with hematologic malignancies such as acute
leukemia are at considerably higher risk [58, 59]. Although not frequently diag-
nosed in immunocompetent patients in the United States, there have been out-
breaks of cryptosporidiosis related to contaminated drinking water [59].

The clinical course of cryptosporidiosis can range from asymptomatic to severe
or mild diarrhea. Gastroenteritis is characterized by watery diarrhea and malab-
sorption. Fever is also commonly present. Ingested oocysts release sporozoites,
which attach to intestinal epithelium [60]. Extraintestinal disease, including pul-
monary cryptosporidiosis, has rarely been reported in hematologic malignancy.
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Biliary tract involvement has been reported in AIDS patients, but not in cancer
patients [61].

Diagnosis of cryptosporidiosis first requires consideration of the pathogen when
ordering diagnostic testing. Specimens should be sent specifically for microscopic
examination of Cryptosporidium oocysts. The most commonly employed methods
for detection include modified acid fast staining and direct fluorescent antibody
staining [61, 62]. These tests must be specifically ordered because they are not part
of the routine ova and parasite screening in most clinical laboratories. ELISA kits
for antigen detection are also increasingly available [60].

Treatment options currently include supportive therapy and possibly antipara-
sitic therapy [58, 59]. Most cases, particularly in immunocompetent persons, are
self-limiting [60]. Nitazoxanide 500 mg orally every 12 h has been shown to be
efficacious in resolution of cryptosporidiosis in immunocompetent and moderately
immunocompromised patients [63]. Treatment for three to seven days is recom-
mended for immunocompetent adults with prolonged diarrhea or for pediatric
patients. A longer course is typically recommended for AIDS patients or for
patients with hematologic malignancies, although prior studies have had mixed
results [64]. In addition, paromomycin is also noted to have in vitro activity and
may have some clinical usefulness [64]. Correcting the underlying immune dys-
function is critical to eradicating the illness in HIV-infected patients [61, 64].

5.2 Strongyloides Infection

Strongyloides stercoralis is an intestinal helminth that is endemic in many devel-
oping countries, particularly tropical and subtropical regions, and in some parts of
Europe and the southern United States [65–67]. A large number of infections are
subclinical, but immunocompromised patients may have potentially fatal infections
[65, 66, 68]. In patients with hematologic malignancies [66, 67], use of systemic
corticosteroids [66] and allogeneic hematopoietic stem cell transplantation are
important risk factors for strongyloidiasis [66]. In addition, prior gastric surgery and
gastrointestinal cancer are also reported risk factors [67, 69].

The larvae of Strongyloides can penetrate the skin of the human host during the
filariform stage. These larvae normally then migrate through circulation to the
lungs, airway, and then are swallowed into the intestine [65]. Symptoms can range
from asymptomatic to life-threatening hyperinfection [65–69]. Non-disseminated
symptoms may include pruritic rash, particularly in the buttocks, groin, and trunk.
Abdominal symptoms may include chronic diarrhea, nausea, and abdominal
bloating [65, 66]. Pulmonary involvement can present as Loeffler’s syndrome (dry
cough, dyspnea, and transient pulmonary infiltrates with eosinophils) [66].

Immunocompromised patients may have life-threatening complications of
strongyloidiasis, particularly those with impaired cellular immunity [65–67]. This
is due to exaggeration of the autoinfection cycle, which occurs when the number of
organisms increases rapidly and is present in extraintestinal regions [65].
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Pulmonary hyperinfection can result in pneumonia or intra-alveolar hemorrhage.
In addition, bacterial infections can result from translocation of gastrointestinal
flora from damaged bowel mucosa, resulting in septicemia, pneumonia, menin-
gitis, or disseminated disease [65, 66].

Diagnosis of strongyloidiasis should be considered in patients from endemic
areas, even if they moved from the endemic region many years ago. The diagnosis
is most frequently made on microscopic examination of stool for larvae [65].
Bronchial specimens may also be diagnostic in pulmonary disease [66]. Peripheral
eosinophilia may or may not be present in strongyloidiasis [65, 66]. Pulmonary
infiltrates on chest radiographs may also vary, including alveolar or interstitial,
diffuse or local, unilateral or bilateral [65]. Ivermectin is currently first-line ther-
apy for chronic strongyloidiasis. It is given orally at 200 lg/kg daily for 2 days,
with consideration of repeat dosing after 2 weeks. Alternative regimens include
albendazole 400 mg twice a day for 3 days. Longer courses may be necessary for
disseminated strongyloidiasis or hyperinfection syndrome [70]. Screening for
asymptomatic strongyloidiasis should be strongly considered in high-risk patients
from endemic areas who are diagnosed with hematologic malignancies or who are
to receive steroid or stem cell transplantation [66, 69].

5.3 Cytomegalovirus Infection

Cytomegalovirus (CMV) colitis is common in immunocompromised patients,
particularly those with AIDS, solid organ transplants, and bone marrow allogeneic
transplants. Bone marrow patients may be susceptible due to T-cell immunodefi-
ciency, particularly during episodes of graft-versus-host disease (GVHD) [71].
Infections can be asymptomatic or cause disease in the gastrointestinal tract, liver,
lungs, or eyes [72]. CMV can present as enterocolitis, specifically in those who
have impaired T-cell function [73]. CMV colitis may follow administration of
standard chemotherapy regimens [73–75]. Cases have been reported following
administration of cisplatin and etoposide for lung cancer [75], docetaxel, 5-FU,
and cisplatin for hypopharyngeal cancer [74], and a regimen of R-CHOP (ritux-
imab, cyclophosphamide, adriamycin, vincristine, and prednisolone) for non-
Hodgkin’s lymphoma [67].

CMV gastrointestinal disease has been increasing in frequency among patients
with hematologic malignancy over the last several decades following conventional
chemotherapy, aggressive therapy, and bone marrow transplantation [76, 77].
Gastrointestinal manifestations may include anorexia, nausea, vomiting, and
diarrhea [77]. CMV risk appears to increase with the use of T-cell-depleting agents
and aggressive chemotherapy [72]. Re-activation of CMV disease has occurred
with the use of the immunomodulating antibody, rituximab [78], and CMV colitis
has been reported with alemtuzumab [79].

Nucleic acid-based assays and antigen assays have been employed for the
detection of CMV [80–82]. These assays allow both the diagnosis of active
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infections and surveillance for incipient clinical disease in patients at risk. The
CMV pp65 antigenemia assay is an indirect immunofluorescence stain with
monoclonal antibodies to the CMV protein pp65 [81]. However, this test has been
reported to be labor-intensive and subjective, particularly to less fresh specimens
[80]. Other assays to detect CMV have included CMV DNA PCR and mRNA
pp67 assays [80]. More recently, a real-time CMV PCR assay has been developed
to diagnose and monitor CMV infections [82]. In a trial of HIV patients, break
points of 3.0 9 103 copies/mL in whole blood had a sensitivity of 93 % and
specificity of 86 %, while 1.0 9 103 copies/mL in plasma had a sensitivity of
89 % and specificity of 85 % [82]. The advantages of real-time PCR include
improved accuracy and speed, and they are less time-consuming than traditional
PCR [82]. CMV colitis is also diagnosed by intestinal biopsy and identification of
cells with typical cytomegalic inclusions. However, sampling error may result in
false-negative biopsies [83]. Stool PCR has also been proposed as a test for CMV
colitis [83, 84]. However, studies supporting this method were small studies and
need to be further evaluated on a larger scale.

Treatment for CMV infections includes ganciclovir, foscarnet, and/or cidofovir
[76]. Intravenous (IV) ganciclovir has been considered first-line therapy, but CMV
resistance has been reported. Ganciclovir treatment recommendations in patients
with normal renal function normally include an induction dose, 5 mg/kg every
12 h, followed by a maintenance dose of 5 mg/kg daily, intravenously. Oral
ganciclovir, however, may not be clinically efficacious because of poor absorption
[72]. Intravenous foscarnet or cidofovir may be considered for treatment for
infection with ganciclovir-resistant isolates [76, 84]. Foscarnet has been associated
with renal and neural toxicity. Cidofovir has previously been used for treatment for
CMV retinitis and also can be nephrotoxic [84]. CMV hyperimmunoglobulin
(CMVIG) may also have benefit, but appears to more beneficial for CMV pneu-
monia rather than CMV colitis [76]. Treatment efficacy may be monitored by
serial antigen or nucleic acid assays.

Prophylaxis of CMV may be beneficial in stem cell transplant patients. Gan-
ciclovir or foscarnet are administered at induction doses for 1–2 weeks or until
CMV load and/or antigenemia decreases [85]. Maintenance dosing may then
commence for a total of 6 weeks to 3 months, or when immunosuppression
resolves [71, 85]. An oral agent, oral valganciclovir, may be given for prophylaxis
or preemptive therapy. It is dosed 900 mg every 12 h for induction, and 900 mg
daily for maintenance [84]. Late CMV infection, or cases presenting after
100 days, may be associated with prior CMV antigenemia, graft-versus-host dis-
ease, CD4 cell counts of \50 cells/mm3, or post-engraftment absolute lympho-
penia of \100 lymphocytes/mm3 [71]. These findings may support long-term
prophylaxis of at-risk stem cell transplant patients.
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Abstract

Central nervous system (CNS) infections in cancer patients present a diagnostic
and therapeutic challenge for clinicians. While CNS infections are not frequent
complications of cancer, its therapies, or hematopoietic stem cell transplanta-
tion, the importance of CNS infections lies in their propensity to result in
profound morbidity and substantial mortality in this vulnerable patient
population. With an expanding population of patients with malignant disease
undergoing more potent and aggressive therapies and with the advent of newer
immunomodulatory agents, the incidence of CNS infectious complications is
likely to rise. This chapter will summarize the clinical and diagnostic evaluation
of potential infections of the CNS in these patients and will discuss particular
pathogens of interest with regard to this at-risk patient population.
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1 Introduction

Central nervous system (CNS) infections in cancer patients present a significant
diagnostic and therapeutic challenge for clinicians. While CNS infections are not
frequent complications of cancer, its therapies, or hematopoietic stem cell trans-
plantation (HSCT), their importance lies in their propensity to result in profound
morbidity and substantial mortality in this vulnerable patient population. Height-
ened clinical suspicion, early diagnosis, and prompt institution of therapy are
essential for optimal outcomes of these infections.

The recognition and diagnosis of CNS infections are limited by a number of
factors. First, cancer patients are susceptible to a wide range of both community-
acquired and opportunistic pathogens as a consequence of the immunodeficiencies
associated with malignancy and its therapies. The spectrum of infection is con-
stantly evolving with the continual introduction of immunomodulatory therapeutic
agents, outbreaks of novel pathogens, and emergence of antimicrobial resistance.
Furthermore, cancer patients frequently have concomitant infections outside the
CNS that complicate or confuse the diagnostic picture [1]. Under-recognition of
infection may occur as a result of atypical clinical presentations due to the
underlying disease state and the type of therapy received. Finally, non-infectious
neurologic abnormalities are common in cancer patients and HSCT recipients, and
thus, it is challenging to recognize the early symptoms and signs of CNS infections
in these patients. This chapter will discuss the basic clinical presentation of CNS
infections, pathogens of particular interest, and the approach to diagnosis and
treatment in these patients.
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2 Special Patient Populations and Epidemiology

Cancer patients are at higher risk of CNS infection than the general population.
Investigators from Memorial Sloan–Kettering Cancer Center (MSKCC) reported
an increasing incidence of CNS infection admissions from 0.03 to 0.2 % of hos-
pital admissions from 1955 to 1973 [2]. In series from tertiary care and specialized
cancer centers, CNS infections occurred in association with these underlying
conditions: hematologic malignancies in 25–50 %, CNS malignancy and associ-
ated surgical procedures in 16–30 %, head and neck cancers in 38 %, and other
solid malignancies in 18–27 % [1, 2]. In a retrospective study of meningitis at
MSKCC, nearly 4 of 5 cases occurred following a neurosurgical procedure [3].

Bone marrow and HSCT, especially allogeneic transplantation, represent a
special risk of CNS infection. Neurologic complications, both infectious and non-
infectious, occur in 11–46 % of HSCT recipients [4]. The reported overall inci-
dence of CNS infection following transplantation varies by patient population,
type of transplant, and transplant center, ranging from approximately 2 to 4.2 %
[5–7].

Regardless of the underlying disease or etiology, CNS infections in the cancer
and transplant population result in significant mortality. In patients with meningitis
at MSKCC, the overall 30-day mortality was 13 %. Patients with underlying
leukemia had the highest mortality rate at 24 % in contrast to those with primary
intracranial and head or neck tumors at 3 % [3]. Many studies report higher
mortality rates in transplant patients with neurologic complications, including one
study of bone marrow transplant recipients with 26 % of deaths found to be
attributable to CNS lesions. As many as 40 % of these neurologic complications
were caused by infections [4].

3 Types of Immunodeficiencies Encountered

Keeping the patient population subsets in mind, it is important to understand the
type and duration of immune deficits that predispose to certain pathogens. Table 1
describes the broad categories of immunodeficiencies encountered in cancer
patients and associated typical CNS pathogens. It is important to remember that
patients may have more than one significant type of immunodeficiency concom-
itantly [8].

Immune deficits relate not only to the underlying disease process, but also to
the types of treatment being undertaken. Barrier disruption is evident in those
with primary CNS tumors who have had surgical therapy, intraventricular device
placement, intrathecal chemotherapy, or radiation therapy. Additionally,
chemotherapy-related mucositis and central venous catheters represent further
infection risk. B-cell deficiency or hypogammaglobulinemia is often seen in
association with multiple myeloma, chronic lymphocytic leukemia, or functional
or surgical asplenia, and after lymphocyte depleting therapies such as rituximab.
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T-cell deficiency occurs in those with HIV and lymphoreticular malignancy or
after receipt of chronic corticosteroids and other immunosuppressive therapy,
such as that used to prevent and treat graft-versus-host disease (GVHD).
Neutropenia is a frequent complication of most chemotherapeutic regimens used
for both solid tumors and hematologic malignancies. Neutropenia can also be a
complication of radiation therapy or infiltrative processes that affect bone mar-
row [8, 9].

4 Clinical Syndromes

The basic clinical syndromes of CNS infections can be divided into meningitis,
encephalitis, or a primary parenchymal process. The symptoms of meningitis are
typically those of headache and meningismus, with or without fever, vision
changes, photophobia, nausea or vomiting. With encephalitis, the presentation is
one of altered mental status (AMS) ranging from confusion to bizarre behaviors to
coma, along with seizures and fever. There is a continuum in the spectrum of
meningitis (meningeal inflammation) and encephalitis (brain inflammation and
edema), hence, the term, meningoencephalitis. Parenchymal processes can be
further delineated based on anatomical patterns and will present with focal neu-
rologic deficits. These infections may be further described as focal mass lesions or
abscesses, vascular lesions, leukoencephalopathy, or brain stem lesions [8].
Regardless of the underlying etiology, patients with brain abscess classically
present with fever and symptoms of a space-occupying lesion such as seizure,
focal deficits, and altered sensorium.

Whereas meningitis or encephalitis tends to be the most common clinical
presentation of CNS infection in the immunocompetent host, immunocompro-
mised patients more commonly present with vascular lesions or mass lesions. The
presentation tends to be more indolent or subacute in onset, and symptoms are
frequently more severe and prolonged in course [9]. In a retrospective review of
cancer patients with positive cerebrospinal fluid (CSF) bacterial or fungal cultures,
only 8 % of patients presented with the classic triad of fever, meningismus, and
headache. Very often, AMS may be the only presenting symptom [3].

5 Approach to the Diagnosis of CNS Infection

Table 2 summarizes the initial diagnostic evaluation of a cancer patient with
suspected CNS infection. A clinician may formulate the differential diagnosis by
integrating knowledge of the epidemiology of CNS infections in cancer patients,
the type of underlying malignancy, receipt of chemotherapeutic and immuno-
modulatory agents, and the sum resulting immune deficits. The initial evaluation
includes a thorough history and physical examination, understanding that the
presentation may be atypical or attenuated. History should include a thorough
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review of systems, focusing on other symptoms of infection outside of the CNS, as
the etiology of neurologic infection may be related to infection elsewhere or to a
disseminated process [10]. Initial evaluation should also include a thorough social
history including sick contacts, recent and prior travel, and environmental
exposures.

Imaging plays an important role in diagnosing CNS infections in cancer
patients as it not only evaluates for focal lesions or abscess, but also can rule out
non-infectious entities, including metastatic disease, hemorrhage, cerebrovascular
accident, thromboembolic disease, and hydrocephalus from mass effect. Addi-
tionally, to identify those at risk of brain herniation, it is recommended that those
with suspected meningitis who have an immunocompromised state, history of
CNS disease, new-onset seizure, papilledema, abnormal level of consciousness, or

Table 2 Initial diagnostic evaluation of suspected CNS infection in cancer patients

History and physical examination

Brain imaging

Chest radiograph

Blood studies

• CBC with differential

• Blood culture

• Fungal culture

• Serum cryptococcal antigen

• Cytomegalovirus viral load (especially in transplant recipients)

Respiratory tract cultures (if pulmonary infiltrate present)

EEG (if altered mental status or suspected seizures present)

CSF analysis

• Opening pressure measurement

• Cell count with differential

• Glucose

• Protein

• Bacterial gram stain and culture

• Fungal stain and culture

• AFB smear and culture

• Cryptococcal antigen

• Herpesviruses PCR studies

• VDRL

• Cytology
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focal neurologic deficit undergo computed tomography (CT) scanning prior to
lumbar puncture [11, 12].

Magnetic resonance (MR) is the preferred brain imaging method in those with
suspected CNS infection, with CT scan reserved for patients with contraindications
to MR or cases of limited access to MR. Advantages of MR versus CT scanning
include better distinction of gray versus white matter involvement, as well as
superior visualization of the posterior fossa and cerebellum, the leptomeninges,
and the venous sinuses [1]. In those with suspected encephalitis, MR is the most
sensitive imaging technique and certain patterns of findings may assist in deter-
mination of the etiologic agent [13]. Several studies have examined whether
specialized MR sequencing, such as calculation of apparent diffusion coefficient
(ADC) maps or MR spectroscopy, can differentiate infection from malignant
processes with conflicting results [14–17]. MR angiography may be helpful in
evaluating for arteritis associated with infections such as varicella zoster virus
(VZV) [8].

There are inherent limitations of imaging in immunocompromised patients. The
imaging modality of choice may not be practical due to renal dysfunction or
concomitant use of nephrotoxic agents, thus limiting the administration of contrast
dye or gadolinium. Concomitant steroid use may also reduce contrast enhance-
ment, limiting the sensitivity of contrast-enhanced studies. Finally, findings such
as leptomeningeal enhancement and mass lesions are often quite difficult to dis-
tinguish between recurrence and spread of malignancy versus infection [1].

In the early stages of encephalitis, an electroencephalogram (EEG) may indicate
cerebral dysfunction; however, EEG is generally nonspecific with the exception of
HSV encephalitis. More than 80 % of patients with HSV encephalitis will have
lateralizing epileptiform discharges in sharp and slow wave complexes every 2–3 s
from a focus in the temporal lobe. This finding is typically seen on days 2–14 after
the onset of symptoms. Other than HSV, EEG is rarely able to help identify the
infectious agent involved in patients with encephalitis; however, it is recommended
to evaluate for epileptic activity in those with altered sensorium [13].

The recommendations for initial analysis of CSF remain identical to that of the
immunocompetent patient. Opening pressure should be recorded, and initial
studies should include white blood cell (WBC) count with differential, red blood
cell count, glucose, protein, and gram stain. In all cases, CSF should be sent for
bacterial and fungal culture. Further CSF analysis should be based upon the
individual clinical scenario [10]. The diagnostic test(s) of choice for individual
infections will be described throughout the chapter.

6 Mimics of CNS Infection in Cancer Patients

There are many non-infectious diseases or syndromes that mimic the signs and
symptoms and, thus, complicate the recognition of CNS infection in cancer
patients. This list includes drug-induced and chemical meningitis, allergic or
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hypersensitivity reactions, and leptomeningeal spread of disease, among others
[18]. It is important to remember that treatment regimens themselves, including
chemotherapeutic agents and medications used to treat symptoms of pain, nausea,
and emesis, can also cause signs or symptoms that can be confused with CNS
infections. Calcineurin inhibitors used for GVHD prophylaxis can also be impli-
cated in some cases of encephalopathic symptoms. Bleeding as a result of
thrombocytopenia can also mimic CNS infection, as can primary or metastatic
lesions in the CNS. Table 3 provides a list of some common imitators of CNS
infection [9].

6.1 Drug-Induced Meningitis

A multitude of medications are implicated in cases of drug-induced meningitis, but
one of the most common observed associations is with non-steroidal anti-
inflammatory drugs (NSAIDs). The list of potential medications causing this
syndrome also includes antibiotics, most commonly trimethoprim or sulfonamides,
but also beta-lactams, fluoroquinolones, and isoniazid [18]. Immunomodulatory
agents such intravenous immunoglobulins (IVIG), antithymocyte globulin, and
OKT3 can also cause aseptic meningitis [19]. Symptomatically, drug-induced
meningitis is indistinguishable from infection as patients present with HA, men-
ingismus, fever, and altered sensorium. Rash, myalgias, arthralgias, facial edema,
and abnormal liver chemistries may occur, although these too can be present with
infectious meningitis, especially with viral etiologies [19]. Symptoms typically
begin within several days to a week after drug exposure but can occur sooner if the
patient has been previously sensitized to the offending agent. There are some
reported cases that occur as long as 2 years from initial drug exposure [18]. CSF
analysis typically reveals a neutrophilic pleocytosis, with CSF WBC ranging from
several hundred to several thousand cells per cubic millimeter, elevated protein
levels, and normal to slightly low glucose levels. Eosinophils occasionally are
found in the CSF. Imaging is nearly always normal [19]. Because it is a diagnosis
of exclusion, a negative CSF microbiologic evaluation is necessary. Prompt res-
olution of symptoms after discontinuation of the offending agent also supports the
diagnosis [18].

6.2 Chemical Meningitis

Chemical meningitis (arachnoiditis) can occur with intrathecal administration of
chemotherapeutic agents such as methotrexate and cytarabine, especially when used
concomitantly with high-dose systemic administration of these drugs [18, 20, 21].
Symptoms of neurotoxicity typically begin acutely, 4–24 h after exposure to the
offending agent, although cases have been reported to occur as long as 2 weeks after
intrathecal infusion. Symptoms include fever, chills, headache, nausea, vomiting,
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Table 3 Conditions that mimic central nervous system infection in cancer patients

Primary or metastatic CNS tumor

• Glioblastoma

• Primary central nervous system lymphoma

• Melanoma

• Breast cancer

• Bronchogenic carcinoma

• Renal cell carcinoma

• Germ cell tumor

Post-transplant lymphoproliferative disorders

Toxic metabolic encephalopathy

Drug-induced alterations in sensorium

• Narcotic and opioid analgesics

• Antiemetics

• Antihistamines

Drug-induced aseptic meningitis

• Nonsteroidal anti-inflammatory agents

• Antimicrobial agents

Trimethoprim–sulfamethoxazole

Beta-lactams

Fluoroquinolones

Isoniazid

• Immunomodulatory agents

Intravenous immunoglobulin

Anti-thymocyte globulin

OKT3

Chemical meningitis (arachnoiditis)

• Intrathecal methotrexate

• Intrathecal cytarabine

Leukoencephalopathy

• Calcineurin inhibitors

Cyclosporine A

Tacrolimus

• Chemotherapeutic agents
(continued)
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and meningismus. In some cases, confusion and aphasia may predominate, with
seizures also being possible [18]. CSF findings include a pleocytosis ranging from a
mild increase to several thousand neutrophils per cubic millimeter along with low
glucose and elevated protein levels. In acute cases, the opening pressure may be
elevated. MRI may reveal diffuse leptomeningeal enhancement in acute cases. As in
the case of drug-induced meningitis, clinical symptoms and CSF findings in cases of
chemical meningitis significantly overlap findings in acute bacterial meningitis, and
thus, this is a diagnosis of exclusion [18].

6.3 Posterior Reversible Leukoencephalopathy and Calcineurin
Inhibitor Neurotoxicity

Calcineurin inhibitors, used for the prevention and treatment of GVHD in the
HSCT population, have neurologic side effects that can be confused with CNS
infection. Patients receiving cyclosporine have a 10–40 % incidence of neuro-
toxicity, with a similar incidence reported with tacrolimus [22, 23]. The spectrum
of neurologic side effects is wide and ranges from mild symptoms, most commonly
tremor, to more severe symptoms, including altered sensorium, psychosis, hallu-
cinations, blindness, seizures, ataxia, and leukoencephalopathy.

The syndrome of posterior leukoencephalopathy associated with calcineurin
inhibitors can mimic meningoencephalitis or progressive multifocal

Table 3 (continued)

Cisplatin

Cytarabine

Gemcitabine

Bevacizumab

Neoplastic meningitis

• ALL

• AML

• Lymphoma

• Solid tumor

Hematologic dysfunction and coagulopathy

• Leukostasis

• Subarachnoid or intracerebral hemorrhage

• Graft-versus-host disease

Marantic endocarditis with embolic and thrombotic complications

Cerebrovascular accident
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leukoencephalopathy, as the clinical symptoms are similar, including headache,
AMS, and possibly seizure and cortical blindness. Distinguishing this from
infectious etiologies, many of the patients with this syndrome are hypertensive and
more than half have supra-therapeutic drug levels [23]. The occipital white matter
is uniquely susceptible to the potential neurotoxic effects of cyclosporine. While
tacrolimus-associated neurotoxicity tends to produce similar pathologic changes as
cyclosporine, tacrolimus may cause additional neurotoxic changes, particularly
vascular toxicity [22]. Brain imaging typically reveals abnormal multifocal,
bilateral white matter findings in the parieto-occipital lobes although lesions may
occur in the cerebellum, pons, thalamus, and temporal lobes. With a cerebellar
syndrome, dysarthria and ataxia occur along with confusion and seizures. In most
patients, the CSF analysis is normal, although elevated protein levels can be
present [23].

Similar to the calcineurin inhibitors, some chemotherapeutic agents such as
cisplatin, gemcitabine, cytarabine, and bevacizumab are reported to cause a
reversible posterior leukoencephalopathy syndrome [24].

6.4 Neoplastic Meningitis

Neoplastic meningitis results from the metastatic spread of disease to the lepto-
meninges and is estimated to occur in 4–7 % of all patients with cancer [25]. It is
clinically diagnosed in 4–15 % of patients with solid tumors, 5–15 % of patients
with leukemia and lymphoma, and 1–2 % of patients with primary brain tumors
[26].

The clinical presentation of neoplastic meningitis varies and the majority of
patients present with multifocal symptoms based upon the CNS territories that are
involved. The most common symptoms are headache, mental status changes,
ataxia, neck or back pain, focal weakness, and seizures [27]. Cranial nerves can
also be affected by leptomeningeal disease, and thus, cranial nerve palsy may be
one of the presenting clinical signs or symptoms. Symptoms related to spinal cord
involvement occur in more than 60 % of patients and include pain with or without
radiculopathy, myelopathy, and cauda equina syndrome [28].

The diagnosis is established by neuroimaging and CSF analysis. Suggestive MR
findings include parenchymal volume loss, ependymal or subependymal
enhancement, and other abnormalities such as sulcal-cisternal enhancement, sub-
arachnoid enhancing nodules, and communicating hydrocephalus [26]. The CSF
analysis is almost always abnormal with elevated opening pressure in up to 50 %,
pleocytosis, elevated protein levels, and low glucose levels. Abnormal CSF
cytology confirms the diagnosis with a specificity of more than 95 %, albeit lower
sensitivity [18]. CSF flow cytometry offers enhanced diagnostic sensitivity over
traditional cytology [29]. Rarely, meningeal biopsy is necessary to confirm the
diagnosis [28].
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7 Spectrum of Infections with Emphasis on CNS Pathogens
of Special Significance for the Cancer Patient

Cancer patients and stem cell recipients are susceptible to a broad range of CNS
infections caused by bacterial, fungal, viral, and parasitic pathogens (Table 1).
This section will review the predominant infectious etiologies, with a focus on
organisms that pose a special problem for these vulnerable patient populations.

7.1 Bacteria

The spectrum of bacterial CNS infections is broader than the general population.
An analysis of CSF and autopsy cultures obtained from patients at MSKCC from
1955 to 1973 demonstrated that the most prevalent bacterial meningitis pathogens,
from more to less frequent, included Listeria monocytogenes, Pseudomonas
aeruginosa, Staphylococcus aureus, and Streptococcus pneumoniae. Other bac-
teria found to cause meningitis in this series included the Enterobacteriaceae, other
streptococci, and other staphylococci. This was in contrast to the most common
causes of meningitis in the general community, S. pneumoniae, Haemophilus in-
fluenzae, and Neisseria meningitidis. The spectrum of pathogens causing focal
brain abscesses was also found to be different than that in the general population.
Gram-negative bacilli including E. coli, P. aeruginosa, and Proteus spp. were the
most common organisms identified, while staphylococci and streptococci were less
common [2].

The epidemiology of bacterial infections has evolved over time. Staphylococci
have gained importance as a CNS pathogen, presumably related to an increase in
the use of intraventricular devices [30]. In a review of CNS infections at MSKCC
between 1993 and 2004, there was a marked shift from gram-negative to gram-
positive pathogen predominance in recent years: 70 % gram-positive cocci, 10 %
gram-positive bacilli, and 14 % gram-negative bacilli. Listeria was a much less
identified pathogen with only two cases found during this time period [3]. Finally,
tuberculosis should also be kept in mind in those with known exposure or those at
high risk of prior exposure and can present as basilar meningitis or tuberculoma
[31].

7.1.1 Listeria monocytogenes
The gram-positive bacterium, L. monocytogenes, is a well-known opportunistic
pathogen that causes sepsis and meningoencephalitis in cancer patients. The
bacterium is acquired primarily via ingestion of contaminated foods, and up to 5 %
of healthy adults have evidence of intestinal carriage of this organism [32–35].
Those with depressed cell-mediated immunity, due to underlying disease and
therapies, are especially susceptible to disseminated infection with this organism
[32, 33]. Listeria is a leading cause of community-acquired meningitis, accounting
for 4–8 % of all cases in large epidemiologic studies [36, 37].
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Established risk factors for non-perinatally acquired listeriosis include age older
than 60 years, malignancy, and corticosteroid and other immunosuppressive
therapies [32, 35, 38–45]. In cancer centers, listeriosis is a relatively infrequent but
serious infection, accounting for 0.04–0.1 % of hospital admissions [46, 47], with
a declining overall incidence in US cancer centers in recent years [3, 48]. This
infection disproportionately affects patients with lymphoreticular malignancies,
although patients with solid tumor malignancies, especially those receiving cor-
ticosteroid or other immunosuppressive therapies and those with advanced liver
disease are at risk [3, 40, 44–47]. Hematopoietic stem cell transplant recipients are
also susceptible to listeriosis, although the reported incidence is low, 0.38–0.58 %
[46, 49–51]. In case reports and small series, listeriosis can complicate both
autologous and allogeneic stem cell transplantation but is most often described in
recipients of unrelated or HLA-mismatched donor transplants, cases complicated
by GVHD, and those receiving corticosteroids [47, 49, 51–58].

Twenty-eight to 43 % of patients with non-perinatally acquired listeriosis have
CNS involvement that most typically manifests as meningitis or meningoen-
cephalitis [39, 40, 44]. Meningoencephalitis most often presents as an acute illness
that is not easily distinguished from other causes of meningitis based on symp-
tomatology alone. Common features include fever (86–100 %), headache
(29–88 %), alterations in mental status and/or consciousness (42–100 %), nuchal
rigidity (26–73 %), nausea and/or emesis (29–83 %), and focal neurologic deficits
(35–37 %) such as cranial neuropathies, disordered speech, paresis, nystagmus,
and ataxia [37, 40, 43, 46]. Seizures may occur in 11–29 % [37, 40, 46]. With
meningoencephalitis, the CSF analysis demonstrates neutrophilic pleocytosis,
elevated protein level, and varying degrees of hypoglycorrhachia [32, 37, 46].
Lymphocytic pleocytosis is occasionally observed. The gram stain will demon-
strate gram-positive bacillary forms in only approximately 1/3 of cases [34, 37].
The diagnosis is confirmed by isolation of Listeria in culture; the culture yield
is [80 % and 46–78 % in CSF and blood, respectively [32, 34, 37, 43, 48]. Serum
hyponatremia, attributed to the syndrome of inappropriate antidiuretic hormone
secretion, is reported [37].

A less common form of CNS listeriosis is cerebritis characterized by focal brain
lesions or abscess often involving the basal ganglia or thalamus; 25 % of such
cases have concomitant meningitis [32, 34, 35, 43, 46, 59], see Fig. 1. The CSF
analysis in these cases is consistent with a parameningeal focus of infection unless
meningitis is also present. Listeria-associated rhombencephalitis and spinal cord
abscesses are exceptionally rare in the immunocompromised host [32, 34, 35].

Treatment guidelines for CNS listeriosis are based on cumulative clinical
experience, in vitro antimicrobial susceptibility testing, and expert opinion [12, 32,
35, 46, 60]. The addition of ampicillin or penicillin for empiric treatment of bac-
terial meningitis is warranted whenever Listeria is a diagnostic consideration. For
confirmed cases, parenteral ampicillin or penicillin is recommended for a duration
of 3 weeks [12]. In the setting of cerebritis or brain abscess, the antibiotic duration
is extended to 4–6 weeks [32, 33]. The addition of an aminoglycoside, for the initial
portion or duration of treatment, is considered beneficial due to in vitro synergism.
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In the penicillin-allergic patient, the preferred alternative agents are trimethoprim–
sulfamethoxazole (TMP-SMX) or meropenem. Although Listeria exhibits in vitro
susceptibility to vancomycin, cases of listeriosis have developed in patients during
vancomycin therapy [61, 62]. Cephalosporin and chloramphenicol treatment
failures are reported [49]. There is no clear role for corticosteroids if the diagnosis
of Listeria meningitis is established. Surgical intervention and intrathecal antimi-
crobial therapy may be required for refractory cases [35, 43, 63].

The reported mortality for Listeria meningitis is 3.1–50 % [37, 39, 40, 46, 48,
64], and the overall mortality of listeriosis is higher in those with malignancy as
opposed to other medical conditions [44]. Risk factors for mortality with non-
perinatally acquired listeriosis include non-hematologic malignancy, steroid use,
and chemotherapy [64–66]. Even with successful treatment for the initial infection,
relapsing and recurring infection can occur and permanent neurologic sequelae can
result from listeriosis [34, 40, 43, 49]. The prevention of listeriosis focuses largely
on avoidance of undercooked meats, raw eggs, and unpasteurized dairy products;
thorough washing of raw vegetables prior to ingestion; and cleaning of food
preparation utensils and boards after contamination [32, 33, 67]. Additionally,
immunocompromised patients should avoid uncooked processed meats such as
cold cuts, hot dogs and soft cheeses. While TMP-SMX prophylaxis is effective in
reducing Listeria infections in AIDS patients and solid organ transplant recipients,
breakthrough infections have occurred in stem cell transplant recipients receiving
this drug in prophylactic doses [46, 52].

Fig. 1 A 60-year-old male
with Waldenstrom’s
macroglobulinemia with
large cell transformation
presented day ? 97 status
post matched sibling donor
non-myeloablative stem cell
transplantation with new-
onset seizures, right upper
extremity weakness, and
word-finding difficulties.
Brain MR demonstrated a
heterogenous mass lesion
within the left frontoparietal
region associated with a 4.5-
cm area of vasogenic edema.
Due to suspicion for
lymphoma, a brain biopsy
was undertaken. Listeria
monocytogenes was isolated
from blood and brain tissue
cultures
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7.1.2 Nocardia Species
Nocardia spp. are aerobic actinomycetes that are widely distributed in nature as a
component of soil and decaying matter. At least 16 species are capable of causing
human disease, usually as a consequence of inhalation. The more common path-
ogenic species include Nocardia asteroides sensu stricto, Nocardia brasiliensis,
Nocardia farcinica, and N. nova [68–70]. Although overall population estimates
are difficult to ascertain, previous surveys report that the annual incidence of
nocardiosis is 500–1,000 and 150–250 cases in the USA and France, respectively
[71, 72]. Nocardia spp. are opportunistic pathogens, primarily afflicting patients
with underlying conditions, especially those with deficiencies in cell-mediated
immunity but also those with neutrophil dysfunction and deficiencies in humoral
immunity [68, 73]. Malignancy, corticosteroid therapy, and cytotoxic chemo-
therapy are well-recognized risk factors for nocardiosis [68, 74–85]. At MD
Anderson Cancer Center, nocardiosis accounted for 0.06 % of hospital admissions
during 1988 to 2001 [79]. Cases are more frequently described in association with
hematologic malignancy, but solid tumor patients are also susceptible [79].
Nocardiosis is also seen as a late complication of bone marrow and HSCT, [78, 79,
86–101] with reported incidences of 0.2 and 1.7 % in recipients of autologous and
allogeneic transplants, respectively [89, 94]. Many cases have occurred following
the development and steroid treatment of GVHD [79, 89–97, 100–102].

While pulmonary disease is the most common clinical manifestation of
nocardiosis, hematogenous dissemination can result in CNS disease [68, 69]. In
fact, 7.7–33 % of nocardiosis cases involve the CNS [71, 72, 76, 78, 80, 85, 103].
CNS disease most commonly presents as brain abscess, with a course that is more
indolent than with other bacterial causes. The clinical presentation is one of space-
occupying brain lesion and elevated intracranial pressure, and because of this,
Nocardia can be confused for primary or metastatic brain tumors [68, 104].
Common symptoms include headache, nausea, vomiting, confusion, altered con-
sciousness, and seizures [68, 70, 82]. Parkinsonism is also described [68]. Alter-
natively, but uncommonly, meningoencephalitis occurs, and spinal cord
involvement has been reported [68, 82]. Imaging studies will show one or more
multiloculated abscesses. Because CNS infection can be silent, it is imperative to
perform brain imaging whenever pulmonary nocardiosis is diagnosed.

When the diagnosis of nocardiosis is entertained, respiratory specimens and
brain abscess aspirate or tissue are required for routine microbiological studies.
Nocardia spp. are weakly staining, beaded and branching, gram-positive bacilli.
They are also weakly acid fast, a property that is useful in the identification
scheme. Nocardia can be isolated from routine bacterial cultures within 2–7 days
of plating, and recovery can be enhanced by selective and enriched media such as
buffered charcoal–yeast extract, colistin–nalidixic acid, modified Thayer-Martin
agars and fungal media [68, 69]. If concomitant pulmonary disease is present, it
may not be necessary to perform brain biopsy or aspiration. Since there are
important species differences in antimicrobial susceptibility patterns, speciation is
clinically important, and molecular diagnostic assays, such as 16S rDNA
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sequencing, are playing an increasingly important role in the management of
nocardial disease. Due to the varying susceptibility patterns of Nocardia species,
antimicrobial susceptibility testing is generally recommended to guide therapeutic
choices [70].

For decades, the primary agents for treatment of nocardiosis have been sul-
fonamides such as TMP-SMX. With CNS involvement, dual or triple combination
therapy with TMP-SMX, imipenem or a third-generation cephalosporin, and
amikacin are administered empirically until antimicrobial susceptibility testing
results can guide therapy [69, 70]. Other active agents include minocycline and
linezolid [70, 105]. Parenteral therapy is continued for a minimum of 3–6 weeks,
depending on the severity of infection and response to therapy, and then, oral
therapy is continued for at least 12 months to minimize risk of relapse. For
refractory cases, surgical intervention may be required [68, 90]. Reduction in
immunosuppressive therapies is warranted [68].

While nocardiosis is an infrequent infection, its importance lies in its propensity
to cause serious morbidity and mortality. Regardless of whether there is CNS
involvement, Nocardia is associated with a high mortality rate in cancer patients,
ranging from 25 to 100 % [76, 78–80, 84]. Experts advocate for TMP-SMX
prophylaxis to reduce the risk of infection in susceptible patients, such as HSCT
recipients [94, 97, 106], although breakthrough infections do occur [79, 107].

7.2 Fungi

Fungal pathogens are much more frequently isolated from cancer patients with
CNS infections compared to the general population and are associated with high
mortality. In a series from MSKCC from 1955 to 1973, the etiologic agent of
meningitis was fungal in origin in almost one-third of cases [2]. Most cases are
caused by Cryptococcus neoformans, but other etiologies include Aspergillus spp.
and Candida albicans [2, 3].

The experience at specialized cancer centers varies, but the majority of brain
abscesses, particularly post-transplantation, are caused by fungi [108]. The most
common fungal etiology of focal brain abscess is Aspergillus, followed by
Mucorales and Candida [2, 6]. Other more rare causes of fungal brain abscess in
patients with hematologic malignancy include Scedosporium species, Pseudalle-
scheria boydii, phaeohyphomycetes such as Cladophialophora bantiana, and
Fusarium species [109].

7.2.1 Aspergillus Species
The CNS is the most common target organ of disseminated aspergillosis due to
hematogenous spread from the lungs. Alternatively, invasive CNS aspergillosis
may also occur as a result of direct extension from invasive sinus disease. With an
overall reported incidence of only 0.8 % following HSCT, its importance lies in
the high rate of mortality [6]. Less than 5 % of cases of CNS aspergillosis are
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isolated to the CNS, and the vast majority are associated with invasive disease in
other locations, most commonly the lung or sinuses [108, 109].

One of the most important risk factors implicated in the development of
invasive aspergillosis includes neutropenia, with a strong relation to both the
degree and duration of this deficit. Other host defense deficits that contribute to
infection risk include defects in phagocyte function, cell-mediated immunity, and
mucosal immunity. These deficits may result from treatment course, underlying
malignancy, and/or corticosteroid use [110]. In a retrospective review of 14 cases
of CNS aspergillosis in HSCT recipients, 79 % were neutropenic at the time of
diagnosis, 93 % had acute GVHD, and 93 % received high-dose methylprednis-
olone [111].

The clinical presentation can be nonspecific and misdiagnosed as cerebral
infarction or hemorrhage. Fever is present in 40–76 % of patients and is more
commonly present when concomitant pulmonary aspergillosis is present. AMS is
also common and found in 30–65 % of patients. Other signs or symptoms that
have been found in one-fourth to one-third of patients include seizure, hemiplegia,
and cranial nerve palsies [109]. Neurologic symptoms tend to progress rapidly, and
in one study, the time from the initial neurologic symptoms to the diagnosis of
cerebral aspergillosis or to death was a median of 7 days with a range of 0–27 days
[111]. In HSCT recipients, the median time to diagnosis generally
occurs [100 days post-transplant; however, cases have been diagnosed in a range
from 49 to 347 days [6, 111].

Diagnostic imaging, typically MRI, will demonstrate findings that are typical
for that of fungal brain abscess, including hyperintensity on T2-weighted imaging,
hyperintensity on diffusion-weighted imaging (DWI), and hypointensity on ADC
mapping. In organized abscesses, contrast enhancement occurs and the lesion will
show ring enhancement (Fig. 2a); however, this may not be the case in acute or
subacute cases. Because aspergillosis is a vasoinvasive pathogen, evidence of
hemorrhagic brain infarction may also be seen on neuroimaging studies [112]. One
group of investigators have suggested that ‘‘target-like’’ lesions on DWI may aid in
distinguishing Aspergillus from other fungal causes of brain abscess and malig-
nancy [113].

Ideally, the diagnosis of CNS aspergillosis requires histopathologic, cytopath-
ologic, or direct microscopic evidence of the pathogen and associated cell damage
from brain tissue, with a culture positive for Aspergillus spp. (Fig. 2b). In the
absence of a positive tissue culture, a positive blood culture would also suffice to
make the diagnosis, though this is rarely found with infections due to Aspergillus
spp. Indirect tests such as detection of galactomannan antigen or 1,3-beta-d-glucan
can support the diagnosis [114]. As brain biopsy may not always be feasible,
evidence of invasive pulmonary or sinus disease combined with typical CNS
imaging findings may lend weight to the diagnosis of cerebral aspergillosis [108].

Generally, CSF examination is of low yield, though it may aid in ruling out
other infectious etiologies. CSF findings are typically nonspecific with negative
fungal smear and culture. The use of CSF-PCR for diagnosis of cerebral
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aspergillosis has been reported, but this test is not widely available [115, 116].
Measurements of CSF galactomannan antigen may have some utility [115, 117].

First-line therapy for invasive aspergillosis, including CNS disease, is vorico-
nazole. Voriconazole has wide tissue distribution and achieves levels in the CSF
that are approximately 50 % of plasma levels [118]. An open-label, non-com-
parative multicenter study evaluated the efficacy and safety of voriconazole and
demonstrated a therapeutic response in 48 % of cases, including 16 % with
cerebral invasive aspergillosis. An additional 26 % of patients with cerebral
invasive aspergillosis were found to have had a stable response with voriconazole

Fig. 2 A 62-year-old female
with diffuse large B-cell
lymphoma and invasive
pulmonary aspergillosis
presented with right foot
drop; a brain MR imaging
demonstrated a ring-
enhancing lesion within the
medial right frontal cortex
and subcortical white matter;
and b stereotactic brain
biopsy specimen with
Gomori’s methenamine silver
staining revealed fungal
hyphae with acute angle
branching, consistent with
Aspergillus spp.
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therapy [119]. In a randomized trial comparing voriconazole versus amphotericin
B (AmB) for primary therapy of invasive aspergillosis, in the subset of patients
with extrapulmonary disease, favorable therapeutic responses were achieved in
42.9 % of those receiving voriconazole versus only 12.5 % in those receiving
AmB. Additionally, an overall survival benefit was achieved in the voriconazole
treatment group [120]. With voriconazole, there is evidence that therapeutic drug
monitoring may be of some utility in guiding therapy, as several studies have
shown a lack of response to therapy at lower levels as well as an increase in
toxicity at higher levels [121].

Agents that can be used for salvage therapy include lipid formulations of AmB,
posaconazole, and itraconazole. While there is no definitive evidence that com-
bination therapy is of added benefit, it may be considered [118]. In several studies,
adjunctive surgical therapy of CNS disease was associated with improved out-
comes [122].

The prognosis of invasive aspergillosis, particularly with cerebral disease, is
quite poor. Historically, the mortality rate approaches 100 % in most studies [6].
In all types of invasive aspergillosis, crude mortality rates at 1 year are reported to
be anywhere from 70 to 93 % [123].

7.2.2 Mucorales
Mucormycosis is the third most common invasive fungal infection after Asper-
gillus and Candida spp. infections [124]. These fungi are ubiquitous in nature and
are commonly found in soil as well as decomposing plant and animal material.
Infection is caused by inhalation or ingestion of airborne sporangiospores [125].
The classic distribution of this opportunistic pathogen is pulmonary or rhinoce-
rebral with destruction and necrosis of the palate allowing extension to nearby
structures, including the eyes and brain. Disseminated disease is seen in up to
40 % of patients with hematologic malignancy [124]. The most common cause of
invasive mucormycosis is Rhizopus oryzae, but other Rhizopus spp., Mucor spp.,
Rhizomucor spp., Absidia spp., and Cunninghamella spp. are other agents of
mucormycosis [110]. The two most significant risk factors found in a large case
series included diabetes and hematologic malignancy in more than 50 % of cases.
Some case series also report the use of voriconazole to be a risk factor for the
development of mucormycosis [126]. As with aspergillosis, other known risk
factors include prolonged neutropenia, receipt of stem cell transplant, and those
receiving immunosuppressives that deplete cell-mediated immunity [124].

Patients with rhinocerebral mucormycosis typically present with fever, nasal
congestion, sinus tenderness, headache, and periorbital edema with or without
proptosis. Mental status changes occur with cerebral involvement [110]. Because
direct extension of the infection to the brain from the sinuses occurs via the dura,
patients may also present with cranial nerve palsies, thrombosis of the internal
carotid artery, hemiplegia, lethargy, and seizures [127].

Imaging studies of the sinuses and brain should be performed if clinical sus-
picion dictates. CT of the brain with contrast may reveal ring-enhancing lesions in
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the frontal or temporal lobes [127]. MRI is typically more sensitive than CT and
may reveal minimal enhancement on DWI, with hyperintense lesions in the case of
cerebral abscess. In those who present with symptoms of fungal sinusitis, sinus
endoscopy may show necrotic or ulcerated tissue due to hyphal invasion into blood
vessels, leading to tissue infarction and hemorrhage [110]. Isolated cerebral
mucormycosis is more common than that seen with aspergillosis and may occur in
up to 20 % of cases. Distinction between cerebral mucormycosis and aspergillosis
is difficult to make based on clinical or radiologic findings alone, and histopa-
thology is usually required [109]. Biopsy is thus essential to diagnosis, and in the
case of sinus disease, it is usually well tolerated. Cultures are positive in only
40–70 %, but pathology can usually differentiate mucormycosis from other causes
of infection [110]. Findings on histopathology that may lead to the diagnosis of
mucormycosis include broad, non-septate, hyaline pale, acidophilic hyphae in
hematoxylin and eosin stain. Periodic acid-Schiff (PAS) and Gomori’s methena-
mine silver (GMS) stains can better define the morphology and will reveal
irregular branching and angioinvasion. Other pathologic findings that may be
demonstrated include vasculitis, thrombosis, and infarction with neutrophilic
infiltration and sometimes a granulomatous response [128]. CSF analysis is usually
not helpful in the case of fungal abscess, and blood cultures are rarely positive,
even in disseminated disease [127]. In addition, no serologic tests are available to
aid in diagnosis [109].

Successful treatment for CNS mucormycosis relies on early diagnosis and a
multifactorial approach including surgical debridement, antifungal therapy, and
resolution of modifiable risk factors. Risk factors that can be modified include
correction of hyperglycemia, discontinuation of corticosteroid or immunosup-
pressive therapy, and aiding in recovery from neutropenia [127].

First-line antifungal therapy for mucormycosis remains the polyene class.
Traditionally, AmB, 1–1.5 mg/kg/day, was used and is still the only antifungal
agent licensed for the treatment of mucormycosis, but major disadvantages include
nephrotoxicity and poor CNS penetration [129]. Lipid formulations of AmB,
especially liposomal AmB (L-AmB), have become the preferred therapy for
mucormycosis based on several studies. One study of salvage therapy with AmB
lipid complex (ABLC) found a 71 % success rate [130]. In another review of
zygomycosis in patients with hematologic malignancy, patients who received
L-AmB had improved survival versus those who received traditional AmB [131].
With regard to specific lipid formulations, one review of rhino-orbital-cerebral
mucormycosis found inferior success rates and higher clinical failure rates with the
use of ABLC versus both L-AmB and conventional AmB. It is suggested that
poorer outcomes in cases of mucormycosis with CNS extension is worse with
ABLC due to decreased CNS penetration compared to L-AmB or AmB, as seen in
rabbit models [132].

Fluconazole and voriconazole do not have reliable activity against the patho-
gens of mucormycosis. Itraconazole has activity limited to Absidia species.
Posaconazole has in vitro activity against Mucorales; however, variability in levels
achieved, especially in patients at risk for malabsorption, such as those with severe
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mucositis and GVHD of the gastrointestinal tract, has limited its use. Several
murine models of mucormycosis found posaconazole to be inferior in efficacy to
AmB and no better than placebo in other studies with R. oryzae. Thus, posaco-
nazole is not recommended for primary therapy but can be considered for salvage
therapy in those who are refractory to or intolerant of polyenes [129].

Other strategies for the treatment of mucormycosis include combination anti-
fungal therapy. One retrospective study of rhino-orbital-cerebral mucormycosis
found a significantly improved outcome in those receiving polyene–caspofungin
combination therapy, with the most pronounced improvement in those with
cerebral involvement. In this small group of patients, success rate was 100 %
versus only 25 % with polyene monotherapy [132]. Animal studies have not
shown a benefit to posaconazole–polyene combination therapy, and no clinical
studies have yet been performed [129].

Iron chelation therapy has recently been investigated as an adjunctive treatment
method for mucormycosis. The basis of this therapy arose from the knowledge that
deferoxamine enhances delivery of iron to Mucorales and thus predisposes to
mucormycosis. Other iron chelators, such as deferasirox, however, cannot be used
by Mucorales to acquire iron. Deferasirox was also found to be fungicidal for
clinical isolates of Mucorales in vitro. Animal studies are promising in showing
synergistic efficacy with the use of L-AmB and deferasirox in the treatment for
disseminated mucormycosis. A phase II double-blinded, randomized, placebo-
controlled trial for the safety and efficacy of adjunctive deferasirox-L-AmB
therapy for mucormycosis is currently ongoing [129].

In cases of cerebral mucormycosis, the overall mortality rate is near 80 %. The
prognosis is slightly better for those with localized cerebral and rhinocerebral
infection, with mortality rates of approximately 60 %. In cases of disseminated
disease with CNS involvement, however, mortality approaches 100 % [126].

7.2.3 Cryptococcus Species
Cryptococcus is a ubiquitous basidiomycetous yeast that has approximately 20
known species, of which C. neoformans is the main human pathogen. Infection is
acquired by inhalation, resulting in focal lung disease and frequent dissemination
to the CNS [133]. While 80–90 % of cases now occur in the context of advanced
HIV infection, [30 % of non-AIDS-related cryptococcosis cases occur in cancer
patients [134]. In fact, there was early recognition of a relationship between
hematologic malignancy and cryptococcosis [135].

Trends from major cancer centers suggest a declining frequency of crypto-
coccosis, perhaps due to improvements in the management of underlying diseases
of these patients [3, 30, 136–138]. Most recently, 7 % cases of meningitis cases at
MSKCC were attributed to Cryptococcus [3].

In cancer patients, identified risk factors for cryptococcosis include hematologic
malignancy, corticosteroid therapy, lymphopenia, fludarabine therapy, advanced
neoplasia, extensive prior chemotherapy, and leukopenia [136–139]. Cryptococ-
cosis most commonly occurs in those with lymphoma [137–141], chronic
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leukemias [142, 143], and other hematologic malignancies such as acute leukemia
[144–146] and multiple myeloma [147]. A minority of cases occur in patients with
solid tumors, especially those receiving corticosteroids [138, 148]. Cryptococcosis
is rarely reported following HSCT [138, 139, 147–154].

Clinically, cancer patients have subacute or chronic onset of meningitis, and
compared with AIDS-related cryptococcosis, they have symptoms for longer
durations before presentation [140, 155]. The predominating features are altered
sensorium and fever [136, 138]. Other presenting signs and symptoms include
headache, meningismus, seizures, nausea and vomiting, visual disturbances, and
cranial nerve deficits.

The diagnosis of cryptococcal meningitis largely relies on clinical suspicion
and obtaining the appropriate clinical specimens for laboratory testing. Brain
imaging should be performed to evaluate for mass lesions and elevated intracranial
pressure. Lumbar puncture may demonstrate elevated opening pressure, and CSF
analysis will reveal widely varying degrees of inflammation with mononuclear
pleocytosis, elevated protein, and low glucose [136, 155]. A presumptive diagnosis
is based on rapid antigen detection in CSF and serum. This test has supplanted
India ink stain for rapid diagnosis of cryptococcal meningitis. The sensitivity and
specificity of commercially available latex agglutination assays are 90–100 % and
97–100 %, respectively [156–158]. False-negative results have occurred with early
infection (low organism burden) [159], chronic indolent meningitis (high organism
burden and prozone effect), and capsule-deficient C. neoformans infection [160].
Low-titer false-positive results can occur as a result of cross-reactivity with
rheumatoid factor, syneresis fluid (surface condensation from agar) [161, 162],
Trichosporon beigelii meningitis [163], or Capnocytophaga canimorsis (bacterium
DF-2) septicemia [164]. False-positive results have also occurred in cancer
patients. In a series of twelve such cases, 50 % had a malignant process involving
the CNS, and the majority had a positive CSF cryptococcal antigen of 1:8 dilution
or lower (range 1:2 to 1:256) but no culture evidence of cryptococcosis [165]. The
definitive diagnosis of cryptococcal infection is established by isolation of the
pathogen in culture of CSF, blood, lung, and other tissues.

Untreated meningitis in the immunocompromised host is uniformly fatal, and
thus, successful management requires early disease recognition, aggressive anti-
fungal therapy, and management of elevated intracranial pressure. The standard
induction regimen for cryptococcal meningitis is AmB, 0.7 mg/kg/d plus flucy-
tosine, 100 mg/d. Combination therapy is superior to AmB monotherapy, as
demonstrated by better mycological response rates and reduction in early mortality
[136, 155, 166–170]. Beyond the induction phase of treatment, a longer course of
consolidation therapy is recommended due to high disease relapse rates [171, 172].
An early study demonstrated lower relapse rates by continuing AmB and flucy-
tosine for 6 rather than 4 weeks [173]. Based largely on clinical trials data in the
AIDS population, consolidation therapy, alternatively, can be accomplished with
oral fluconazole 400 mg/d for a minimum of 10 weeks [167, 169, 171]. The total
duration of therapy is determined by clinical resolution of disease. Although
limited comparative clinical data exist regarding the use of lipid-based
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amphotericin formulations for the treatment of meningitis, these agents offer a
more favorable toxicity profile than conventional AmB and are acceptable alter-
native therapies [172, 174, 175].

In order to prevent adverse neurologic outcomes, patients with elevated ICP are
managed with serial lumbar punctures and drainage of CSF [172, 176, 177].
Refractory cases can be managed by lumbar drain placement or with ventriculo-
peritoneal shunts [178–181]. In general, corticosteroids are not recommended in
this setting [172, 176]. Intrathecal or intraventricular instillation of amphotericin
can be used when systemic administration of antifungal therapy has failed [182],
but this technique is associated with a high rate of toxicity. Lowering doses of
immunosuppressive agents, when feasible, are desirable to control infection.

Patients with hematologic malignancies have the highest mortality with cryp-
tococcosis in comparison with other groups [155, 170, 171, 183], perhaps because
the underlying immune deficits are not easily reversible. Indicators that predict
treatment failure and mortality include corticosteroid therapy, advanced age, organ
failure, disseminated infection (with [1 extraneural culture-positive site), abnor-
mal neurologic exam or brain imaging, elevated ICP, high initial serum or CSF
cryptococcal antigen titer, persistently low CSF glucose level, and lack of CSF
inflammation (CSF WBC \20 cells per cubic millimeter) [140, 155, 171, 183].

7.3 Viruses

Herpesviruses are important pathogens in meningoencephalitis in patients with
impaired cell-mediated immunity, especially in the post-transplant setting. Herpes
simplex encephalitis is the most common cause of viral encephalitis in the general
population and also affects the immunocompromised; thus, acyclovir is adminis-
tered to all patients with encephalitis until a specific etiology is determined. VZV
causes meningoencephalitis, either in the setting of disseminated zoster or with
primary infection. The characteristic vesicular rash may be absent. Human her-
pesvirus-6 (HHV-6) may cause meningoencephalitis in the early post-transplant
period and is associated with poor outcomes. Primary or reactivation EBV may
result in systemic infection, including meningoencephalitis, and EBV-associated
post-transplant lymphoproliferative disorder may affect the CNS [184]. Finally,
cytomegalovirus (CMV) is an infrequent cause of encephalitis post-transplant, but
is occasionally encountered in the setting of disseminated CMV infection [185].
Combination ganciclovir–foscarnet therapy is recommended for the treatment of
CMV encephalitis [13]. It is important to note that widespread use of antiviral
prophylaxis has successfully reduced the risk of infection due to herpesviruses,
including CMV [31]. Additionally, the declining incidence of CMV-associated
CNS disease has been attributed to improvements in diagnostics, surveillance
strategies, therapeutic advances, and the selective use of CMV-negative blood
products [6].

276 M. J. Hoffman and V. Stosor



The herpesviruses are important examples of infections that result from
endogenous reactivation or donor-derived disease. It is also important to consider
the differential diagnosis of viral meningoencephalitis within the context of sea-
sonal and geographic exposures. For example, West Nile virus meningoencephalitis
is described in HSCT recipients and is associated with severe disease presentations,
long-term neurologic deficits, and fatal outcomes. This flavivirus may be trans-
mitted through marrow transplantation and blood product administration, but it is
also naturally acquired via mosquitoes in endemic regions [186–191].

Finally, JC virus and its associated CNS infection, progressive multifocal
leukoencephalopathy, can affect cancer patients and has received renewed atten-
tion due to increased reports of cases with the introduction of new immunomod-
ulatory agents into clinical practice.

7.3.1 Human Herpesvirus-6
HHV-6 is seroprevalent in the adult population with primary infection occurring in
early childhood and lifelong viral persistence thereafter [192–194]. There are two
distinct viral variants, HHV-6A and HHV-6B. Viral reactivation, most often due to
HHV-6 type B, may be triggered by immunosuppression and occurs in 28–81 % of
HSCT recipients, with median onset of viremia at 23–40 days post-transplant
[192, 195–199]. Identified risk factors for HHV-6 reactivation after HSCT include
younger age, leukemia or lymphoma diagnosis, hematologic malignancy with
more than one remission, HLA-mismatch donor or unrelated donor transplant,
gender mismatch transplant, IVIG use, and steroid use [196, 200–202]. In a subset
of HSCT recipients, viral reactivation can lead to clinical disease, including
encephalitis. In fact, several studies have shown a correlation between higher
levels of HHV-6 viremia and the development of CNS dysfunction [196, 198, 200,
202]. In single-center series and one multicenter survey, the reported incidence of
HHV-6 encephalitis following HSCT ranges from 0.41 to 0.96 % [197, 203, 204].

In the setting of malignancy, HHV-6 encephalitis is limited to the allogeneic
HSCT population [197, 198, 202–230], with only a few cases reported following
autologous HSCT or chemotherapy for hematologic malignancy [231–233]. This
clinical entity is most often described in the setting of unrelated or HLA-mismatch
donor transplantation [197, 203, 204, 206, 208, 211–214, 221, 222, 224, 225, 227,
228] and cord blood transplantation [203, 204, 215, 220, 223, 229]. A higher
incidence (11 %) of encephalitis was recently reported in allogeneic HSCT
recipients after alemtuzumab conditioning [226].

Clinically, patients present early in the post-transplant course, with median
onset of symptoms occurring 22–60 days post-HSCT [193, 197, 204, 225, 226].
Encephalitic symptoms may be preceded by a viral exanthem and fever; however,
neither are consistently reported findings [197, 204]. Virtually all present with
alterations in mental status ranging from confusion, disorientation, and agitation to
somnolence and coma [197, 203, 204, 212, 218, 226]. Anterograde memory loss,
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which can be profound, is reported in 45–100 % of patients [193, 194, 197, 204,
218, 225, 226]. Seizures (10–80 %), insomnia, and emotional and behavioral
disturbances are frequent findings [197, 203, 204, 212, 218, 225, 226]. Hypona-
tremia as a result of the syndrome of inappropriate antidiuretic hormone secretion
may be present [194, 225]. Although the CSF analysis may be entirely normal,
two-thirds of patients will have an elevated CSF protein level and a mild lym-
phocytic pleocytosis occurs in approximately 50 % [193, 203, 204, 212, 225, 226,
234]. In 50–100 % of cases, MR imaging abnormalities are reported and classi-
cally include hyperintense signal abnormalities in the temporal lobes and limbic
system on T2-weighted and fluid-attenuated inversion recovery (FLAIR) sequen-
ces [193, 194, 197, 204, 218, 226, 234, 235]. Nonspecific or diffuse EEG abnor-
malities are common, but occasionally temporal or fronto-temporal seizure foci are
found [193, 194, 226, 234].

In the appropriate clinical setting, the diagnosis is confirmed by the detection of
HHV-6 DNA in CSF by PCR; the reported sensitivity of this assay is[95 % [13,
234]. In stem cell recipients with encephalitis, the reported median quantitative
PCR results are 3,300–10,000 copies/mL [197, 204, 226]. Most will have con-
comitant HHV-6 viremia. Because HHV-6 may be detected in the CSF of
asymptomatic individuals, it is important to exclude other etiologies of CNS
infection.

Antiviral agents with in vitro efficacy against HHV-6 include ganciclovir, fo-
scarnet, and cidofovir. While no controlled trials have proven effective antiviral
therapy for HHV-6 infections, there are multiple reports of successful treatment
for HHV-6 encephalitis with ganciclovir or foscarnet as evidenced by improve-
ment in clinical parameters and measured reductions in HHV-6 serum and CSF
viral loads [192, 203, 208, 210, 212]. As such, both agents (or combinations of the
two) are recommended for the treatment of HHV-6 encephalitis [13, 234, 236].
Ganciclovir resistance in HHV-6 has occurred via mutations in the protein kinase,
U69, and polymerase, U38, genes [230, 237, 238]; however, it is unknown whether
this will become a clinically significant problem. Because of its side effect profile,
cidofovir alone or in combination with other antivirals is considered a second-line
therapeutic agent [234, 239]. Therapy with donor lymphocyte infusions has also
been attempted [204, 221].

The overall prognosis for stem cell recipients with HHV-6 encephalitis is poor,
and in published series, the attributed mortality is 9–30 % and overall mortality is
greater than 50 %. In recipients who survive the acute infection, the incidence of
neurologic sequelae is significant, ranging from 18 to 56 %. Consequently, experts
emphasize the importance of early recognition and treatment of this entity. While
there are small non-randomized studies that report the effective prevention of
HHV-6 reactivation with ganciclovir prophylaxis and its pre-emptive use for
HHV-6 viremia to prevent encephalitis, there are no current guidelines that rou-
tinely recommend such practices to prevent HHV-6-associated disease after stem
cell transplantation [240–242].
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7.3.2 JC Virus
The polyomavirus, JC virus, is the causative agent of PML, a rapidly progressive
demyelinating disorder in immunocompromised patients [243–245]. JC virus
infection is common, with adult seroprevalence exceeding 50 % [246]. The virus
persists in tissues of the urinary tract and bone marrow (including lymphocytes),
and impairment of cell-mediated immunity may result in viral reactivation and
hematogenous spread to the CNS [245, 247]. In the CNS, JC virus produces a lytic
infection of oligodendrocytes leading to demyelination; astrocytes and cerebellar
granular cells may also be infected [245, 247].

While PML most often occurs in the setting of HIV infection (50 [ 80 % of
cases attributed to HIV), the majority of non-HIV-related cases occur in patients
with lymphoproliferative disorders, particularly lymphoma and fludarabine-treated
CLL [243, 245, 248]. Previous investigations established a 0.07 % incidence of
PML in those with hematologic malignancies [249], although the disease fre-
quency may be increasing as a result of the introduction of potent immunomod-
ulatory therapies into clinical practice [245, 250]. There are multiple descriptions
of PML complicating the course of leukemia [243, 251–257], lymphoma [243,
254, 258–261], myelodysplastic syndrome [262], mycosis fungoides [263], mul-
tiple myeloma [264], polycythemia vera [265], and Waldenstrom’s macroglobu-
linemia [266]; following fludarabine therapy [253, 254]; and affecting those
undergoing HSCT [267–277]. There are increasing reports of PML in patients
receiving immunomodulatory therapies, especially rituximab [259–261, 275, 278–
283], mycophenolate mofetil [284], and alemtuzumab [285].

The clinical presentation of JC virus is dependent upon the areas of brain
affected in individual patients. Patients may present with focal neurologic deficits
such dysarthria, hemiparesis, visual loss, or ataxia; alterations in cognition; and
seizures. The presumptive diagnosis of PML is made by the clinical picture,
combined with MR finding of demyelinating brain lesions that are hypointense on
T1-weighted images and hyperintense on T2-weighted and FLAIR images, see
Fig. 3. Subcortical white matter, cerebellar white matter, and brain stem
involvement are most common [245]. Inflammatory variants of PML can be seen
with corresponding enhancing MRI lesions [286]. Definitive diagnosis is estab-
lished by detection of JC virus in CSF by PCR; this assay has reported sensitivity
and specificity of 60–80 % and 92–100 %, respectively [287]. In PCR-negative
cases, brain biopsy is necessary to confirm the diagnosis; typical histopathologic
findings include white matter vacuolization, oligodendrocytes with basophilic
nuclei, enlarged bizarre astrocytes, and foamy macrophages. JC virus can be
detected in tissue by immunohistochemical staining in situ DNA hybridization
[245, 247].

Other than withdrawal of immunosuppressive therapy and, thus, immune res-
toration [288], there are no established effective therapies for HIV-seronegative
patients with PML [243]. Therapies with interleukin-2 [250, 262, 268, 271, 275],
intravenous immunoglobulin [250], cidofovir [250, 275, 289, 290], topotecan
[291], and nucleoside analogs such as cytarabine [248, 250, 275] have been
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attempted, but successful treatment is limited to anecdote, and no clear benefit is
demonstrated in any clinical trials with these agents. In stem cell transplant
recipients, withdrawal of GVHD prophylaxis and donor lymphocyte infusions has
been tried as therapy for PML [243]. Recent studies have determined that JC viral
entry into oligodendrocytes occurs via the serotonin receptor, 5HT2A [292], and so
represents a potential for pharmacologic intervention with the use of serotonin
receptor antagonists such as mirtazapine [256, 265, 293]. Other proposed therapies
in various stages of the development include intrathecal interferon-a and b [294,
295], R-roscovitine [296], siRNA [297], and mefloquine [298].

In the absence of immune restoration, PML rapidly progresses to death within
months of the initial diagnosis [276]. Mortality rate of 90 % is reported, although
the prognosis may be better in HSCT recipients [250].

7.4 Parasites

Parasites are often overlooked as important CNS pathogens, but in those with
impaired cellular immunity, these pathogens can cause serious infection and
warrant consideration for patients with endemic exposures and risks. The hyper-
infection syndrome caused by Strongyloides stercoralis can result in enteric gram-
negative meningitis [9]. Toxoplasmosis is the most common parasite infection
following stem cell transplantation and is discussed in detail below.

Fig. 3 A 73-year-old male
with chronic lymphocytic
leukemia receiving rituximab
therapy presented with AMS,
expressive aphasia, and
ataxia. MR imaging
demonstrated FLAIR signal
hyperintensity involving the
subcortical white matter of
the left cerebral hemisphere.
The diagnosis of progressive
multifocal
leukoencephalopathy was
confirmed by detection of JC
virus in CSF by PCR
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7.4.1 Toxoplasmosis gondii
Infection with the protozoal organism, Toxoplasma gondii, is extremely common
with seroprevalence rates of 16–40 % in the USA and UK, 50–80 % in Europe and
Central and South America, and 10–15 % in Japan [299–302]. Despite this, it is an
uncommon opportunistic infection following HSCT and lymphocyte depleting
therapies. The reported prevalence of toxoplasmosis in transplant centers mirrors
the geographic seroprevalence: in the USA 0.2–0.3 % [303, 304], Japan 0.2 %
[301], Brazil 1.1 % [305], and Europe 1–5 % [6, 300, 302, 306]. In one European
series, toxoplasmosis was the most common CNS infection following bone mar-
row transplantation [6]. In patients undergoing HSCT, clinical infection most often
results from reactivation of latent infection in seropositive allogeneic stem cell
recipients [300–302, 304–314]; however, cases of primary infection, presumably
as a consequence of donor transmission and leukocyte transfusion or from com-
munity exposure or faulty serologic testing have been described [309–312, 315,
316]. Seropositive recipients with unrelated donors [305, 310], haploidentical
donors [300], T-cell-depleted allogeneic HSCT [310], acute GVHD [303, 311],
and cord blood transplants [302] appear to be at higher risk of reactivation disease.
However, toxoplasmosis complicating autologous HSCT or chemotherapy for
leukemia and lymphoma is rare and limited to anecdotal reports [300, 317, 318].

Toxoplasma encephalitis typically occurs during the first 6 months following
HSCT with most cases occurring within the first 3 months post-HSCT with a
reported median onset of 45–78.5 days post-HSCT [300, 303, 307, 310, 311].
Later onset cases have occurred, especially in those with courses complicated by
GVHD [301, 319–321]. Patients present with fever and neurologic symptoms
ranging from headache, seizures, AMS, and focal neurologic deficits [302, 305,
310, 311]. Toxoplasma has a predilection for the basal ganglia and the supra- and
infratentorial subcortical areas of the brain [321]. MR demonstrates iso- or hyp-
ointense multifocal lesions on T1-weighted imaging and iso-, hypo-, or hyperin-
tense lesions on T2-weighted imaging. Ring enhancement, hemorrhage, and edema
can be seen with contrast imaging. Alternatively, Toxoplasma lesions in HSCT
recipients may fail to enhance; a potential explanation for this lack of enhancement
is a blunted inflammatory response in the setting of neutropenia or corticosteroid
therapy [322–324]. Rarely, imaging will be compatible with meningoencephalitis
[304, 305]. There is also an isolated reported of toxoplasmic myelitis following
peripheral blood stem cell transplantation [314].

The presumptive diagnosis of toxoplasmosis often is based on the clinical pre-
sentation, characteristic radiographic findings, and response to anti-Toxoplasma
therapy in susceptible (seropositive) patients. CSF findings are nonspecific and may
demonstrate elevated protein and some degree of pleocytosis. No diagnostic method
is consistently reliable for the definitive diagnosis of toxoplasmic encephalitis, and
often a combination of modalities, including serologies, PCR-based detection of
T. gondii in CSF and brain tissue, and histopathology, is employed [299, 306, 325,
326]. The tachyzoites and cysts of T. gondii are visualized in tissue by Giemsa,
hematoxylin, and eosin, and immunohistochemical staining.
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Toxoplasmic encephalitis is a rapidly fatal illness with a reported mortality of
60–80 % [305, 310, 311]. Too often, toxoplasmosis is a post-mortem diagnosis in
HSCT recipients. Because of this, an emphasis should be placed on high clinical
suspicion with early treatment; more favorable outcomes have been reported with
such a strategy [300]. The standard treatment for toxoplasmic encephalitis is
sulfadiazine plus pyrimethamine and leucovorin, although myelosuppression may
be problematic following HSCT [299]. Other active agents include: clindamycin,
atovaquone, azithromycin, and spiramycin [299, 300, 313].

Efforts to prevent toxoplasmosis after HSCT should focus on identification of
recipients at risk of disease by serologic testing of transplant candidates and their
donors and education regarding exposure reduction measures, such as avoidance of
cat feces and litter boxes, both of which can have a high burden of Toxoplasma
oocysts, and proper meat handling and preparation [67, 299]. Prophylaxis with
TMP-SMX is recommended for susceptible (seropositive) recipients who have
GVHD or a history of toxoplasmic chorioretinitis; however, optimal prophylaxis
regimens are not well-defined and breakthrough infections do occur in HSCT
recipients who receive TMP-SMX for Pneumocystis prophylaxis [67, 301–303,
305, 306, 327]. For TMP-SMX-intolerant patients, pyrimethamine and leucovorin
plus clindamycin may be considered. Additionally, pyrimethamine–sulfadoxine
(Fansidar) was effective in preventing Toxoplasma reactivation in allogeneic
HSCT recipients, although this agent may result in myelosuppression [328].
Finally, prospective monitoring of the blood of seropositive recipients for Toxo-
plasma reactivation by PCR has been proposed [329], but more data are needed
before this approach can be recommended.

8 Summary

CNS infections are devastating complications of cancer and its therapies. Due to
the multitude of infectious etiologies, a thorough understanding of the epidemi-
ology and clinical presentations of these infections is essential for recognizing and
formulating a diagnostic evaluation for suspected CNS infection. Heightened
clinical suspicion, expeditious (including empiric) treatment, and modification of
immunosuppression may optimize the outcomes of CNS infections in cancer
patients and stem cell recipients.
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Dermatologic infections are among the most commonly experienced compli-
cations of cancer and anti-cancer therapy. Alterations in host immune function
secondary to the underlying malignant process and/or its treatment have been
linked to an increase in the risk of infections. The skin and its appendages (i.e.,
hair and nails) represent the first line of defense against infectious microor-
ganism; its dysfunction as a physical barrier and an immunologic organ in
cancer patients leads to an increased susceptibility to infectious organisms.
Moreover, a cancer patients’ vulnerable state facilitates dissemination of
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1 Introduction

Dermatologic infections are among the most commonly experienced complica-
tions of cancer and anti-cancer therapy. Alterations in host immune function
secondary to the underlying malignant process and/or its treatment have been
linked to an increase in the risk of infections [1]. The skin and its appendages (i.e.,
hair and nails) represent the first line of defense against infectious microorganism;
its dysfunction as a physical barrier and an immunologic organ in cancer patients
leads to an increased susceptibility to infectious organisms. Moreover, a cancer
patient’s vulnerable state facilitates dissemination of infections to other sites,
secondarily involving the skin. This chapter delineates dermatologic infections
that are unique to cancer patients as a result of their underlying malignancies and
associated comorbidities as well as those resulting from antineoplastic therapies
(Table 1, Fig. 1).
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Table 1 Dermatologic infections by cancer type

Cancer type Clinical presentation or diagnosis Pathogen(s)

Adult hematologic
malignancies

Paronychia, subcutaneous nodules,
abscesses, folliculitis, ulcers, and
eschars

Aspergillus, Mucor, Rhizopus,
Fusarium, and Phaeohyphomycosis

Vesicles in a dermatomal
distribution

Varicella zoster virus

Clusters of vesicles Herpes simplex types 1 and 2

Erythematous, tender plaques,
papules, or subcutaneous nodule
(skin and soft tissue infections)

Staphylococcus aureus

Cryptococcus neoformans

Toxoplasma gondii

Acanthamoeba

Cytomegalovirus

Intertrigo, rash, vaginitis, balanitis,
and paronychia

Candida albicans, Candida tropicalis,
Candida glabrata, Candida krusei,
Candida parapsilosis, and Candida
lusitaniae

Cutaneous T-cell
lymphoma/Sezary
syndrome

Erythematous, tender plaques,
papules, or subcutaneous nodule
(skin and soft tissue infections)

Staphylococcus aureus

Pediatric
hematologic
malignancies

Erythematous, tender plaques,
papules, or subcutaneous nodule
(skin and soft tissue infections)

Corynebacterium bovis and
Corynebacterium jeikeium

Metastatic cellulitis and
mucocutaneous ulcers

Stenotrophomonas maltophilia

Pediatric solid
tumors

Skin and soft tissue infection Mycobacterium spp. and
Corynebacterium spp.

Pediatric brain
tumors

Skin and soft tissue infection Corynebacterium aquaticum

Adult solid tumor Erythematous, tender plaques,
papules, or subcutaneous nodule
(skin and soft tissue infections)

Klebsiella pneumoniae, Escherichia
coli, and Pseudomonas aeruginosa

Erythematous, tender plaques,
papules, or subcutaneous nodule
(skin and soft tissue infections)

Staphylococcus aureus

Neutrophilic eccrine hidradenitis Serratia marcescens, Staphylococcus
aureus, and Enterobacter cloacae

Intertrigo, rash, vaginitis, balanitis,
and paronychia

Candida albicans, Candida
tropicalis,Candida glabrata, Candida
krusei, Candida parapsilosis, and
Candida lusitaniae
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2 Bacterial Dermatologic Infections

2.1 Gram-Positive Infections

2.1.1 Staphylococcus aureus Skin and Soft Tissue Infections
Skin and soft tissue infections (SSTI) comprise 85–95 % of all infections caused
by Staphylococcus aureus in the community [2, 3]. Notably, presence of an
underlying malignancy is an independent risk factor for skin and soft tissue
staphylococcal infection [2]. It has been demonstrated that 23 % of all bacteremic
episodes seen in cancer patients are caused by S. aureus, and SSTI are the source
in 60 % of cases, with only 6 % associated with granuloctyopenia [2, 4]. Con-
versely, staphylococcal scalded skin syndrome (SSSS), which is characterized by
an acute, generalized exfoliation of the skin following erythematous plaques, has
rarely been reported in the oncology setting, with only one case of a patient with
T-lymphoblastic non-Hodgkin’s lymphoma. The two epidermolytic exotoxins,
exfoliatins A and B, which are synthesized by S. aureus, are proteases that cleave
desmoglein 1, resulting in epidermal detachment between the stratum granulosum
and the stratum spinosum. Whereas SSSS is rare in adults with cancer, it can occur
in immunocompromised patients and those with renal disease [5].

Of 709 adult and pediatric patients having undergone allogenic stem cell
transplantation (SCT), the incidence of late (occurring greater than 50 days post-

Fig. 1 Anatomical classification of cutaneous infection associated with cancer and cancer
therapies
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transplant) S. aureus bacteremia was found to be 6/100,000 patient-days [6]. Of the
patients who developed bacteremia, 84 % were community acquired and 40 %
were secondary to a focal infection. Risk factors for late S. aureus bacteremia
included acute or chronic skin graft vs. host disease, corticosteroid use, liver
dysfunction, and prolonged hospital stay. Based on this analysis, prophylactic anti-
staphylococcal antibiotics can be advocated in the high-risk allogeneic stem cell
transplant patients set forth previously [6].

S. aureus is a known colonizer of the nares, axilla, and intertriginous, inguinal,
and perineal areas. In healthy adults, carrier rates are approximately 11–32 % [7].
Of 106 patients with mycosis fungoides (MF) and Sezary syndrome (SS), 42 %
had cultures positive for S. aureus with 5 % of the cultures being positive for
methicillin-resistant S. aureus (MRSA). The S. aureus skin colonization rate in
MF/SS patients (42 %) was found to be higher than the 28 % reported in the
general population and lower than that found in patients with psoriasis (48 %) [7].
Antibiotic therapy and sodium hyperchlorite baths [8] results in partial clearance
of S. aureus colonization, both of which are noteworthy observations, as bacter-
emia and bacterial pneumonia are the most common causes of death in patients
with MF and SS [7, 9]. In addition, S. aureus colonization in patients with cuta-
neous T-cell lymphoma (CTCL) was found to be directly related to a small
increase in body surface area of CTCL involvement (P = 0.05) [8]. Increased
rates of infection in these patients are hypothesized to occur as a result of an
impaired skin barrier as well as a decrease in the function of normal circulating T
cells, resulting in immunosuppression [8]. Infrequently, other organisms found in
the skin and nares of such patients can include group B B-hemolytic Strepto-
coccus, Propionibacterium acnes, Bordetella, Haemophilus, Enterococcus, Esch-
erichia coli, Pseudomonas, Serratia marcescens, and Pantoea agglomerans [7].

2.1.2 Corynebacteria Infections: Non-healing Ulcers
Corynebacterium species are normal skin flora, but in the immunocompromised
host, these gram-positive bacteria can be pathogenic due to higher colonization
rates and increased antibiotic resistance [10]. Corynebacterium diphtheriae can
cause painful, non-healing skin ulcers. Initially, lesions are vesicular, but with
time, they become punched out and may become covered by an eschar [10].

In a case series of 16 pediatric oncology patients, five had skin and soft tissue
infections caused by C. diphtheriae, three were central venous catheter associated,
and two involved post-surgical wound sites. Of those with infections, three of the
children had solid tumors and the remaining two had a hematologic malignancy,
and all presented with soft tissue inflammation and fever. After initiation of
antibiotic therapy, symptoms resolved within a median time of 48 h [11]. Notably,
infection with Corynebacterium occurs late in the course of anti-cancer therapy
and patients may develop symptoms as outpatients.
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2.2 Gram-Negative Skin and Soft Tissue Infections

2.2.1 Cellulitis and Wound Infections
In 772 hospitalized patients with both leukemic and solid tumors, 185 gram-
negative bacterial isolates were found at sites of skin infection. Over half (64.5 %)
of the gram-negative nosocomial infections in solid tumor patients affected their
skin and included pathogens including Klebsiella pneumonia (25.4 %), E. coli
(22.2 %), and Pseudomonas aeruginosa (18.9 %) (Fig. 2) [12]. In contrast, no
gram-negative isolates were found in leukemic patients. Treatment of nosocomial
gram-negative skin and soft tissue infections are based on cultures and antimi-
crobial sensitivities [12].

2.2.2 Neutrophilic Eccrine Hidradenitis
Neutrophilic eccrine hidradenitis (NEH), or inflammation of the excretory ducts of
eccrine (sweat) glands, may occur as a result of therapy with cytosine arabosinide
and granulocyte colony-stimulating factor [13] or secondary to bacterial infection
(e.g., S. aureus, Enterobacter cloacae, S. marcescens). Clinically, NEH presents as
crops of small, indolent, erythematous papules located on legs, thighs, and
abdomen. Skin histology reveals focal necrosis of eccrine secretory coils extending
to the excretory ducts with a neutrophilic infiltrate [13]. In cases where infection is
the culprit, pathogenic microorganisms are also identified through gram stain and/
or culture. When an infectious origin is identified, treatment with antibiotics is
indicated, and topical corticosteroids are indicated when caused by cytotoxic
chemotherapy.

2.2.3 Stenotrophomonas maltophilia Skin Infection
Stenotrophomonas maltophilia is an aerobic, gram-negative bacterium which is
ubiquitous in aqueous environments, including water, urine, or respiratory secre-
tions. It has been implicated in the cause of multiple SSTI in cancer patients
including primary cellulitis, nodular skin lesions, gangrenous cellulitis, soft tissue
necrosis, ecthyma gangrenosum, and mucocutaneous ulcers [14]. S. maltophilia

Fig. 2 Gram-negative
cellulitis infection
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frequently colonizes breathing devices such as endotracheal or tracheostomy tubes,
the respiratory tract, and indwelling urinary or intravenous catheters. Metastatic
cellulitis is a form of cellulitis with tender, nodular, erythematous, and warm
subcutaneous infiltrates surrounded by areas of skin inflammation usually located
on limbs and chest [14]. Primary cellulitis is characterized by widespread tender
erythema without distinct borders. Mucocutaneous infections with S. maltophilia
have been reported in association with neutropenia, immunosuppression, pro-
longed hospital stay, intravenous catheter use, broad-spectrum antibiotics, and
hematologic malignancies [14]. Clinical findings include ulceration of gingiva,
lips, and buccal mucosa. Recommended treatment is trimethoprim–sulfamethox-
azole, ticarcillin–clavulanate, or fluoroquinolones based on the results of antimi-
crobial susceptibility testing, but prognosis can be poor due to severe underlying
immunosuppresion [14, 15].

3 Fungal Dermatologic Infections

There are two types of cutaneous fungal infections: primary, which develop de novo
at a cutaneous site, and secondary which are caused by hematogenous spread of a
fungal pathogen [16–18]. Neutropenic patients, especially those with leukemia and
lymphoma who have undergone a SCT, are at highest risk to develop cutaneous
fungal infections [16].

3.1 Cutaneous Candidiasis

In the majority of cancer patients, cutaneous candidiasis does not differ in pre-
sentation between the immunocompromised and immunocompetent host. Com-
mon manifestations include intertrigo, rash, vaginitis, balanitis, and paronychia
[16]. For identification by light microscopy, a scraping or swab of the affected area
is placed on a slide with 10 % potassium hydroxide (KOH) solution and specimens
will show a deep dermal and subcutaneous necrosis accompanied by acute neu-
trophilic inflammation. Infectious organisms can be seen on routine hematoxylin–
eosin (H and E); but cultures are recommended to confirm presence of pathogen.

Cutaneous candidiasis is caused by 13 different candidal species, including
Candida albicans, Candida tropicalis, Candida glabrata, Candida krusei, Can-
dida parapsilosis, and Candida lusitaniae, with C. albicans accounting for over
half of the isolates recovered from infected patients. However, recent epidemio-
logical data reveal a shift from C. albicans to the non-albicans Candida species,
specifically C. glabrata and C. krusei [19]. Clinically, superficial pustules and
vesicles are evidenced, and histology shows pseudohyphae and hyphae in the
stratum corneum [19]. Patients with solid tumors, acute leukemia, and hemato-
logical cancer patients on antifungal prophylaxis are at significant risk for non-
albicans candidemia and subsequent cutaneous infection [19].
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3.2 Cutaneous Cryptococcal Infection

There are two forms of cutaneous cryptococcal infection: primary cutaneous
cryptococcosis and cutaneous manifestation due to hematogenous dissemination,
also known as secondary cutaneous cryptococcosis [20]. Clinically, a tender patch
or plaque with ulceration, typically on an extremity, is observed, with regional
lymphadenopathy. Risk factors include hematologic malignancies, especially
when corticosteroids and polychemotherapy is being administered; however,
granulocytopenia is the greatest risk factor for fungal infection [20]. Secondary
cutaneous cryptococcosis is seen in 10–20 % of cases of systemic disease, which is
most often caused by hematogenous spread of Cryptococcus neoformans after
pulmonary inoculation. The skin is involved in 10–20 % of cases [20]. Diagnosis
is achieved after identifying C. neoformans on biopsy, culture, or histological
examination showing the spherical budding yeast within edema and a polymor-
phous inflammatory infiltrate [21]. Treatment consists of a course lipid-based
amphotericin therapy or oral fluconazole, but in severe cases, life-long mainte-
nance therapy is required. Risk factors are multiple and include the following:
coexisting HIV infection, corticosteroid therapy, malignancy, autoimmune dis-
ease, and immune system disorder with CD4+ lymphopenia [21].

3.3 Opportunistic Cutaneous Fungal Infections

Aspergillus, Mucor, Rhizopus, and Fusarium are opportunistic fungi that are
responsible for primary cutaneous infections in hospitalized neutropenic patients.
Intravenous catheters, prolonged use of corticosteroids, and occlusive dressings
contribute to these uncommon infections (Fig. 3) [16]. The opportunistic fungal
pathogens can cause a variety of cutaneous lesions, including paronychia, sub-
cutaneous nodules, abscesses, and folliculitis. Fungal paronychia presents with
inflammation surrounding the nail plate accompanied by pain. Fusarium and
Aspergillus can cause digital eschars after minor trauma to the digit [16, 22].
Eschars and ulcers can also occur on lower extremities and sites of venous stasis.
Diagnosis is confirmed with skin biopsy; positive culture alone does not confirm
the presence of an infection. Primary skin infection leading to hematogenous
dissemination is rare but is associated with mortality. In a case series of 35 adult
cancer patients who developed Fusarium skin lesions, the following hazards and
physical findings were identified: hematologic malignancy, severe neutropenia,
digital paronychia, presence of digital eschar, and disseminated skin lesions [23,
24]. Treatment for cutaneous lesions is with prolonged, systemic antifungal
therapy. For the majority, disseminated mold infections are fatal unless neutro-
penia improves. In these instances, granulocyte colony-stimulating factor, granu-
locyte–macrophage colony-stimulating factor, white blood cell transfusions, and
interferon-c may provide some benefit [16].

306 M. Gandhi et al.



Phaeohyphomycosis is a rare opportunistic infection that is responsible for
affecting various organs including skin, as well as causing invasive disease. From
January 1989 through March 2008 at MD Anderson Cancer Center, 348 isolates of
dematiaceous fungi were recovered in a retrospective analysis, and in 39 isolates
(11 %) identified in 39 patients, an association with proven or probable invasive
fungal disease (33 proven and six probable) was determined, and interestingly, the
burden of disease increased from 1.0 to 3.0 cases per 100,000 patient-days during
this 10-year period. Fifteen cases (38 %) were localized to the skin. Notably, many
of these fungal isolates were not susceptible to either voriconazole or caspofungin
[25]. Major risk factors for infection included the following: hematologic malig-
nancy, anti-cancer treatment with induction chemotherapy, and subsequent neu-
tropenia and lymphopenia [25]. Clinically, subcutaneous nodules, eschar, ulcers,
and cellulitic lesions are present and gomori metheamine silver stain can aid in
identification of fungal pathogen on skin histology [25]. Recommended manage-
ment is with amphotericin B-based therapy combined with a triazole [25].

Fig. 3 Cutaneous Mucor
infection
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4 Viral Dermatologic Infections

4.1 Varicella Zoster Virus

Varicella zoster virus infection in skin (VZV) occurs in approximately 30 % of
allogeneic hematopoietic SCT [26] between 2 and 6 months after transplant
(Fig. 4) [27]. Clinical significance of VZV infection lies in significant pain, post-
herpetic neuralgia, scarring, and secondary infection [26]. Without appropriate
treatment, disseminated VZV infection results in mortality in 10 % of patients
with leukemia and/or allogenic SCT recipients [27].

In a retrospective analysis of 760 adult cancer patients with 766 episodes of a
VZV, the highest risk for zoster was seen in patients with leukemia and lymphoma
[28]. The presence of active tumor during the period of infection was associated
with increased risk of VZV dissemination [28]. The median time to infection after
therapy was 7 months post-radiation and less than 1 month post-chemotherapy
[28]. In a cohort of 1,186 patients undergoing bone marrow transplantation (BMT),
the following risk factors were identified: age [10 years, radiation pre-BMT, and
VZV seropositivity. These variables were associated with a 44 % incidence by
3 years [29].

The use of prophylactic acyclovir, 800 mg twice daily given for 1 year post-
transplantation has been found to be safe and highly effective in preventing VZV
infection. Of the 38 subjects on acyclovir, only 2 (5 %) developed VZV disease
compared to ten out of 39 in the placebo group (26 %). Graft versus host disease
(GVHD) was also present in 82 % of those who developed VZV. However,
GVHD is not an independent risk factor for development of VZV infection, as it
can also occur in allogenic hematopoietic SCT recipients without GVHD as well
as in autologous transplant recipients [26].

Fig. 4 Disseminated herpes
zoster infection

308 M. Gandhi et al.



Regarding treatment, varicella-zoster immunoglobulin (VZIG) should be con-
sidered post-exposure in seronegative patients, at a dose of 12.5 units/kg or up to
625 units one time. If VZIG is unavailable within 96 h of exposure, then 400 mg/kg
of standard intravenous immunoglobulin (IVIG) should be administered [27]. For
treatment of acute zoster pain and post-herpetic neuralgia, tricyclic and anticon-
vulsant medications are recommended. The role of opiates in this setting has shown
variable efficacy and is associated with more side effects [30].

4.2 Herpes Simplex Virus 1 and 2

Reactivation of herpes simplex virus (HSV-1 and HSV-2) after hematopoietic SCT
occurs frequently and is most often associated with the underlying malignancy,
mucosal damage, neutropenia, and lymphopenia. Reactivation occurs within the
first few weeks after transplant with lesions most often presenting on mucocuta-
neous sites. In patients undergoing chemotherapy for leukemia, rates of reactiva-
tion are between 3 and 33 % [27]. Treatment with purine analogs or alemtuzumab
and CD4 cell count less than 50 cells/mL increases the risk for infection [27].

Prophylaxis with anti-viral medication (i.e., acyclovir, valacyclovir) is strongly
recommended for all seropositive SCT recipients from conditioning to 4 weeks
post-transplant [27]. In high-risk leukemic patients receiving purine analogs or
alemtuzumab and those with prolonged neutropenia prophylaxis is also
recommended.

4.3 Cutaneous Cytomegalovirus Infection

Cutaneous cytomegalovirus (CMV) infection is rare even in the immunocompro-
mised host. Typical CMV infection affects the eyes, central nervous system, gas-
trointestinal tract, and lung [31]. Cutaneous CMV can present non-specifically and
must be considered in the immunocompromised cancer patient. A rare case reported
in the literature describes an immunocompromised female with multiple red-brown
papules located on upper and lower extremities and trunk accompanied by perianal
ulceration, fevers, and weakness. Initial differential diagnosis included folliculitis,
bacillary angiomatosis, and eosinophilic folliculitis. Biopsy with immunohisto-
chemistry stains showing intranuclear inclusions confirmed cutaneous CMV;
serologic studies showed high anti-CMV IgG titers with normal IgM [31].

Clinical appearance of lesions can be extremely variable including generalized
macules and papules, vesicles, plaques, and/or nodules. It is hypothesized that
cutaneous CMV may be a form of CMV microvasculitis. Recommended treatment
is intravenous ganciclovir 5 mg/kg twice daily, valganciclovir 900 mg twice daily,
or foscarnet 90 mg/kg every 12 h.
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5 Cutaneous Parasitic Infection

5.1 Cutaneous Toxoplasmosis

Toxoplasmosis is a rare but fatal infection that can occur after SCT [32]. Skin
histology reveals dermal edema, extravasated erythrocytes, necrotic collagen, and
small cysts containing parasites within the epidermis, skin appendages, and
endothelial cells in the dermis [32]; Toxoplasma gondii presence in skin can be
confirmed by PCR.

Cutaneous toxoplasmosis has been reported in two cases following SCT. This
presentation is rare, but there is an increased risk with development of GVHD and
use of corticosteroids. If small parasite-containing cysts are seen in histology, then
special staining and PCR should be performed to confirm diagnosis.

5.2 Cutaneous Acanthamoeba Infection

Acanthamoeba are free-living ameba that lives in the water and soil. In immu-
nocompromised hosts, the most common manifestation of disease is subacute
meningoencephalitis [33]. Skin lesions have rarely been reported, as in a patient
with acute lymphocytic leukemia who developed extensive GVHD and became
septic, with papular, ulcerative lesions on his face and extremities; histology of
these sites confirmed presence of Acanthamoeba, despite being on prophylactic
therapy with voriconazole. The patient was started on liposomal amphotericin B
(5 mg/kg) daily in combination with trimethoprim–sulfamethoxazole (5 mg/kg of
the trimethoprim component) every 8 h, but patient expired 5 weeks after diag-
nosis. Risk factors for development of this infection include: solid organ trans-
plantation, connective tissue disease, diabetes, cirrhosis, renal failure, malignancy,
and tuberculosis [33].

6 Dermatologic Infections from Anti-cancer Therapies

The effect of anti-cancer therapies on the systemic and cutaneous immune system,
as well as on the structural and functional integrity of skin and nails, results in
increased susceptibility of infections.

7 Cyototoxic or Targeted Therapy-Related Infections

Nowhere is the structural integrity of skin consistently in greater disarray and then
with the use of epidermal growth factor receptor inhibitors (EGFRI), agents used
to treat solid organ malignancies including those of the breast, lung, head and
neck, and colon and rectum. The use of these drugs leads to a papulopustular rash,
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xerosis, paronychia, and hair abnormalities (Fig. 5). Cutaneous toxicities can be
severe and lead to dose modification by 72–76 % of oncologists [34].

In a case series of 221 patients being treated with EGFRI, 29 % were sec-
ondarily infected at sites of dermatoxicity. Sixty-four patients had bacterial
infections, and of those, 50 patients (78 %) were positive for S. aureus, four
patients (6.3 %) cultured positive for MRSA, and 14 (21.9 %) cultured positive for
other bacteria including P. aeruginosa, S. marcescens, Enterococcus faecalis, and
Klebsiella pneumoniae. Of the 84 patients with dermatologic infection during
EGFRI therapy, twenty-three had fungal infections [35]. The incidence of sec-
ondary herpetic infection was found to be 13 %. Seven of these patients developed
herpes simplex infections, and four had herpes zoster while on EGFRI treatment.
The data suggest that those with neutropenia and preexisting dermatoxicity are at a
higher risk for developing secondary infection [35].

In multiple clinical trials [36], bortezomib has been shown to be associated with
an increased risk of VZV infection in myeloma patients [37]. Rituximab, a
monoclonal antibody used to treat B-cell non-Hodgkin’s lymphoma, and tem-
ozolomide, an alkylating agent for solid tumors, have also been linked to VZV [38,
39]. The etiology for zoster development may be due to B-cell suppression and
lymphopenia, but, notably, 400 mg acyclovir daily prophylactically has been
shown to decrease incidence of disease [37].

Fig. 5 a Papulopustular rash with secondary infection. b Paronychia. c Herpes zoster. d Xerosis
with secondary infection
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Arsenic trioxide, used for the treatment of acute promyelocytic leukemia,
lymphoma, myeloma, and other myeloproliferative disorders, has been linked to
many dermatologic conditions including the following: pigmentation, keratosis,
squamous cell carcinoma, and reactivation of herpes zoster [40]. In a study of 44
patients taking arsenic for hematologic malignancy, 11 developed VZV reacti-
vation. At 1 year, actuarial risk was 26 % [40].

8 Radiation Therapy

Radiation therapy (RT) has been shown to decrease systemic host defense and
compromise skin barrier function, leading to local invasion by colonizing patho-
gens [41–43]. In the oral cavity, RT results in proliferation of basal epithelial cells,
causing atrophy and tissue edema largely contributing to development of systemic
infection which can complicate therapy [41]. In skin, most of the post-radiation
wounds are colonized with bacteria, including staphylococci and streptococci,
which produce exogenous erythrotoxins or plasmid containing superantigens that
cause severe skin inflammation leading to toxicity [44–46]. Superinfected radia-
tion dermatitis presents with increased erythema and often times micropustules
(Fig. 6) [46]. Current management includes culturing the pustule and initiation of
appropriate oral antibiotic and topical mupirocin to lesions and nares [46].

It is interesting to note a case of Kaposi’s varicelliform eruption in a patient
being treated with electron beam radiation for MF. After receiving 500 cGy, the
patient developed numerous 2–3-mm vesicles, pustules, yellow-crusted erosions,
and hemorrhagic erosions on preexisting MF plaques. The patient was treated
successfully with intravenous acyclovir, and RT was stopped indefinitely [47].

Radiation therapy also has been associated with the development of scabies
infection in an 86-year-old patient with history of SS. It is hypothesized that RT
significantly diminishes the number of Langerhans cells in the chest skin, allowing
for increased susceptibility to scabies infection [48].

9 Lymphedema

Lymphedema is among the most frequent and clinically significant complications
of breast cancer therapy; the reported incidence varies between 4 and 56 % [49].
Repeated episodes of lymphedema-associated infection require treatment with
antibiotics and in severe cases necessitate hospitalization for parenteral antibiotic
therapy.

A major contributing factor to lymphedema-associated infections is the altera-
tion of lymphatic circulation (i.e., lymphatic stasis) secondary to radiotherapy and/
or lymphadenectomy. Erysipelas is a soft tissue infection due to streptococci that
affects the dermis and dermal lymphatic system [50, 51]. On clinical examination,

312 M. Gandhi et al.



warm indurated plaques with painful erythema are observed, which can mimic
cutaneous metastasis [50], especially in immunosuppressed patients [51]. Portals of
infection in 26 patients with lymphedema-associated erysipelas included post-
traumatic wounds (16 patients), post-radiotherapy burns (3 patients), interdigital
tinea (2 patients), infected eczema (1 patient), paronychia (1 patient), and herpetic
whitlow (1 patient). Prophylactic intramuscular penicillin has been shown to
decrease the rate of recurrent lymphedema-associated erysipelas in 48 patients,
66 % of whom did not experience recurrence during the first 2 years of prophy-
lactic therapy [50]. Currently, there are no set guidelines for when prophylactic
therapy should be initiated. However, if there is a known high risk of erysipelas,
then therapy should be initiated prior to the first or second reoccurrence [50].

10 Subcutaneous Ports

Subcutaneous ports are frequently applied in oncology patients for the adminis-
tration of chemotherapy and acquisition of blood samples. As foreign bodies and
in the setting of a relative immunosuppresion, they can become a culprit for
infections. Cutaneous flora can colonize the external catheter insertion site and

Fig. 6 Radiation dermatitis
with secondary
superinfection

Dermatologic Infections in Cancer Patients 313



travel along the exterior of the catheter (extraluminal) or directly along inside of
the lumen (endoluminal), reaching the blood stream [52, 53]. Extraluminal cath-
eter-related bloodstream infection (CRBI) occurs primarily during this first week
of insertion, whereas endoluminal CRBI tends to occur later and is attributable to
catheter manipulation and use [52].

In a case series of 41 subjects with totally implanted venous access device, the
incidence of positive skin and blood cultures was examined and related to devel-
opment of CRBI [52]. Blood and cutaneous (n = 163) cultures were obtained. Four
(2.5 %) positive blood cultures which yielded Staphylococcus simulans, Staphy-
lococcus capitis, and S. aureus were obtained (n = 3 subjects) [52]. In contrast,
those with negative blood cultures did not develop CRBI. In 11 subjects, there was
bacterial colonization surrounding the device’s surgical wound without sign of
cutaneous infection. The greatest risk of infection is during the period shortly after
insertion, but there is no correlation between risk of infection and perioperative use
of antibiotics or frequency of port use [54, 55]. The most common infective
pathogens include S. aureus, Staphylococcus epidermidis, Klebsiella, E. coli,
C. albicans, and Aspergillus [54]. In regard to management, it is recommended to
treat with appropriate antibiotics per culture and sensitivities [54].

11 Summary

Dermatologic infections generally occur more frequently in the setting of neutro-
penia, but can occur at any time point in oncology patients. Bacterial, fungal, viral,
and parasitic skin infections are highly prevalent and necessitate early recognition
and management, as they can lead to severe and sometimes fatal complications.
Best clinical practice dictates culture and sensitivity when infection is suspected
and prior to initiation of antimicrobial therapy. Anti-cancer therapy should also be
recognized as a potential hazard for increasing the risk of skin infection.
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Infections in Patients with Leukemia
and Lymphoma

Vicki A. Morrison

Abstract

Infectious complications remain a significant issue in the care of patients with
hematologic malignancies. Inherent immune defects related to the primary
disease process are present in patients with disorders such as chronic
lymphocytic leukemia, multiple myeloma, hairy cell leukemia, and Hodgkin
lymphoma. Therapy-related immunosuppression is also commonplace in these
patients. This includes not only treatment-related neutropenia, but also defects
in cell-mediated immunity, such as those that occur with purine analog therapy.
In this chapter, we will review the pathogenesis of infection in these disorders,
as well as the spectrum of infectious complications seen and suggested
strategies for the prevention of infection.
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1 Introduction

Infections remain a common cause of morbidity and mortality in patients with
hematologic malignancies. In many cases, the risk for infection is therapy related,
with resultant neutropenia predisposing to these complications. However, with the
advent of newer therapeutic agents for these disorders over the past several dec-
ades, some of which cause cell-mediated immunocompromise, the spectrum of
infectious complications has evolved to include various fungal and viral oppor-
tunistic pathogens, as well as common bacterial organisms. In addition, some of
these malignancies have inherent immune defects that are present in untreated
patients, adding to the milieu of infectious complications. In this chapter, we will
discuss the pathogenesis of infection, spectrum of infections seen, and approaches
to the prevention of infection in specific hematologic disorders that have inherent
as well as therapy-related immunosuppression, specifically chronic lymphocytic
leukemia, multiple myeloma, hairy cell leukemia, large granular lymphocytic
leukemia, Hodgkin lymphoma, and myelodysplastic syndrome. The infectious
complications of therapy-related neutropenia, as that seen with the treatment for
acute leukemia and high-grade lymphoproliferative disorders, will be reviewed in
chapter Neutropenic Fever and Sepsis: Evaluation and Management on this spe-
cific topic.

2 Pathogenesis of Infection in Specific Disease Processes

2.1 Chronic Lymphocytic Leukemia

Infections remain a major cause of morbidity and mortality in patients with
chronic lymphocytic leukemia (CLL). Up to 80 % of patients will sustain an
infectious complication at some time in their disease course. It has been estimated
that infection accounts for up to 60 % of deaths in patients with CLL. These
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patients are predisposed to infection not only from therapy-related immunosup-
pression, but also from inherent immune defects related to the primary disease
process, which are seen even in previously untreated patients with CLL (Table 1)
[1, 2]. These disease-related immune defects involve multiple arms of immune
defense and include hypogammaglobulinemia, as well as abnormalities in cell-
mediated immunity, complement activity, and neutrophil function.

Hypogammaglobulinemia, related to abnormalities in the functions of both
T- and non-clonal CD5-negative B-cells, down-regulation of B-cell immunoglobulin
synthesis by large granular lymphocytes, and interaction of malignant B-cells
with plasma cells, occurs in virtually all CLL patients. The hypogammaglobulinemia
is more pronounced in advanced-stage disease and longer duration of disease and has
been found to correlate with the frequency of infections and survival. However,
response to therapy is not associated with an improvement in the defect. No clear-cut
association between a specific immunoglobulin (Ig) class deficiency and infection
risk has been determined.

Several studies have assessed the impact of immunoglobulin VH mutation status
on humoral immunity and infectious complications [3, 4]. In one study, no sig-
nificant differences were demonstrated in immunoglobulin levels, mannan-binding
lectin, immune responses to Haemophilus influenza B vaccination, and infection
rates among patients with unmutated or mutated immunoglobulin VH genes [3]. In
another retrospective analysis of 231 CLL patients carrying differences in the
mutation status of the Ig VH gene, patients with unmutated immunoglobulin VH

gene status (n = 52) had a significantly shorter time to first infection (31 vs.
62 months, P \ 0.001) and higher infection-related mortality (P \ 0.001) com-
pared to those with mutated immunoglobulin VH genes [4]. In addition, patients
with cytogenetic abnormalities and CD38 positivity had a shorter time to first
infection (both P \ 0.001).

Table 1 Pathogenesis of infection in patients with chronic lymphocytic leukemia and multiple
myeloma

Disease-related inherent immune defects

Hypogammaglobulinemia

Complement defects

Cell-mediated immune defects (T-cells, delayed hypersensitivity)

Defects in neutrophil phagocytic/bactericidal activity

Defects in monocyte function/deficiencies in monocyte enzyme levels

Potential mucosal immune defects

Therapy-related immune defects

Neutropenia

Steroid-induced cell-mediated immune defects

Alemtuzumab- and purine-analog-related T-cell defects
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Despite the known impact of hypogammaglobulinemia in patients with CLL,
the integrity of the mucosal immunity, the relationship between systemic immune
dysfunction and mucosal immune dysfunction, and the relationship, if any, of the
mucosal B-cells with the malignant B-cell clone are not well understood. In a
preliminary report evaluating serum and salivary immunoglobulin levels, the latter
as a marker of mucosal immune function, salivary IgM levels were substantially
decreased in CLL patients with hypogammaglobulinemia, but no differences in
salivary IgG or IgA levels were found between CLL patients and controls [5].
There was no correlation between salivary immunoglobulin levels and infection
occurrence.

Although defects in cell-mediated immunity and complement activity in CLL
patients are also recognized, the relationship of these defects with infection risk
has not been delineated.

Defects in cell-mediated immunity include reversal of the CD4/CD8 ratio, an
increase in T-cell suppressor activity, functional defects in helper T-cells and LAK
cells, and an increase in NK cell activity. As with the B-cell defects, T-cell defects
also become more prominent with advanced-stage disease. Decreased complement
levels have been observed in most advanced-stage CLL patients with at least one
component of the complement system, usually properdin, being abnormal [1].
Defects in complement activation and binding have also been demonstrated.
Lastly, quantitative and qualitative defects of neutrophils and monocytes have
been reported in CLL patients, including intracellular enzyme deficiencies and
defects in chemotaxis.

2.2 Multiple Myeloma

Infections are also a major cause of morbidity/mortality in patients with multiple
myeloma. Up to 60 % of patients will have infection at some time in their disease
course, and about 20–50 % of myeloma patients will die of an infectious cause [6, 7].
Patterns of infection are similar in Waldenstrom’s macroglobulinemia and the less
common heavy chain diseases [8]. However, the risk for infection in patients with
these disorders appears to be about a third of that seen in myeloma patients.

As in patients with CLL, patients with myeloma also have inherent immune
defects related to the primary disease process, as well as immunosuppression related
to administered therapies (Table 1). Hypogammaglobulinemia is the predominant
immune defect in myeloma patients [7]. However, this is on the basis of decreased
synthesis, as well as increased catabolism of normal immunoglobulins, in contrast
to CLL patients [9, 10]. The degree of hypogammaglobulinemia is proportional to
both disease burden and duration of disease. The hypogammaglobulinemia may
normalize in response to the underlying myeloma to therapy. In addition to the
lower immunoglobulin levels in these patients, there is also an underproduction of
antibodies against specific bacterial and viral antigens, and lipid A, which is a
component of the bacterial cell wall of gram-negative organisms [11–15]. There is
also suppression of B-cells and plasma cells by suppressor macrophages, such that
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the polyclonal B-cell population is markedly reduced [16–23]. It has been estimated
that 5–10 % of the circulating cells have the same immunoglobulin gene rear-
rangement as is present in the malignant plasma cell clone.

Other facets of the innate immune response are also abnormal in myeloma
patients. Cellular immune impairment is present, with suppression in delayed
hypersensitivity, with an abnormal recall response to delayed-type hypersensitivity
antigens [7, 24, 25]. The T-cell response to mitogens may also be abnormal.
However, this T-cell hypo-responsiveness may be due to the altered frequency of
T-cell subsets, rather than active suppression by a suppressor cell. These patients
also have a defective response to immunization [8, 25–30]. The primary response,
which occurs after exposure to ‘‘new’’ antigens, appears to be more suppressed
than the secondary response to previously encountered antigens, the latter of which
is generally intact in most patients. Response to immunization is not related to
immunoglobulin levels. However, the degree of impairment does appear to cor-
relate with the frequency of infection [8]. In addition, a deficiency in functional
complement activity is present, although there is no consistent pattern of defi-
ciency in a specific subtype (C1q, C2, C3, C4) [7, 31–33]. In one study, defects in
C3 binding correlated with Streptococcus pneumoniae infections [33]. Defects in
neutrophil function are also present, including impairment in the production of
oxygen-dependent bactericidal substances, defective migration, low levels of
intracellular lysozyme, a decrease in granulocyte receptors for immunoglobulin G
and the 3b component of complement, and the presence of a heat-labile factor in
plasma, but not serum, that inhibits granulocyte adherence [7, 34–39]. These
functional neutrophil abnormalities appear to correlate with the disease progres-
sion, but not with the incidence of infection [34, 37]. Monocyte chemotaxis may
be normal or decreased, but phagocytosis is normal [40, 41].

Various mechanisms of immunosuppression have been hypothesized to result in
these inherent immune defects [7]. These immune defects are not thought to be
induced directly by the monoclonal paraprotein, nor to be primarily T-cell med-
iated [42–48]. Potential mechanisms postulated from studies in the murine model
are as follows. First, suppressor monocytes and macrophages may have a role, in
that they secrete plasmacytoma-induced macrophage substance (PIMS), which
inhibits antibody production by antigen-stimulated B-cells [7, 49–55]. The affected
B-cells cannot respond to antigens or mitogens and are ‘‘frozen’’ in the G1 phase,
thus preventing clonal expansion and subsequent antibody formation. Thus, there
is an exaggerated form of innate feedback inhibition. Suppressor T-cells may also
have a role, in that there are an increased number of T-cells with Fc receptor
specific for the paraprotein isotype, which may negatively control immunoglobulin
production by the non-malignant B-cells [7, 56–60]. Expansion of this population
is caused directly by the monoclonal protein. There are correlates of these murine
model findings in humans with myeloma, as some T helper cell subsets are
depleted and there is a significant decrease in the T helper/suppressor (T4/T8) ratio
in untreated patients, which may be due to a decrease in T4 cells or an increase in
T8 cell numbers. These cells are functionally intact. In some studies, a correlation
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of these findings with disease stage has been found. A third potential mechanism is
related to leu-1 ? B-cells, which suppress immunoglobulin production [7, 21–23,
61–65]. These cells are present but seemingly inactive in normal adults and those
with monoclonal gammopathy of undetermined significance, but are active in
myeloma patients, although no correlation with disease stage is apparent. A fourth
controversial mechanism is the negative autoimmune immunoregulatory network
initiated by the monoclonal protein, which results in arrested B-cell differentiation
[7, 16–23]. Lastly, production of the malignant light chain isotype is suppressed in
the non-malignant B-cells (in the peripheral blood, intestine), although the rela-
tionship of this finding with infectious complications is unknown [7, 16, 66, 67].

2.3 Hairy Cell Leukemia

Infectious complications of patients with hairy cell leukemia may influence the
natural history of this disorder. In the era before effective chemotherapy options
were available, about 70 % of patients sustained infectious complications, with
infection-related mortality rates up to 60 % and multiple infections being com-
monplace [68–73]. However, with more effective therapies as the purine analogs,
infections have become significantly less frequent [74, 75]. These complications
are related to the presence of cytopenia, in particular neutropenia, which is related
not only to the splenomegaly, but also to the hairy cell infiltration of the bone
marrow with cytokine-mediated suppression of hematopoiesis [68]. While leu-
kopenia is seen in at least 60 % of patients, neutropenia with an absolute
neutrophil count of less than 500 cells/ll occurs in over a third of patients [68].
Microbicidal function may also be impaired in the neutrophils [76]. Marked
monocytopenia may also be seen in these patients. The mechanism of this finding
is not clear, but may also be related to cytokine-induced suppression. In addition to
this quantitative defect, qualitative abnormalities in monocyte function may be
present, with defects in migration and chemotaxis [77, 78]. Natural killer cell and
dendritic cell defects are also seen in these patients, resulting in the depressed
T-cell immune function [79–81]. Response to chemotherapy generally results in an
improvement in these findings [68]. Lastly, immune defects related to therapeutic
splenectomy may complicate the immune milieu of these patients.

Risk factors for infection in these patients have been examined, with the finding
of lymphopenia at diagnosis, defined as an absolute lymphocyte count of less than
1.0 9 109/ll, found to be predictive for later infection in one series [82]. The
findings of neutropenia or monocytopenia were not predictive for infection among
these patients. However, in another series, a low absolute neutrophil count at
baseline was predictive of subsequent infections [83]. Four-year survival was
shorter in patients with infections, as compared to those sustaining no infections, in
one large series (49 vs. 92 %, respectively) [70]. In this series, baseline neutro-
penia or monocytopenia was not found to be predictive of later infection.
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2.4 Large Granular Lymphocytic Leukemia

Infections are common in patients with large granular lymphocytic leukemia. It
has been estimated that half of these patients are diagnosed in the workup of
recurrent infections [84]. The enhanced risk for infection is related to neutropenia,
which occurs in approximately 85 % of patients with this disorder, and may be
cyclic in nature [84, 85]. The pathogenesis of the neutropenia has not been clearly
elucidated, but is not thought to be related to marrow replacement by the lym-
phocytes [86]. An absolute lymphocytosis is generally present, although the
majority of the lymphocytes are of the large granular subtype. These lymphocytes
display poor responsiveness to T-cell mitogens and have decreased NK cell
activity [84].

2.5 Hodgkin Lymphoma

Infections were a significant complication of patients with Hodgkin lymphoma in
series from four decades ago. In one series, although 25 % of patients had no
infections during their clinical course, the remaining 75 % averaged 1.3 infections
per patient [87]. Infection accounted for over 50 % of deaths in Hodgkin lym-
phoma in this era [88]. However, with more current chemotherapy regimens, the
impact of infectious complications has lessened. Humoral immunity is generally
normal in untreated patients, with normal immunoglobulin levels and primary
antibody production generally being unaffected [89]. However, the enhanced risk
for infection is related to inherent abnormalities in cell-mediated immunity that are
present even in untreated patients [90, 91]. It has even been suggested in limited
series that survival may be shorter in those patients with significant immune
defects [92].

Qualitative and quantitative lymphocyte abnormalities are present in these
patients. Lymphocytopenia is present in approximately 30 % of untreated patients,
especially in those patients with advanced-stage disease [89, 92–94]. However, this
alone does not account for the degree of immunologic impairment found in these
patients. T lymphocyte counts are lower than normal in 50 % of patients [94, 95].
Alterations in circulating T lymphocytes are present, with enhanced T-suppressor
lymphocyte activity and impairments in lymphocyte function in untreated patients
[89, 96–98]. A state of cell-mediated suppression, implying an inhibitory interac-
tion between suppressor cells (lymphocytes, monocytes) and effector lymphocytes,
has been described [99, 100]. It has been postulated that sequestration of functional
T lymphocytes may explain the immune defects [89]. Although peripheral blood
monocyte counts are generally normal, monocyte function may be altered, with
reduced chemotaxis response and decreased phagocytic activity [89].

Delayed hypersensitivity responses to recall or new antigens are impaired in
these untreated patients [88, 94, 101–106]. Proliferative responses of peripheral
blood lymphocytes to various mitogens, as well as lymphokine/interleukin pro-
duction after antigen or mitogen stimulation, are impaired in these patients [88, 92,
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98, 107–109]. Anergy to skin tests may be present in untreated patients and may be
more common in patients with advanced-stage, in contrast to limited-stage, dis-
ease, as well as those with B symptoms [110–114]. Skin test reactivity may also
correlate with the histologic subtype of Hodgkin lymphoma, in that patients with
nodular sclerosing or lymphocyte-predominant histologies may be more likely to
have reactivity than those with mixed cellularity or lymphocyte-depleted variants
[112]. In addition, high levels of circulating immune complexes have been
described in these patients [88, 115–117].

These inherent immune defects may not all improve after therapeutic response,
although this evaluation is complicated by therapy-related immune abnormalities
[118]. Several series evaluating immune function, with some conflicting results, in
long-term responding patients have been reported [119–123]. The mean T lym-
phocyte count was lower, severe impairment in T lymphocyte function remained,
although response to some, but not all, mitogens was normal in some series [119,
120]. Similar findings of persistent abnormalities in mitogen-induced lymphocyte
proliferation, even in long-term survivors, have been described in other series
[122]. Return of normal cell-mediated immunity in patients achieving complete
remission for more than 10 years was described in a 62-patient series [120]. In
contrast, Skovmann et al. [123] reported that immune abnormalities remain many
years after completion of therapy in long-term responders.

2.6 Myelodysplastic Syndrome

Even though infection remains a significant cause of morbidity and mortality in
patients with myelodysplastic disorders (MDS), these complications are not as
clearly characterized as in patients with other related disorders such as acute
myeloid leukemia. In one large series, the infection rate was one per patient-year,
which is slightly less than the estimated infection rate in patients with either
multiple myeloma or hairy cell leukemia [124]. The rate of infections was also
related to the French–American–British (FAB) classification of the MDS in this
series. Infection rates were the highest in those patients with refractory anemia
with excess blasts in transformation (RAEB-T), followed by those with RAEB,
and the lowest in those patients with refractory anemia, with or without ringed
sideroblasts (RA ± RS). In addition, infection rates were higher in those patients
with an absolute neutrophil count less than or equal to 1.0 9 109/ll as compared
to patients with an absolute neutrophil count greater than 1.0 9 109/ll. In addition
to quantitative neutrophil defects, qualitative neutrophil defects such as decreased
myeloperoxidase activity, as well as defective adhesion, chemotaxis, phagocytosis,
and microbicidal activity, have been found [125–129]. The use of therapy with
corticosteroids or cytotoxic agents increases the risk for infections [124]. In more
recent treatment series utilizing pyrimidine nucleoside analogs as azacytidine,
there was a 20 % incidence of infection related to treatment [130]. The rate of
infection per patient-year was 0.64 with azacytidine and 0.95 with best supportive
care [131]. Infection was the cause of death in 2 % of patients treated with
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azacytidine. In another trial in which azacytidine was compared to other con-
ventional care regimens, it was found that the incidence of infection was com-
parable in the azacytidine-treated patients and those receiving best supportive care
[132]. In addition to this trial, the infection rate was lower in those receiving
azacytidine, as compared to low-dose cytarabine or intensive acute leukemia
induction chemotherapy.

3 Spectrum of Infections with Specific Therapeutic Agents

3.1 Chronic Lymphocytic Leukemia

The spectrum of infectious complications in patients with CLL has evolved over the
decades with advances in the therapy of this disease process. Recurrent infections
are frequent, as are infections at mucosal sites, especially the respiratory tract.

3.1.1 Alkylator-Based Therapy
For decades, the standard CLL treatment regimen was chlorambucil, given alone
or with concurrent corticosteroids. With this therapy, the majority of infections are
bacterial in etiology, caused by organisms as Staphylococcus aureus, S. pneu-
moniae, H. influenzae, Klebsiella pneumoniae, and Escherichia coli (Table 2).
Infections caused by mycobacteria, Nocardia, and Listeria are uncommon. When
seen, fungal or viral infections tend to occur in more heavily pretreated patients
with advanced-stage disease. It has been estimated that the lifetime incidence of
herpes zoster is up to 15–20 % [133].

3.1.2 Fludarabine
Over the past two decades, the preferred regimen for initial therapy of CLL
patients has included the purine analogs, specifically fludarabine, which has altered
the spectrum of infections [134, 135]. The pathogenesis of infection with these
agents is related to their impact on cell-mediated immunity. Both quantitative and
qualitative T-cell abnormalities are induced by these agents. The decline in
peripheral blood T-cell counts occurs early in treatment and is related to the
inhibition of cytokine-induced signal transducers and activators of transcription
(STAT)-1 activity and resultant decrease in STAT-1-dependent gene transcription.
The reduction in the number of CD4+ cells is more pronounced compared to CD8+
or natural killer (NK) cells and may persist for up to 1–2 years after discontinu-
ation of therapy. Monocytopenia and a decline in the B-cell count may also be
seen. The impact of these agents on the immunoglobulin levels is variable. A
similar spectrum of infection is seen among all purine analogs. In addition to
bacterial infections common to CLL patients, a variety of opportunistic infections
caused by pathogens as Listeria, Mycobacterium species, Pneumocystis, and
herpesviruses, specifically herpes simple and varicella zoster, occur [2]. The risk
of these infections is increased with concomitant corticosteroid administration, and
thus, their use should be avoided.
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3.1.3 Risk Factors for Infection with Fludarabine Therapy
Risk factors for infection in fludarabine-treated patients have been identified
(Table 3). Most commonly, infections occur in the first several cycles of therapy
and are infrequent in responding patients after discontinuation of therapy. In one
large retrospective analysis of CLL patients treated with fludarabine plus predni-
sone, the risk factors included advanced-stage disease, prior therapy, lack of
response to fludarabine therapy, and an elevated serum creatinine [136]. In another
retrospective series, multivariate analysis identified the number of prior regimens
(risk ratio [RR] 1.8) and hemoglobin \12 g/dl (RR 0.6) as risk factors for

Table 2 Etiologic agents of infection in CLL patients

Conventional alkylator therapy

Bacteria (most common)

Staphylococcus aureus

Streptococcus pneumoniae

Haemophilus influenzae

Escherichia coli

Klebsiella pneumoniae

Pseudomonas aeruginosa

Fungi (uncommon, except in heavily pretreated patients)

Candida

Aspergillus

Purine analog/alemtuzumab therapy

Bacteria

Listeria

Nocardia

Mycobacterium tuberculosis

Atypical mycobacteria

Legionella

Fungi

Candida

Aspergillus

Pneumocystis

Cryptococcus

Viral

Cytomegalovirus (especially with alemtuzumab)

Varicella zoster virus

Herpes simplex virus
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incidence of major infections [137]. No impact of age and renal function on
infection rate was noted in this study.

The relative risk and spectrum of infections in patients treated with fludarabine
versus conventional alkylator-based regimens have been assessed in several series.
In a meta-analysis of single-agent fludarabine or alkylator-based therapy trials, the
incidence of grade 3/4 infections was greater with fludarabine [138]. The incidence
and spectrum of infections were also assessed in a large intergroup trial of pre-
viously untreated CLL patients who were randomized to therapy with single-agent
fludarabine, chlorambucil, or both agents (FC) [135]. Patients receiving the FC
combination had more infections than those receiving either single agent. Com-
paring patients treated with the two single agents, an increased number of infec-
tions per month of follow-up, major infections, and herpesvirus infections were
observed in fludarabine-treated patients. Pneumocystis infections occurred rarely,
and no Aspergillus infections were observed. A low baseline serum IgG level was
identified as a significant risk factor for the number of infections occurring in all
patients (p = 0.02), while advanced age (p = 0.004) and a decreased creatinine
clearance (p = 0.03) were risk factors for infection among patients who received
FC. In contrast to prior studies of fludarabine-treated patients, no association
between infection risk and either response to therapy or advanced disease stage
was noted in this study. Lastly, in a large French trial randomizing treatment-
naïve, advanced-stage CLL patients to fludarabine, or one of two anthracycline-
based regimens, no opportunistic infections occurred among the fludarabine-
treated patients [139].

3.1.4 Fludarabine-Based Combination Therapy
In subsequent trials, other active agents were added to the fludarabine backbone. In
a German trial comparing initial therapy with fludarabine as a single agent or
combined with cyclophosphamide (FC), the occurrence of severe and opportunistic
infections was comparable between the treatment groups (33 vs. 40 %, respec-
tively) [140]. However, because of more myelosuppression in the FC arm and
subsequent dose reductions, the infection rate with FC may have been influenced.
No increase in the risk of opportunistic infections has been noted with addition of

Table 3 Risk factors for infection in patients receiving fludarabine-based therapy

Prior therapy for CLL, number of prior regimens

Response to therapy

Older age

Advanced Rai-stage disease

Elevated serum creatinine

Anemia (hemoglobin \12 g/dl)

Hypogammaglobulinemia (low IgG level)
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oblimersen, a bcl-2 antisense compound, to the FC regimen [141]. In the relapsed
setting, 57 % of patients receiving FC had infections (including ones caused by
herpesviruses [26 %] and fungal pathogens [7 %]) or fever of unknown origin
[142]. Of these complications, 74 % occurred in the first three cycles of therapy.

Rituximab may be used in the treatment regimen of CLL patients, either as
monotherapy, or more commonly in combination with other agents [143, 144]. This
agent causes a transient reduction in the B-cell counts. When used as a single agent,
grade 3, as well as opportunistic infections, is uncommon with single-agent rit-
uximab therapy [133]. In a randomized phase II Cancer and Leukemia Group B
(CALGB) study, fludarabine plus rituximab (FR) (concurrent or sequential) were
administered to 104 previously untreated CLL patients [144]. Grade 3/4 infections
were observed in 9 and 41 % of the patients, respectively. Opportunistic infections,
mainly localized herpesvirus infections, occurred in eight (16 %) patients receiving
concurrent therapy and 14 (26 %) on sequential treatment. Only two cases of
Pneumocystis pneumonia were seen. Rituximab combined with FC (FCR) has been
studied in both treatment-naive and pretreated CLL patients, with most patients
receiving antiviral as well as Pneumocystis prophylaxis [145, 146]. When given as
initial therapy, although 52 % of the 224 patients had grade 3/4 neutropenia, a third
had at least one infection and 10 % had fever of unknown origin; however, major
infections were observed in only 3 % of patients [145]. Five percent of patients had
reactivation of herpes simplex or herpes zoster, with no cases diagnosed in patients
on antiviral prophylaxis. In relapsed/refractory CLL, FCR therapy was discontin-
ued in 6 % of patients due to infectious complications [146]. Major infections
(including one case of cytomegalovirus [CMV] pneumonitis) occurred in 16 % of
patients and minor infections in 18 %. The frequency of infections was comparable
in fludarabine-sensitive and fludarabine-refractory patients.

3.1.5 Cladribine
Cladribine results in quantitative abnormalities in the T-cell subsets similar to that
seen with fludarabine. Significant reduction in the CD4 counts may persist for
1–2 years after discontinuation of therapy. Receipt of prior therapy was a risk
factor for infection in a series of patients\55 years receiving cladribine [147]. In a
phase II CALGB trial of cladribine in fludarabine-refractory CLL patients, grades
3–5 infections were reported in 43 % of patients [148]. Although most infections
were bacterial, cases of viral (herpes simplex and herpes zoster), fungal (candidal
esophagitis), and parasitic (cerebral toxoplasmosis) infections were also reported.
In a trial of 378 CLL patients treated with cladribine, alone or with prednisone, the
incidence of infections/fever of unknown origin was significantly less among
treatment-naïve patients than those who had received prior therapy (38 vs. 49 %,
p = 0.03) [149]. In another series of treatment-naïve CLL patients randomized to
therapy with cladribine or chlorambucil plus concurrent prednisone, granulocy-
topenia (23 vs. 11 %, p = 0.02), infections/fever of unknown origin (56 vs. 40 %,
p = 0.02), and herpesvirus infections (21 vs. 11 %) were more frequent with
cladribine therapy [150].
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3.1.6 Pentostatin
Pentostatin-induced cellular immune defects also persist for several months after
discontinuation of therapy. In a CALGB phase II trial of pentostatin therapy for
previously treated and untreated CLL patients, infections occurred in 52 % of
patients, with opportunistic infections in 26 % [151]. Furthermore, the infections
occurred early in treatment and were especially common in relapsed/refractory,
advanced-stage patients. In an Eastern Cooperative Oncology Group (ECOG)
study of pentostatin, chlorambucil, and prednisone as first-line CLL therapy, grade
3/4 infections were observed in 31 % of patients, including bacterial/fungal
pneumonia, Pneumocystis pneumonia, urosepsis, and herpes zoster (the latter in 11
of 55 [20 %] patients) [152]. Pentostatin has been combined with cyclophospha-
mide and rituximab (PCR) in previously treated and untreated CLL patients in two
trials [153, 154]. Grade 3/4 infections were noted in 28 % of previously treated
and in approximately 10 % of treatment-naïve patients.

3.1.7 Alemtuzumab
Alemtuzumab, a CD52 antibody, has been investigated in patients with CLL in the
past decade. In addition to neutropenia, this agent is associated with profound
defects in cell-mediated immunity. Significant reductions in B, T, and NK cells
and monocytes develop early in therapy and persist for 4–9 months after treatment
discontinuation, with recovery of these parameters occurring earlier than after
fludarabine therapy. There is no apparent correlation of severity or length of
immunosuppression with the alemtuzumab cumulative dose or route of adminis-
tration, although non-responding patients are at a greater risk of infection. CMV
reactivation occurs in approximately 10–25 % of patients. Pneumocystis, anti-
fungal, and antiviral prophylaxes is generally given with this agent. In the pivotal
trial of alemtuzumab therapy in 93 relapsed/refractory CLL patients who had
failed fludarabine therapy, 27 % developed grade 3/4 infectious complications,
including cases of aspergillosis, zygomycosis, candidiasis, Listeria meningitis,
Pneumocystis pneumonia, and CMV reactivation [155]. The infection rate was
significantly lower in responding patients than non-responders (10 vs. 36 %,
p \ 0.01). In the first-line treatment setting, alemtuzumab resulted in improve-
ments in response rate (83 vs. 55 %, p \ 0.0001) and progression-free survival
(hazard ratio [HR] 0.54; p = 0.0001) as compared to chlorambucil [156]. How-
ever, more CMV events were noted with alemtuzumab. The results of single-agent
alemtuzumab therapy for lymphoproliferative disorders, predominantly CLL, have
been reported [157]. Seven of ten deaths were related to infection. Opportunistic
infections occurred in 56 % of patients, including CMV viremia in 44 %. The
majority of these infections did not occur in the setting of neutropenia. Non-
opportunistic infections occurred in 82 % of patients, including three deaths from
enterococcal bacteremia. In the authors’ subsequent literature review of 410
patients, opportunistic infections occurred in 64 % of patients, with herpes simplex
virus infections and CMV reactivation being most common. Sepsis and pneumonia
were the most frequent non-opportunistic infections.
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Alemtuzumab has also been studied as a component of combination therapy.
The use of fludarabine plus alemtuzumab in the relapsed/refractory CLL disease
setting was examined in a phase II trial [158]. Both agents were given for three
consecutive days every 4 weeks, with Pneumocystis and antiviral prophylaxis,
which was continued for 2 months after completion of therapy. Among the 36
patients, two cases of grade 3 CMV reactivation and two cases of Aspergillus
pneumonia were seen. In a single-center trial in which therapy with alemtuzumab
plus rituximab was given to patients with relapsed/refractory B-cell disorders, over
half of the patients had infectious complications, despite Pneumocystis prophylaxis
and antiviral prophylaxis [159]. CMV reactivation occurred in 27 % of patients,
over half of whom required therapeutic intervention.

Alemtuzumab has also been used as consolidation therapy in a variety of CLL
clinical trials, with CMV reactivation being a significant issue. In a single-center
trial, patients attaining a response with initial chemotherapy received alemtuzumab
consolidation at a median period of 5 months after completion of induction
therapy [160]. Fifteen of 41 patients (37 %) developed infections, including nine
cases of CMV reactivation. Additionally, three cases of Epstein–Barr-virus-posi-
tive large cell lymphoma were diagnosed. In a smaller Italian series of fludarabine
therapy followed by alemtuzumab consolidation 5 months later, one-third of
patients had CMV reactivation [161]. In a German trial, patients received initial
therapy with either fludarabine or FC, followed by randomization to alemtuzumab
consolidation versus observation 2 months later [162]. This study was terminated
early as 7 of 11 patients in the alemtuzumab arm sustained grade 3/4 infections,
including four cases of CMV viremia.

Infectious complications observed in several CALGB CLL trials have also been
reported. In CALGB 19901, previously untreated CLL patients received four
cycles of fludarabine therapy, followed 2 months later by alemtuzumab consoli-
dation in patients with responsive or stable disease [163, 164]. In the first 57
patients, grade 3/4 infections were common, including eight cases of CMV
reactivation, one of which was fatal. Weekly qualitative polymerase chain reaction
(PCR) CMV testing was subsequently implemented, with three of the following 18
patients having CMV reactivation with no disease. Data on infectious complica-
tions from three serial CALGB CLL trials have also been reported, including
therapy with single-agent fludarabine (CALGB 9011; n = 188), FR (CALGB
9712; n = 104), and fludarabine induction (n = 85), followed by alemtuzumab
consolidation (n = 59) (FA) (CALGB 19901) [165]. Patients receiving FA had
significantly more infections during protocol therapy compared to patients
receiving either single-agent fludarabine (38 vs. 23 %, p = 0.01) or FR (38 vs.
20 %, p = 0.0007). Three Pneumocystis and no CMV infections occurred among
fludarabine-treated patients, compared to three Pneumocystis and one CMV
infection(s) among those receiving FR. In patients receiving FA, one Pneumocystis
and no CMV infections occurred during fludarabine induction, but 12 of 59
patients developed CMV infection during alemtuzumab consolidation. Preliminary
data on infectious complications from CALGB 10101, in which patients received
induction therapy with FR followed by alemtuzumab consolidation 4 months later,
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have also been reported [166]. There were seven grade 5 infectious toxicities
reported in responding patients, caused by agents such as Epstein–Barr virus,
Listeria, Legionella, CMV, and Pneumocystis, as well as viral meningitis, sepsis,
and transfusion-associated graft-versus-host disease. The impact of alemtuzumab
consolidation on infectious complications, and the influence on the immune milieu
of the cumulative dose of fludarabine or alemtuzumab, prior rituximab therapy, the
timing between completion of induction therapy and response status, is not clearly
delineated.

3.2 Multiple Myeloma

Infection may be the presenting manifestation of myeloma [167]. The risk for
infection is the greatest in the first 2 months after diagnosis and in first 2 months of
chemotherapy for the disorder [168, 169]. Infectious complications are less
common in patients who achieve a therapeutic response. A biphasic pattern of
infection has also been described, with one peak incidence early in the disease
course (within 8 months of diagnosis) in responding patients, caused by organisms
as S. pneumoniae and H. influenzae, and a second peak in those patients with
refractory or advanced disease, caused by gram-negative organisms [170]. Longer
disease duration and the presence of neutropenia are not predictive of infection
[170–174]. The infection rate ranges from 0.68 to 2.22 infections/patient/year,
which is a 7–15-fold increase compared to hospitalized patients without malig-
nancy. However, most of these observations were made before the advent of
imidazole or bortezomib therapy for this disorder.

A change in the spectrum of infections in myeloma patients historically has also
been described. Prior to 1964, the incidence of infection in these patients, espe-
cially of the lower respiratory tract, was high, with 20–70 % of patients having at
least one episode of pneumonia [8, 24, 26]. S. pneumoniae was the primary
pathogen, with gram-negative infections being uncommon. Over half of the
patients had recurrent infections, often with same organism. The second most
common site of infection was the urinary tract, caused by organisms as E. coli and
other gram-negatives isolates. However, in the next decade, a change in the
spectrum of infections was seen, with more gram-negative infections, fewer cases
of pneumonia, and more patients being heavily pretreated, with advanced-stage
disease and neutropenia [170–174]. Despite this, the incidence of gram-positive
infections did not decline.

Because patients with myeloma have a reduction in specific opsonizing anti-
bodies, they are at risk for infection with encapsulated organisms such as
S. pneumoniae, H. influenzae, and Neisseria meningitidis. In historical series,
gram-negative infections were more common in those patients with refractory,
advanced disease, especially in the setting of azotemia, prior antimicrobial ther-
apy, instrumentation (including urinary catheters), immobilization, and
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colonization with nosocomial pathogens [170]. Infections associated with cellular
immune dysfunction, as those of a fungal, viral, or mycobacterial etiology, were
uncommon in these series, and if seen, occurring in those patients with advanced,
refractory disease. A series of 31 non-allografted patients with invasive aspergil-
losis diagnosed between 1984 and 1996, with 75 % of cases occurring between
1992 and 1996, has been described [175]. The median time from myeloma
diagnosis to Aspergillus infection was 8 months, with a range of 1–75 months. The
vast majority of these patients had advanced-stage disease. Slightly more than half
of the patients were neutropenic, for a median of 19 (range, 10–37) days. Recent
treatment included corticosteroid therapy in 45 % and high-dose melphalan in
36 %. A pulmonary site of infection was present in 28 of the 31 patients. Other
sites of infection included the central nervous system (n = 4), sinuses (n = 3), and
pericardium, kidney, and myocardium in one case each. The mortality rate was
45 %. In a more recent series, infection was found at autopsy in 60 % of cases [6].
This included bacterial infections in 50 % (70 % pneumonia) and fungal infections
in 10 %, including Candida esophagitis, invasive aspergillosis, and pulmonary
cryptococcosis.

The use of newer therapeutic agents, specifically bortezomib, has resulted in a
change in the usual spectrum of infections, with the emergence of herpesvirus
infections, especially herpes zoster [176–178]. In a phase III trial in which patients
with relapsed or refractory myeloma were randomized to therapy with bortezomib
or high-dose dexamethasone, herpes zoster infections were more common in those
receiving bortezomib (13 vs. 5 %, p \ 0.001) [176, 177].

3.3 Hairy Cell Leukemia

The most common sites of infection in patients with hairy cell leukemia include
the respiratory and urinary tracts and bloodstream. Less common sites include the
skin and soft tissue, central nervous system, and liver [68, 70]. A wide variety of
pathogens may cause infections in hairy cell leukemia patients. Approximately
half of the infections are caused by bacterial pathogens common in neutropenic
patients, such as S. aureus, S. pneumoniae, E. coli, and Pseudomonas aeruginosa,
with gram-positive and gram-negative infections being comparable in number
[68, 70, 72, 73, 83]. Interestingly, the incidence of atypical mycobacterial infec-
tions, especially in patients with active disease, is also increased in these patients,
being as high as 9–18 % in older series [71, 83, 179–183]. The finding of dis-
seminated infection caused by organisms, such as Mycobacterium kansasii,
M. avium-intracellularae, and M. chelonii, has been reported [70, 72, 73, 83, 179].
Other less common pathogens, including Listeria, Legionella, Pneumocystis,
Aspergillus, Histoplasma, Cryptococcus, zygomycetes, and cytomegalovirus, are
likely related to the inherent T-cell defects [73, 83, 184–188]. Herpes zoster may
also be seen in patients receiving antimetabolite therapy [74].
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3.4 Large Granular Lymphocytic Leukemia

Both cytotoxic drugs and immunosuppressive agents have been utilized to treat
patients with large granular lymphocytic leukemia, which may impact the spec-
trum of infectious complications seen [85, 86, 189–191]. Myeloid growth factors
have also been employed with variable success [85, 192]. Recurrent bacterial
infections are a hallmark of this disorder. However, some patients may not sustain
any infectious complications over extended periods, despite the presence of neu-
tropenia. These infections are typically caused by common gram-positive and
gram-negative organisms and frequently involve the lungs, skin/soft tissue, and
bloodstream. Prognosis of this disorder is related to the severity of the neutropenia
[191]. Although the clinical course of this disease is usually indolent, sepsis related
to neutropenia remains a leading cause of death in these patients [86, 193, 194].

3.5 Hodgkin Lymphoma

In older series, up to 70 % of infections in patients with Hodgkin lymphoma were
caused by common gram-positive and gram-negative bacteria, with the remaining
30 % of infections due to a viral, fungal, or mycobacterial etiology [89, 195–202].
In one of these reports, a higher incidence of tuberculosis at autopsy was found in
Hodgkin lymphoma patients than in the general population [202]. These oppor-
tunistic infections may be in part related to the cellular immune defects found in
these patients. A variety of disseminated fungal infections, in particular crypto-
coccosis, have been described (see Chapter Fungal Infections in Cancer Patients)
[89, 203]. Herpesvirus infections, including cytomegalovirus, herpes zoster, and
herpes simplex, have also been noted [87, 89, 195, 198–201]. A 15–25 % inci-
dence of herpes zoster in these patients was based on large studies published three
or four decades ago [87, 89, 204–215]. The incidence of zoster infection during the
first year of treatment ranged from 8 to 50 % [213, 214]. An increased risk for
zoster is present in both treatment-naïve patients and those receiving cytotoxic
therapy [215]. More complicated herpetic infections, as ulcerative herpetic
esophagitis, have also been described [87, 89]. Deficiencies in in vitro lymphocyte
responses may correlate with increased susceptibility to varicella zoster virus
infection [212]. Additional opportunists affecting these patients include tubercu-
losis (typical and atypical), toxoplasmosis, and Pneumocystis [87, 89, 198–201].

3.6 Myelodysplastic Syndrome

The most common types of infections in patients with MDS are bacterial pneu-
monias and skin abscesses, accounting for approximately 40 % of infections in one
large series [124]. Urinary tract infections and bacteremia were also somewhat
common in this series. In more recent treatment series, the most common sites of
infection remained the lungs, urinary tract, and bloodstream [131]. The majority of
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infections are caused by common bacterial pathogens, similar to those causing
infection in neutropenic patients. Fungal and viral infections are considerably less
common in these patients.

4 Strategies for the Prevention and Prophylaxis of Infection

4.1 Chronic Lymphocytic Leukemia

4.1.1 Immunoglobulin Replacement
The benefit of prophylactic intravenous immunoglobulin (IVIG) in CLL patients
with either hypogammaglobulinemia or prior infections was evaluated in a ran-
domized, placebo-controlled, multicenter study [216]. Minor or moderate bacterial
infections were significantly lower in patients receiving IVIG (p = 0.01); how-
ever, there was no difference in the incidence of major infections or mortality. In
addition, it was found that routine IVIG therapy was not cost-effective. Prophy-
lactic low-dose IVIG has also been studied. Although a reduction in infection has
been noted in some studies, no correlation with improvement in Ig levels has been
demonstrated. Furthermore, cost-effectiveness remains an issue, especially in
comparison with prophylactic oral antimicrobial agents. The optimal dose, sche-
dule, and subset of patients that would benefit from such an approach are not clear.
Finally, an important aspect of IVIG infusions is that it replaces neither IgM nor A.

4.1.2 Prophylactic Antimicrobial Agents
The role of prophylactic antimicrobial agents has not been analyzed in prospective
randomized trials in CLL patients; however, some guidelines have been proposed
based on results from a variety of trials and anecdotal reports. The use of con-
comitant corticosteroids with fludarabine appears to increase the risk of opportu-
nistic infections. In the intergroup trial comparing the occurrence of infections on
fludarabine-treated versus chlorambucil-treated patients retrospectively, incidence
of varicella zoster and herpes simplex infections was more frequent among patients
who had received fludarabine [135]. Despite this evidence, the use of routine anti-
viral prophylaxis in fludarabine-treated patients should be mandated only after the
results are confirmed prospectively. The addition of rituximab to fludarabine therapy
increases infections caused by localized herpesvirus only slightly and does not
appear to increase the risk of either bacterial or Pneumocystis infection [217]. No
routine prophylactic antimicrobial therapy is recommended for patients receiving
this regimen. However, routine antiviral prophylaxis and Pneumocystis prophylaxis
are recommended for therapy with both FC and FCR, as with alemtuzumab therapy;
antifungal prophylaxis is utilized in some, but not in all trials. It is also recommended
that prophylaxis is continued for up to 6 months after completion of therapy as the
immune defects rendered by both purine analog and alemtuzumab therapies may
persist for up to 2 years after discontinuation of therapy.

Guidelines for preemptive therapy of CMV infections were devised in 2004 and
updated in 2006 [218]. Weekly PCR testing was recommended. Although
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cytomegalovirus antigen assays, such as the pp65 assay, or quantitative PCR
testing may be used to screen for these infections, PCR tests are thought to be more
sensitive and reliable and also offer the advantage of discrete cutoffs for the
institution of antiviral therapy [219].

The incidence of symptomatic CMV infection with alemtuzumab therapy has
been estimated to range from 4 to 29 %, with a peak onset 4–6 weeks after initi-
ation of therapy [218]. These infections appear to be uncommon after completion of
therapy and are more common in previously treated patients than in treatment-naïve
patients. In the setting of symptomatic CMV infection, therapy with either IV or
oral ganciclovir, or alternatively valganciclovir, is recommended, for a 14–21-day
course, until resolution of symptoms and one negative PCR test, or two consecutive
negative PCR tests is achieved. In the updated recommendations, it is advised that
alemtuzumab therapy may be continued, unless patients are persistently symp-
tomatic. In the setting of asymptomatic CMV infection, therapy with either IV or
oral ganciclovir can be instituted for 7–14 days, with continuation of alemtuzumab
therapy. This sort of surveillance and preemptive therapy has been found to sig-
nificantly decrease the rate of symptomatic CMV reactivation.

Alternatively, CMV prophylaxis may be utilized in patients receiving ale-
mtuzumab therapy. In a small series, valganciclovir has been found to be the most
effective prophylactic agent [220]. It is recommended that prophylaxis be con-
tinued for 2 months after completion of therapy. Patients should have PCR
screening every 2 weeks during prophylaxis.

4.1.3 Immunization
Although a variety of immunizations have been examined in CLL patients, these
have shown only suboptimal responses due to impaired antibody production and
defects in antigen presentation. Most of the analyses have been conducted in small
studies; therefore, formal recommendations for vaccine use in this patient popu-
lation have not been devised. However, it certainly is reasonable to provide
pneumococcal and influenzal vaccine coverage for all CLL patients, as per stan-
dard adult vaccination guidelines. Superior responses may be obtained with protein
and conjugated vaccines rather than with polysaccharide vaccines. Herpes zoster
virus vaccines, which are live virus products, have not been studied in immuno-
compromised patients, and the efficacy as well as side-effect profile is not known
in this patient population. Thus, these vaccines should not be utilized in patients
with CLL, whether they are receiving therapy or are treatment-naïve.

4.2 Multiple Myeloma

4.2.1 Antimicrobial Prophylaxis
The role of routine antimicrobial prophylaxis in myeloma patients is controversial.
Although daily oral penicillin prophylaxis is utilized by some providers, there are
no data supporting this usage. In a prospective randomized prophylaxis study, 54
myeloma patients receiving initial chemotherapy were randomized to
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trimethoprim–sulfamethoxazole versus placebo for the first 2 months of chemo-
therapy, when the rate of infection is twice that as the rest of the disease course,
and were followed for 3 months [221]. Infections occurred in 42 % (n = 11) of
the placebo recipients, compared to 7 % (n = 2) of patients on trimethoprim–
sulfamethoxazole (p = 0.004). Among the control patients, 15 of 16 infections
were bacterial in etiology (one Candida pharyngitis). In contrast, two of five
infections in those on trimethoprim–sulfamethoxazole were bacterial, with herpes
zoster, fungal skin rash, and viral syndrome accounting for the remainder. Severe
infections, including pneumonia (n = 5; three with sepsis), urinary tract infection
(n = 2), 1 diverticulosis (n = 1), and staphylococcal scalded skin syndrome
(n = 1), were diagnosed in eight control patients and only one patient receiving
trimethoprim–sulfamethoxazole. The rate of bacterial infection per patient-year
was 2.43 in controls and 0.29 in patients on trimethoprim–sulfamethoxazole.
However, this prophylaxis was discontinued in 25 % due to rash and nausea.

4.2.2 Immunization
With pneumococcal vaccination, normal-fold rises in antibody titers are seen in
patients with myeloma. However, as markedly reduced preimmunization titers are
present in these patients, resultant post-immunization titers are low, generally
being below protective levels [28, 30]. The antibody titers fall rapidly after an
initial response, being at levels at less than baseline for 50 % of antigens
18 months later, which may be due to increased catabolism. The present American
College of Physicians recommendations are that pneumococcal vaccination should
be offered to myeloma patients, but that they should be counseled regarding the
potential for a poor response and lack of protection [222]. However, with the low
cost, minimal toxicity, and possible benefit, this vaccination should be encouraged.
There are limited data with regard to revaccination in myeloma patients. One may
consider revaccination after titers fall below a defined cutoff, although the increase
in titer may well be less than the initial response.

There are minimal data on other polysaccharide and protein vaccines for
myeloma patients. In theory, meningococcal and H. influenzae vaccines should be
of benefit. Viral vaccines, such as influenza, are not well studied. In general,
vaccination with live attenuated viral vaccines is not recommended.

4.2.3 Immunoglobulin Replacement
Intramuscular gamma globulin appears to have no impact on incidence of infec-
tions [223, 224]. In one trial, the use of intravenous immunoglobulin (IVIG)
(0.6–1.0 g/kg initial dose, 0.2 g/kg every 3 weeks) resulted in a decreased inci-
dence and frequency of infection, thought to be due to an improvement in gran-
ulocyte function. In another 93-patient randomized trial, patients received 10 g
IVIG every 3–4 weeks versus no therapy. After 6 months, patients were crossed
over, with a four-month follow-up. Significantly fewer infections were seen with
IVIG administration. However, this study had no placebo control and was not
double-blinded. In conclusion, although there is a possible role for IVIG pro-
phylaxis, only use in the setting of recurrent or life-threatening infections is now
recommended.
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Infectious Complications of Stem Cell
Transplantation

Charulata Ramaprasad and Kenneth J. Pursell

Abstract

Hematopoietic stem cell transplantation (HSCT) is an accepted treatment for a
variety of hematologic malignancies. The profound immunosuppression these
patients experience adversely affects their risk of infection. This risk is much
higher than in the general population and requires aggressive diagnostic and
therapeutic interventions. The chapter will outline the major infections after
HSCT.
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1 Introduction/Overview

Hematopoietic stem cell transplantation (HSCT) is an accepted therapeutic
modality for a variety of life-threatening hematologic and lymphoid malignancies,
cancers, and congenital disorders. This intense therapy is also being utilized more
recently in the management of non-malignant and severe autoimmune processes
such as scleroderma and multiple sclerosis. Nearly 50,000 stem cell transplants are
performed annually worldwide ([30,000 autologous transplants and [15,000
allogeneic transplants) [1, 2]. The source of the transplanted cells may be from bone
marrow, peripherally harvested stem cells, or umbilical cord blood. Infectious
complications are more frequent in recipients of HLA-mismatched transplants and
HLA-matched unrelated donor (MUD) transplants compared to HLA-matched
related donors. This is largely the result of a higher incidence of graft-versus-host
disease (GVHD) associated with these donor sources. Progenitor cells are trans-
fused following a conditioning regimen (either myeloablative or non-myeloabla-
tive) that prepares the recipients’ marrow. The conditioning regimen ‘prepares’ the
recipient’s marrow by eradicating malignant disease, creating physical space in
the recipient’s marrow to allow engraftment and virtually completely eradicates the
recipient’s immune system to prevent rejection of the graft. Conditioning regimens
are broadly categorized into ‘myeloablative’ and ‘non-myeloablative’ (reduced
intensity) and have major implications on the time until engraftment, transplant-
related morbidity and mortality, and risk of infection. Infections are a major
complication of this process that results in profound defects in several arms of the
immune system. Following stem cell transplantation, there is an evolving recon-
stitution of donor-derived immune functions that remain poor for a prolonged
period of time [3–5]. Innate immunity is the first to recover following transplan-
tation (epithelial barriers and neutrophils) occurring within 2–3 weeks after infu-
sion of donor cells. It takes months for the recipient to demonstrate adequate
numbers of CD8 T-cells and B-cells; however, CD4 T-cells may remain low for
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years particularly in the elderly recipient with less thymic reserve. Consequently,
B-cell functions and humoral immunity, which is dependent on intact CD4-cell
interactions, are depressed for an extended period manifest by hypogammaglobu-
linemia and infections from encapsulated organisms. In addition, the frequent
development of GVHD and the treatment regimens (immunosuppression) used to
control this complication significantly increases the risk of infection at all points
following transplantation. By convention, the sequential re-acquisition of immune
function and the associated immune defects and infectious risks have been
demarcated into four general time periods or phases (Fig. 1) [6–10].
1. Pre-transplant Period.
2. Pre-engraftment Period (day 0 until engraftment).
3. Early Post-engraftment Period (engraftment to day +100).
4. Late Post-engraftment Period ([day +100 following engraftment).

Fig. 1 General time course of immune defects and infectious complications following
hematopoietic stem cell transplantation. GVHD graft-versus-host disease; CMI cell-mediated
immunity; EBV Epstein–Barr virus; PTLD Post-transplant lymphoproliferative disorder; VZV
varicella zoster virus
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2 Pre-transplant Period

The patient’s underlying disease, the treatments they have received, the amount of
immune suppression, and the infectious complications and exposures all contribute
to infectious risk during this time frame. The risk of infectious complications in the
pre-transplant period is generally low (\20 % of infectious complications),
however is quite variable. Localized infections of the skin, oral cavity, and urinary
tract are the most common infections. Severe invasive infections and fatalities are
very uncommon during this time period [8]. Pre-transplant infectious complica-
tions do not negatively influence the transplant or delay engraftment. It should be
remembered that certain infections once felt to be contraindications to proceeding
with transplantation, particularly aspergillosis, can now be managed appropriately
so that successful transplantation is possible [11].

2.1 Pre-engraftment Period

This period begins with infusion of the cells, conventionally labeled ‘day 0’ and
extends until marrow engraftment. The primary immune defects occurring during
this phase are neutropenia and breaches in primary barriers due to mucositis and
the routine use of central venous catheters. The duration of neutropenia/aplasia is
usually in the range of 2–3 weeks. The source of the donor cells (peripheral blood
vs. bone marrow, related vs. unrelated, matched vs. mismatched) and the absolute
number of cells infused are major determinants in hematopoietic recovery. Other
factors that can delay engraftment and extend the period of neutropenia (Table 1)
include GVHD prophylaxis method (T-cell depleted graft, methotrexate), the
development of GVHD, infectious syndromes particularly viral infections, and
antimicrobial prophylaxis [e.g., trimethoprim–sulfamethoxazole for PCP prophy-
laxis and ganciclovir for cytomegalovirus (CMV) prevention]. Bacterial infections
dominate this period of neutropenia with most organisms isolated derived from the
recipient’s gut (enteric gram-negative and gram-positive) and/or skin commensals
(gram-positive) which include hospital-acquired skin organisms with increased
antimicrobial resistance, such as methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci (VRE). As mentioned, central
venous catheters are almost universally employed, which can lead to more unusual
bacterial isolates in blood cultures if these vascular devices become infected.
Herpes simplex virus (HSV) commonly reactivates during this time period
prompting the routine use of acyclovir prophylaxis in patients with serologic
evidence of past infection. Patients with delay in engraftment and a prolonged
duration of neutropenia are susceptible to opportunistic fungal infections, partic-
ularly from Candida and Aspergillus. Candida infections typically present as
bloodstream infections arising from contamination of central venous catheters
while Aspergillus infections most often manifest as nodular pulmonary infiltrates
with or without surrounding hypoattenuation on CT scanning. During this phase of
transplantation, there have been reports of up to a 20 % incidence of Clostridium
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difficile associated diarrhea (CDAD) as a complication of the ubiquitous appli-
cation of broad-spectrum antibiotics [12]. Recent outbreaks in North America and
Western Europe of hypersecreting variants of C. difficile (BI/NAP1/027 strain)
with elaboration of high levels of toxin A and toxin B leading to more severe
disease and complications raise serious concern of spread to this susceptible
patient population [13] (see Chapter Enteric Infections).

2.2 Early Post-engraftment Period

Following engraftment and resolution of neutropenia comes a roughly 4–6-month
period of early immune reconstitution. Impaired T-cell functions leading to defective
cell-mediated immunity (CMI) are the hallmark immune defect of this phase of
transplantation. This is the period where CMV typically reactivates and when pro-
phylactic/preemptive strategies need to be targeted to manage this potentially fatal
complication. These strategies include serial monitoring for the emergence of CMV
viremia (e.g., CMV PCR analysis) and rapid employment of effective antiviral treat-
ment (e.g., valganciclovir, foscarnet) to suppress viral replication and prevent pro-
gression to end-organ disease. The major event contributing to continued increased
infectious risk is the development of GVHD. Both the pathophysiology of GVHD and
the therapeutic management of this complication combine to render the transplant
recipient susceptible to numerous infectious complications. Invasive aspergillosis,
which historically has been a complication of the prolonged neutropenia of the pre-
engraftment phase, is now more commonly encountered during this phase of trans-
plantation. Also, there is an increasing emergence of non-Aspergillus mold infections

Table 1 Factors influencing marrow recovery/engraftment

Source of cells

Related versus unrelated

Matched versus mismatched

Marrow versus peripheral stem cells versus cord

Absolute number of stem cells transfused

Type of GVHD prophylaxis

Methotrexate

T-cell depletion

Viral infections

CMV

HHV-6

Antimicrobial prophylaxis

Trimethoprim–sulfamethoxazole

Ganciclovir/valganciclovir
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as well, particularly the Zygomycetes. Central venous catheters tend to remain in place
during this phase and bacteremia and fungemia due to Candida spp. continue to be
encountered. At our institution, the majority of central venous catheter infections in
this patient population occur outside the hospital setting (unpublished). Other
opportunistic infections that take advantage of the marked CMI defects include
Pneumocystis jirovecii (PCP) and respiratory and gastrointestinal viral infections.

2.3 Late Post-engraftment Period

This phase of transplantation occurs around 100 days after infusion of donor cells.
This time frame corresponds to the recognition of chronic GVHD, if it is present.
The transplant recipient who does not develop chronic GVHD can expect to
restore reasonable immune function in 1–2 years. Chronic GVHD may prolong
immune recovery by years and lead to combined deficiencies in CMI and humoral
immunity with hypogammaglobulinemia. Infectious complications including
bacteremia, aspergillosis, pneumonia, and adenoviral infections are much more
frequently seen in patients being treated for chronic GVHD, especially when
higher doses of corticosteroids are used [14]. The humoral defects predispose the
patient to infections with encapsulated organisms (Streptococcus pneumoniae,
Haemophilus influenzae, and Neisseria meningitidis) especially of the respiratory
tract. Prophylaxis with penicillin is routinely used at our institution in patients with
chronic GVHD (quinolones are used in the penicillin allergic patient). Invasive
mold infections have become a major infectious complication during this time
frame in patients with severe GVHD receiving aggressive immunosuppressive
management. As noted above, invasive Aspergillus infections are now more
commonly diagnosed in these later phases of transplantation because of the
emergence of GVHD. Dermatomal reactivation of varicella zoster virus (VZV)
occurs in up to 50 % of patients and can progress to life-threatening disseminated
infections. Of note, with the continued augmented immunosuppression attendant
with chronic GVHD, there is an increasing incidence of ‘late’ reactivation of
CMV. CMV reactivation historically has occurred in the early phase of immune
reactivation; however, it is now being seen at much later periods owing to the
continued immunosuppression associated with GVHD and effective preemptive
anti-viral prophylaxis [15]. The inability to mount specific anti-CMV T-cell
responses is associated with the development of late CMV disease [16, 17].

3 Infectious Syndromes Following Stem Cell
Transplantation

Stem cell transplant recipients may present with one of numerous infectious
syndromes after transplantation. These include febrile neutropenia, infected vas-
cular catheters, pneumonia, sinusitis, hemorrhagic cystitis, rash, diarrhea, and
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meningitis/encephalitis. Several principles apply to the care of these patients. First,
knowledge of time from transplant, type of transplant, graft-versus-host disease,
immunosuppression, and antimicrobial prophylaxis are critical to generating a
differential diagnosis. Second, the social and personal histories of transplant
recipients, including travel history, occupation, and hobbies, are essential. Finally,
diagnostic procedures, when safe and feasible, should be aggressively pursued,
given the broad spectrum of infectious pathogens to which these patients are
susceptible, the high attributable morbidity and mortality of these infections, and
the complications that arise from their therapies.

3.1 Febrile Neutropenia

Febrile neutropenia frequently complicates stem cell transplantation. For example,
in one study of autologous stem cell transplant recipients not receiving anti-bacterial
prophylaxis, neutropenic fever was seen in 83 % of patients. In this same study, 5 %
of patients suffered from severe sepsis [18]. The high attributable mortality in
patients with febrile neutropenia mandates prompt therapy with broad-spectrum
anti-bacterial medications with an anti-pseudomonal B-lactam. Cefepime and car-
bapenems and/or piperacillin–tazobactam are frequently used [19–24]. The preva-
lence of extended spectrum B-lactamase and AmpC producing organisms, as well as
local resistance data, should be taken into consideration when deciding upon an
empirical antimicrobial therapy. A glycopeptide should be added if there is suspi-
cion for a resistant gram-positive infection or the presence of mucositis. After the
prompt administration of anti-bacterial therapy, a thorough search for an infectious
source should be undertaken. In patients with febrile neutropenia unresponsive to
anti-bacterial therapy after 72 h, empirical anti-mold therapy is recommended
[19, 25] (see Chapter Neutropenic Fever and Sepsis: Evaluation and Management).

Use of fluoroquinolones for prophylaxis in patients who are afebrile, neutro-
penic, and have hematologic malignancies has been shown to reduce all-cause
mortality, infection-related death, and fever [26]. As multi-drug-resistant patho-
gens continue to emerge, continued vigilance for the presence of these organisms
is needed given the high anti-microbial exposure in stem cell transplant patients.
The administration of prophylactic granulocyte transfusion to prevent febrile
neutropenia has also been evaluated, and although this practice did lower infec-
tion-related mortality, it had no impact on all-cause mortality [27]. A study of
allogeneic stem cell transplant recipients showed a decrease in days of fever and
days of intravenous antibiotics, but no impact on hospital days or day 100 survival
[28]. Colony-stimulating factors decrease febrile neutropenia, infections, and
hospital length. However, they do not confer a survival benefit, and concerns about
their effects on residual leukemic cells remain [29, 30]. Several biomarkers, such
as procalcitonin, C-reactive protein, and vascular endothelial growth factor, have
been evaluated as prognostic indicators in febrile neutropenia, but are not routinely
employed [31, 32]. Low citrulline, a marker of mucosal barrier injury, is seen in
autologous transplant patients with bacteremia [33].
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3.2 Infected Vascular Catheters

Patients undergoing stem cell transplant have increased risk of catheter-related
blood stream infections [34]. Gram-positive, gram-negative, mycobacterial, and
fungal pathogens have all been reported. Training of health care workers in the
proper use of central venous catheters is of paramount importance and has been
shown to significantly decrease risk of catheter-associated blood stream infections
[35]. Patient education is similarly important as patients often go home after
transplantation with a catheter in place. An outbreak in an outpatient stem cell
transplant unit of gram-negative blood stream infections was associated with
increased baths (in contrast to showers) and patient self-administration of intra-
venous infusions [36]. Several catheter-specific interventions have been tried to
decrease infection rates. The use of chlorhexidine/silver sulfadiazine catheters
reduces catheter colonization but not related blood stream infections or fever in
stem cell transplant recipients [37]. Urokinase rinses, which dissolve fibrin, have
been shown to decrease coagulate-negative staphylococcal catheter-related blood
stream infections in patients undergoing intensive cytotoxic chemotherapy for
hematologic malignancy [38]. Guidelines for the management of central venous
catheter infections have recently been published [39].

3.3 Pneumonia

The differential diagnosis for post-stem cell transplant pneumonia is broad. Infec-
tious pathogens can be bacterial, viral, fungal, or tuberculous, and risk varies
according to time from transplant. In the pre-engraftment time period, bacterial,
fungal (e.g., Aspergillus fumigatus, but increasingly other Aspergillus species and
mold infections), and respiratory viruses predominate. Immediately post-engraft-
ment, respiratory viruses, CMV, toxoplasmosis, P. jirovecii, and Aspergillus are
prevalent. Late post-engraftment, the differential diagnosis includes respiratory
viruses, encapsulated bacteria, toxoplasmosis, aspergillosis, and P. jirovecii. In
general, the endemic mycoses such as histoplasmosis and blastomycosis are rare, but
they have been reported [40–43]. The incidence of tuberculosis is variable (less than
one to almost 10 %) and depends on the incidence of disease in the population.
Nocardia is also seen [44] (see Chapter Respiratory Infections).

3.4 Sinusitis

Sinusitis, especially from fungal causes, can be invasive and rapidly fatal in stem
cell transplant recipients. Any patient with symptoms of sinusitis, including facial
pain, facial swelling, tooth pain, palate or nasal necrosis or pallor, should be
emergently evaluated by otolaryngology. Broad-spectrum anti-bacterial and anti-
mold coverage should be initiated immediately. GVHD host disease is a
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predisposing factor to rhinosinusitis, as is total body irradiation [45–47]. The
course of sinusitis in transplant patients can be complicated, and vigilance for
related intracranial pathology, such as cavernous sinus thrombosis, should be high
[48]. Gram-negative pathogens (especially Pseudomonas) are isolated in more
than half of the cultures obtained, with gram-positive bacterial and fungal
organisms recovered in a significant minority. Cultures are negative in almost 1/3
of samples obtained, largely due to empiric broad-spectrum antibiotic use at the
time of sampling. The spectrum of fungal pathogens involved in sinusitis continues
to broaden. The agents of mucormycosis and Aspergillus are common, although
other pathogens such as Scedosporium are increasingly reported [49–51].

3.5 Hemorrhagic Cystitis

The causes of hemorrhagic cystitis can be infectious or non-infectious. Non-
infectious causes include radiation and cyclophosphamide, and recently, genetic
polymorphisms in cyclophosphamide metabolism genes have been associated
with hemorrhagic cystitis [52]. Common causes of infectious hemorrhagic cystitis
are BK virus, adenovirus, and CMV [53, 54]. Diagnosis is made using polymerase
chain reaction testing on urine or by histopathology. Hemorrhagic cystitis can
lead to life-threatening blood loss and ureteral obstruction from blood clots and is
one of the several syndromes associated with BK reactivation in the uroepithelial
tract [55]. Treatment options for BK virus and adenovirus are limited. Several
therapeutic strategies are being investigated, including treatment of BK virus with
low-dose cidofovir (1 mg/kg) or intravesicular cidofovir [56, 57]. Leflunomide,
ciprofloxacin, and intravenous immune globulin are also being studied for BK
virus [58]. Urologic consultation should be obtained in these patients. Several
newer therapies to stop bleeding, including intravesicular hyaluronic acid for a
child with CMV and likely BK virus grade III hemorrhagic cystitis [59], fibrin
glue therapy in five patients with refractory BK virus or CMV hemorrhagic
cystitis [60], and palifermin (a human keratinocyte growth factor), have all been
used successfully [61].

3.6 Rash

There are both infectious and non-infectious etiologies of rash after stem cell
transplant. GVHD and drug reactions are common non-infectious causes. Rarer
causes, such as microangiopathy, have also been reported [62]. Bacteria or fungal
endocarditis or catheter-related septic emboli should always be considered in a
bacteremic or fungemic patient, and surveillance for extent of embolic disease is
important. Nocardia has been reported to cause subcutaneous nodules [44, 63], as
have atypical mycobacteria, such as Mycobacterium szulgai and M. fortuitum
[64, 65]. Viral causes of rash include HSV (local or disseminated) and VZV
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(primary disease or reactivation) [66]. These typically cause vesicular lesions, and
acyclovir or its derivatives can be used for therapy. In patients who worsen or do
not improve on acyclovir, resistance should be considered. CMV, which can cause
ulcerative lesions, is treated with ganciclovir. If resistance is present, foscarnet, or
cidofovir can be used. Human herpesvirus 6 (HHV-6) can cause a maculopapular
rash [67]. Fungal pathogens can also result in rash. For example, disseminated
candidiasis can result in macules, papules, or nodules, usually on the trunk and
extremities [68], as can Fusarium [69]. Cryptococcus can result in nodules or a
cellulitic appearance. Skin manifestations of all of these pathogens are frequently
atypical. As such, culture and biopsy are crucial to establish a definitive diagnosis
(see Chapter Dermatologic Infections in Cancer Patients).

3.7 Diarrhea

Non-infectious causes of diarrhea include GVHD, chemotherapy-induced mucosal
injury, and immunosuppression [70]. Common infectious causes include CMV and
C. difficile [12, 71]. Rarer causes include diphyllobothriasis (in patients with a history
of eating raw or undercooked fish) [72] and cryptosporidiosis [73]. Travel and social
history are important to the differential diagnosis. Suspect strongyloidiasis in
patients from an endemic area or unexplained eosinophilia during the pre-transplant
evaluation, as post-transplant immunosuppression can lead to hyperinfection syn-
drome [74]. Shigella and Salmonella are more common in the developing world [75].

Neutropenic enterocolitis is characterized by fever and abdominal pain. Its
pathogenesis not well understood, but likely arises from a combination of mucosal
injury, lack of host defenses, and neutropenia. The incidence is as high as 5 %,
with a high attributable mortality. Broad-spectrum antibiotics should be initiated
and urgent surgical consult obtained [76] (see Chapter Enteric Infections).

3.8 Neurologic Syndromes

An infectious etiology is responsible for a minority of post-HSCT neurologic
syndromes [77]. Infectious neurologic complications can have bacterial, fungal, or
viral etiologies. Neurologic imaging and lumbar puncture (when safe) should
always be performed. Bacterial meningitis can arise from typical pathogens such as
pneumococcus, meningococcus, or Listeria. Drug resistance should be considered
given the high antibiotic exposure in these patients [78–81]. Viral causes of
encephalitis include HHV-6 [82], VZV (which has been reported in the absence of
skin lesions) [83], West Nile virus [84, 85], HSV, and JC virus. Fungal etiologies
include Cryptococcus, which is more common after allogeneic than autologous
transplant [86]. Toxoplasmosis should be considered, and pre-transplant donor and
recipient serologies should obtained (see Chapter Central Nervous System
Infections in Cancer Patients and Hematopoietic Stem Cell Transplant Recipients).
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4 Major Infectious Pathogens After SCT

In addition to infectious syndromes, there are several major infectious pathogens
than warrant discussion.

4.1 Bacteria

Pneumococcus Several large studies have quantified the risk of invasive pneu-
mococcal disease after stem cell transplantation. HSCT patients have more than 25
times the risk of the general population for pneumococcal infection. It is more
commonly seen in the late post-transplant phase owing to persistent humoral
immunity defects. Trimethoprim–sulfamethoxazole resistance rates are high
(almost 50 %) [87]. GVHD is risk factor for disease. Overall mortality approaches
20 % [88].

Staphylococcus Coagulase-negative Staphylococcus is the most common cause
of central venous catheter infections. Vancomycin is traditionally used as therapy;
isolates are also sensitive to daptomycin [89]. S. aureus, including methicillin-
resistant isolates, can be treated with vancomycin, daptomycin, or linezolid,
although a B-lactam should be used if the isolate is sensitive. GVHD and length of
hospital stay are the main risk factors for late staphylococcal infection after
transplant [90]. The attributable mortality for S. aureus bacteremia in particular is
high, and metastatic disease is common. If S. aureus is known or suspected,
methicillin resistance should be covered until susceptibilities are known. Bacter-
emia should always be treated with intravenous antibiotics.

Pseudomonas The problem of emerging drug resistance seen in gram-positive
organisms such as S. aureus is also present in numerous gram-negative pathogens,
including P. aeruginosa. A recent study of gram-negative bacteremia found that
P. aeruginosa constituted 22 % of all gram-negative bacteremia in stem cell
transplant recipients (Klebsiella pneumoniae and Escherichia coli were 19 and
17 %, respectively). Thirty seven percentage of gram-negative isolated were
multi-drug resistant (resistant to at least two of the following: a 3rd or 4th
generation cephalosporin, a carbapenem, or piperacillin–tazobactam). This has
profound implications for the selection of empirical gram-negative therapy [91]. In
critical ill patients, dual coverage until susceptibilities are known should be
considered.

4.2 Fungi

Candida Risk factors for Candida albicans infection include use of broad-
spectrum antibiotics, breakdown of mucosal membranes, central venous cathe-
terization, and neutropenia. The widespread use of fluconazole as Candida pro-
phylaxis during neutropenia has decreased morbidity and mortality from invasive
Candida infections considerably. This has also resulted in the increased
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prevalence of non-albicans Candida such as C. kruseii (which is intrinsically
resistant to fluconazole) and fluconazole-resistant C. glabrata. Other Candida
species, such as C. parapsilosis, are seen in the setting of parenteral nutrition
[92].

Aspergillus and other angioinvasive molds With the use of fluconazole pro-
phylaxis, invasive mold infections, particularly invasive aspergillosis, have
become dominant fungal pathogens in the stem cell transplant population. Disease
prevalence ranges from 5 to 15 % [93, 94]. Risk factors include advanced age,
allogeneic transplant, GVHD, neutropenia, and viral infections. The emergence of
viral infections as risk factors for invasive aspergillosis has been a significant and
relatively recent development, with hazard ratios for lower respiratory tract viral
infection and CMV 4.2 and 2.8, respectively [95]. The increasing prevalence of
non-fumigatus Aspergillus species, zygomycetes (especially in those patients on
voriconazole prophylaxis), and Scedosporium apiospermum [50], combined with
the toxicities of several of the anti-mold therapies, makes aggressive pursuit of
diagnosis with biopsy, culture, or non-culture based means essential [96–103].

4.3 Viruses

Cytomegalovirus CMV seropositive recipients of grafts from seronegative donors
represent those at highest risk for disease. With increasing and successful use of
prophylaxis and preemptive strategies after HSCT, CMV reactivation is now being
seen at later time points. Lack of CMV-specific T-cell-mediated immunity after
transplant increases risk of CMV, particularly late disease [10, 104]. High-dose
acyclovir and valacyclovir can be used as prophylactic agents. Intravenous gan-
ciclovir and oral valganciclovir are also active and could be used as prophylaxis,
but marrow toxicity limits long-term use [104, 105]. If acyclovir or valacyclovir is
used as prophylactic medications, they must be combined with preemptive mon-
itoring strategies with weekly CMV monitoring (pp65 antigen or CMV PCR).

Early detection of viremia and associated end-organ disease is essential for
preventing severe CMV-associated complications. End-organ disease usually
manifests as gastroenteritis or pneumonitis, with retinitis and encephalitis less
frequently described in this population. Retinitis, when it is seen, is often present
in the late post-transplant course. Viremia and end-organ disease are both treated
with intravenous ganciclovir. Intravenous immune globulin has been used as
adjuvant therapy for pneumonitis [104]. Mortality is high, even with appropriate
therapy. Standardized therapy recommendations for gastrointestinal CMV disease
are lacking, although most would agree that longer therapy and maintenance with
ganciclovir is necessary. IVIG is not usually given for gastrointestinal disease.
Additionally, it is critical to distinguish this manifestation from GVHD. Colon-
oscopy should be pursued if safe. Recurrence rates of invasive disease are high in
the HSCT population, necessitating ongoing surveillance [10].
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Herpes simplex viruses After primary HSV infection, latency is established,
with reactivation occurring during periods of immunosuppression. HSV-1 and
HSV-2 frequently reactivate and can cause disease after HSCT, although disease
attributable to HSV-1 is more common [106]. Reactivation of HSV was common
prior to routine anti-viral prophylaxis (around 80 %), which is now given routinely
to seropositive patients. Cutaneous and mucosal lesions (including oropharyngeal
and esophageal) are the most common manifestations, although dissemination to
the brain, lungs, and liver can occur. Intravenous acyclovir therapy should be used
for visceral disease or severe mucocutaneous disease, while oral acyclovir, vala-
cyclovir, or famciclovir can be used for less serious disease. Diagnosis can be
made by culture, immunofluorescence, or PCR.

Varicella zoster virus After primary infection, VZV establishes latency in the
dorsal root ganglia and reactivates during periods of immunosuppression as herpes
zoster [106]. Prior to the use of prophylaxis, 50 % of those HSCT patients sur-
viving 6 months developed herpes zoster, with high attributable morbidity and
mortality. VZV manifests locally as a vesicular rash, with serious risk of dis-
semination to brain, lungs, and liver. Prophylaxis of seropositive allogeneic
recipients is recommended for 1 year. Initial treatment of disease should be with
intravenous acyclovir, although oral therapy can be used to finish therapy. Diag-
nosis can be made by culture, immunofluorescence, or PCR.

Epstein–Barr Virus (EBV) Primary infection with EBV occurs in childhood or
adolescence. Reactivation after transplantation is usually subclinical; however,
numerous EBV-related tumors can arise after transplant. Unlike previously noted
viral infections, prophylaxis against EBV reactivation is not recommended as it
has no impact on prevention of EBV-related post-transplant lymphoproliferative
disorders (PTLD). Monitoring by PCR is recommended in high-risk patients, and
preemptive therapy with agents such as rituximab can be considered [106]. Serial
monitoring of EBV DNA levels by PCR may be useful is ascertaining which
patients may progress to EBV-associated PTLD [107].

Human herpesvirus 6 HHV-6 exposure usually occurs during childhood. It
reactivates frequently after HSCT; therefore, its detection in the blood alone is of
unclear clinical significance. Encephalitis is the most common clinical manifes-
tation but still remains quite rare—there are approximately 40 reported cases in the
literature. Prophylaxis against HHV-6 reactivation is not recommended. Enceph-
alitis can be treated with foscarnet or ganciclovir [108]. PCR can detect viral DNA
in peripheral blood or CSF. Interesting, HHV-6 has the ability to integrate into the
host’s chromosome, although this happens in the vast minority of cases.

Adenovirus The incidence of adenovirus infection is between 5 and 21 % after
HSCT [54]. Cystitis and enteritis results in low mortality, but adenovirus pneu-
monia and hepatitis are often fatal. Cidofovir has in vitro activity and has been
used at both low and high doses though despite treatment, mortality from invasive
disease is very high. Of 687 patients who received allogeneic stem cell transplants,
adenovirus was isolated from 64 patients. It was most commonly found in stool (49
patients), respiratory specimens (22 patients), and urine. Eleven of these patients
met the criteria for invasive disease (3 had pneumonia, 1 had hepatitis, 4 had
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hemorrhagic colitis, and 3 had hemorrhagic cystitis). Eight of the 11 patients
received T-cell-depleted grafts, and all 3 with pneumonia died despite therapy.

Respiratory Viruses Respiratory syncytial virus (RSV) causes typical upper
respiratory tract infection symptoms [109]. It progresses to pneumonia in 30–40 %
patients and in this form may be fatal. Co-pathogens are identified 30 % of the time.
Ribavirin has been use for treatment with mixed results. Lymphopenia is a major risk
factor for progression to lower tract disease within the first 3 months of HSCT.

Parainfluenza also presents initially as an upper tract infection. It has four
serotypes, with serotype three being the most common. Lymphopenia and use of
corticosteroids are the risk factors for progression to lower tract disease, and like
RSV, it is often isolated with a co-pathogen. Mortality from parainfluenza pneu-
monia is around 35 %. The data on aerosolized ribavirin and IVIG in parainfluenza
are retrospective in nature and it is unclear whether their use is beneficial.

Influenza has a lower incidence than RSV and parainfluenza and importantly
can be prevented and attenuated with vaccination although response rates to
vaccines are low in the HSCT population. Anti-viral treatment is generally insti-
tuted in all HSCT patients who test positive, and chemoprophylaxis in immuno-
compromised hosts can be considered in the setting of an outbreak. Yearly
information about circulating strains and their susceptibility should be incorpo-
rated into treatment decisions, given the recent issues with resistance and the
emergence of the novel H1N1 strain during 2009.

Finally, human metapneumovirus was recently discovered. It is structurally
similar to RSV. Risk factors for disease acquisition and progression are unclear.
There are no established treatment guidelines, although ribavirin has in vitro activity.
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Infections Associated with Solid
Malignancies

Sarah H. Sutton

Abstract

Although solid tumors comprise the vast majority of cancers, the incidence of
serious infectious complications in this population is much less than in patients
with hematologic malignancies. Most infections involving patients with solid
tumors comprise two groups. First, patients acquire infections as a result of the
cancer itself, due to either mass effect that interrupts normal function or
destruction of the normal barriers to infection. Second, patients acquire
infections as a complication of the treatments they receive, such as chemo-
therapy, radiation, surgery, or medical devices. Advances in the management of
cancer have resulted in a gradual stepwise improvement in survival for patients
with most types of solid tumors. Much of this improvement has been attributed
to advances in cancer screening, diagnosis, and therapeutic modalities. In
addition, improvements in the prevention, diagnosis, and treatment of infections
have likely contributed to this prolonged survival. This review highlights select
articles in the medical literature that shed light on the epidemiology and
pathophysiology of infections in patients with solid tumors. In addition, this
review focuses upon the diagnosis and treatment of these infections and their
recent advances.
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1 Introduction

Solid tumors are defined by The National Cancer Institute (NCI) as non-cystic
masses, both benign and malignant, and include the carcinomas, lymphomas, and
sarcomas; these cancers represent the vast majority of malignancies in adults. All
ten of the most common new cancer diagnoses in US adults are solid tumors [1].
For US men alone, 9 of the top 10 cancers are solid tumors. Prostate cancer, the
most common male cancer, has an incidence 10 times greater than leukemia,
which ranks ninth in incidence [1]. Although solid tumors account for the vast
majority of cancers in adults, the incidence of severe infectious complications in
these patients is much lower than in patients with hematologic malignancies.
Nevertheless, patients with solid tumors complicated by infection comprise a large
portion of hospitalized cancer patients with infections—mainly as a result of the
high frequency of these cancers. It is necessary to interpret with caution most
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studies that include both patients with solid tumors and patients with hematologic
malignancies. Many of these studies are retrospective, represent hospitalized
patients only, and represent single institutions. Such studies are hampered by the
high prevalence of patients with solid tumors and the variable representation of
hematologic patients in each inpatient setting. Unless explicitly stated in these
articles, the incidence of infectious complications of solid tumors compared to
those with hematologic malignancies should not be estimated.

2 Immune Defects Among Patients with Solid Tumors

The function of the immune system is a major factor in determining the spectrum
of infections to which cancer patients are vulnerable. Absent in most solid tumor
patients is a distinct defect in the white blood cells or their products caused by the
cancer itself, as in patients with leukemia. Instead, comorbidities, time to cancer
diagnosis, and secondary effects of cancer subtly influence the strength of the
immune system. Comorbidities such as chronic obstructive pulmonary disease
(COPD) and poor dentition may increase infection risk at presentation and
throughout therapy. Because solid tumor patients often have indolent presentations
and prolonged treatment courses, malnutrition and cancer cachexia may be severe.
Malnutrition weakens both the innate and adaptive immune responses. Both the
innate and the adaptive immune systems may be altered somewhat in the patient
with a solid tumor, although the impact of cancer and its therapies upon the innate
immune system is better understood.

The innate immune system, which includes the skin and mucosal barriers to
infection as well as phagocytes, natural killer cells, and complement, is damaged
in those with solid tumor as a direct and indirect result of the cancer as well as
from its therapies. Specific to each cancer type, tumor location, size, and the
presence or absence of metastasis, solid tumors may increase the risk of infection
by their mass effect. When the physiologic flow of biliary or pancreatic fluids,
enteral contents, or urinary fluids is disrupted or obstructed, abscess, bacteremia
or, in the case of enteral obstruction, an aspiration event may result. Also, the
cancer itself may disrupt the normal physical barriers to infection such as skin or
mucosa. Thus, infection may develop as a result of an injured physiologic barrier.
For example, patients with colon cancer are at increased risk of bacteremia,
peritonitis, or colon perforation as a result of such a defect. Many patients with
solid tumors undergo surgical interventions, and a growing number undergo
procedures performed in interventional radiology. Normal physiologic barriers are
often crossed, leaving normally sterile tissues and organs vulnerable to coloniza-
tion and infection by pathogens. The local injury, ischemia, and necrosis caused by
radiation therapy may further increase the risk of infection.

Chemotherapy and radiation may result in decreased number of circulating
neutrophils. A subset of solid tumor patients receive intensive chemotherapy that
is complicated by neutropenia, but typically the period of neutropenia is brief. As a
result of the brevity of neutropenia, many neutropenic solid tumor patients are
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considered low risk for significant infectious morbidity and mortality. The duration
of neutropenia alters the frequency of serious infection as well as its spectrum.
Short periods of neutropenia place patients at risk for gram-positive and gram-
negative bacterial infections and fungal infections. Prolonged neutropenia is
extremely rare in solid tumor patients in the absence of hematopoietic stem cell
transplantation (HSCT); as a result, solid tumor patients are much less prone to
diseases such as invasive aspergillosis (IA), mucormycosis, Pneumocystis jiroveci,
and disseminated cytomegalovirus (CMV) infection.

In the 1970s, when the critical importance of empiric treatment of neutropenic
fever was proven, it was recognized that cancer patients had significant infectious
morbidity and mortality even with normal granulocyte counts. For solid tumor
patients, the portion of febrile episodes that had an infectious etiology identified
was a significant minority. In a prospective study of 1,001 fever episodes in
hospitalized pediatric and young adult hematology–oncology patients undergoing
chemotherapy, Pizzo et al. [2] attempted to identify an infectious source for each
febrile episode. Work-up included history, physical, urinalysis, blood cultures, and
chest X-ray. Among non-neutropenic patients, Pizzo et al. [2] identified infectious
sources in solid tumor patients in 17 of 112 episodes (15 %), in 7 of 40 (17 %)
lymphoma patients, and 12 of 56 (21 %) leukemia patients. In a review of hos-
pitalized bacteremic and fungemic episodes in patients with solid and liquid
tumors at a tertiary cancer center, investigators reported a 26.6 % mortality rate for
192 non-neutropenic episodes of sepsis in solid tumor patients [3]. As treatment
regimens for these malignancies become more aggressive, the role of infection in
these patients is likely to grow.

The presence of a solid tumor may have deleterious effects upon the adaptive
immune system, but these are poorly understood. For example, depressed CD4 and
CD8 lymphocyte counts have been measured in solid tumor patients [4], but the
clinical significance of these abnormalities remains unclear. Severe lymphopenia
appears to increase the risk of developing two very rare but life-threatening
infections among solid tumor patients, P. jivoreci pneumonia and IA.

In summary, patients with solid tumors at presentation represent a heterogeneous
population of underlying immunocompromise; modern cancer therapy typically
combines multiple modalities that commonly injure the immune system further.

3 Healthcare-Associated Infections

Patients with solid tumors are at risk of becoming colonized with resistant organ-
isms often associated with healthcare settings. Modern cancer treatment commonly
includes multiple modalities—chemotherapy, surgery, and radiation—and takes
place in both inpatient and outpatient healthcare settings. As a result of antibiotic
therapy and increased exposure to healthcare settings and healthcare workers, solid
tumor patients are at increased risk of becoming colonized with Clostridium diffi-
cile, methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant
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enterococci (VRE), Candida spp., and resistant gram-negative organisms. Recent
increasing resistance among gram-negative organisms is particularly alarming. For
example, heathcare-associated Klebsiella pneumoniae with carbapenemases and
multi-drug-resistant Pseudomonas aeruginosa are becoming widespread. Selection
of empiric antibiotics should be based on the vulnerabilities of the host, the clinical
presentation, and the antibiograms of the institution and setting (intensive care unit,
ward, or clinic). The presence of highly drug-resistant pathogens in healthcare
settings has increased the importance of obtaining appropriate cultures upon initial
presentation of an acutely ill oncology patient. The possibility of clinical failure of
routine broad empiric antibiotic coverage is growing.

4 Bloodstream Infections

Spanning almost all patients with cancer is the elevated risk of bloodstream
infections. For solid tumor patients, the risk of significant bacteremia and funge-
mia is lower than for patients with hematologic malignancies. Mayo and Wenzel
[5] found that nosocomial bloodstream infections were 15 times less likely in solid
tumor patients than leukemia patients. Elting et al. [6] reported that polymicrobial
sepsis was 16 times less common per patient admission in patients with solid
tumors than patients with acute leukemia. Chronic venous access devices (Fig. 1)
are the source of most bacteremia and fungemia in cancer patients. Raad et al. [7]
followed all cancer patients at a single tertiary cancer center over a 14-month
period that had paired quantitative blood cultures drawn, one from a central venous
catheter and one from a peripheral vein. They found 169 cancer patients with
bacteremia or fungemia, 56 % of which were catheter-related. The majority of
patients with both solid malignancies and liquid malignancies had gram-positive
isolates. The source of gram-negative isolates, however, differed significantly
between patients with solid tumors and those with hematologic malignancies.
Sixty percent of the gram-negative isolates from solid tumor patients were cath-
eter-related; in contrast, only 19 % of hematologic patients had isolates that
appeared to come from the catheter (p = 0.01) [7]. In a large retrospective study,
Ghanem et al. [8] compared complications of cancer patients with S. aureus
catheter-related bacteremia. Solid tumor patients were more likely to have septic
thrombosis; hematologic cancer patients were more likely to have sepsis, multi-
organ failure, and death. Aggressive infection control and technologic advances in
long-term venous devices will further reduce the rate of healthcare-related bac-
teremia and fungemia [9].

In addition to catheter-related bloodstream infections, cancer patients are sus-
ceptible to non-catheter-related bloodstream infections. A retrospective study at a
tertiary care center found solid tumor patients comprised 63 % of the 122 cancer
patients with Streptococcus pneumoniae bacteremia, including 14 % with
lymphomas [10]. A significant majority of these bacteremic episodes were con-
sidered community-acquired. Most had evidence of pneumonia at presentation,
suggesting the respiratory tract was the primary source of infection.
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5 Neutropenic Fever

Evaluation of solid tumor patients with neutropenic fever requires timely face-to-
face healthcare evaluation, laboratory work including blood cultures, chest X-ray,
and thoughtful medical decision making. Urgent empiric antibiotic therapy is
instituted while the initial evaluation is performed, and a decision about hospital-
ization must be made. For the febrile neutropenic cancer patient, empiric antibiotics
should include coverage of gram-positive bacteria and gram-negative bacteria,
including P. aeruginosa. The 2010 Infectious Disease Society of America (IDSA)
Clinical Practice Guideline for the Use of Antimicrobial Agents in Neutropenic
Patients with Cancer [11] emphasizes that individualized risk of serious infectious
complication plays a large role in determining the initial level of care and mode of

Fig. 1 A 62-year-old woman with recurrent breast cancer following surgery, radiation, and
chemotherapy was admitted to the hospital with several days of malaise, myalgias, and blurred
vision. She was febrile to 39.4 �C and pus could be expressed from her percutaneously inserted
central venous catheter (PICC) site. Conjunctival hemorrhages (a) and purpuric skin lesions
(b) were evident. Retinal exam also identified multiple chorioretinal abscesses. PICC line site,
catheter tip, and blood cultures were positive for methicillin-resistant Staphylococcus aureus.
A transesophageal echocardiogram showed no evidence of cardiac valvular vegetations.
Nevertheless, a presumptive diagnosis of endocarditis was made, and she responded to 6 weeks
of intravenous vancomycin

376 S. H. Sutton



antimicrobial treatment; most of the patients who are potentially low risk are
patients with solid tumors. Low-risk patients are likely to have neutropenia for less
than 7 days, have no hypotension, have few or no comorbidities, have normal renal
and hepatic function, have no evidence of disseminated or local infection upon
acute evaluation, and are able to take oral medications. Low-risk patients may
receive brief courses of parenteral antibiotics if fever resolves quickly and no
evidence of focal or disseminated infection is identified; the patient then may be
changed to oral antibiotics until the neutropenia resolves [11]. If a source of
infection is identified, the organism and site of the infection determines the length
and route of antimicrobial therapy. Antibiotic coverage is also typically continued
until the ANC is[500 cells/mm3 and rising. Because their risk of severe infectious
morbidity and mortality is substantially lower than for high-risk patients, low-risk
patients may be candidates for oral antibiotic therapy, as inpatients or outpatients, as
long as daily evaluation by the healthcare team is assured. If a low-risk patient
receives oral antibiotics, typically ciprofloxacin and amoxicillin–clavulanate, but
fevers persist for 48 h, inpatient re-evaluation is necessary and intravenous anti-
biotics should be instituted [11]. Historically, low-risk patients have not received
antibacterial or antifungal prophylaxis; results of the 2005 SIGNIFICANT trial
represent progress in our understanding of antibiotic prophylaxis for inpatients on
chemotherapy for a wide range of solid tumors [12]. In the SIGNIFICANT trial, a
large prospective randomized double-blind placebo-controlled study of exclusively
patients with solid tumors, patients receiving oral levofloxacin during anticipated
periods of chemotherapy-related neutropenia had fewer episodes of fever and fewer
probable infections when compared to placebo [12]. Of note, less than 10 % of the
patients enrolled had chronic central lines, few had prior chemotherapy courses, and
few had prior radiation therapy; thus, one should be cautious about generalizing
these encouraging results to patients with central lines or extensive previous cancer
therapy. Furthermore, the impact of use of prophylaxis on the development of
resistance could not be evaluated. In an era of increasing fluoroquinolone use, the
efficacy and/or benefit of such prophylactic regimens may decrease with time.

6 Infectious Complications of Lung Cancer Patients
and Pulmonary Complications of Patients with Solid
Tumors

Lung cancer is the second most common new cancer diagnosis in the United
States, behind prostate cancer for men and breast cancer for women [1]. In 2007,
the number of men and women living in the United States with lung cancer or a
history of lung cancer was approximately 370,617 [1]. Infection plays a potentially
critical role in the outcome of patients with lung cancer. The lung must continue to
function as an organ of gas exchange during and after cancer therapy. Exposure to
the external environment, and the attendant risk of exposure to infectious patho-
gens, must be maintained for gas exchange to occur. In addition, the lung serves as
a vast vascular bed, and hematogenous seeding by bacteria and fungi can occur,
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although infrequently. The lung’s defenses against these insults may be impaired
by lung cancer and its treatment.

The lung cancer patient has altered host defenses in several ways. Host defenses
of the respiratory system diminish with age [13, 14], and most lung cancer
develops in older adults. According to the NCI, approximately 70 % of cases are
diagnosed among those 65 years or older [1]. Age-dependent changes that pre-
dispose to respiratory infections include an increased tendency to aspirate,
decreased cough reflex, decreased mucociliary clearance, and increased oropha-
ryngeal colonization by aerobic gram-negative bacilli [15]. Increasing age is also
associated with decreased cellular and humoral immunity. In addition, there are
changes that are associated with the cancer itself. The most apparent is local
bronchial obstruction by a tumor mass, leading to impaired clearance of respira-
tory secretions. Lung cancer, particularly with advanced disease, has also been
associated with diminished delayed cutaneous hypersensitivity reactions [16]. The
lung cancer patient may present with one or more serious comorbidities such as
COPD, malnutrition, and persistent tobacco use, each of which can prolong the
need for ventilatory support or require tracheostomy. Such complications can
increase pulmonary and non-pulmonary infection risks. Finally, treatment of lung
cancer can increase infection risk. Most patients with stage I and II non-small-cell
carcinoma of the lung undergo surgery. In a study of 103 such patients, the risk of
post-thoracotomy pneumonia was 22 % [17]. Small cell lung cancer patients, and
recently some non-small-cell lung cancer patients, have disease that can be
responsive to chemotherapy and radiation; therapy-related immunosuppression
and injury can increase infection risk, particularly in the lung. Monoclonal anti-
bodies and receptor blockers such as bevacizumab and cetuximab are now being
used in some non-small-cell lung cancers as single agents or as components of
combination chemotherapy. Both of these drugs have been associated with
increased risk of infections. Bevacizumab has been associated with increased risk
of intestinal perforation when used in combination with other agents [18]. Skin
reactions occur frequently in patients who receive cetuximab; these patients may
be at increased risk of colonization and thus infection with S. aureus [18].

6.1 Bacterial Infections

Pneumonia is a common diagnosis among patients with solid tumors. Etiologies
include community-acquired organisms such as Legionella spp. [19], S. pneumoniae,
and Haemophilus influenzae. Among atypical organisms, Legionella spp. are
known to cause severe life-threatening pneumonia. Having a cancer diagnosis as well
as receiving corticosteroids was associated with an elevated case fatality rate in a
recent Spanish study of adults with Legionella pneumonia [20]. The risk of legio-
nellosis in solid tumor patients, both community-acquired and healthcare-associated,
is not known.

Lung cancer patients are predisposed to develop focal lung infections secondary
to bronchial obstruction by the tumor. In a review of 579 hospitalized patients with
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lung cancer at a Japanese university hospital over 15 years, 139 (24 %) developed
respiratory infections, most of which were bacterial [21]. Patients with extensive
disease were more likely to develop pulmonary infection than those with cancer at
early stages. Twenty-seven percent of the pneumonias were post-obstructive by
chest radiograph [21]. Several older studies documented the simultaneous diag-
noses of lung cancer and bacterial pneumonia, lung abscess, or empyema. Strang
and Simpson [22] reported 70 patients with lung abscesses among 1,930 patients
with a lung cancer diagnosis in Great Britain over an 11-year period, an incidence
of 3.6 %. In many cases, partial obstruction by tumor led to post-obstructive
atelectasis and pneumonia. In a minority of cases, infection occurred secondarily
within an area of tumor necrosis. Rarely, when an abscess was found distant to the
tumor, aspiration was thought to be its etiology. Patients generally presented with
the abrupt onset of cough productive of sputum, fever, and chest pain. A subset
presented in a more indolent manner, with weight loss and anorexia as prominent
symptoms. Sputum cultures were usually polymicrobial. In contrast to most
patients with simple abscesses who improved with penicillin, most patients with
cancer and abscess did not show clinical benefit or radiologic improvement after
penicillin therapy alone [22].

Post-obstructive pneumonias are thought to develop secondary to partial
obstruction of an airway with overgrowth of bacteria distal to the obstruction;
however, this may be simplistic. Other factors likely contribute to the risk of
pneumonia associated with an endobronchial tumor. The organisms recovered
from lung abscesses secondary to obstructing tumor are frequently more virulent
than those recovered from primary lung abscesses. In a review of 97 lung
abscesses, Perlman and associates [23] found that S. aureus and gram-negative
enteric organisms were recovered from patients with underlying lung cancer more
often than those without lung cancer. Cultures from primary abscesses (non-cancer
patients) were more likely to reflect normal upper respiratory flora, especially
alpha-hemolytic streptococci. This shift to more virulent organisms in the lung
abscesses of cancer patients likely results from aspiration of altered oropharyngeal
flora. Oropharyngeal colonization changes during illness, probably due to altera-
tions in epithelial cell surface receptors, resulting in increased proliferation of
aerobic gram-negative rods. Empyema occasionally complicates post-obstructive
pneumonia. In a review of 105 cases of empyema, only 7 (6.7 %) were associated
with post-obstructive pneumonia secondary to bronchogenic carcinoma [24].
Kohno et al. [21] reported only 2 empyemas among 148 episodes of pulmonary
infection in hospitalized patients with lung cancer.

Empiric therapy for post-obstructive pneumonia or abscess should include cov-
erage of S. aureus, aerobic gram-negative bacilli, and anaerobes. A variety of
antibiotic regimens may be appropriate and should be guided by the results of sputum
gram stains (and later cultures), previous antibiotic exposure (especially recent), and
knowledge of local (community and institutional) antibiotic susceptibility patterns.
Usual lung abscess treatment (e.g., clindamycin) may be adequate if cultures fail to
identify aerobic gram-negative bacilli. Prolonged therapy may be required when
bronchial obstruction prevents adequate drainage of the infected lung.
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6.2 Mycobacterial Infection

The frequency of mycobacterial disease may be increased in patients with cancer. In
a retrospective review at M. D. Anderson in Houston, Texas, the incidence of
mycobacterial disease among their cancer patients was 65 cases per 100,000 per-
sons, in comparison with 45 cases per 100,000 among Texans age 45–65 years old
[25]. Kaplan et al. [26] reviewed 201 cases of tuberculosis (TB) that developed in
cancer patients at Sloan-Kettering Cancer Center over 20 years. Lung cancer
patients had the highest prevalence, 920 per 100,000, among solid tumor patients,
which was second only to Hodgkin’s disease overall. Lung cancer and head and
neck cancer patients were more likely to present with tuberculosis at the time of
cancer diagnosis; patients with the other neoplasms were more likely to develop
tuberculosis while receiving cancer therapy [26]. A recent study from MD
Anderson Cancer Center concluded that foreign-born cancer patients, head and
neck cancer patients, and hematologic cancer patients are at elevated risk of
developing reactivation tuberculosis; the risk of reactivation TB was not increased
among routine solid tumor patients when the two former groups were excluded [27].
The Center for Disease Control and Prevention’s (CDC) guideline for treatment of
patients with latent TB recognizes the most inclusive 5-mm cutoff for positive PPDs
for those with an abnormal chest X-ray suggestive of prior pulmonary TB, the
foreign-born from TB-endemic countries, and those who are receiving immuno-
suppressive therapy [28]. The guideline recognizes as positive those who have a
PPD at C10 mm among patients with leukemia, lymphoma, carcinoma of the head
and neck, and lung cancer [28]. The remaining individuals, including patients with
many other types of solid tumors, qualify for a positive PPD at C15 mm [28].

Historically, two mechanisms of tuberculosis reactivation in lung tumor patients
have been invoked: First, tumor can break down granulomas harboring sequestered
mycobacteria or second, malignancy-associated cachexia may impair cell-mediated
immunity, resulting in reactivation [29]. As therapy for lung cancer has become
more aggressive, chemotherapy-related immunosuppression may contribute to
reactivation. In a population with high baseline rates of tuberculosis, autopsy data
revealed that corticosteroids plus antineoplastic agents increased the incidence of
mycobacterial infection compared with antineoplastic agents alone [30]. Of the 304
Japanese patients who died with lung cancer, five died of tuberculosis [30]. In the
majority of these cases, there had been evidence of latent tuberculosis at the time of
lung cancer diagnosis. Four of the five deaths secondary to active tuberculosis
involved patients who had recent corticosteroids added to their chemotherapy.

A high index of suspicion for tuberculosis in a cancer patient is indicated if the
patient’s history or epidemiological background suggests prior exposure or if
unexplained or rapidly progressive pulmonary symptoms, signs, or chest X-ray
findings develop. Increased concern for mycobacterial infection may be warranted
in a cancer patient with fevers and new pulmonary infiltrates if glucocorticoids are
part of a patient’s active or recent medications. At diagnosis of solid tumor dis-
ease, we recommend that a tuberculin skin test be placed. Gamma interferon
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release assays such as the QuantiFERON�-TB Gold (QFT-G) have not been
validated for patients with lung cancer and other solid tumors. One should consider
sending biopsy material and respiratory specimens for acid-fast bacilli (AFB) stain
and culture regardless of tuberculin skin test status or QFT-G result. If the patient
is determined to have latent tuberculosis, treatment with daily isoniazid along with
pyridoxine for 9 months is indicated. If a patient has been previously adequately
treated for latent tuberculosis, a repeat course of isoniazid is not recommended.
Whenever AFB are identified on smears or histopathology or when mycobacteria
are identified in respiratory cultures, therapy for presumed active pulmonary
tuberculosis is indicated. Some of these smears or cultures will prove to represent
contamination of specimens by non-pathogenic mycobacteria (e.g., M. gordonae)
and therapy can be discontinued. Some others may prove to represent true
infection caused by atypical organisms (e.g., M. kansasii or M. avium-intracel-
lulare) and therapy can be altered appropriately.

6.3 Fungal Infection

Aspergillus spp. causes three general types of disease: invasive, allergic, and
saprophytic. Solid tumor patients who are not stem cell transplant recipients are
not considered at high risk of developing IA. As a result, the significance of
isolating an Aspergillus species from a respiratory specimen must be evaluated
individually. Furthermore, because of the low incidence of IA in this population,
most solid tumor patients do not receive empiric antifungal prophylaxis. In a
retrospective collection of all the cases of IA in solid tumor patients spanning
1993–2003 at a tertiary cancer center, there were only 13 proven or probable cases
[31]. Nine of the 13 had pulmonary disease. Excluded were 14 cases in which
patients had positive Aspergillus spp. in respiratory specimens but were asymp-
tomatic or in which a copathogen was isolated that explained the patient’s pre-
sentation. Risk factors for development of IA were exposure to glucocorticoids
within 30 days of diagnosis and lymphopenia. Recent neutropenia was not a risk
factor for developing IA, unlike for those with hematologic malignancies.
Radiologic findings were either nodular or cavitary infiltrates. Almost all of these
patients responded well to antifungal agents, with much lower 6-week mortality
than is seen in leukemia patients. Less than one percent of autopsies of solid tumor
patients performed during the same period were found to have IA, in contrast to
over 17 % of those with hematologic malignancies [31].

Cases of focally invasive Aspergillus infection are scattered throughout the lit-
erature, represented in individual case reports of relatively immunocompetent lung
cancer patients. In these cases, necrotic tumor itself serves as the substrate in which
Aspergillus spp. germinates, colonizes, and/or invades. Saprophytic colonization
near or within the tumor appears to be the most common presentation in relatively
immunocompetent lung cancer patients. Smith and Bveneck [32] noted that these
focal Aspergillus spp. infections rarely cause life-threatening hemorrhage and
uncommonly form fungal balls, in contrast to post-tuberculous aspergilloma.
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Symptoms from a growing tumor may result in an earlier recognition of Aspergillus
spp. infection than post-tuberculous cases, before complications associated with
more long-standing infection can develop. As a result, aspergillomata forming in
the presence of lung cancers have rarely been described. In one case, misdiagnosis
contributed to development of a fungal ball over several months. A 61-year-old
male presented with hemoptysis and a multiloculated cystic lung lesion; over the
next several months, while the patient was treated empirically for tuberculosis, a
fungal ball developed within the cystic cavity [33]. At lobectomy, a mass of A.
fumigatus was found within a previously undiagnosed necrotic, cavitating adeno-
carcinoma. No evidence of tuberculosis was identified. Only rarely is focal fungal
disease detected at the site of the tumor prior to any cancer therapy.

Most IA infections in solid tumor patients, however uncommon, are much more
aggressive, developing in the setting of intensive immunosuppression associated
with chemotherapy and/or radiation therapy. Aspergillus spp. pneumonia may vary
according to the intensity of chemotherapy and duration of neutropenia. At
Memorial Sloan-Kettering Cancer Center, a retrospective study noted twice as
many Aspergillus spp. infections during 1969–1970 as during 1964–1965 [34]. Of
the 93 collected cases of Aspergillus spp. infection in cancer patients, 14 involved
solid tumor patients. Like the affected leukemia and lymphoma patients, the solid
tumor patients who developed invasive Aspergillus spp. were more likely to have
leukopenia or a history of recent chemotherapy or corticosteroid therapy. A
common presentation was the abrupt onset of unremitting fever and pulmonary
infiltrates that did not respond to broad-spectrum antibacterial therapy.

The role of corticosteroids, whether exogenous or endogenous, in the devel-
opment of IA is illustrated by the following cases. Borkin et al. [35] reported a
case of a 53-year-old male with history of adenocarcinoma of the left lung, fol-
lowing resection, who presented with brain metastasis. He was placed on dexa-
methasone; 5 weeks later, he developed fever and right chest pain while
hospitalized for brain irradiation. Chest X-ray showed a dense right lower lobe
infiltrate. He developed respiratory distress over 2 days and subsequently died
after massive hemoptysis. Sputum cultures grew A. fumigatus, among other
pathogens. Autopsy revealed necrotizing pneumonia of the right lung; micro-
scopically, vascular invasion by fungal hyphae was seen. No evidence of malig-
nancy was found in the lung. Smith et al. [36] reported a case of a 47-year-old
male who presented with a 3-month illness associated with a 19-kg weight loss and
a 2-week history of cough. He was found to be grossly cushingoid in appearance.
A chest X-ray demonstrated a right hilar mass, a focal infiltrate, and lymphade-
nopathy. Hemoptysis prompted a transbronchial biopsy that revealed invasive
pulmonary aspergillosis. Small cell carcinoma was found on bone marrow
examination. The Cushing syndrome was attributed to ectopic hormone secretion
by tumor. Following his death on the ninth day of hospitalization, autopsy showed
widespread fungal abscesses.

Animal models have demonstrated the impact of corticosteroids on clearance of
an aerosol challenge of Aspergillus spores [37]. The macrophages of untreated
control mice effectively phagocytized the spores and the animals remained healthy.
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The macrophages of mice receiving corticosteroids failed to effectively phagocytize
spores. The Aspergillus spores germinated and produced invasive hyphae; hemor-
rhagic bronchopneumonia developed and the majority of animals died.

Sputum cultures that demonstrate Aspergillus spp. in an immunocompetent
patient with deteriorating pulmonary status or new infiltrates should prompt a more
thorough investigation for evidence of invasive disease. In severely immunosup-
pressed individuals with deteriorating pulmonary status or new infiltrates, recovery
of Aspergillus spp. from the respiratory tract should prompt empiric antifungal
therapy. If possible, immunosuppressive therapy should be discontinued. Lipo-
somal amphotericin is often given empirically until mucormycosis is ruled out.
Voriconazole is the usual therapy for IA. Mucormycosis is extremely rare in
patients with solid tumors unless they are undergoing HSCT.

Other fungal infections have been noted rarely in patients with lung cancer, but
no clear association has been made. These have included blastomycosis [38],
candidal infections, and cryptococcosis. In a survey of 170 Veterans Affairs
hospitals over 12 years, 198 cases of blastomycosis were found; only 3 had
underlying bronchogenic carcinoma and 2 had metastatic lung lesions [39]. Iso-
lation of Candida spp. from the lung has proved to be airway colonization in most
cases. Thirty-one cases of Candida pneumonia, however, were documented by
autopsy over a 20-year period at the MD Anderson Cancer Center [40]. Sixteen
(52 %) of these cases had underlying solid tumors; the remainder had hematologic
malignancies. Associated with the development of Candida pneumonia were
broad-spectrum antibiotics (28 patients), corticosteroid therapy (15 patients), and
neutropenia (9 patients).

6.4 Pneumocystis jiroveci Pneumonia

The risk of acquiring P. jiroveci pneumonia (PCP) in non-AIDS patients appears to
be highest in patients with hematologic malignancies, chronic high-level gluco-
corticoid exposure, or lymphopenia. PCP is a rare but recognized risk in immuno-
suppressed solid tumor patients. In a recent retrospective study of cancer patients at
MD Anderson Cancer Center, the incidence of PCP pneumonia for solid tumor
patients was 16 cases per 100,000 patients; the incidence for patients with hema-
tologic malignancies (including lymphoma) was approximately eleven times greater
[41]. Yale and Limper [42], in a review of 116 non-AIDS patients with PCP at the
Mayo Clinic, reported that 13 % had underlying solid tumors, 30 % had hematologic
malignancies, 25 % had received organ transplants, and 22 % had inflammatory
disorders. The underlying solid tumors included brain tumors, lung carcinoma,
breast carcinoma, colon carcinoma, renal cell carcinoma, and melanoma.

Accumulated evidence from human and animal studies documents that chronic
corticosteroid administration is a significant risk factor for PCP. The animal model
of PCP is based on the fact that rats routinely develop progressive PCP when
treated with corticosteroids [43, 44]. A review of 142 PCP cases in non-AIDS
cancer patients at Memorial Sloan-Kettering Cancer Center reported that 31 % had
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underlying solid tumors and 67 % had hematologic malignancies [45]. Eighty-
seven percent of these patients had been on corticosteroids within 3 months of
PCP diagnosis. Sixty-eight percent of the solid tumor patients who developed PCP
in the aforementioned study by Torres et al. [41] had received corticosteroids in
the month prior to PCP diagnosis. In some patients, the development of symp-
tomatic PCP may be associated with tapering of chronic steroids [46, 47]. The
mechanism by which chronic steroid use predisposes to PCP is unclear. Chronic
corticosteroid therapy causes CD4 cell depletion and impaired macrophage
function, which may allow the development of PCP infection while limiting the
host inflammatory response. Withdrawal of steroids may remove the anti-inflam-
matory effects before the immunosuppressive effects have resolved, leading to
clinical exacerbation.

In general, the presentation of PCP in non-AIDS patients is more acute than in
AIDS patients, yet the load of organisms in the lung is lower. Kovacs et al. [48]
found that prior to presentation, non-AIDS patients had a median duration of
pulmonary symptoms of 5 days (range, 1–42 days), whereas AIDS patients had a
median duration of 28 days (range, 1–270 days). Non-AIDS patients were more
likely to have fever and severe hypoxemia and showed a wider range of respiratory
rates. In the report by Henson et al. [46], brain tumor patients with PCP had
pulmonary symptoms a median of 7.4 days before admission (range, 1–30 days).
Of 10 patients, 8 had dyspnea and 6 had fever. Chest X-rays upon admission varied
from normal (n = 1), to an isolated focal infiltrate (n = 2), to diffuse or bilateral
infiltrates (n = 7). Lactate dehydrogenase levels were elevated, ranging from 336
to 1,284 U/L (median 510 U/L). Non-AIDS patients with PCP, and specifically
those with solid tumors, have a 10-fold lower organism load than AIDS patients
with PCP [49]. While the low organism load may reduce the diagnostic yield of
bronchoscopy, it does not appear to reduce the severity of illness. In the series
reported by Yale and Limper [42], 7 of 15 patients with PCP and underlying solid
tumors developed respiratory failure and died. In Kovacs et al. [48], the survival of
AIDS and non-AIDS patients presenting with PCP was not significantly different
(57 and 41 %, respectively).

Solid tumor patients with severe cell-mediated immunosuppression, for
example, those who are severely malnourished, HSCT recipients, and those who
receive chronic corticosteroids, are candidates for PCP prophylaxis (trimethoprim-
sulfamethoxazole, dapsone, atovaquone, or monthly aerosolized pentamidine).
Individuals receiving chronic steroid therapy, especially high-dose therapy, should
continue on PCP prophylaxis during steroid tapering [50].

6.5 Viral Infection

Viral pneumonia is a rare cause of infectious complications in solid tumor patients.
Camazine et al. [51] reported three cases of herpes simplex virus (HSV) type 1
pneumonia occurring in patients who had undergone recent thoracotomy for car-
cinoma involving the lung. A 52-year-old female presented with fever and
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hypoxemia on postoperative day two following thoracotomy for pulmonary
metastasis of rectal carcinoma, a 72-year-old male developed fever and hypoxemia
on postoperative day three after thoracotomy for squamous cell carcinoma of the
lung, and a 72-year-old male with mesothelioma presented with fever, hypoxemia,
and respiratory failure on postoperative day four. Two of the three patients
developed diffuse interstitial infiltrates; one developed a focal, progressive infil-
trate. Respiratory cultures were positive for HSV and, in one case, CMV as well;
no other pathogens were isolated. Bronchial washings revealed intranuclear
inclusions consistent with HSV infection. All three patients responded promptly to
acyclovir. The authors recommended delaying cardiothoracic surgery in the
presence of perioral HSV lesions.

Significant immunosuppression, similar to that experienced by organ transplant
patients and HSCT patients, appears to be necessary to develop pneumonia sec-
ondary to CMV, respiratory syncytial virus (RSV), parainfluenza virus, and ade-
novirus. Solid tumor patients undergoing HSCT are at risk for these infections.

Although non-transplant solid tumor patients do not appear to have increased
susceptibility to severe influenza infection, all cancer patients are encouraged to
receive annual influenza vaccination. The antibody response to influenza vacci-
nation in solid tumor patients appears to be variable yet fairly comparable to non-
cancer patients [52, 53]. Routine annual vaccination is recommended, and
S. pneumoniae vaccination is recommended.

6.6 Non-infectious Causes of Pulmonary Infiltrates in Solid
Tumor Patients

Radiation pneumonitis typically presents 3–4 months after irradiation with insid-
ious onset of non-productive cough, fever, and shortness of breath [54]. Symptoms
frequently become apparent when corticosteroids are tapered [55]. Physical find-
ings are uncommon but include pulmonary consolidation, pleural friction rub, or
pleural effusion [55]. When patients become symptomatic, radiologic changes are
evident and are almost always precisely limited by the edges of the radiation field.
During the period 2–4 months after irradiation, many more individuals develop
abnormalities on chest X-ray than develop symptoms. Ground glass opacification
or haze is common in the early stages [55], possibly followed by dense infiltrates.
Because radiation pneumonitis can respond dramatically to steroids, diagnosis is
clinically important. Some chemotherapeutic agents, such as actinomycin D and
adriamycin, have been associated with reactivation of radiation pneumonitis [56].

Other non-infectious causes of pulmonary infiltrates in patients with lung
cancer include congestive heart failure, pulmonary emboli, pulmonary hemor-
rhage, adult respiratory distress syndrome, drug toxicity, chemical aspiration, and
progression of tumor.
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6.7 Evaluation and Management

Delay in starting empiric antibiotics for pneumonia and sepsis has been associated
with increased morbidity and mortality; as a result, broad antibiotic coverage is
typically started in a patient with fever, respiratory distress, and/or pulmonary
infiltrates, regardless of whether a patient has cancer. Commonly, lung cancer
patients would receive coverage for MRSA, MSSA, expanded gram-negative
coverage, anaerobes, and atypical pneumonia organisms.

There have been recent advances in non-invasive methods of determining the
etiology of pulmonary infections in solid tumor patients; for patients with mod-
erate immunocompromise such as patients with a solid tumor and chronic corti-
costeroids, an early invasive study should not be delayed awaiting these results.
S. pneumoniae urinary antigen and L. pneumophila urinary antigen have become
routine tests for patients with acute pneumonia who can produce urine. Similarly,
Histoplasma urine antigen and Blastomyces urine antigen should be sent, partic-
ularly if nodular infiltrates, cavities, and mediastinal lymphadenopathy are present.
Serum and respiratory assays have not been validated as a test to detect IA in solid
tumor patients. The precise role of PCR for PCP is under investigation. Because
routine PCR is extremely sensitive, such that even colonization with PCP is
detected, the technique of real-time PCR, which quantitates the load of PCP,
shows promise [57–59]. PCR testing of oropharyngeal washings, blood, and serum
is also under investigation [59]. Interferon-gamma release assays for M. tuber-
culosis such as QFT-G have yet to be validated among immunocompromised hosts
such as solid tumor patients.

The urgency with which diagnosis of pulmonary infiltrates in a lung cancer
patient must be made depends upon the level of immunosuppression. The rela-
tively immunocompetent patient with lung cancer is more likely to develop focal
infiltrates. These patients may benefit from a CT scan of the chest with intravenous
contrast to better define the extent of disease and facilitate obtaining a biopsy.
Sputum for gram stain, culture, AFB smear, mycobacterial culture, and fungal
culture should be obtained. A tuberculin skin test should be placed. Video-assisted
transthoracic surgery (VATS) (if the lesion is located peripherally), bronchoscopy
with bronchoalveolar lavage (BAL), and transbronchial biopsy (TBB) are options
for rapid diagnosis. If tissue is obtained, aerobic, anaerobic, fungal, and myco-
bacterial studies, as well as cytology, are indicated. Because fungi can colonize the
airways of relatively immunocompetent individuals, reviewing the biopsy with a
pathologist may be necessary to determine whether tissue invasion is present,
indicating disease.

Diffuse pulmonary infiltrates typically occur in lung cancer patients with severe
immunosuppression. A lung cancer patient who is severely malnourished, neu-
tropenic, or receiving high-dose corticosteroid therapy who develops pulmonary
infiltrates should undergo an urgent diagnostic procedure. Diffuse pulmonary
infiltrates are more likely to be secondary to infection when the patient has
received chemotherapy, when fever develops with the radiographic changes, and
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when the radiographic changes occur rapidly [60]. Nevertheless, clinical presen-
tation is not predictive enough to direct therapy with confidence. In the setting of
diffuse pulmonary infiltrates and immunosuppression, an invasive diagnostic
procedure (BAL, TBB, or open lung biopsy (OLB)) should be considered early in
the clinical course. Meanwhile, specimens of blood and sputum (if accessible)
should be sent for bacterial, fungal, and mycobacterial cultures. Because viruses
commonly cause diffuse pulmonary infiltrates in the setting of severe immuno-
suppression, a nasopharyngeal, oropharyngeal swab, or lower respiratory sample
should be sent for a PCR-based viral panel including influenza, parainfluenza, and
RSV. A broad panel now available tests the latter three viruses plus adenovirus,
metapneumovirus, and rhinovirus. Bronchoscopy with BAL is often utilized as the
first-line diagnostic procedure in the immunosuppressed patient with new diffuse
pulmonary infiltrates. Specific studies of solid tumor patients have not been per-
formed, so recommendations must be derived from reports in which leukemia and
lymphoma patients predominate [61]. When the patient is severely immunosup-
pressed, specimens should be sent for gram stain and quantitative culture, acid-fast
stain and mycobacterial culture, fungal stain and culture, Pneumocystis direct
fluorescent antibody (DFA) and culture, Legionella DFA staining and culture,
HSV and CMV PCR, possibly cultures for Chlamydophila pneumoniae and
Mycoplasma pneumoniae, and a respiratory virus PCR panel. Because BAL
generally dilutes lower respiratory tract secretions by a factor of 1:10–1:100, the
diagnostic threshold for bacterial culture is 104 CFU/mL. However, some organ-
isms, including M. tuberculosis, Legionella spp., and Nocardia spp., should be
considered pathogens whenever isolated. A sample should also be sent for cell
count with differential and for cytopathology. The cell count and differential may
be used to assess specimen adequacy. For example, squamous and bronchial
epithelial cells accounting for [1 % of the total cells suggests contamination by
oropharyngeal flora. Detection of plentiful hemosiderin-laden macrophages by
direct microscopy suggests pulmonary hemorrhage.

BAL appears to have a good yield in the diagnosis of PCP, tuberculosis, CMV,
and aspergillosis [62]. TBB is more invasive than BAL alone but improves the
diagnostic yield in some infectious and non-infectious processes. However, TBB is
associated with an increased risk of pneumothorax and hemorrhage. OLB is
associated with greater morbidity than either BAL or TBB but may be considered
when BAL and TBB fail to provide a diagnosis or are contraindicated because of
respiratory instability or bleeding risk. For abscesses or nodular masses in the
periphery of the lung, VATS may be a less invasive alternative.

7 Infectious Complications of Breast Cancer

Breast cancer is the leading cause of new cancer cases diagnosed each year in
females in the United States; over 2.5 million US women are living who have or
have had breast cancer [1]. Most infectious complications in breast cancer patients
involve skin and soft tissue that has been altered by surgery and/or irradiation.
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These infections occur both immediately postoperatively and later, from months to
several years after cancer therapy. Lumpectomy followed by local radiation has
been proven to be as effective as mastectomy for early stages of breast cancer; this
finding represented a major step forward in breast conservation surgery.

Additional developments in breast cancer care are three-fold: First, increasingly,
patients with a wide range of disease stages are now receiving some combination of
chemotherapy, radiation, and surgery; second, innovative diagnostic and surgical
techniques are being developed and validated that conserve lymphatic drainage;
third, a greater variety of breast reconstruction techniques is available and more is
understood about how the timing of reconstruction influences clinical outcomes
[63]. The goals of these advances are to improve the cure rate and to minimize
complications of disfigurement, pain, disuse, and infection. Sentinel lymph node
biopsy, a diagnostic technique that takes place at the time of cancer diagnosis,
identifies a subset of patients who appear to have no local lymph node metastasis.
This subset of patients does not undergo ipsilateral lymph node dissection and thus
has a reduced risk of lymphedema and subsequent cellulitis. Axillary reverse
mapping (ARM) is a relatively new technique that compliments sentinel lymph
node biopsy [64]. In ARM, a liquid dye is injected in the ipsilateral arm thereby
mapping the individual patient’s lymphatic channels through subcutaneous tissue.
When possible, subsequent surgery can be strategically planned to minimize lym-
phatic damage. Limited clinical data are available regarding the impact of com-
bined-modality therapy on infection rates [65, 66], although chemotherapy and
radiation can theoretically delay wound healing and impede wound drainage.

7.1 Early Postoperative Infectious Complications of Breast
Cancer Patients

Despite the fact that most breast cancer surgery is classified as clean, acute wound
infection rates in the range of five times the rate of other clean surgeries have been
reported [67]. A 2006 Cochrane review concluded that preoperative antibiotic
prophylaxis successfully reduces postoperative wound infections across a wide
range of breast cancer surgeries and among patients receiving various other
therapies [68]. Disruption of the skin integrity and contamination by skin flora
accounts for most wound infections within the first 6 weeks after breast surgery
[67]. By far the most common organisms involved in these wound infections are
streptococcal species, S. aureus, and coagulase-negative staphylococci (CoNS)
[67, 69]. A surveillance study of surgical wound infections revealed that variable
wound infection rates appear to be dependent on the type of breast cancer pro-
cedure performed [67]. More extensive surgery resulted in higher wound infection
rates: simple breast biopsies had a rate of 2.3 %, lumpectomy with lymph node
dissection had a wound infection rate of 6.6 %, and mastectomies had a rate of
19 % (P \ 0.05). In addition, variation in surgical technique, such as drain type
(e.g., closed suction, Jackson-Pratt) and placement (e.g., new skin incision separate
from the cancer incision vs. through the wound), also influenced infection rates
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[67]. Alternatively, other investigators have reported similar wound infection rates
for modified radical mastectomy and lumpectomy. For example, Vinton et al. [70]
reviewed 387 modified radical mastectomies and 173 lumpectomies between 1983
and 1989. The wound infection rates were not significantly different for modified
radical mastectomy (15 %) and lumpectomy (13 %). The impact of the shift
toward more conservative surgery on breast cancer wound infection rates is
unclear in part because the postoperative population is so heterogeneous. Some
patients receive lumpectomy and immediate reconstruction; others receive lump-
ectomy with radiation and delayed reconstruction; some receive a two-staged
reconstruction with expanders then prosthetic implants and others receive a muscle
flap procedure; patients with advanced disease receive mastectomy, extensive
lymph node dissection, and extensive chemotherapy. Reduction in infection risk
will most likely stem from technological advances that further conserve tissue and
lymphatic drainage and potentially minimize implantation of prostheses; well-
designed comparative studies will be needed.

7.2 Late-Onset Infectious Complications of Breast Cancer

A subset of breast cancer patients experience skin and soft tissue infections months
to years after therapy concludes. Impaired local immunity and lymphedema, both
clinically apparent and unapparent, are the underlying predisposing factors for these
infections. Historically, the most common late infection in postmastectomy patients
was upper extremity cellulitis ipsilateral to the breast cancer surgery and lymph
node dissection. A classic presentation is sudden onset of a painful and erythem-
atous rash that spreads rapidly on the involved upper extremity, with or without
fever. Blood cultures, positive in only a minority of cases, may yield skin flora.
Many, but not all, of the patients who experience one or more episodes of cellulitis
had obvious preexisting chronic swelling and lymphedema of the ipsilateral upper
extremity. Lymphedema was a common complication after radical and, less fre-
quently, modified radical mastectomy. The incidence of chronic lymphedema fol-
lowing these surgeries has been estimated at 15 % [71]. Risk factors for the
development of lymphedema included the following: a greater number of lymph
nodes removed, delayed postoperative wound healing, cellulitis, radiodermatitis,
hematoma, seroma formation, and skin flap necrosis [71].

The rates of upper extremity cellulitis following lumpectomy, radiation therapy,
and chemotherapy are unavailable but appear to be lower than those following
radical or modified radical mastectomy. Clinical lymphedema appears to be a
marker for increased risk of cellulitis, but subclinical abnormalities of lymphatic
drainage can also predispose to infection. Bertelli et al. [72] reported that 7 of 21
patients with ipsilateral upper extremity cellulitis following breast cancer surgery
did not have clinically detectable lymphedema. Breast cancer patients who
experience a single episode of cellulitis appear to be at risk of recurrence; in one
series, 11 of 15 patients with cellulitis after breast cancer surgery had more than
one episode [73]. A breast cancer patient, especially one who experiences
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difficulties with wound healing postoperatively should be considered at life-long
risk of developing upper extremity cellulitis. Improved understanding about the
development of postoperative lymphedema in breast cancer patients [74] may
eventually identify those who are at increased risk of developing this condition.

Osteomyelitis and septic arthritis of the shoulder ipsilateral to the involved
breast is a very rare infectious complication of breast cancer and therapy. This
complication is apparently also linked to preexisting lymphedema, presenting
years after breast cancer surgery. Chaudhuri et al. [75] described five cases in
which ipsilateral humeral osteomyelitis and septic arthritis presented 2–12 years
after breast cancer surgery. All five patients had received a radical or modified
radical mastectomy followed by radiation therapy. A striking characteristic of
these cases was indolent presentation—ipsilateral shoulder pain and restricted
movement for four or more months, without fever. Four patients had an erythro-
cyte sedimentation rate (ESR) of [100 mm/h. Radiologic studies confirmed the
diagnosis of osteomyelitis: all five patients had positive bone scans, three of the
five patients had findings of osteomyelitis on plain radiographs, and none had
findings consistent with radiation necrosis. In the latter disease, the bony changes
are defined radiologically by the prior radiation field. It is unclear whether these
serious late complications, osteomyelitis and septic arthritis, will occur following
tissue-conserving surgeries.

Despite the shift in management of breast cancer to more conservative surgery,
skin and soft tissue infections continue to be the major delayed complication of
breast cancer. Instead of ipsilateral arm cellulitis, focal cellulitis of the involved
breast has been reported following lumpectomy with axillary lymph node dis-
section. Rescigno et al. [76] documented 20 episodes of breast cellulitis in 11
patients. The authors estimated the incidence of this complication among patients
after lumpectomy to be 2.5–3.0 %. Time from completing radiation to first episode
of cellulitis ranged from 9 days to 4 years (median, 4.3 months). Each of these
patients presented acutely with rapidly spreading erythema, warmth, and tender-
ness of the breast. The original site of erythema was often removed from the
surgical scar. In 8 cases, erythema spread beyond the breast tissue to the back,
shoulder, or arm. Fever or breast swelling was present in some, but not all,
patients. Six cases required hospitalization. Two patients experienced repeated
episodes of chronic recurrent cellulitis. Episodes of acute and recurrent breast
cellulitis responded to antibiotics directed against gram-positive cocci (e.g., oxa-
cillin, cefazolin). Finally, four patients experienced chronic persistent cellulitis,
which did not fully resolve despite prolonged antibiotic therapy. This apparent
non-infectious erythema may be to radiation-induced inflammation [77]. This
latter condition is treated with corticosteroids.

Late development of breast abscesses may be unique to the breast cancer
patients who received lumpectomy and radiation. Keidan et al. [78] reviewed 112
lumpectomies, finding seven breast abscesses that developed 1.5–8 months fol-
lowing surgery. This 6 % abscess incidence was higher than expected for clean
surgery. Aspirated fluid grew S. aureus in three cases and S. epidermidis in three
cases. Postsurgical manipulation, such as previous seroma aspiration, was a risk
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factor for abscess development. Notably, each of the seven patients with breast
abscess had received local irradiation. Irradiation may result in impaired lymphatic
drainage and local ischemia, which may increase the risk of infection. Axillary
node dissection likely contributes to poor lymphatic drainage.

7.3 Management of Soft Tissue Infections in Breast Cancer
Patients

New onset of erythema in the breast tissue or ipsilateral upper extremity in a
patient with history of breast cancer is most likely cellulitis. However, non-
infectious causes of skin erythema should also be considered, especially when
erythema occurs within the radiation field or when it persists after a trial of
antibiotic therapy. Radiation changes alone can cause chronic, sometimes pro-
gressive, inflammation. In addition, ‘‘radiation recall’’ of the chest has been
reported when patients receive chemotherapy agents long after their radiation
course [79]. Differential diagnosis of a focal breast mass in a breast cancer patient
following recent surgery includes fat necrosis [80], which often presents as a
tender hard mass with or without appreciable inflammation, tumor recurrence,
benign cyst, and sterile seroma. An ultrasound should be performed to evaluate an
area of focal induration. If fluid is detected, an aspirate should be sent for cytology,
gram stain, and culture. If the tender mass does not have a fluid component, a
biopsy is necessary to differentiate tumor recurrence, fat necrosis, and phlegmon.
In the setting of long-standing chronic lymphedema, Stewart–Treves syndrome, a
very rare type of angiosarcoma, develops either in the ipsilateral arm of patients
following mastectomy or, in the era of lumpectomy with irradiation, in the irra-
diated field of the breast, chest wall, or shoulder [81, 82]. Angiosarcomas
involving skin as well as breast tissue have been noted with a wide range of soft
tissue irregularities including edema, nodules, vesicles, papules, macules, and
ulceration [81, 82]. In those who develop angiosarcomas within the radiation field,
the mean interval between radiation therapy and sarcoma diagnosis is 5 years
[81, 82] earlier than the lymphedema-induced angiocarcoma cases. This lesion is
highly metastatic and has a high mortality despite aggressive measures. Skin
biopsy or breast biopsy should be considered if the appearance of the involved
region does not resolve with a seemingly appropriate course of antibiotic therapy.

The underlying pathophysiology of most infectious complications of breast
cancer patients is damaged local host defense secondary to surgery and radiation
therapy, namely an impaired skin barrier, injured microcirculation, and impaired
lymphatic drainage. If infection involves an indwelling foreign body (e.g., tissue
expander, mesh, or prosthetic implant), the material will likely serve as a nidus for
bacteria or Candida species; successful eradication of infection will likely require
device removal. Patients usually present with acute onset of erythema, increased
warmth, pain, possibly with drainage, fever, and leukocytosis. The infections tend to
be local, involving skin, underlying dermis, and possibly fat. Because the infections
tend to be focal, blood cultures are rarely positive but should be performed. Tissue
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samples for culture are also rarely positive; unless there is fluctuance, tissue
aspiration is not recommended so as to avoid further damage to the skin barrier.
When cultures are positive, isolated pathogens are almost always gram-positive;
thus, in most cases, antistaphylococcal coverage is adequate. The patient should be
treated with antistaphylococcal coverage, such as nafcillin, cefazolin, clindamycin,
or vancomycin. Local frequencies of healthcare-associated MRSA as well as of
community-associated MRSA should influence the choice of empiric vancomycin.
Often oral antibiotics, such as clindamycin, trimethoprim-sulfamethoxazole, and
doxycycline, may be used to complete a course once swelling and erythema have
been reduced. Rarely, a patient presenting with an acute implant-associated infection
will appear septic, with hypotension, tachycardia, flushing of skin, and malaise. In
such a situation, it is prudent to remove the implant promptly. In the absence of
sepsis, the decision whether a prosthesis must be removed can take place over a
series of days or even weeks; a patient can be treated initially with antibiotics while
the prosthesis remains in place, the extent of the infection is evaluated, and the
virulence of the organism(s) is determined.

Any patient who has undergone lymph node dissection should be educated
about protecting the ipsilateral arm from trauma, pressure, or damage. Patients are
advised to avoid phlebotomy, intravenous catheters, blood pressure monitoring
[83], sunburn, or trauma in the upper extremity ipsilateral to previous breast cancer
surgery. The use of compression garments and elevation of the affected arm can
reduce lymphedema. Early aggressive therapy of cutaneous fungal infections can
minimize local skin breakdown [84]. Those who experience poor wound healing
initially, develop clinical lymphedema, or experience an episode of cellulitis
should take measures to prevent repeated episodes. Selected patients with recur-
rent cellulitis may benefit from chronic suppressive oral antibiotic therapy.

8 Infectious Complications of Abdominal and Pelvic Cancer

Malignant tumors do not honor mucosal barriers. As a consequence, infectious
complications of solid tumors in the abdomen and pelvis appear to occur mainly
secondary to mucosal invasion of tumor, with subsequent local abscess formation or
dissemination. The gastrointestinal tract serves as the dominant source of bacteria
within the abdomen and pelvis. When the gastrointestinal tract is intact, a sterile
peritoneum lays within millimeters of colonic luminal contents bearing a bacterial
density of 1011 organisms per gram of dry weight [85]. Tumor invasion of gastro-
intestinal structures allows contamination of previously sterile structures, spaces, or
fluids. As a result, the infections that result from cancers in the abdomen and pelvis
are often polymicrobial. In a 10-year review of polymicrobial septicemia in cancer
patients, Elting et al. [6] found three types of underlying malignancies most fre-
quently: hematologic malignancy in 47 %, genitourinary cancers in 16 %, and
gastrointestinal cancers in 13 %. In addition, bacterial flora within the gastrointes-
tinal lumen may shift toward more virulent organisms secondary to exposure to
healthcare settings, antibiotics, chemotherapy, and radiation therapy. Normal

392 S. H. Sutton



gastrointestinal anatomy and function work together as incomplete barriers between
contiguous parts of the gastrointestinal system. For instance, an intact ileocecal valve
and proper peristalsis serves as a partial barrier protecting the small bowel from
colon contents; the valve and peristalsis separate the mainly aerobic small bowel
luminal contents, bearing only 104–106 bacteria per milliliter, from colonic contents,
most of which is anaerobic [85]. Solid tumors can disrupt normal digestion and
structures, resulting in a host susceptible to serious bacterial and fungal infection.

8.1 Streptococcus bovis Bacteremia and Endocarditis

The relationship between Streptococcus bovis bacteremia and colon carcinoma was
uncovered during the 1970s. Klein et al. [86] reported two patients with adenocar-
cinoma of the colon who developed S. bovis endocarditis. They showed that fecal
carriage of S. bovis in patients with colon carcinoma was significantly greater (56 %)
than in healthy controls (10 %), patients with non-gastrointestinal carcinomas, and
patients with other gastrointestinal disorders. The authors recommended evaluation
for colon carcinoma in all cases of S. bovis endocarditis. Subsequently, these same
investigators prospectively evaluated 29 patients with 30 episodes of S. bovis
endocarditis [87]. Twelve patients were found to have colonic neoplasms, three of
which were malignant; three other patients had undiagnosed colonic masses and ten
had diverticulosis. Of note, the majority of the patients with colonic neoplasms and
endocarditis did not have neoplasms that invaded the muscularis mucosa. The
presence of a friable intraluminal mass or diverticuli, which also bleed easily, may
allow bacteria access to the bloodstream. Similarly, of 53 cases of S. bovis endo-
carditis, Grinberg et al. [88] found 75 % of patients had benign or malignant neo-
plasms on colonoscopy; the majority were benign. Following the reported
association of S. bovis and colon carcinoma, there have been case reports of patients
with endocarditis involving other streptococci (e.g., S. sanguis, S. agalactiae) who
were found to have colonic neoplasms [89, 90] and gastric carcinoma [91].

The diagnosis of S. bovis bacteremia and endocarditis is based on recovery of
the organism from blood cultures. Once a blood culture isolate is identified as S.
bovis, it is necessary to establish whether endocarditis is likely by performing
serial blood cultures and transesophageal echocardiography. In addition, the lower
gastrointestinal tract should be evaluated for the presence of disease. Colonoscopy
or a barium enema may be performed; if a barium enema is negative, however, a
colonoscopy is indicated.

8.2 Clostridium septicum Myonecrosis and Bacteremia

Clostridium septicum, a sporulating gram-positive, toxin-producing anaerobic rod,
is an uncommon pathogen in humans. In a review of 114 cases of clostridial
infection by Gorbach and Thadepalli [92], only three were caused by C. septicum.
In a literature review, Kornbluth et al. [93] reviewed four studies of clostridial
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infection: of a total of 612 clinical isolates of CIostridium spp, only six (1.3 %)
were C. septicum. An association between malignancy and C. septicum non-
traumatic myonecrosis has been noted, although this rapidly fatal disease is
extremely rare. Particularly vulnerable to these acute, life-threatening bacterial
infections are those with leukemia or occult colon or rectal carcinoma [93–95]. In
a literature review covering 42 years, Kornbluth et al. [93] identified 162 cases of
C. septicum infection; 47 % had hematologic malignancies and 34 % had colo-
rectal carcinoma. Occult malignancies were found in 37 %.

The most common sites of underlying adenocarcinoma in patients with
C. septicum disease are the cecum and distal ileum. Tumor invasion into the
mucosa is thought to allow access of the organism to the bloodstream. In a review
of the published literature, Kaiser et al. [96] described 23 cases of distant clos-
tridial myonecrosis, 12 of which had underlying colon or rectal carcinoma.
Clostridium perfringens was isolated in approximately half of these cases, causing
a syndrome indistinguishable from that caused by C. septicum. The 12 patients
with underlying colorectal cancer had mucosal breakdown at the ileum, colon, or
rectum documented at surgery or autopsy. Seventeen of the 23 patients died, many
within a few hours of admission. Of 59 cases with C. septicum bacteremia
reviewed by Koransky et al. [95], 21 had solid tumors, 14 of which were colon
cancers. Of the 28 patients autopsied, a colonic lesion was documented in 17.
Seven autopsies demonstrated evidence of ‘‘fecal peritonitis from bowel perfora-
tion or gangrene.’’ Case reports of blood-borne C. septicum infection associated
with colon cancers are the following: septic arthritis [97, 98], septic shock [99],
aortitis [100], meningitis and cerebritis [101], and polymicrobial abscess within a
hepatic metastasis [102]. Host factors such as diabetes mellitus [93, 103, 104],
granulocytopenia [95], and atherosclerosis [95] may increase the risk of devel-
oping C. septicum infection. Skin damage (e.g., necrosis, cellulitis, and bullae
formation) is thought to develop from toxins produced by C. septicum.

The presentation of a patient with C. septicum myonecrosis is strikingly sudden
and severe. He or she reports an acute intense, focal pain, usually of an extremity.
The painful site may initially look normal, but within hours, the involved skin
becomes discolored and edematous, bullae form, and the discolored area enlarges
rapidly [93]. Some patients present with diffuse abdominal pain as the most
prominent initial symptom [93]. As a late finding, the subcutaneous tissue becomes
crepitant [105]. Patients progress rapidly from a toxic presentation to shock and
ultimately death, often within 48 h.

It is critical to rapidly diagnose C. septicum myonecrosis on clinical grounds
both in patients with and without known malignancies. Blood cultures should be
obtained before initiating antibiotics. Gram stain and culture of percutaneous
tissue aspirates and bullae aspirates should be performed emergently [96]; iden-
tification of short, plump gram-positive rods suggests clostridial infection in the
appropriate clinical setting. Because gas on X-ray may be a late finding, per-
forming such studies should not delay debridement. Surgical debridement is
necessary on an emergent basis. Patients may require multiple surgeries over
several days following presentation. High-dose penicillin G is the traditional drug
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of choice for C. septicum infection. Clindamycin is favored by some investigators
because its mechanism of action may inhibit clostridial toxin production and more
effectively halt the progression of established disease. Initial antibiotic manage-
ment is typically broad, covering gram-negative, staphylococcal, and anaerobic
organisms, until the diagnosis is confirmed by culture results and the extent of
intraabdominal disease is known. The patient should be aggressively treated for
sepsis and monitored closely for hemodynamic deterioration. It is unclear whether
patients benefit from adjunctive hyperbaric oxygen therapy.

8.3 Pyogenic Abscesses

Pyogenic liver abscess is another extremely rare entity that can complicate gas-
trointestinal malignancies. There appear to be two typical presentations for pyo-
genic liver abscesses in patients with gastrointestinal malignancies. First, abscesses
may herald the discovery of a previously undiagnosed, usually advanced, luminal or
pancreaticobiliary malignancy. Secondly, pyogenic liver abscesses occur in patients
with known malignancies, many of whom have undergone recent gastrointestinal
procedures. In a review of 20 cases of pyogenic liver abscess, five had underlying
gastrointestinal carcinomas [106]. Patients frequently presented with fever of
unknown origin. Most pyogenic liver abscesses associated with colon carcinomas
were polymicrobial and included anaerobes and enteric gram-negative rods.
Organisms presumably spread from areas of mucosal breakdown to the liver via the
portal circulation. Pancreaticobiliary malignancy may obstruct the biliary tract,
resulting in ascending cholangitis and then in multiple hepatic abscesses.

The development of one or more liver abscesses in a known cancer patient is
extremely rare. A review of liver abscess in cancer patients at the NCI yielded only
37 patients over 35 years [107]. The etiology of these abscesses was bacterial in 17
and fungal in 20. Twelve of the 17 patients with bacterial liver abscesses had solid
tumors; the remaining five had hematologic malignancies. Most bacterial abscesses
were polymicrobial, with gram-negative and anaerobic organisms recovered on
culture. Marcus and associates [107] found that recent gastrointestinal instrumen-
tation was a strong risk factor for liver abscess development. Ten of the 17 patients
with bacterial abscesses had undergone either a surgical or radiologic procedure on
the gastrointestinal system, such as surgical resection of liver metastases and biliary
stent placement. Similarly, invasive procedures involving the colon may increase
the risk of liver abscess by seeding the portal vein with bacteria: For instance, a
pyogenic liver abscess was reported after colonoscopy with removal of a malignant
polyp [108]. Hepatic and splenic abscesses have occurred after invasive procedures
for hepatocellular carcinoma. Okada et al. [109] reported a K. pneumoniae pyogenic
liver abscess following percutaneous ethanol injection into liver lesions. Isobe et al.
[110] reported a case of probable multiple splenic abscesses in a cirrhotic woman
with hepatocellular carcinoma who developed fever and acute left upper quadrant
pain 1 day after percutaneous ethanol injection. Whereas breakdown of the mucosal
barrier of the gut or pancreaticobiliary system is the basis of pyogenic liver abscess
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in the undiagnosed colon carcinoma patient, in the known cancer patient undergoing
therapy, recent gastrointestinal instrumentation appears to be the primary risk factor.

Pyogenic hepatic abscesses should be suspected in a patient with fever, malaise,
right upper quadrant pain, and/or jaundice or in a patient with persistent unex-
plained fever. Liver abscesses may be identified by CT scan or by ultrasound.
Blood cultures should be obtained upon admission and when the patient is febrile.
If a patient with a pyogenic abscess has no clear pancreaticobiliary obstruction, a
search for a lesion within the lumen of the gastrointestinal tract should be con-
sidered. Treatment of pyogenic liver abscesses is controversial and evolving.
Many continue to rely on surgical or percutaneous drainage [111]. Some patients
have done well with prolonged antibiotic therapy alone, following percutaneous
aspiration and identification of the infecting organisms and their antimicrobial
susceptibilities [112]. Empiric broad-spectrum antibiotics, including gram-nega-
tive and anaerobic coverage, are indicated initially; choices such as piperacillin/
tazobactam, ticarcillin/clavulanate, imipenem cilistatin, or meropenem are among
the many appropriate initial regimens. Use of an aminoglycoside can often be
avoided or used only in the initial days of therapy while awaiting culture results.
Antibiotic coverage should be tailored to the results of antimicrobial susceptibility
testing, if available. Because polymicrobial infections are common in these
infections, retaining broad coverage agent gram-negative and anaerobic bacteria is
usually indicated on the assumption that more organisms may be involved than can
readily be identified. Periodic imaging studies can be used to monitor the reso-
lution of the abscesses; up to 4 months of antibiotic therapy may be warranted.

8.4 Gynecologic Cancers

In a retrospective study of infectious morbidity on a university gynecologic
oncology service, Brooker et al. [113] found 20 (6 %) of 494 patients had a serious
infection on admission and 54 patients (11 %) developed serious infections during
hospitalization. The infection rate per admission varied by cancer origin: 8 % for
cervical cancer, 7 % for uterine cancer, 3 % for ovarian cancer, and 21 % for
vulvar cancer. Bacteremia in gynecologic cancers may be caused by a single
organism or be polymicrobial, with the primary tumor the likely portal of entry [6].
Infections associated with gynecologic cancer involve organisms such as strep-
tococci, enterococci, Enterobacteriaceae, anaerobes, and staphylococci. In gen-
eral, the organisms involved in gynecologic infections are normal flora of the
vagina, gastrointestinal tract, and skin.

Infectious complications of gynecologic cancers at diagnosis highlight the
changes in endogenous mucosal flora that may take place when cancer develops.
When infection complicates stage I cervical cancer, the infection is typically limited
to the vagina, covering only the surfaces of the tumor itself [114]. The abnormal
neoplastic tissue allows bacterial overgrowth of normal flora to take place. Strep-
tococcal species are usually isolated from the purulent debris. Rose and Wilson
[115] presented a case of S. aureus toxic shock syndrome in a patient with
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previously undiagnosed advanced cervical cancer. The cervical cancer was believed
to be the portal of entry for staphylococcal toxins to reach the bloodstream.

In patients with advanced cervical disease, obstruction may contribute to the
development of adnexal infections. Barton et al. [116] described three unusual
cases in which patients presented with cervical cancer complicated by tuboovarian
abscesses. In two cases, the patients were initially overstaged secondary to
inflamed adnexal masses, which were later found to be free of cancer. The third
patient developed an acute abdomen secondary to a ruptured tuboovarian abscess
shortly after detection of an exophytic cervical mass.

Patients with cervical disease that has invaded surrounding tissues by direct
extension may be more likely to develop pyometra (pus in the uterus) [114]. Some
patients with pyometra present with the classic triad of purulent vaginal drainage,
fever, and lower abdominal pain [117]. Pyometra, however, can often be
asymptomatic, presenting without fever or pelvic pain [114] and does not neces-
sarily develop secondary to obstruction at the cervical os. Typical organisms are
aerobic and anaerobic streptococci [114].

Spontaneous peritonitis is an unusual infectious complication of gynecology–
oncology patients. Peritonitis may occur if a pyometra ruptures. A collection of 15
cases in the literature of spontaneous perforation of pyometra found that one-third
of the patients had malignant disease [117]. All 15 patients presented with fever,
53 % with vomiting, and 20 % with atypical genital bleeding. The most common
organisms in peritoneal fluid were Escherichia coli, Bacteroides species, and
polymicrobial. Douvier et al. [118] reported two cases of perforation of the uterus
at the site of endometrial carcinoma, resulting in peritonitis. Very advanced,
usually undiagnosed, carcinoma of the cervix has been associated with sponta-
neous rupture into the retroperitoneum [114]. The severity of infectious compli-
cations at cancer diagnosis appears to correlate with the extent of tumor invasion
and secondary obstruction; because the majority of gynecologic cancers in the
United States are now diagnosed when disease is localized, complications such as
peritonitis are extremely rare at the time of cancer detection.

Surgery, chemotherapy, and/or radiation therapy contribute to infectious
complications of gynecology–oncology patients. Under such abnormal conditions,
a normally benign vaginal commensal can proliferate, invade the bloodstream, and
cause sepsis. For example, Andriessen et al. [119] reported a non-neutropenic
patient who presented with sepsis following chemotherapy for metastatic chorio-
carcinoma; multiple blood cultures grew Lactobacillus acidophilus. A gallium
scan showed only diffuse uptake in her uterus. Connor et al. [120] reported a case
in which a patient became septic 2 days following surgery and was found to have a
Lactobacillus spp. pelvic abscess and bacteremia. In a retrospective study of
infections associated with gynecologic cancers, cervical cancer had the highest
surgical infection rate (22 %); examples of such infections were peritonitis, pelvic
hematomas, groin abscesses, and drainage tube infections [113]. Similar types of
infections were documented as complications of uterine and ovarian cancers. Prior
radiation therapy and surgery appeared to be risk factors for infection in patients
with cervical and uterine cancers (Fig. 2). Preexisting subclinical pelvic infections,
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invasive diagnostic procedures, and invasive devices of supportive care (naso-
gastric tubes, urinary catheters, and central lines) may also contribute to the
development of postoperative infections [113]. Complications of pelvic irradiation
for cervical cancer, such as fistula formation and small bowel obstruction or
perforation, are rare and may be associated with previous pelvic inflammatory
disease [121]. Graham [122] suggested that two additional factors contributed to
gynecologic surgical infections: First, removed organs and tissue create dead space
that fills with blood and serum, an excellent culture medium, and, second, bowel
obstruction or ileus can result in poor nutritional status preoperatively and post-
operatively. Ovarian carcinoma is the most common gynecologic cancer to be
treated with chemotherapy; these patients are at risk for the infectious complica-
tions associated with neutropenia.

Infections associated with gynecologic cancers can be life-threatening. Empiric
antibiotics for a febrile patient with suspected advanced gynecologic cancer should
cover anaerobes and aerobic gram-negative bacilli. Candida spp. may play a role
in some infections because they are part of normal and abnormal vaginal flora.
Enterococci and group B streptococci may also be involved in gynecologic
infections, particularly abscesses. Cultures of blood, vagina, pyometra, and abscess
drainage may help guide therapy.

8.5 Bacillus Calmette-Guérin Dissemination

Dissemination of intravesicular bacillus Calmette-Guérin (BCG) is an unusual
outcome of a unique anticancer therapy commonly used in bladder cancer. The
antineoplastic mechanism of action of this Mycobacterium bovis strain is thought

Fig. 2 This is a 56-year-old female with past medical history of cervical cancer treated two years
previously with chemotherapy and radiation therapy who presented with new onset pelvic pain.
She was diagnosed with locally-invasive recurrent cervical cancer and underwent pelvic
exenteration with placement of ileal conduit and loop colostomy. At postoperative day 7 she began
having daily fevers associated with shaking chills. She denied other complaints and her physical
exam was unremarkable. This pelvic CT scan with oral and i.v. contrast, performed postoperative
day 13, revealed new rim enhancement of presacral fluid. Interventional Radiology placed a drain.
Gram stain of the reddish fluid obtained contained few Gram negative rods. Anaerobic culture
grew many Bacteroides species. Fevers resolved with drainage and a course of metronidazole
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to be as an immune modulator. Cases of disseminated BCG have been rare. Lamm
et al. [123] found granulomatous hepatitis and/or pneumonitis in 0.7 % of bladder
cancer patients receiving intravesicular BCG therapy. M. bovis is presumed to
spread hematogenously from the bladder.

The time from installation to symptomatic presentation appears to be highly
variable, ranging from hours to several months after exposure. Proctor et al. [124]
presented a case of an elderly male who experienced fever and rigors 5 h after
installation. A blood culture from that day grew M. bovis. The patient developed
mild hepatitis, hyperbilirubinemia, and AFB-positive hepatic granulomas. The
patient improved on isoniazid and rifampin for 12 months plus 2 months of initial
ethambutol. In contrast, Hakim and colleagues [125] reported a case in which an
elderly bladder cancer patient presented with a M. bovis psoas abscess 9 months
after BCG therapy. Katz et al. [126] reported a case of a man who presented with
lumbar vertebral osteomyelitis and psoas abscess approximately 4 months after
completing a year of BCG therapy. Cultures from bone and abscess fluid grew
M. bovis. Subsequent vertebral surgery revealed necrotic bone with AFB-positive
caseating and non-caseating granulomas. He responded well to abscess drainage
and isoniazid and rifampin.

Other cases of BCG infection that are consistent with hematogenous spread
include the following: acute prosthetic knee arthritis [127], septic arthritis of the
elbow [128], pancreatic and psoas abscesses [129], lumbar discitis [130], mycotic
aneurysms of large arteries, both native and prosthetic [131], and pulmonary
infections [132]. Pulsed field gel electrophoresis has been used to confirm that the
instilled organism is identical to the infecting pathogen [132]. Infectious arthritis,
which should be treated with antituberculous drugs, should be differentiated from
BCG-associated reactive polyarthritis [133, 134] or Reiter’s syndrome [135],
which is treated with anti-inflammatory agents.

One needs to have a high index of suspicion that BCG may be the cause of
infection in a febrile patient who is receiving or has received BCG therapy for
bladder cancer. Attempts should be made to isolate and identify the organism
because prolonged, potentially toxic treatment is required. When BCG dissemi-
nates, therapy requires prolonged antituberculous medication and drainage of any
abscess. M. bovis is intrinsically resistant to pyrazinamide. Most cases in the
literature reported cure when patients were treated with isoniazid and rifampin for
6–9 months. A patient who suffers from invasive BCG infection should not receive
any additional BCG therapy.

9 Infectious Complications of Head and Neck Cancer

Infections occur commonly in patients with head and neck cancer. Because
patients typically become symptomatic at late stages of disease, they often present
when large tumors obstruct airways or inhibit swallowing. Tumor involvement of
the oral mucosa, a reservoir of substantial numbers of bacteria, provides a ready
source of pathogens. Dry mouth, a common side effect of radiation and surgery to
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the head and neck, contributes to alterations in oral flora, shifting to colonization
of yeast and bacterial pathogens. Local infection, aspiration, and aspiration
pneumonia are common. In the late stages of disease, many patients experience
profound weight loss secondary to cachexia and restricted intake. The resulting
malnutrition and related immunosuppression, as well as frequent COPD, liver
disease, and poor dental hygiene, further diminish the ability of these patients to
effectively fight infection. As in other solid tumor patients, surgery, radiation
therapy, and chemotherapy further impair local and systemic host defenses. The
combination of these factors results in a significant risk of infection.

Recently, there have been considerable stepwise advances in the basic science
of and management of head and neck patients. First, we now have evidence that
human papillomavirus may play a significant role in the pathogenesis of many
head and neck cancer patients. This development may ultimately lead to inter-
ventions that decrease the incidence via vaccination, enhance early detection, or
contribute to new therapies for this disease. Next, understanding the role of growth
factors in the development of cancers has led to the development of cetuximab, a
monoclonal antibody that inhibits epidermal growth factor receptor (EGFR); this
agent has been administered alone or in combination with radiation or chemo-
therapy in head and neck cancer cases that failed standard chemotherapy. Use of
cetuximab has been associated with small increases in infectious complications in
randomized controlled trials [136, 137]. Third, there have been significant
advances in clinical research in the treatment of advanced head and neck cancer;
the goals of these advances are to improve the rate of cure and to reduce damage to
organs of the head and neck [138]. For advanced head and neck cancer, concurrent
chemoradiation has been shown to have a survival advantage over radiation alone.
These combined therapies appear to be associated with increased hematologic and
mucosal damage. Coincident advances in radiation therapy and surgery have
decreased the potential for infectious complications, however. Focused irradiation
modalities such as intensity-modulated radiation therapy have resulted in reduced
damage to the swallowing reflex and salivary gland function [138, 139]. The
advantages of intensity-modulated radiation therapy are two-fold: First, increased
doses of irradiation are focused on the precise three-dimensional shape of the
tumor; second, normal tissue is spared. Similar reduction in toxicity has been seen
by administering multiple doses per day over fewer days (hyperfractionation).
Advances in surgical approaches have resulted in maintaining saliva production,
retaining the swallowing reflex, and sparing the larynx when possible [139].
Overall, such advances have decreased the risk of serious infectious complications
in patients with head and neck cancer.

9.1 Infections After Radiation Therapy

Head and neck cancer patients commonly receive treatment with chemotherapy,
radiation, and surgery. Radiation can result in delayed healing, posing an increased
risk of wound infection. In addition, radiation can dramatically reduce saliva
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production, causing an alteration in oral flora favoring more virulent organisms
[140–142]. Microbial samples from plaque and saliva of patients before and after
irradiation revealed significant increases in Streptococcus mutans, Lactobacillus
spp., Candida spp., Staphylococcus spp., enteric gram-negative bacilli, and
anaerobes [142]. A progressive drop in salivary production was identified,
beginning within 2 weeks of bilateral parotid gland irradiation and decreasing to
6 % of initial flow rates in patients by 3 months; at that time, dental caries were
noted with increased frequency [143]. Fungal infections cause a great deal of
morbidity in the head and neck patient following irradiation [141], including
increased pain and difficulty with speech [144]. Irradiation to the mouth or the
larynx changes the skin flora and the mouth flora for up to 6 months, resulting in
significant overgrowth by a variety of yeast.

9.2 Postoperative Wound Infections

Most surgery for head and neck cancer, because it involves the upper respiratory
and gastrointestinal tract, is considered to be contaminated or clean contaminated.
During surgery and throughout the healing process, most wounds are in intimate
contact with the mucosal surfaces or secretions, of the oropharynx and respiratory
tract. Salivary bacterial counts are in the range of 108–109/mL [145]. Anaerobes
account for 90 % of the bacteria in the oral cavity; the remainder are aerobic gram-
positive and gram-negative organisms. Contamination by oral flora during and
after surgery contributes greatly to the high rate of wound infections after head and
neck surgery. Infection rates of over 80 % have been recorded when prophylactic
antibiotics were not used.

The impact of anaerobic organisms in the pathogenesis of wound infections in
head and neck cancer became evident during the 1980s, coinciding with improved
techniques of isolating anaerobic bacteria. Sawyer [146] clarified the need for
anaerobic coverage in most head and neck cancer surgeries by demonstrating a
significantly reduced infection rate following prophylaxis with metronidazole and
cefazolin when compared with recent historical controls using cefazolin alone.
A prospective, randomized trial in head and neck cancer patients confirmed
improved infection rates with cefazolin and metronidazole (9.5 % infection rate
vs. 18.6 % infection rate for cefazolin alone) [147]. The majority of head and neck
postoperative wounds are polymicrobial. Brook and Hirokawa [148] cultured 24
postoperative wounds of head and neck cancer patients, finding that 88 % of the
wounds were mixed anaerobic and aerobic flora. Peptostreptococcus spp.,
Bacteroides spp. (non-fragilis), and Fusobacterium spp. were the most commonly
identified anaerobes.

Increased risk of wound infection can be attributed to the extent of disease,
duration of surgery, and technical constraints. While tumor removal is of primary
importance, surgeons attempt to preserve the airway, cough reflex, diaphragm
function, speech, facial muscles and nerves, hormonal function, lymphatic drain-
age, and saliva production [149]. Seroma and hematoma formation can contribute
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to the risk of abscess; effective hemostasis and use of drains can minimize bleeding
and edema. Patients with advanced disease often require removal of large amounts
of tissue, thereby exposing extensive wounds. Technical decisions that influence
perfusion of a graft or skin flap can have significant impact on infection risk.
Tandon et al. [150] found that patients who underwent a muscle flap procedure,
which reflects extensive disease, had increased risk of infection. Eight of 12
patients who underwent a pectoralis major flap developed wound infections.
Robbins et al. [151] reviewed 400 head and neck patients who underwent surgery
and found a wound infection rate of 20 %. The presence of advanced disease,
duration of surgery greater than 6 h, placement of a flap, as well as the absence of
anaerobic coverage perioperatively, were found to be significant risk factors for
wound infections. Brown et al. [152] recorded an overall 7 % wound infection rate
among 245 head and neck patients receiving perioperative antibiotics; the subset
of patients with stage IV disease had a 15 % risk of wound infection. Similarly,
those patients who underwent a myocutaneous flap procedure had an infection rate
of 36 % whereas those receiving simpler procedures had a risk of 6 %. These
investigators also identified probable errors in surgical decision making or tech-
nique in 10 of the 17 patients who developed wound infections, many of which
resulted in flap or skin graft failure from ischemia, bleeding, tension, or trauma.
Some risk factors for wound infection in head and neck cancer patients may be
difficult to modify, namely the extent of disease at presentation and the technical
and physical constraints that result.

9.3 Non-wound Infections in Head and Neck Patients

The lower respiratory tract is the primary site of non-wound infections in head and
neck cancer patients. These infections are a major cause of morbidity and mortality
in this patient group. Hussain et al. [153] reviewed 12 months of admissions to a
university head and neck cancer service. Eighty-six infections were documented
among 102 febrile episodes in 67 patients. Forty-three percent of the infections
were attributed to pneumonia or tracheobronchitis. Eighteen percent of deaths
were directly attributed to pneumonia. Papac [154] reported 78 infectious com-
plications among 191 patients with advanced head and neck cancer hospitalized on
a medical oncology service at a Veterans Affairs hospital. Of 111 reported deaths,
pneumonia was the most frequent cause of death (26 %), twice as common as the
next leading cause of death, tumor or metastasis. Pneumonia was the most com-
mon non-wound infection in a study of perioperative morbidity among patients
with head and neck cancer [155]. Twenty-two of 225 patients experienced lower
respiratory tract infections. Of the 22 patients, 19 developed postoperative pneu-
monia and three had tracheobronchitis. Duration of surgery greater than 6.2 h
increased the risk of non-wound infection from 4.5 to 15.3 %. Having a greater
than 70 pack-year history of smoking and receiving a blood transfusion periop-
eratively also significantly increased the risk of pulmonary infection. Length of
stay for those with pneumonia increased from a mean of 19.6 days to 23 days
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(P \ 0.05). Other sources of non-wound infections were the urinary tract (n = 3),
septic phlebitis (n = 1), and acute sinusitis (n = 1).

9.4 Management of Infections in Head and Neck Cancer

At the time of diagnosis of head and neck cancer, some steps can be taken to
prevent infectious complications. Because tuberculosis can become reactivated in
these patients, it is prudent to test for evidence of past and present infection with a
PPD or QFT-G. Isoniazid with pyridoxine prophylaxis should be strongly con-
sidered for those who have latent tuberculosis, despite their advancing age and
possible underlying liver disease. Monitoring for adherence and potential toxicity
is indicated. Pneumococcal vaccination prior to instituting therapy and annual
influenza vaccination may be protective.

Anticipating problems involving the oral cavity is critical to minimizing
infectious complications during and after radiation therapy, and to a lesser extent,
during and after surgery. Before receiving radiation therapy or undergoing surgery,
a head and neck cancer patient should have a complete dental evaluation,
including dental X-rays [149, 156]. Carious teeth should be removed or restored.
Institution of oral hygiene can reduce the risk of subsequent infectious compli-
cations. Patients should use salivary substitutes throughout the day and receive
regular fluoride treatments [156]. Some investigators recommend selective
decontamination with topical antibiotics during the weeks of irradiation. The
patient should be well educated regarding the benefits of rigorous oral hygiene
during and after radiation.

Postoperative management is critical in the efforts to reduce morbidity in these
patients. In the event of a postoperative wound infection, aerobic and anaerobic
cultures should be sent. Empiric antibiotic therapy covering anaerobes, gram-
negative bacilli, and aerobic gram-positive cocci is appropriate. Infected fluid
collections should be drained. Coleman [149] urged prompt exploration of the
surgical wounds if fistulae or necrosis (or other evidence of infection) develop. The
index of suspicion of infection should be heightened if the patient has received
preoperative irradiation. Should a fistula form near or overlying the carotid sheath,
an emergency exploration should be performed; infection of the carotid artery in a
previously irradiated site can result in septic emboli or carotid artery rupture with
exsanguination [149]. Attempts to prevent aspiration in a patient with advanced
head and neck cancer are often futile. Pneumonia is relatively common and often
responds to empiric broad-spectrum antibiotics.

10 Conclusions

Two broad categories of infection in patients with solid tumors can be described.
The first category includes a heterogeneous group of infections which are directly
attributable to the tumor. These infections develop because the neoplastic process
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causes focal injury, breaks down normally intact barriers, or causes local
obstruction. The most prevalent example is postobstructive pneumonia which
complicates lung cancer. Many of the remaining infections in this category are
quite rare, such as pyogenic liver abscess in hepatocellular carcinoma and
C. septicum myonecrosis in patients with colon cancer; these infections are
reported in the literature as case reports or case series. The second major category
of infections is attributed to the effects of cancer treatment: surgery, chemother-
apy, and radiation therapy. Examples include neutropenic fever, lymphedema-
associated breast cellulitis in breast cancer patients following lumpectomy,
intraabdominal sepsis following attempted resection of a solitary hepatic metas-
tasis, and catheter-related sepsis in a patient with head and neck cancer. Some
therapies designed to improve cancer morbidity and mortality, such as chemo-
therapy for some postsurgical non-small-cell lung cancer patients or new biologic
chemotherapeutic agents for head and neck patients, may result in increased rates
of severe infectious complications. Other innovations in cancer therapy, such as
tissue-sparing head and neck surgical techniques and sentinel lymph node biopsy
in breast cancer, will likely result in reduced infectious complications. Advances
in the management of solid malignancies, technological advances in the man-
agement of the infectious disease complications, and the presence of observant
clinicians have and will continue to result in the improved quality of life and
increased longevity for patients with solid malignancies.
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Abstract

The intent of this chapter is to review the types of adverse drug reactions and
interactions associated with antimicrobial agents, specifically in the setting of
patients with malignancies. The initial sections will discuss categorizing and
describing the mechanisms of adverse reactions and interactions. The later
sections include a detailed discussion about adverse reactions and drug
interactions associated with commonly used antibacterial, antiviral, and
antifungal agents in this subpopulation. Where relevant, the clinical use and
indication for the drugs will be reviewed. The antibacterial section will
specifically address the emergence of antimicrobial resistance and drugs of last
resort (newer agents, such as linezolid and daptomycin and novel uses of older
previously retired agents, such as polymyxin B). The antifungal section will
address the ramification of pharmacokinetic interactions and the need to
measure drug levels. The chapter is not meant to be exhaustive and as such will
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1 Introduction

As cancer therapies have advanced, many patients with malignancies will receive
life-saving interventions such as surgery, chemo- and other immunomodulatory
therapies, radiation, and hematopoietic stem cell transplantation (HSCT). These
interventions assault host immunodefenses and increase risk for an array of
infections requiring prophylactic, preemptive, empiric or pathogen-directed anti-
microbial therapy.

At any given time, large populations of hospitalized patients receive antimi-
crobial agents, and patients on specialty services such as the hematology and
oncology and intensive care units are over represented. In some of these units, up
to 70 % of the patients receive courses of antimicrobials [1, 2]. Adverse events to

414 X. Millan et al.



medication likely occur in only a small proportion of medication regimens;
however, effects can be great since antimicrobials are so common. Most events are
mild, but serious side effects do occur. A meta-analysis published in 1998 esti-
mated that 6–7 % of hospitalized patients had a serious reaction and that
approximately 5 % of these types of reaction were fatal [3].

The terminology relating to the effects of drugs in the clinical setting is
confusing and sometimes overlaps. An adverse drug reaction is a ‘‘response to a
drug which is noxious and unintended and which occurs at doses normally used in
man for prophylaxis, diagnosis, or therapy of disease or for the modification of
physiological function [4].’’ Adverse reactions associated with drugs can include
allergies, toxicities, and side effects [4, 5].

A drug interaction occurs when the pharmacodynamics or pharmacokinetics of
a drug in the body is altered by the presence of one or more interacting substances
[6]. Pharmacodynamics explores what ‘‘a drug does to the body.’’ With regard to
antimicrobials, pharmacodynamics also relates to the actions of the drug on the
pathogen. Pharmacokinetics explores what ‘‘the body does to the drug’’ [6]. The
intent of this chapter is to review the adverse drug reactions and interactions
associated with antimicrobial agents, specifically in the setting of patients with
malignancies.

2 Drug Reactions and Pharmacologic Considerations

Drug reactions encompass all adverse events related to drug administration,
regardless of etiology. This includes immunologic and non-immunologic reac-
tions, toxicities, side effects, and drug interactions. The majority (75–80 %) of
adverse drug reactions are caused by predictable, non-immunologic effects [5, 7].
The remaining 20–25 % of adverse drug events are caused by unpredictable effects
that may or may not be immune-mediated [5, 7]. Immune-mediated reactions
account for 5–10 % of all drug reactions and constitute true drug hypersensitivity,
with IgE-mediated drug allergies falling into this category [5, 7–9].

Toxicity is generally due to either excessive dosing or impaired drug metab-
olism; thus, the drug is in quantities that cannot be physiologically managed by the
host [10]. Examples include neurological toxicity from excessive dosing of
penicillin and nephrotoxicity from aminoglycosides. If nephrotoxicity from an
aminoglycoside impairs drug metabolism and excretion, this can potentiate
nephrotoxicity and neurotoxicity to other drugs. Side effects include adverse
events that are neither immunologically mediated nor related to toxic levels of the
drug.

Drug interactions most commonly occur between two drugs [6]. However,
given the complexities of the hematology–oncology population, multiple drug
interactions are possible. Other than drug–drug interactions, drugs may interact
with foods, drink, vitamins, minerals, herbal and homeopathic remedies, drug
formulations, cytokines, or environmental factors [6].
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Antimicrobial pharmacodynamics is an evolving science that focuses on the
relationship between drug concentration and pharmacologic effect. The pharma-
cologic action of antimicrobials is commonly described as concentration-dependent
or concentration-independent, although such classifications are highly reliant on the
specific drug and pathogen being studied. It is important not just to choose the
correct antimicrobial, but also to choose the correct dose, route, and interval and
understand how that drug may adversely affect the patient or interact with other
drugs.

The primary measure of antimicrobial activity is the minimum inhibitory
concentration (MIC). The MIC is the lowest concentration of an antimicrobial that
completely inhibits the growth of a microorganism in vitro. While the MIC is a
good indicator of the potency of an antimicrobial, it does not inform about the time
course of antimicrobial activity.

The three pharmacokinetic parameters that are most important for evaluating
antimicrobial efficacy are the peak serum level (Cmax), the trough level (Cmin),
and the area under the serum concentration–time curve (AUC). While these
parameters quantify the serum-level time course, they do not describe the killing
activity of an antimicrobial [11, 12].

Integrating the pharmacokinetic parameters with the MIC gives us three
pharmacokinetic/pharmacodynamic (PK/PD) parameters that quantify the activity
of an antimicrobial: the Peak/MIC ratio, the time above MIC (T [ MIC), and the
24-h AUC/MIC ratio. The Peak/MIC ratio is simply the Cmax divided by the MIC.
The T [ MIC is the percentage of a dosage interval in which the serum level
exceeds the MIC. The 24-h AUC/MIC ratio is determined by dividing the 24-h
AUC by the MIC [11, 12].

The rate of killing of an antimicrobial is determined by either the length of time
necessary to kill (time-dependent) or the effect of increasing concentrations
(concentration-dependent). Persistent effects include the post-antibiotic effect
(PAE) or the persistent suppression of bacterial growth following antimicrobial
exposure [11, 12].

Antimicrobials have been categorized into classic ‘‘types’’ that use the above
principles to aid in understanding dosing and characteristics of the drug. These are
summarized in Table 1. For Type I antimicrobials, the ideal dosing regimen would
maximize concentration, because the higher the concentration, the more extensive
and faster the killing. Therefore, the 24-h AUC/MIC ratio, and the Peak/MIC ratio
are important predictors of antimicrobial efficacy [11, 12]. An example of the
practical use of this information would relate to quinolone drugs and dosing, such
as use of ciprofloxacin in a patient with renal failure. In this situation, instead of
decreasing the dosing to 1/2 every 12 h, it would be better to give the full dose
once a day [13].

Type II antimicrobials demonstrate opposite properties. The ideal dosing regimen
for these antimicrobials maximizes the duration of drug exposure. The T [ MIC
is the parameter that best correlates with efficacy. This explains why b-lactam
antimicrobials such as the penicillins need to be dosed frequently [11, 12, 14].
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Type III antimicrobials have mixed properties. Some drugs, such as vanco-
mycin, daptomycin, and tigecycline, may behave differently depending on the
host, organism, and condition being treated [11, 12, 15–17].

Pharmacodynamic interactions are an alteration in the pharmacological response
of a drug. They may be caused by direct competition at certain sites of action or by
indirectly involving altered physiological mechanisms. Pharmacodynamic inter-
actions can be beneficial in that an improved therapeutic response may occur or
detrimental in that toxicity may be heightened. Examples of beneficial antimicro-
bial interactions are fixed combination antimicrobials that work synergistically
such as trimethoprim–sulfamethoxazole (inhibits bacterial folic acid synthesis at
different steps), piperacillin–tazobactam and ampicillin–sulbactam (use of a
b-lactamase inhibitor to broaden antibacterial activity against b-lactamase-
producing organisms) and imipenem (marketed in combination with cilastatin to
inhibit the dehydropeptidase in the proximal tubule that converts imipenem into
metabolites that are nephrotoxic) [6, 10]. Examples of detrimental effects include
concomitant use of antimicrobials such as aminoglycosides, amphotericin, or
pentamidine with other agents such as radiocontrast, nonsteroidal anti-inflamma-
tory agents, cyclosporine, or cisplatinum, which may result in an increased risk of
nephrotoxicity [6, 10].

Table 1 Pharmacodynamic properties of antimicrobials

Pattern of activity Antimicrobial
class or drug

Goal of therapy Parameters
to measure

Type I Fluoroquinolones Maximize concentration 24-h AUC/MIC
Ratio
Peak/MIC Ratio

Concentration-dependent
killing

Aminoglycosides

Daptomycina

Type II b-Lactams Maximize duration
of exposure

T [ MIC

Time-dependent killing Penicillins

Cephalosporins

Carbapenems

Vancomycina

Type III Daptomycina Maximize amount
of drug

24-h AUC/MIC
Ratio

Mixed properties Linezolid

Azithromycin

Vancomycina

Tigecycline
aSome antimicrobials behave as [1 pattern of activity. For additional details, refer to text
AUC area under curve, MIC minimum inhibitory concentration, T time. (Adapted from Refs. [12–17])
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3 Antimicrobial Agents by Drug Class

The following sections include a detailed discussion about adverse drug reactions,
clinical pearls for dosing, and interactions associated with commonly used anti-
bacterial, antiviral, and antifungal agents in the cancer population. Tables 2, 3 and
4 supplement this discussion.

3.1 Antibacterial Agents

A discussion regarding antimicrobials in the cancer population must occur in the
context of increasingly antimicrobial-resistant pathogens, including methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus spp.
(VRE) and penicillin-resistant Streptococcus pneumoniae (PRSP). The emergence
of these resistant gram-positive pathogens has brought vancomycin to the forefront
as a first-line antimicrobial. In addition, a more prominent role now exists for
newer agents, such as linezolid and daptomycin. b-Lactam agents are the cor-
nerstone of anti-infective therapy for the cancer population. However, the emer-
gence of extended-spectrum b-lactamase (ESBL)-producing and other multidrug-
resistant (MDR) gram-negative pathogens, including Klebsiella pneumoniae with
carbapenemase (KPC), has limited the efficacy of the B-lactam drug class and
highlighted the lack of new options for problematic gram-negative pathogens. The
use of older drugs, such as polymyxin, and more attention to dosing and delivery
strategies have taken on an important role. Table 2 summarizes several antibac-
terial agents relevant to the care of patients with malignancies.

3.2 b-Lactam Agents

The b-lactam antimicrobials are a large diverse class of compounds used in oral and
parenteral form for an array of indications. The b-lactam class includes four fam-
ilies of antimicrobials: penicillins, cephalosporins, carbapenems, and monobactams
and are grouped together based upon a shared structural feature, the b-lactam ring.
b-lactam antimicrobials inhibit the growth of sensitive bacteria by inactivating
enzymes that are involved in the third stage of cell wall synthesis. b-lactam
antimicrobials are generally bactericidal [17, 18]. b-lactams are generally well
tolerated with minimal toxicity when used in moderate dosing. These agents are
commonly used for the empiric treatment for neutropenic fever and for the directed
treatment for infections in cancer patients [1], and so it is relevant to highlight a few
adverse reactions common to the whole family.

Allergy to penicillin is self-reported in up to 10 % of patients. Anaphylaxis is a
severe form of acute hypersensitivity that can result in urticaria, laryngospasm,
bronchospasm, hypotension, and death. b-lactams and specifically penicillins are
the antimicrobials most associated with these types of reaction [19]. However, older
data probably over-estimates the reactions related to penicillins. In large-scale
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studies, approximately 85–90 % of patients with reported penicillin allergy are
found not to be allergic and are able to tolerate penicillins. In addition, the
prevalence of IgE-mediated penicillin allergy has declined over the last 2 decades
[19–22].

Varying degrees of cross-reactivity between cephalosporins and penicillins
have been documented. Since the 1980s, the rate of cross-reactions between
penicillin and second- or third-generation cephalosporins has been found to be 5 %
or less. The degree of cross-reactivity appears to be greater for first-generation
cephalosporins. The explanation, at least in part, is that the antimicrobials used in
older studies probably were not as purified as compounds are today. Also the
higher-generation cephalosporins are less similar to the chemical composition of
penicillin. Additional studies suggest that the cross-reactivity of upper generation
cephalosporins to those with penicillin allergies is lower than older studies would
suggest and that it is reasonable to prescribe these agents when the allergic
reaction in question is not severe. The incidence of carbapenem cross-reaction
with penicillins is unclear. Administration of aztreonam is safe in patients with a
history of anaphylaxis to all b-lactams except ceftazidime [19–22].

These data are clinically relevant because of emerging resistance to aztreonam
and fluoroquinolones [19], both of which are heavily used in patients who report
penicillin allergies. For example, the antibiogram of Montefiore Medical Center
indicates that a large portion of Escherichia coli are not susceptible to cipro-
floxacin or aztreonam; however, the higher-generation cephalosporins cover a
larger percentage of gram-negative organisms in this institution. Thus, obtaining a
careful allergy history is important since those with simply rash caused by prior
penicillin use will likely tolerate a cephalosporin or carbapenem and will also get
more appropriate empiric coverage for the pathogens in this facility.

When it is critical to utilize b-lactam antimicrobials in a patient with prior
IgE-mediated hypersensitivity to a member of this drug class, desensitization
procedures may be required. Desensitization is typically achieved by gradual
reintroduction of small doses of drug antigens to which an individual is allergic at
fixed time intervals. It is aimed at providing increased safety and protection from
side effects, including anaphylaxis [23]. Desensitization procedures are high-risk
interventions. Inhibition of cellular activation mechanisms occurs during drug
desensitization, allowing for the protective clinical outcomes and lack of side
effects in the majority of cases, but the cellular and molecular inhibitory mecha-
nisms are incompletely understood. The indication for desensitization protocols
should be done in collaboration with trained allergists and should be implemented
in a controlled setting such as an intensive care unit [23].

The b-lactam antimicrobials have been associated with nephrotoxicity from
interstitial nephritis [1]. Methicillin was the first antimicrobial shown to be asso-
ciated with fevers, chills, rash, and arthralgias. However, the presentation of anti-
microbial-induced interstitial nephritis can be variable, and it should be suspected in
any patient on a potentially offending agent who develops renal dysfunction. Urinary
eosinophilia supports the diagnosis, but conclusive documentation of the disease
requires renal biopsy. Discontinuation of the offending agent generally reverses the
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process, and permanent sequelae are unusual. These are usually related to the spe-
cific drug and do not limit use of the entire class of antimicrobials in the future.

The b-lactam antimicrobials have been associated with some hematological
adverse events [14], including immune-mediated destruction of polymorphonuclear
leukocytes, hemolytic anemia, or acute immune thrombocytopenia. The first syn-
drome presents as abrupt onset neutropenia with fever, rash, and eosinophilia. The
second syndrome can be with or without associated positive Coomb’s test and is
usually associated with prolonged, high-dose therapy, and signs of hypersensitivity
are often absent. With acute immune thrombocytopenia, the platelet count generally
normalizes within a few weeks of the antimicrobial discontinuation. Platelet dys-
function has been associated with the older b-lactam-b-lactamase agent, ticarcillin-
clavulanate, but pipercillin–tazobactam has less effect on platelets. There is little
data on the cross-reactivity of these types of reactions; however, such reactions
usually develop several days into therapy and as long as monitoring is present,
likely do not prohibit use of other agents within the b-lactam family [10, 14].

b-Lactam agents, as well as other broad-spectrum antimicrobials, can suppress gut
flora and may contribute to vitamin K deficiency. In the past, some cephalosporins,
especially cefaperazone and cefotetan, were associated with hypoprothrombinemia
due to their chemical structure, namely the N-methythiotetrazole-containing side
chain.

Although rare, b-lactam antimicrobials are associated with other reactions
including serum sickness, dermatological reactions, neurological reactions (espe-
cially penicillins), pulmonary reactions, gastrointestinal, and hepatobiliary reac-
tions [10, 14].

3.3 b-Lactam–b-Lactamase Inhibitor Combination Drugs

The b-lactam–b-lactamase combination pipercillin–tazobactam may be used for
neutropenic fever or other infections during non-neutropenic periods, when broad-
spectrum coverage, including Pseudomonas species is desired. Particular care is
needed to assure that the compound is given in sufficient dosing to cover Pseu-
domonas spp. [24, 25]. In vitro and animal studies of piperacillin have demonstrated
the time above the MIC is the best predictor of bacterial killing. Pharmacokinetic
models have shown difficulty achieving adequate killing parameters at higher MICs
with standard infusion regimens. For a creatinine clearance of[40 ml/min, a dose
of 4.5 g every 6 h should be used. To increase the possibility of exceeding the MIC,
there is data to support either continuous or extended infusions of these antimi-
crobials for those with normal renal function. This includes extending the infusion
over 4 h [24, 25].

An interesting issue with the use of pipercillin/tazobactam in cancer patients is
the interference with newer testing for Aspergillus spp. [26, 27]. Among 218
patients surveyed from June 2002 through June 2003, 42 (19.3 %) had C1 serum
sample positive for galactomannan (optical density index[1.5). Of these patients,
38 had no additional evidence of invasive aspergillosis, and therefore, their test
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results were considered false-positives. Case-control analysis showed that treatment
with piperacillin–tazobactam was the only risk factor significantly associated with
false-positive test results. When tested for galactomannan antigen, 3 of 4 pipera-
cillin–tazobactam batches had positive results. Although penicillins and cephalo-
sporins, with the exception of the cephamycins, are of fungal origin, the exact
reasons for cross-reactivity between piperacillin–tazobactam and galactomannan
remain unclear. Physicians should be aware of the possible interference of treatment
with piperacillin–tazobactam when interpreting the results of the galactomannan
assay. Some authorities suggest that collecting the galactomannan test prior to the
administration of a piperacillin–tazobactam dose or timing the collection at the
trough concentrations of the drug may decrease false-positive results [28].

Cefepime, a fourth-generation cephalosporin with antipseudomonal coverage,
is widely used as a single agent for neutropenic fever and as part of the regimen for
non-neutropenic conditions such as hospital-acquired pneumonia and meningitis/
shunt-related infections. There have been concerns about an increase in mortality
in patients treated with cefepime [29–31]. Data are inconclusive regarding an
association between cefepime and all-cause mortality [29–33]. Two meta-analyses
demonstrated an association between cefepime and all-cause mortality [30, 31];
however, one meta-analysis and one retrospective cohort study, specific to the
pediatric population, did not find an association [32, 33]. The FDA has determined
that cefepime remains safe for approved indications [33].

3.4 Cetibiprole

Ceftobiprole medocaril is a newer extended-spectrum cephalosporin. It has been
described in some places as a fifth-generation cephalosporin. It has an established
stability against hydrolysis by many gram-positive b-lactamases and a higher
affinity for various PBPs, such as PBP2a of MRSA or PBP2x of S. pneumoniae,
which leads to a wider spectrum of activity compared with older b-lactams against
methicillin-resistant Staphylococcus spp., vancomycin-resistant S. aureus, PRSP,
VRE, and Enterobacteriaceae, Ceftobiprole activity does not cover ESBL-
producing Enterobacteriaceae and some other pathogens, including Enterococcus
faecium, P. aeruginosa, and Acinetobacter baumannii [34, 35].

The activity of ceftobiprole and limited clinical data suggest that it may be
useful as empiric monotherapy for complex skin and skin structure infections and
in combination with other antimicrobials in lower respiratory tract infections. It is
generally well tolerated, with nausea and taste disturbance being the most common
adverse events [34, 35].

3.5 Aztreonam

Aztreonam is the only monobactam antimicrobial marketed in the United States.
Its antibacterial spectrum includes the majority of gram-negative aerobic and
facultative bacteria, including the Enterobacteriaceae and P. aeruginosa, but has
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virtually no activity against gram-positive organisms or anaerobes. Many strains of
Acinetobacter spp. and Stenotrophomonas maltophilia are resistant, and resistance
to P. aeruginosa can emerge while on aztreonam. The spectrum is similar to
aminoglycosides, but is less reliable for the above organisms [36].

Data support the absence of cross-allergenicity between aztreonam and the
other b-lactam antimicrobials. The side chains of aztreonam and ceftazidime have
elements in common; thus, there is theoretical data that aztreonam should not be
used in a patient with ceftazidime allergy [36]. It may be used as part of the
empiric regimen for neutropenic fever for a patient with severe penicillin allergy,
but due to its limited spectrum should not be used as monotherapy.

3.6 Carbapenems

The carbapenems are generally resistant to most beta-lactamases (plasmid- and
chromosomally mediated) and have broad-spectrum antimicrobial activity. These
drugs are not active against S. maltophila, Burkholderia cepacia, E. faecium,
oxacillin-resistant staphylococci, or JK diphtheroids [34]. Although initial isolates
of P. aeruginosa are usually susceptible to the carbapenems, resistance can emerge
on therapy when used as a single agent. The mechanism is usually related to
altered permeability to these drugs relating to changes in their outer membrane
proteins. Comparing the four carbapenems aids in the understanding of the uses
and benefits of each agent.

Imipenem is inactivated in the proximal tubule by human enzyme dehydro-
genase I with low urinary levels of active drug and necrosis of the proximal tubule
in animal models. This cleavage of imipenem is prevented by co-administration of
cilastatin. Imipenem, meropenem, and doripenem have a very similar microbio-
logical spectrum. Meropenem is specifically FDA-approved for treatment for
bacterial meningitis, although studies also support use of imipenem for meningitis.
Doripenem appears in in vitro studies to be more potent against P. aeruginosa, but
less potent against Acinetobacter spp. [34, 35]. Doripenem, in some markets, is
less expensive and can be given in extended infusions. Ertapenem has a narrower
spectrum of activity. It is active against most Enterobacteriaceae and anaerobes,
but less active than other carbapenems against P. aeruginosa, Acinetobacter spp.,
and gram-positive bacteria, particularly enterococci and resistant pneumococci.
The major benefit of ertapenem over the other carbapenems is that it has a long
half-life and can be administered once daily.

The carbapenems are generally safe. The most commonly reported adverse
effects include local irritation at injection site, diarrhea, rash, nausea, vomiting,
and pruritis. The carbapenems have been associated with central nervous system
toxicity, including change in mental state, myoclonus, and, particularly, seizures.
Clinical controversy exists around the seizure profile. In post-marketing surveil-
lance, the incidence of imipenem/cilastatin-associated seizures was 1.5–2 %.
Patients who developed this adverse effect had impaired renal function, known
central nervous system disease or infection, history of seizures or stroke and were
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receiving aggressive dosing of the drug. This adverse effect has since been
re-evaluated, and a complex dosing strategy has been included in the package
insert for imipenem/cilastatin [29, 37]. Some believe that meropenem may have
lower risk of seizures, but the studies excluded those with history of seizure
disorder; thus, the conclusion may not be valid.

Carbapenems retain activity against the extended-spectrum beta-lactamases and
chromosomal cephalosporinases found in many gram-negative pathogens. Infection
with carbapenem-resistant or carbapenemase-producing Enterobacteriaceae is
emerging as an important challenge in healthcare settings. Currently, K. pneumoniae
with carbapenamase (KPC) is the species most commonly encountered in the United
States. KPCs are resistant to almost all available antimicrobial agents, and infections
with KPCs have been associated with high rates of morbidity and mortality, par-
ticularly among persons with prolonged hospitalization and those who are critically
ill and exposed to invasive devices such as ventilators and central venous catheters
[37]. Attention has been placed on appropriate microbiological screening and con-
firmation testing for these pathogens and exploring use of older drugs (colistin,
rifampin) or newer broader-spectrum drugs (tigecycline), usually in combination.

3.7 Fluoroquinolones

Fluoroquinolones are broad-spectrum antimicrobials with concentration-dependent
bactericidal activity. The mechanism by which they exert this effect is by binding
to and inhibiting topoisomerase II (DNA gyrase) and topoisomerase IV [38]. There
are basically two groups within the fluoroquinolones: the first are older agents with
primarily gram-negative coverage used for UTIs. Norfloxacin, lomefloxacin,
ofloxacin, and ciprofloxacin are included in this group. Ciprofloxacin is most
notably used for its coverage against P. aeruginosa, and it figures prominently in
the 2010 Clinical Practice Guidelines for the Use of Antimicrobial Agents in
Neutropenic Patients with Cancer due to its spectrum of activity, excellent bio-
availability, and suitability for outpatient management of low-risk neutropenia/
neutropenic fever [1].

The later generation fluoroquinolones, including levofloxacin and moxifloxacin,
have an extended half-life, less CNS toxicity, and broader-spectrum of activity
including gram-positive bacteria and some anaerobes [39]. These agents often are
used for respiratory tract infections. Importantly, moxifloxacin has limited renal
excretion, so no dose reduction is needed for renal failure, but it should not be used
for urinary tract infections.

Fluoroquinolones are often administered orally; thus, absorption interactions
may compromise the efficacy of antimicrobial therapy [13]. Important drug–drug
interactions, which can be specific to the specific agent, include antacids/minerals
(aluminum, magnesium, calcium, iron, and zinc severely impair absorption of
quinolones), NSAIDS (increase central nervous system effects), theophyllines
(change in metabolism), warfarin (elevate PT/INR), and alkalyzing agents (cause
crystallization in urine).
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Fluoroquinolones have been associated with reversible central nervous system
adverse events, including seizures, headaches, hallucinations, and slurred speech,
in as many as 1–2 % of recipients. Previous underlying neurological conditions
may predispose to these side effects, and fluoroquinolones may lower the seizure
threshold in patients with seizure disorders [16, 40].

Fluoroquinolones can prolong the QT interval, usually only clinically signifi-
cant in patients with baseline QTc interval elongation. Some experts recommend
avoidance of fluoroquinolones in patients with baseline QTc of [500 ms or
switching to an alternative agent if the interval increases by 30–60 ms with a
quinolone [13, 39].

Both the older and newer fluoroquinolones have been associated with
arthropathy in weight bearing joints. Studies have shown erosion and permanent
lesions of the cartilage due to quinolone use in animals. Although Achilles tendon
rupture has been the most common injury with over 200 cases reported, other
joints may also be affected. Injury has been reported up to 90 days after com-
pletion of therapy. For such reasons, quinolones are not front-line antimicrobials in
children, pregnant women, or nursing mothers [13, 39].

Resistance develops to fluoroquinolones due to three possible mechanisms:
alterations in topoisomerase enzymes, decreased permeability, and drug efflux
[41]. Resistance is clinically relevant at many facilities where oral quinolones are
highly used [42].

Finally, although many antimicrobials have been associated with C. difficile-
associated diarrhea, the quinolones have especially been implicated as a factor
associated with the toxigenic B1/NAP1 strain causing recent outbreaks throughout
the United States and Canada [43]. The recent increase in drug resistance and
emergence of this C. difficile strain has made the quinolones a target for antimi-
crobial stewardship.

3.8 Aminoglycosides

The aminoglycosides primarily act by binding to the aminoacyl site of 16S ribo-
somal RNA within the 30S ribosomal subunit, leading to misreading of the genetic
code and inhibition of translocation. Nine aminoglycosides, gentamicin, tobramy-
cin, amikacin, streptomycin, neomycin, kanamycin, paromomycin, netilmicin, and
spectinomycin, are approved by the FDA for use in the United States [44]. Their
most common clinical application, either alone or as part of combination therapy, is
in the treatment for serious infections caused by aerobic gram-negative bacilli. Less
commonly, aminoglycosides, in combination with cell wall active agent, are used
for the treatment for serious staphylococcal and enterococcal infections. In some
instances, aminoglycosides are used in combination with an antipseudomonal
b-lactam for neutropenic fever. The primary toxicities of aminoglycosides are
nephrotoxicity, ototoxicity, and, rarely, neuromuscular blockade [40, 44–48].

A few important pharmacodynamic properties are important with aminogly-
cosides, including PAE and concentration-dependent killing [11, 12, 46]. For
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concentration-dependent killing, achievement of optimal peak concentrations of
aminoglycosides is limited by the nephrotoxicity associated with sustained high
trough concentrations of these agents. Importantly, for obese patients, dosing
should be based on adjusted body weight and not actual body weight.

Acute kidney injury due to acute tubular necrosis is a common complication of
aminoglycoside therapy, occurring in 10–20 % of patients. Major risk factors for
nephrotoxicity include prolonged length of therapy, advanced age, comorbid
diseases such as diabetes and leukemia, reduced effective arterial volume, sepsis,
co-administration of other nephrotoxic medications, high plasma drug concen-
trations, type of aminoglycoside (higher with gentamicin vs. tobramycin or ami-
kacin), and frequency of dosing [40, 49, 50]. Clinical strategies to minimize the
potential for nephrotoxicity include selection of the least toxic aminoglycoside
when possible, correction of hypokalemia and hypomagnesemia prior to amino-
glycoside administration, avoidance of these agents in patients with reduced
effective arterial volume, adjustment of the dose for renal function, limiting the
duration of therapy to 7–10 days, and minimizing concomitant nephrotoxic
medications [40, 49, 50]. Once-daily aminoglycoside therapy, employing a larger
loading dose of the agent every 24–48 h, exploits the concentration-dependent
activity and PAE but leads to less nephrotoxicity than conventional dosing
methods [50–52]. It is beyond the scope of this review, but a good guide to dosing
and monitoring aminoglycosides may be found in the reference section [49].

Aminoglycoside-induced ototoxicity may result in either vestibular or cochlear
damage. Manifestations of vestibular toxicity include vertigo, disequilibrium,
lightheadedness, nausea, vomiting, and ataxia, while the usual symptoms of
cochlear toxicity are tinnitus and hearing loss. There appears to be a genetic
predisposition to the development of ototoxicity with aminoglycosides. To prevent
the development of ototoxicity due to aminoglycosides, strategies include once-
daily dosing and careful monitoring of serum drug concentrations. N-acetylcys-
teine can also be given to patients with end-stage renal disease receiving an
aminoglycoside. Another approach to prevention is to use audiometric testing
among patients receiving aminoglycoside therapy. However, hearing loss may
occur even after the termination of antimicrobial therapy [15, 53].

Neuromuscular blockade is a rare but serious adverse effect induced by ami-
noglycoside therapy. Most patients experiencing such reactions have disease states
and/or concomitant drug therapies that interfere with neuromuscular transmission.
Myasthenia gravis is an absolute contraindication to aminoglycoside use [15, 44].

3.9 Vancomycin

Vancomycin is a glycopeptide that is widely used for treatment for serious gram-
positive infections. It inhibits bacterial cell wall synthesis by binding tightly to the
D-alanyl-D-alanine portion of peptidoglycan precursors, preventing polymeriza-
tion of these cell wall units [16].
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Early use of vancomycin was associated with a number of adverse effects,
including infusion-related toxicity, nephrotoxicity, and possibly ototoxicity
[16, 54–56]. However, it appears that early formulations contained impurities that
may have accounted for these events.

Additionally, vancomycin causes several different types of hypersensitivity
reactions, ranging from localized skin reactions to generalized cardiovascular
collapse [54, 57, 58]. However, the most frequent adverse reaction, the ‘‘red man
syndrome’’ (RMS), is a rate-dependent infusion reaction and not a true allergic
reaction. RMS is characterized by flushing, erythema, and pruritus that usually
affect the upper body, neck, and face more than the lower body. Pains and muscle
spasms in the back and chest, dyspnea, and hypotension may also occur. It is rarely
life threatening, although severe cardiovascular toxicity and even cardiac arrest
have been reported. It is best classified as an idiopathic infusion reaction that
resembles IgE-mediated anaphylaxis, but does not involve drug-specific IgE. RMS
is a rate-related infusion reaction in most instances. To avoid this type of reaction,
vancomycin should be infused over a minimum of 100 min or at a rate no higher
than 10 mg/min, whichever results in a slower infusion. This is especially
important when infusing larger doses ([1 g) such as in obese patients [54, 57].

Vancomycin is associated less commonly with anaphylaxis, but in these cases,
desensitization procedures can be performed if vancomycin is essential. Other
adverse events are drug rash, cytopenias, eosinophilia with systemic symptoms
and other cutaneous reactions (e.g., linear IgA bullous dermatosis), and renal
disorders. In these cases, desensitization is not effective and may be dangerous,
and thus, the drug must be discontinued.

In recent years, S. aureus with reduced or intermediate susceptibility to van-
comycin (or glycopeptides) (VISA or GISA) and vancomycin-resistant S. aureus
(VRSA) have emerged, raising important questions about the overall and future
utility of this antimicrobial [16, 56]. In 2006, the Clinical and Laboratory Stan-
dards Institute (CLSI) lowered the susceptibility and resistance MIC breakpoints
of vancomycin from B4 to B2 mg/L for ‘‘susceptible,’’ from 8–16 to 4–8 mg/L for
‘‘intermediate,’’ and from C32 to C16 mg/L for ‘‘resistant.’’ This decision was
primarily based on clinical data indicating that successful treatment for S. aureus
infections was less likely if the vancomycin MIC exceeded 4 mg/L [59]. Despite
this change in breakpoints, two reports have suggested that patients with S. aureus
isolates having vancomycin [60, 61] MICs of 1–2 mg/L are less likely to be
successfully treated with vancomycin compared to patients with S. aureus isolates
with greater susceptibility. This raises the question whether the MIC breakpoints
should be lowered even further and providers should consider treatment with an
alternate agent for infections with isolates of S. aureus with vancomycin MICs [ 2
[56, 60, 61]. Updated guidelines for dosing and therapeutic monitoring of van-
comycin address the optimal treatment for infections, avoidance of toxicity, and
the prevention of antimicrobial resistance [16].
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3.10 Drugs of ‘‘Last Resort’’

The emergence and spread of antimicrobial-resistant gram-positive pathogens such
as community-associated MRSA (CA-MRSA), VISA, and VRSA have become
frontline public health issues. In response, a handful of novel antimicrobials to
treat infections with these pathogens have been developed and approved, including
linezolid, daptomycin, tigecycline and, most recently, telavancin. In addition,
trimethoprim–sulfamethoxazole, clindamycin, and doxycycline have found a new
niche in the treatment for CA-MRSA. The emergence of gram-negative resistance
has been more problematic and some older, previously retired drugs such as
polymyxin B are now back in use. The following sections highlight use of some of
these antibacterial drugs of ‘‘last resort.’’ It is important to underscore that no
antimicrobial can cover every pathogen. In some complex MDR infections,
drainage or surgical intervention is necessary. Lastly, becoming comfortable with
the niche for some of these drugs, in many circumstances, can best be accom-
plished in consultation with an infectious diseases specialist.

3.10.1 Linezolid
Linezolid is an oxazolidinone antimicrobial that inhibits the bacterial ribosomal
translation process by selectively binding to a site on the 23S ribosomal RNA of
the 50S subunit, thereby preventing initiation complex formation with the 70S
ribosomal subunit [61]. It has good activity against gram-positive pathogens,
including MDR pathogens, MRSA, and VRE. Since its approval in the United
States in 2000, it has been heavily marketed to treat skin and soft tissue infections,
lower respiratory tract infections, and VRE infections, including cases with con-
current bacteremia [59, 62, 63].

Randomized multicenter trials in patients with serious gram-positive infections
show clinical cure rates with linezolid were similar to those with vancomycin and
related drugs [59, 62, 64]. In subgroup analyses, which must be interpreted with a
degree of caution, clinical advantages were noted for linezolid over vancomycin,
such as in confirmed MRSA nosocomial pneumonia and complicated skin and soft
tissue infections [59, 65, 66].

Linezolid is generally well tolerated. Although more expensive than vanco-
mycin, linezolid does not require testing for adequate serum drug concentrations or
dosing adjustment for renal or hepatic insufficiency [62]. In addition, the oral
bioavailability is 100 % thus allowing sequential intravenous to oral administra-
tion without changing drug or dosage [62].

Serious side effects of linezolid include myelosuppression and thrombocytope-
nia. For some patients who stay on therapy for four or more weeks, the risk of these
hematological side effects is more concerning and should be monitored weekly.
There have been reports of linezolid-associated lactic acidosis and serotonin syn-
drome. Linezolid should not be used in individuals receiving monoamine oxidase
inhibitors (MAO inhibitors). Neurological side effects, including seizures and optic
and peripheral neuropathy, have been reported. Monitoring is recommended for
extended linezolid use (3 months or greater) and in patients reporting new visual
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symptoms. As a practical issue, linezolid is largely hepatically excreted; thus, it is
not a good agent for treatment for urinary tract infections [59, 64].

Most reports of linezolid resistance have been individual cases or small case
series; however [63], the Tennessee Department of Health reported a hospital-wide
outbreak of linezolid-resistant enterococcal infections associated with increase
linezolid use [63]. In summary although there are some attractive qualities to
linezolid, the cost, toxicity, and potential resistance limit its use. It should be
reserved for those who do not respond or cannot tolerate an older agent.

3.10.2 Daptomycin
Daptomycin is a novel bactericidal antimicrobial with excellent activity against
gram-positive organisms. The exact mechanism of action is not completely
understood. It is believed to have a unique mechanism of action that involves
calcium-dependent insertion of the lipophilic daptomycin tail into the bacteria’s
cell membrane causing rapid depolarization and potassium ion efflux [66].

Daptomycin has broad activity against gram-positive aerobes and anaerobes,
including resistant strains of MRSA, VRE, coagulase-negative staphylococci, and
PRSP. Daptomycin is currently approved for the treatment for complicated skin
and soft tissue infections, bacteremia-associated intravascular line infection, and
bacteremia due to S. aureus, including right-sided infective endocarditis. It also
has shown activity in models for peritonitis, septic arthritis, and central nervous
system infections [67, 68].

Daptomycin has predominately renal clearance, requiring dose adjustments in
those with impaired renal function [67, 68]. Daptomycin has been shown to have a
PAE on S. aureus and S. pneumoniae allowing for once-daily dosing in patients
with normal renal function. Daptomycin should not be used to treat pneumonia
since it is inhibited by surfactant [67, 68]. There appears to be a low rate of
spontaneous resistance to daptomycin. However, there have been multiple case
reports of gram-positive organisms with daptomycin resistance including MRSA,
E. faecium, and E. faecalis [68, 69]. Dosing depends on indication with 4 mg/kg
daily for soft tissue infections but higher dosing from 6 mg/kg up to 10 mg/kg for
bacteremia and infective endocarditis to achieve clinical success and prevent
resistance development [69].

In early clinical trials, daptomycin was associated with skeletal muscle effects
including myopathy and elevated creatine phosphokinase. Additional animal
studies revealed that changing the dosing to once daily from every 12 h could
overcome the problem [70]. There are no significant drug–drug interactions with
daptomycin, but the manufacturers recommended temporarily discontinuing use of
HMG CoA reductase inhibitors while patients receive daptomycin [67, 68].

3.10.3 Tigecycline
The US FDA approved tigecycline in 2005 for the treatment for complicated skin
and soft tissue infections, intra-abdominal infections, and community-acquired
pneumonia, although it has been used for other conditions [71, 72].
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Its spectrum of activity is fairly wide, including MRSA, VRE, and MDR
Klebsiella. Tigecycline does not have activity against Pseudomonas spp. [71].

Tigecycline is the first in a new generation of tetracyclines known as the
glycylcyclines. Tigecycline inhibits bacterial protein synthesis by binding to the
30S ribosomal subunit. It blocks entry of the amino-acyl tRNA molecules into
the A site of the ribosome, preventing incorporation of amino acid residues into
elongating peptide chains. Tigecycline is generally considered to be a bacterio-
static drug. However, it has bactericidal activity against isolates of S. pneumoniae
and Legionella pneumophila [72].

Tigecycline is fairly well tolerated. In post-marketing evaluations, it has been
associated with the development of acute pancreatitis, including fatal cases. Some
reports have been in patients without known risk factors. Drug discontinuation
should be considered in patients who develop signs or symptoms of pancreatitis
during therapy [72, 73].

Tigecycline received attention in September 2010 when it was linked to an
increased risk of death in patients with certain severe infections [74]. The
increased risk was seen most clearly in patients treated for hospital-acquired
pneumonia, but was also seen in patients with complicated skin and skin structure
infections, complicated intra-abdominal infection, and diabetic foot infections.
The increased mortality was determined using pooled analysis of 13 clinical trials
with patients given tigecycline for both approved and unapproved indications [74].
The cause of the excessive deaths in these trials is uncertain, but has given pause to
some prescribers.

In practical terms, tigecycline is primarily hepatically metabolized and has little
renal excretion. Thus, it is of lesser utility in treatment for urinary tract infections,
except in larger doses. Because the drug is largely bacteriostatic, it should not be
used in bacteremic or septic patients. The lack of Pseudomonas spp. coverage is
also a disadvantage in the hematology–oncology population.

3.10.4 Polymyxins
Polymyxin B and colistin (polymyxin E) are the two polymyxins used clinically.
These are lipopeptide antimicrobials isolated from Bacillus polymyxa and are
bactericidal agents with a detergent-like action. There is only one amino acid
difference between polymyxin B and colistin. The former is administered paren-
terally as the sulfate salt and the latter is administered as the sodium salt of colistin
methane sulfonate, an inactive prodrug that undergoes hydrolysis in vivo and
in vitro to form the active entity colistin [75].

Polymyxin B has no activity against gram-positive bacteria and anaerobes, but is
active against a variety of gram-negative bacilli, including Enterobacteriaceae and
non-fermentative species. This specifically includes MDR strains of P. aeruginosa,
A. baumannii, and K. pneumoniae. Of interest, Proteus spp., Providencia spp.,
Morganella spp, and Serratia spp. are resistant to this agent [75]. Knowledge of the
pharmacokinetics and pharmacodynamics of polymyxin B is limited given its lack
of use in the last 50 years [75, 76]. In addition, since these drugs are old, the
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procedures for standardization of susceptibility testing, establishment of break
points and quality of control strains were less rigorous [75, 76]. Acquired resistance
to polymyxins in MDR gram-negatives is not common due to infrequent usage.
There is cross-resistance between polymyxin B and colistin.

Nephrotoxicity and neurotoxicity are the most common toxicities associated
with parenteral administration of polymyxins [75]. Newer literature suggests that
nephrotoxicity may have been over estimated in older studies and is likely in the
range of 0–37 % [77]. Clinicians should be alert to the potential for nephrotoxicity
by adjusting dosage for renal function, avoiding concomitant administration of
other potential nephrotoxic drugs where possible, and monitoring for deteriorating
renal function.

Neurotoxicities are less frequent than nephrotoxicities and are usually mild and
resolve when medication is discontinued. Neurotoxicities include dizziness, gen-
eralized weakness, facial and peripheral paresthesias, partial deafness, visual
disturbances, vertigo, confusion, hallucinations, seizures, and ataxia and occur
more commonly with colistin than polymyxin B [75].

3.10.5 Televancin
Televancin is a lipoglycopeptide derivative of vancomycin. Similar to vancomy-
cin, it demonstrates activity in vitro against a variety of gram-positive pathogens,
including but not limited to MRSA and PRSP. Televancin binds to the D-alanyl-D-
alanine terminus in gram-positive organisms, resulting in inhibition of bacterial
cell wall synthesis. In addition, televancin activity in vitro causes depolarization of
the bacterial cell membrane and increased membrane permeability. The resulting
activity in vitro is rapidly bactericidal and concentration-dependent, with the ratio
of AUC/MIC as the best predictor of activity in animal models [77, 78].

Modification to the structure of vancomycin expanded the spectrum of tel-
evancin activity to include organisms such as GISA, VRSA, and VRE [78]. It can
be dosed once daily. Since televancin is extensively cleared renally, dosage
adjustments are required in patients with moderate to severe renal impairment.

Approval of televancin was based on data from two double-blind, randomized
phase 3 studies (ATLAS I and II) of 1,867 patients showing that its use was
statistically non-inferior to vancomycin for curing skin and skin structure infec-
tions caused by gram-positive organisms [79, 80]. The exact niche of this drug is
evolving and likely will be as directed therapy for those with resistance or intol-
erance to other first-line agents.

In these studies, adverse effects were mild and reversible including taste dis-
turbances, nausea, vomiting, and foamy urine. Renal toxicity was more common
than with vancomycin (3 vs. 1 %), and QTc interval was elongated but without
clinical significance. Limb malformations occurred in animal studies; thus, the
agent is considered a teratogen [78, 81].
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3.11 A New Role for Clindamycin, Trimethoprim–
Sulfamethoxazole, and Tetracycline

Facilities are attempting to integrate previously retired drugs of last resort into their
armamentarium. The discussion would not be complete without discussing the roles
of the narrower, older drugs clindamycin, trimethoprim–sulfamethoxazole
(TMP-SMX), and doxycycline for skin and soft tissue infections with CA-MRSA.
Incision and drainage is often required and may be the only treatment needed;
however, these drugs can be used adjunctively. All are inexpensive, fairly well
tolerated, and administered orally [82, 83].

Clindamycin has good activity against MRSA and also inhibits bacterial pro-
duction of toxins such as Panton-Valentine leukocidin and other virulence factors.
Clindamycin, however, is only bacteriostatic and should not be used for intravas-
cular infections. Careful testing and monitoring for local clindamycin resistance is
important. Isolates that may appear susceptible to clindamycin by standard testing
techniques may be capable of inducing resistance. Clinicians should confer with
their microbiology laboratory to request evaluation for this inducible resistance
prior to treatment with clindamycin [84]. The major side effect is gastrointestinal
intolerance.

TMP-SMX has been used for treatment for skin and soft tissue infections with
MRSA [83, 84]. The data for efficacy are largely from observational and retro-
spective reports. This is reasonable in the setting of MRSA with known suscep-
tibility, although it should be used with caution in the empiric management of soft
tissue infection when group A streptococci are an etiologic consideration. It should
also be noted that the dosing for these types of infections is much higher than that
used for prophylaxis for pneumocystosis. TMP-SMX may be more difficult to use
in those with renal dysfunction or cytopenias.

Longer-acting tetracyclines, such as doxycycline or minocycline, can also be
used for MRSA soft tissue infections with known susceptibility. As with TMP-
SMX, this is not an advisable empiric choice if group A streptococci may be a
pathogen. This drug is well tolerated, but prescribers must be aware of interactions
such as poor absorption if taken with common agents such as antacids and iron.

3.12 Antiviral Agents

The development of antivirals has transformed the care of oncology patients and
transplant recipients. Antivirals active against the herpesviruses have led to a
reduction in viral-associated morbidity and mortality in these patients [85].

Much of the toxicity of antiviral agents in patients undergoing chemotherapy
for cancer treatment or conditioning for HSCT is from cumulative side effects of
medications rather than direct drug interactions. However, a severe drug interac-
tion of a novel antiviral, sorivudine, with the cancer agent 5-flouro-uracil (5FU)
led to FDA rejection and complete halt to studies in the US despite demonstrated
efficacy and safety in HIV-infected individuals [86].

Antimicrobial Agents, Drug Adverse Reactions 435



One sees diverse clinical practices in the approach to treatment and prophylaxis
of viral infections; therefore, the following section will address the more com-
monly used antivirals in cancer and HSCT recipients [1, 85]. Knowledge of the
pharmacokinetics and pharmacodynamics of a medication can help predict drug
interactions, thereby reducing toxicity, and improving outcomes. Table 3 sum-
marizes several antiviral agents relevant to the care of patients with malignancies.

3.13 Acyclovir

Acyclovir is an analogue of 20-deoxyguanosine. In order for acyclovir to be
effective, it requires phosphorylation to acyclovir triphosphate. The first phos-
phorylation step is catalyzed by the viral thymidine kinase, which is found in
herpes simplex viruses (HSV) types 1 and 2, and varicella zoster virus (VZV).
Once acyclovir monophosphate has been formed, cellular enzymes catalyze the
production of di- and tri-phosphate forms. Acyclovir triphosphate then competes
with 20-deoxyguanosine triphosphate as a substrate for viral DNA polymerase.
DNA synthesis is interrupted when acyclovir triphosphate is intercalated into viral
DNA, resulting in chain termination. Acyclovir triphosphate can also directly
inhibit herpesvirus DNA polymerase [87]. Acyclovir has higher affinity for herpes
simplex viral DNA than human cellular alpha-DNA polymerase, leading to less
cytotoxicity and few side effects.

Both oral and intravenous formulations are available for acyclovir, and they are
generally well tolerated. The major side effects are inflammation at the infusion
site and increase in serum creatinine in 5–10 % of patients, which results from
crystallization of drug in renal tubules [88]. The nephrotoxic effects of acyclovir
are usually related to the intravenous formulation and may be due to rapid infusion
[89]. Adequate dose reductions must be made in patients with reduced renal
function, and caution should be taken if used concomitantly with probenecid,
which may increase the AUC as much as 40–46 %. Hydration of the patient is
paramount to reduce these effects. Patients receiving chemotherapeutic agents with
strong emetic potential or mucositis need adequate hydration to reduce the risk of
acyclovir-related nephrotoxicity. The bioavailability of the oral formulation
requires frequent dosing, up to five times daily, for VZV infection, thereby making
adherence more difficult, but the cost is significantly less.

The antiviral spectrum of acyclovir is well established against alpha herpe-
sviruses, including HSV, VZV, and the zoonotic herpesvirus B. Acyclovir has poor
activity against cytomegalovirus (CMV), but in high doses (10 mg/kg per dose)
has been used in HSCT recipients for antiviral prophylaxis, with reduction in CMV
replication when compared with placebo. Acyclovir has activity against Epstein–
Barr virus (EBV) and decreases viral shedding in infectious mononucleosis,
although its role in treating post-transplant lymphoproliferative disorder remains
uncertain [87, 88].
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3.14 Valacyclovir and Famciclovir

Valacyclovir is the l-valyl ester of acyclovir [87] and is converted to the active
drug by acetylases in the gastrointestinal tract and liver. The bioavailability is
3–5 times that of acyclovir, allowing for once-daily dosing for prophylaxis [90].

Famciclovir is the diacetyl-6 deoxy analogue of penciclovir. It is well absorbed
orally and rapidly metabolized in the gastrointestinal tract, blood, and liver, after
which it is metabolized in the liver. Since the intracellular half-life of the active
drug, penciclovir triphosphate, is very long, it is can be used for once-daily dosing.
It is effective against genital HSV and herpes zoster infections. There is some data
supporting its use in the prevention of hepatitis B virus (HBV) reactivation after
chemotherapy and HSCT, although this is of limited practical use given the
availability of better anti-HBV agents [87].

3.15 Ganciclovir

Ganciclovir is a nucleoside analogue active against herpesviruses and was one of
the first agents with demonstrable efficacy in the treatment for CMV disease [91].
The development of ganciclovir has led to reductions in morbidity and mortality
associated with CMV disease in both HIV-infected individuals and transplant
recipients [92, 93]. Ganciclovir is converted to the monophosphate form by the
protein kinase product of the UL97 gene, and cellular enzymes then continue with
phosphorylation to form ganciclovir triphosphate, which inhibits viral DNA poly-
merases by competitive inhibition of 20-deoxyguanosine intercalation. Because it
does not result in absolute chain termination, it is considered virustatic. Ganciclovir
triphosphate has a long intracellular half-life in CMV-infected cells and reaches
concentrations ten times that of acyclovir triphosphate, and, for these reasons,
ganciclovir is a superior antiviral for CMV compared to acyclovir [87, 91].

The major limiting side effect of ganciclovir is bone marrow suppression.
Hematological effects include severe leukopenia, neutropenia, anemia, thrombo-
cytopenia, pancytopenia, bone marrow depression, and aplastic anemia [87, 91].
Oncology patients and HSCT recipients are often on other medications that cause
suppression of the major cell lines, which can make some practitioners uneasy in
using ganciclovir; however, in many centers, it is considered the first-line treat-
ment for CMV disease.

Ganciclovir should be used with caution in patients with renal impairment or
hemodialysis, including dose adjustment or interruption. Animal studies have dem-
onstrated carcinogenic and teratogenic effects and inhibition of spermatogenesis [94].

3.16 Valganciclovir

Valganciclovir is the L-valyl ester of ganciclovir. Valganciclovir is converted to
ganciclovir by intestinal and hepatic esterases and has replaced the oral formulation
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of ganciclovir. Data are accumulating regarding the safety and efficacy of val-
ganciclovir in cancer and HSCT transplant patients [95, 96]. The FDA approved
valganciclovir for the treatment for CMV retinitis in HIV-infected individuals and
prevention of CMV disease in solid organ transplant recipients. It has a similar side
effect profile to ganciclovir but has the advantage of oral administration, making it
an ideal drug for treatment, preemptive therapy, and prophylaxis in the transplant
recipient. Providers must exercise caution when using this drug in patients with
mucositis, diarrhea, and graft-versus-host disease with gastrointestinal involve-
ment, as absorption could be impaired leading to sub-optimal dosing and the
potential for development of drug resistance.

3.17 Foscarnet

Foscarnet, also known as trisodium phosphonoformate, is a direct inhibitor of viral
DNA polymerase. In contrast to antiviral agents like acyclovir, ganciclovir, and
their analogues, foscarnet does not require thymidine kinase for activation and
therefore has activity against acyclovir- and ganciclovir-resistant strains of HSV
and CMV [87, 97]. Renal toxicity and electrolyte abnormalities are the major
limitations in its use. Foscarnet is eliminated essentially unchanged in the urine,
and dose reduction is critical in patients with renal impairment. Drug interactions
tend to be few, but concomitant use of other nephrotoxic medications can com-
plicate the use of foscarnet. In order to reduce toxicity, patients need adequate
hydration prior to drug administration [87]. Foscarnet has excellent antiviral
activity against VZV, HSV, and CMV. Uses in cancer patients have ranged from
preemptive approach to treatment for CMV disease in HSCT recipients [98]. Often
considered an alternate agent for treating CMV viremia and disease in cancer
patients, some centers use foscarnet as a first-line agent because of fewer bone
marrow-related toxicities than ganciclovir, although anemia is still a significant
concern [87, 98].

3.18 Cidofovir

Cidofovir is a nucleotide analogue approved for use in HIV-infected individuals
with CMV retinitis. This drug has broad-spectrum activity against viruses such as
CMV, other herpesviruses, adenovirus, and polyomaviruses [87, 99]. Nephrotox-
icity is the major limiting side effect of this agent, and the FDA has issued a black
box warning regarding its use in patients with preexisting renal insufficiency [99].
Additionally, cidofovir can cause proximal renal tubular damage leading to glu-
cosuria, proteinuria, and electrolyte imbalances, in particular hypophosphatemia
[99–101]. Patients receiving cidofovir require monitoring of renal function and
screening for proteinuria 2 days prior to each infusion. Probenecid and hydration
are administered prior to, during, and after infusion to mitigate the nephrotoxic
effects of cidofovir. Its use in HSCT recipients should be with caution given
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cumulative effects of nephrotoxic agents, especially since prior chemotherapy and
foscarnet may predispose to nephrotoxicity [87, 99, 101]. However, in very ill
HSCT recipients, benefits of antiviral activity may outweigh the risks of worsening
renal disease.

3.19 Antiretroviral Agents and Chemotherapy

Human immunodeficiency virus (HIV) deserves a special mention, as it is associ-
ated with increased rates of both solid and hematological malignancies. Although
there is an extensive body of literature on drug interactions, limited data exists on
antineoplastic agents and antiretroviral therapy. Data support the continued use of
antiretroviral agents during and after treatment for malignancies. In lymphoma, the
majority of the data is derived from retrospective analyses. An Italian cohort found
that highly active antiretroviral therapy (HAART) duration C24 months was
independently associated with a longer progression-free survival [102]. First-line
treatment for Kaposi sarcoma includes initiation of HAART. In HIV-infected
patients undergoing cancer chemotherapy, concerns exist for drugs known to cause
bone marrow suppression (zidovudine and ganciclovir) and mitochondrial toxicity
(didanosine and stavudine). The emphasis should be on viral suppression, optimal
prophylaxis and, if possible, limiting antiretrovirals that produce additive gastro-
intestinal and bone marrow toxicities. Due to the complexities of interactions
between agents such as non-nucleoside reverse transcriptase inhibitors or protease
inhibitors and hepatically metabolized chemotherapeutic agents, the authors rec-
ommend consultation with pharmacy and infectious diseases experts for optimizing
antiretroviral therapy during cancer chemotherapy.

3.20 Antivirals Agents for Influenza

The 2009 H1N1 influenza A pandemic raised interest in the use of antivirals
directed against influenza. Although acutely debilitating, influenza is usually a
self-limited infection. However, it can be associated with increased morbidity and
mortality in high-risk populations, including those with malignancies.

When initiated promptly, antiviral therapy can shorten the duration of influenza
symptoms by 1–3 days; the greatest benefit occurs in those who receive treatment
within the first 24–30 h and in patients with fever at presentation. Little to no benefit
has been demonstrated when treatment is initiated 2 days or more after the onset of
uncomplicated influenza [103–105]. The use of antiviral agents in HSCT recipients
has not been studied in randomized trials. A retrospective review of laboratory-
confirmed influenza cases in HSCT recipients found that 62 of 4,797 patients were
diagnosed with influenza within 120 days of the HSCT. Of the 51 patients who were
initially diagnosed with upper respiratory tract involvement and no signs or
symptoms of pneumonia, 6 of 34 untreated patients developed pneumonia, whereas
none of the nine patients treated with oseltamivir and one of the eight patients
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treated with rimantadine developed pneumonia [106]. Individuals with severe
disease or at high risk for complications should receive antiviral therapy. Antiviral
therapy, when indicated, should be initiated promptly [107, 108].

Two classes of antiviral drugs are available for the treatment and prevention of
influenza. The neuraminidase inhibitors, zanamivir and oseltamivir, are active
against both influenza A and B. The adamantanes, amantadine and rimantadine,
are only active against influenza A. Due to a marked increase in resistant isolates,
the Advisory Community on Immunization Practices (ACIP) recommends that the
adamantanes not be used in the United States for the treatment for influenza,
except in selected circumstances [107, 108].

Oseltamivir is orally administered and is available as a capsule or powder for
liquid suspension. Zanamivir is administered by oral inhalation. An intravenous
formulation of zanamivir is under investigation [107].

Adverse effects of neuraminidase inhibitors are typically mild, although more
serious side effects have been described. Inhaled zanamivir can cause broncho-
spasm and respiratory decompensation in patients with asthma and chronic
respiratory disorders and thus is contraindicated in this population [109]. In
November 2006, manufacturers of oseltamivir notified healthcare professionals
and the FDA of post-marketing reports of self-injury and delirium in patients
(primarily children) receiving the drug. Most of the reports were in Japan and
subsequent study has not found a causal association between the neuraminidase
inhibitors and abnormal behavior [110]. A dose reduction is required for those
patients with a creatinine clearance \30 mL/min.

3.21 Antifungal Agents

Invasive fungal infections are an important cause of morbidity and mortality in
patients with malignant diseases. The risk factors are well established and include
AML, allogeneic HSCT, persistent, profound neutropenia resulting from chemo-
therapy or myeloablative therapy, and use of corticosteroids [111–115]. Older age,
breakdown of physical barriers, prior fungal infections and use of broad-spectrum
antimicrobials are also important risk factors [116].

Several new antifungal agents are now available. The newer antifungal class of
echinocandins, such as caspofungin, micafungin, and anidulafungin, and new
triazole derivatives, including posaconazole, and voriconazole, are currently part
of the armamentarium for treatment and prophylaxis of fungal infections. The
antifungal agents, in particular, have interactions that are clinically significant in
the hematology–oncology population. Table 4 summarizes several antifungal
agents relevant to the care of patients with malignancies.
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3.22 Conventional and Lipid Formulations of Amphotericin B

Amphotericin B deoxycholate has a broad spectrum of activity and is the best
antifungal available against the majority of systemic fungal infections; however, it
is far from being an ideal agent. Despite its use, systemic fungal infections are
associated with significant mortality in immunocompromised patients. Ampho-
tericin B deoxycholate is associated with infusion-related toxicity and severe renal
toxicity in up to 50 % of cases [117]. For these reasons, it has fallen out of favor
and is no longer the drug of choice for fungemia in the cancer population. It still
has a role in the treatment for Cryptococcus neoformans and Mucor infections.

Amphotericin B binds to ergosterol present in the fungal cell membrane. The
interaction with ergosterol results in the formation of pores, which in turn
increases the permeability of the cell membrane and leads to the leakage and loss
of intracellular molecules resulting in fungal cell death [118].

Amphotericin has a relatively wide spectrum of activity against fungi. It is useful
in treating infections with most Candida spp., C. neoformans, Aspergillus fumig-
atus, Mucoraceae, Histoplasma capsulatum, Coccidiodes immitis, Blastomyces
dermatitidis, Paracoccidiodes brasiliensis, Sporothrix schenckii, and Penicillium
marneffei [118, 119].

Lipid formulations were developed to improve the side effect profile and
decrease nephrotoxicity of the parent drug and thus to provide a better therapeutic
index. Three such formulations are currently available in the United States:
amphotericin B colloidal dispersion (ABCD, Amphotec�), amphotericin B lipid
complex (ABLC, Abelcet�), and liposomal amphotericin B (AmBi, AmBisome�).
The lipid-based amphotericin preparations differ somewhat in their chemical
structure, clinical pharmacokinetics, and incidence of side effects, but all have
excellent antifungal activity [119, 120].

Amphotericin B deoxycholate has an established clinical efficacy for treatment
for invasive fungal infections. The lipid formulations have also demonstrated
efficacy in the treatment for invasive aspergillosis, zygomycosis, and invasive
candidiasis [121, 122]. Lipid formulations are also options for the treatment for
severe and refractory invasive fungal infections including endemic mycoses, as
published in treatment guidelines [118, 123, 124].

All lipid-based amphotericin B formulations have negligible absorption in the
gastrointestinal tract and require parenteral administration. Once in the blood-
stream, amphotericin is released from its complex and remains in plasma heavily
protein-bound (90 %). The distribution of amphotericin B is multicompartmental
with high concentrations found in the liver and lung and only low concentrations
reached in peritoneal, pleural, pericardial, and synovial fluids. Only minimal
amounts penetrate into the CSF, amniotic fluid, and vitreous humor. Most
amphotericin B is removed from the blood in the liver, and it undergoes excretion
with the bile (40 %) and in feces. In adult patients with normal renal function, the
plasma half-life is 24–48 h; however, its elimination half-life can be as prolonged
as 15 days due to extensive tissue binding [125–130].
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Despite its clinical use for over 3 decades, resistance to amphotericin B remains
very unusual. Some Candida spp. including C. lusitaniae, C. guilliermondii and
C. glabrata can express resistance to amphotericin B [131, 132]. Resistance is
attributed to a decrease in the amount of ergosterol production or a change in the
target lipid. The proposed mechanisms include mutations in the ergosterol bio-
synthesis pathways with production of ergosterol-like compounds, changes in the
orientation of ergosterol within the membrane, and changes in ergosterol content
that decrease the affinity for amphotericin B [133, 134].

Dimorphic molds are susceptible to amphotericin B. However, resistance has
been reported in cases of infection with Aspergillus flavus, and A. fumigatus, and
Aspergillus terreus which seems to be more resistant than all other Aspergillus
species [135].

Infusion-related adverse events (IRAE) often accompany the administration of
amphotericin B deoxycholate. Most frequently, the symptoms include fever, chills,
and rigors. More severe cases may present with tachypnea and stridor. This type of
toxicity is associated with the release of IL-1 and IL-6 as well as tumor necrosis
factor from monocytes and macrophages [136]. This is the major dose-limiting
toxicity of amphotericin B deoxycholate and at least one IRAE was observed
within the first 7 days of its administration in 71 % of adult patients [136]. Cor-
ticosteroids, acetaminophen, meperidine, and antihistamines are part of the
armamentarium used in attempts to decrease the frequency of IRAE. However,
data are limited in demonstrating benefit of any of the pretreatment regimens in
decreasing the incidence of IRAE [137].

Comparative trials have shown that liposomal amphotericin B is the formula-
tion least likely to cause IRAE, whereas similar rates of IRAE occurred with
conventional amphotericin B and the lipid complex and colloidal dispersion for-
mulations [138].

Nephrotoxicity occurs in at least one-third of patients receiving amphotericin B
deoxycholate. It is multifactorial with events such as an early arteriolar vaso-
constriction that decreases both the renal blood flow and glomerular filtration rate.
The manifestations range between azotemia and renal failure requiring hemodi-
alysis [117]. Later in the course of therapy, amphotericin B exerts a direct toxic
effect on epithelial cell membranes, causing acute tubular necrosis and renal
tubular acidosis with subsequent potassium and magnesium wasting [139, 140].
Several meta-analyses have reported that lipid formulations are less nephrotoxic
than amphotericin B deoxycholate, with the incidence of nephrotoxicity reduced
by 49–75 % with these agents [141, 142].

Other side effects of amphotericin B deoxycholate are normocytic hypochromic
anemia attributed to decreased production of erythropoietin, bone marrow sup-
pression with leukopenia and thrombocytopenia, which are reversible upon dis-
continuation of the antifungal [141].

Drug interactions are relevant as the risk of severe nephrotoxicity is increased by
the concomitant use of nephrotoxic agents. In oncologic and HSCT patients, the
concurrent administration of amphotericin B with cyclosporine, tacrolimus, ganci-
clovir, foscarnet, aminoglycosides, and cisplatin deserves special attention [139, 143].
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Any increase in serum creatinine is considered important and should trigger
review offurther parameters and consideration to start alternative antifungal therapy.

Amphotericin B-associated hypokalemia can be exacerbated when used with
other potassium-depleting agents like corticosteroids and diuretics. There especially
can be exacerbated hypokalemia if the patient on both amphotericin and digoxin.

3.23 Azoles

This group of antifungals includes two classes, imidazoles and triazoles, that share
the same mechanism of action. Antifungal agents such as ketoconazole, clotrim-
azole, miconazole are early imidazoles; their characteristics like poor bioavail-
ability and interactions with commonly used medications have limited their use in
cancer patients.

Fluconazole and itraconazole are triazoles. Their slower metabolism and lesser
effects on human sterol synthesis prompted further research into this class, and
these and newer agents such as voriconazole and posaconazole are now important
options in the treatment and prophylaxis of invasive fungal infections.

The major effect of azoles in fungi is the inhibition of the cytochrome P450
(CYP450)-dependent lanosterol 14-a-demethylase. This effect impairs the syn-
thesis of ergosterol. Accumulated 14-a-methylsterols disrupt several membrane-
bound systems such as ATPase and enzymes of the electron transport chain, which
inhibits the growth of the fungi [143].

As a group, azoles have activity against most Candida spp., C. neoformans,
B. dermatitidis, H. capsulatum, and Coccidiodes spp. The second-generation tria-
zoles have additional activity; voriconazole has an antifungal spectrum that
includes most Aspergillus spp. and Fusarium and posaconazole has the broadest
spectrum in the class with activity against zygomycetes and Scedosporium apio-
spermum [144].

All azole agents can cause mild to moderate abnormalities in liver function, and
cases of fatal hepatotoxicity have been reported with itraconazole, voriconazole,
and posaconazole. Therefore, close monitoring of hepatic function is recom-
mended in patients at high risk [145, 146].

Due to the mechanism of action, all the azole antifungals inhibit CYP450
enzymes to some extent. However, the potential for drug–drug interactions is
higher for voriconazole and itraconazole because they are metabolized to a greater
extent by CYP isoenzymes than posaconazole and fluconazole. When adding or
discontinuing azole agents to a drug regimen, the list of concurrent medications
should be reviewed carefully and dosage adjustments should be made accordingly.
Co-administration with CYP450 inducers like isoniazid, carbamazepine, phenyt-
oin, rifampin, and rifabutin may result in decreased levels of azole antifungal with
reduced efficacy [147, 148]. For example, administration of rifampin is contrain-
dicated with itraconazole and voriconazole and avoided with fluconazole. Also,
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rifampin may reduce posaconazole levels by induction of glucuronidation, and
therefore, co-administration is contraindicated [149].

Medications that may prolong the QT interval such as cisapride, terfenadine,
and astemizole are contraindicated when using azole antifungals. Cautious use
should be exercised when co-administering other medications that may prolong the
QT interval including quinolones and antipsychotics [150]. Doses of tacrolimus,
sirolimus, and cyclosporine need to be reduced by 50–75 % and levels monitored
when administered concurrently with azole antifungals.

Itraconazole, voriconazole, and posaconazole may increase the plasma con-
centrations of vinca alkaloids such as vinblastine and vincristine, with subsequent
neurotoxicity. To avoid this complication, dose reductions of the chemotherapeutic
agent versus switch to a non-azole antifungal agent can be considered. Addition-
ally, azole agents may increase plasma concentrations of the calcineurin inhibitors,
and calcineurin dose adjustments are recommended when these antifungal agents
are used concomitantly.

3.24 Fluconazole

Fluconazole can reach the same plasma concentrations whether given orally or
intravenously. Fluconazole is almost completely absorbed from the gastrointestinal
tract and its bioavailability is unchanged by food or gastric acidity. Fluconazole is
only 12 % protein-bound in plasma and has widespread dissemination to tissues and
body fluids including breast milk, saliva, and sputum. It also distributes well into the
CSF and reaches concentrations that are between 50 and 90 % that of the plasma.
Renal excretion is the main path of elimination (90 %), with an elimination half-
time of approximately 30 h in patients with normal renal function [151].

In terms of pharmacodynamic data, there is a strong relationship between MIC,
fluconazole dose, and outcome. Since the AUC is almost identical to the admin-
istered dose, it allows quick determination of whether a dosage will achieve the
target AUC/MIC ratio. In the case of Candida spp., an AUC/MIC ratio C25 is
required to ensure a high probability of successful treatment [152]. Patients who
are infected with Candida isolates with higher MICs and receive lower doses of
fluconazole have poorer outcomes, including increased mortality [153, 154].

In the past, a favorable safety profile and high oral bioavailability positioned
this antifungal agent as one of the initial choices for treatment for candidiasis in
several patient populations, including oncology patients. A change in the distri-
bution of Candida spp. has occurred in the past 10 years, with an increase in the
incidence of infections with non-albicans Candida spp. such as C. krusei and
C. glabrata [155]. This trend prompted reconsideration of fluconazole as the most
appropriate initial therapy for invasive candidiasis in high-risk populations,
including patients with hematological malignancies or HSCT. The use of fluco-
nazole still is favored for the initial treatment for candidemia in non-neutropenic
patients who are less critically ill and do not have recent azole exposure [123].
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Fluconazole is extremely well tolerated and adverse effects are uncommon.
Headache, reversible alopecia, and nausea are the most common side effects.
In allogeneic HSCT recipients receiving tacrolimus, caution should be used in
changing dose or discontinuing fluconazole. Similar drug-level issues exist for the
new mTOR inhibitors such as sirolimus.

3.25 Itraconazole

Itraconazole is available both for oral and intravenous administration. The pure
compound is highly protein-bound and has poor solubility at physiological pH. In
practical terms, patients are often asked to take itraconazole with a cola beverage
[156]. The parenteral formulation has an incorporated cyclodextrin derivative,
which precludes its use in patients with GFR \ 30 ml/min. The use of the intra-
venous formulation achieves target concentrations within 48 h of initiation of
therapy [157].

Itraconazole is metabolized by the liver, where it is a substrate and inhibitor of
CYP3A4, and undergoes extensive oxidative metabolism to its active metabolite,
hydroxyitraconazole [158]. Its terminal half-life is 24 h and the steady state is
reached by day 13 [159], warranting the use of loading doses with the oral for-
mulation when treating deep mycoses. It is not excreted in the urine or CSF, and
plasma levels are not affected by an impaired renal function or hemodialysis.

Oral itraconazole absorption exhibits extensive inter-subject variability. This has
been documented among HSCT recipients and suggests that the presence of con-
current mucosal disorders such as mucositis or GVHD limits its absorption [160].
This characteristic, along with an exposure-effect relationship, warrants therapeutic
drug monitoring to optimize dosing and improve clinical outcome [161, 162]. An
itraconazole trough level of 0.5 mg/L is considered a reasonable target [161–163].

Oral itraconazole solution is most commonly associated with nausea and
diarrhea [164], which are more frequent with the solution than capsules and caused
by the presence of the excipient, cyclodextrin. It has also been associated with
congestive heart failure due to negative inotropic effect [165] and as the cause of a
unique triad of hypertension, edema, and hypokalemia [166]. Itraconazole is first-
line therapy for histoplasmosis. Some data exist for prophylaxis in HSCT recipi-
ents, but its use for this or other indications is limited due mainly to the difficulty
with the gastrointestinal absorption.

3.26 Voriconazole

In healthy volunteers, voriconazole reaches maximum plasma concentration in
1.4–1.8 h after oral administration. The bioavailability is approximately 85 %
[167]. Since the bioavailablitiy is affected by fat content of meals, voriconazole
should be administered by mouth either 1 h before or 1 h after meals [168].
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The metabolism of voriconazole varies widely among individuals [169], with
serum concentrations that can be highly variable due to nonlinear pharmacoki-
netics; it is 58 % protein-bound and has a large volume of distribution. Less than
5 % of the drug is excreted unchanged in the urine. Voriconazole metabolism is
primarily hepatic via the CYP450, with CYP2C19 as the major pathway. Once
CYP2C19 is saturated, voriconazole exposure increases disproportionately. Also,
polymorphisms of CYP2C19 occur in up to 5 % of Caucasians and up to 20 % of
Asian populations and are associated with slow voriconazole metabolism, which
may lead to higher drug exposure [170]. It is necessary to halve the maintenance
dose for patients with mild to moderate liver dysfunction. Like itraconazole, the
intravenous formulation of voriconazole contains cyclodextrin and, therefore, it
should be avoided in patients with creatinine clearance \50 mL/min [163].

Voriconazole has been associated with two unique adverse events: visual dis-
turbances and cutaneous phototoxicity. Up to 45 % of patients develop photo-
phobia or abnormal vision [171]; however, these effects are transient and tend to
disappear within the first week of therapy [172]. Phototoxicity-related rash occurs
infrequently; however, it is a significant problem for ambulatory patients and is
only reversible with the discontinuation of therapy [173].

Due to its more favorable toxicity profile over amphotericin and superior effi-
cacy, voriconazole has become a first-line therapy for Aspergillus. It is also an
alternate agent for patients failing fluconazole prophylaxis.

3.27 Posaconazole

Posaconazole is administered orally as a suspension. Its bioavailability improves
when taken with a low-fat or high-fat diet or nutritional supplement [174], and its
absorption is not affected by gastric acidity [175]. The maximum daily dose is
800 mg, and to achieve higher drug levels in plasma, it should be divided into two
doses, or into four doses, when given on empty stomach. This drug has a large
volume of distribution despite being highly protein-bound (98 %), and steady-state
concentration can be achieved in 7–10 days with a half-life of 35 h [176]. Peak
serum concentrations have considerable inter-patient variability [177] for reasons
that have not been completely elucidated; however, this provides a rationale for
monitoring of posaconazole levels in blood. Unlike itraconazole and voriconazole,
up to 30 % of posaconazole is metabolized by uridine diphosphate glucurono-
syltransferase (UGT) and the remainder is excreted unchanged in the feces and as
glucuronidated metabolites in the urine [178]; dose adjustments are not required
with concurrent hepatic or renal insufficiency. Posaconazole is well tolerated, with
gastrointestinal complaints such as nausea, vomiting, and diarrhea reported in up
to 10 % of patients [179].
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3.28 Echinocandins

This is the newest class of antifungals. Caspofungin was released in 2001 followed
by micafungin in 2005, and anidulafungin a year later. The echinocandins inhibit
the production of 1,3-ß-D glucan, one of the fibrillar proteins that form the fungal
cell wall [180], which leads to reduced cell wall integrity, rupture, and death.
Echinocandins are active against Aspergillus spp. and most Candida spp. while
C. neoformans [181], Fusarium spp., Scedosporium spp., the Mucorales, and
Trichosporon spp. [182] are intrinsically resistant to the echinocardins. Echino-
candins are recommended as initial therapy for most adult non-neutropenic
patients, favoring those with moderately severe to severe illness and history of
azole exposure [123].

The echinocandins have poor oral absorption due to large molecular weights;
therefore, all three agents require intravenous administration. They follow linear
kinetics after a single IV dose and have a terminal half-life of 8–13 h, making
single daily dosing possible [183]. Protein binding varies from 85 to 99 %.

Of the available echinocandins, two undergo metabolism to produce two dis-
tinctive inactive metabolites. Caspofungin undergoes hepatic hydrolysis and
N-acetylation [184], and micafungin undergoes non-oxidative metabolism [185].
Of interest, anidulafungin is not metabolized by the liver but, rather, undergoes
nonenzymatic degradation [186].

Echinocandins are safe agents with few associated toxicities. Although
uncommon, this antifungal class may be associated with a histamine-mediated
infusion-related reaction similar to that of vancomycin and, this too, can be
relieved by slowing the rate of infusion or with antihistamine premedication.

Overall, there are few interaction issues when compared to azoles because
echinocandins are poor substrates of the CYP450 enzyme system. Caspofungin
concentrations can be lowered by CYP450 inducers like rifampin [187] and
increasing the maintenance dose to 70 mg IV daily should be considered. Levels of
cyclosporine and tacrolimus need to be monitored when co-administered with
micafungin and caspofungin as the latter two have weak inhibitory properties against
CYP3A4 [188, 189]. Anidulafungin does not appear to have these interactions [186].

4 Conclusions

Medical technology has advanced the treatment for patients with malignancies.
Invasive procedures and immunosuppressive drugs have become lifesaving, but
also place patients are increasing risk for routine and opportunistic pathogens.
Treatment for infections has become much more complex in the last few years,
especially given the emergence of antimicrobial-resistant pathogens, including
bacterial species that are resistant to most, if not all, first-line agents. Although
some new agents, especially antifungals, have been developed recently, the
pipeline for new antimicrobials, especially novel antibacterial agents has slowed to
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a trickle in the recent decade and likely for the foreseeable future. Thus, it is vital
that clinicians who care for these complex patients maintain a working knowledge
of the principles of antimicrobial selection and stewardship to minimize risk and
optimize outcomes.
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Infection Control and Prevention
Considerations

Titus L. Daniels and Thomas R. Talbot

Abstract

Due to the nature of their underlying illness and treatment regimens, cancer
patients are at increased risk of infection. Though the advent and widespread
use of anti-infective agents has allowed for the application of ever-greater
immune-suppressing therapies with successful treatment of infectious compli-
cations, prevention of infection remains the primary goal. The evolutionary
changes of microorganisms, whereby resistance to anti-infective therapy is
increasingly common, have facilitated a paradigm shift in the field of healthcare
epidemiology. No longer is the focus on ‘‘control’’ of infection once established
in a healthcare environment. Rather, the emphasis is on prevention of infection
before it occurs. The most basic tenet of infection prevention, and the
cornerstone of all well-designed infection prevention and control programs, is
hand hygiene. The hands of healthcare workers provide a common potential
source for transmission of infectious agents, and effective decontamination of
the hands reduces the risk of transmission of infectious material to other
patients. Once infection is suspected or established; however, implementation
of effective control strategies is important to limit the spread of infection within
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a healthcare environment. This chapter outlines the basic tenets of infection
prevention, principles of isolation precautions and control measures, and
elements for a successful infection control and prevention program.

Keywords

Infection control and prevention � Hand hygiene � Healthcare-associated
infections (HAIs) � Transmission-based precautions � Contact precautions �
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1 Introduction

The area of infection control has undergone substantial changes in the past decade.
The most substantive change has been a shift in emphasis from ‘‘control’’ of
healthcare-associated infections (HAIs) to developing and implementing strategies
for preventing HAIs. This effort has been led by the Centers for Disease Control
and Prevention (CDC), who adopted the addition of ‘‘and Prevention’’ in 1992 to
their name [1]. A variety of published reports support the notion that most HAIs
are preventable. These data challenge the concept of HAIs as a simply the ‘‘cost of
doing business’’ in an increasingly complex healthcare environment. Thus,
developing effective strategies to prevent HAIs is the foundation of any infection
‘‘control’’ program.

Healthcare-associated infections not only impart substantial morbidity and
mortality upon patients; they are associated with enormous costs to the healthcare
system. As an effort to provide better safer care and to assist in containing costs
associated with HAI, the Centers for Medicare and Medicaid Services (CMS) no
longer provides reimbursement for many hospital-acquired conditions. Several of
these conditions are related to infection including catheter-associated blood stream
infections, catheter-associated urinary tract infections, and selected surgical site
infections.

The increased interest in HAIs has highlighted many important challenges that
institutions must overcome. These include the development of systematic pro-
cesses to ensure hand hygiene compliance and provide acceptable rates of
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healthcare-worker (HCW) influenza vaccination rates, develop methods for
tracking and reporting infection rates, and designing and/or implementing evi-
dence-based practice ‘‘bundles’’ associated with reductions in several HAIs (i.e.,
ventilator-associated pneumonia, catheter-associated blood stream infections, and
surgical site infections). Developing effective infection prevention programs
involves unique challenges under the best of circumstances. Many of these chal-
lenges are exemplified when considering the immune-compromised host. How-
ever, the majority of infection prevention and control initiatives apply to all
patients equally regardless of the immune status of the host. Ensuring adherence to
the basic tenets of infection prevention and control will serve all patient popula-
tions well, especially those already at increased risk of infectious complications.

2 Hand Hygiene

Ignaz Semmelweis demonstrated in 1847 that disinfecting the hands resulted in a
marked reduction in puerperal fever. More than 150 years have passed since
learning of the fundamental role that contaminated hands play in the transmission
of HAIs [2]. Unfortunately, hand hygiene rates remain unacceptably low at around
40 % in most U.S. healthcare institutions. It is accepted by most experts that high
rates of hand hygiene compliance are associated with reductions in HAIs.
Emphasis thus is on improving the rate of hand hygiene compliance in healthcare
institutions rather than continued study into the effectiveness of hand hygiene.

A comprehensive approach is necessary to sustain high rates of hand hygiene
compliance. While education must be conducted and maintained, the majority of
healthcare professionals accept the value and importance of hand hygiene.
Therefore, directed efforts aimed at ensuring hand hygiene are performed and are
the most beneficial. Such efforts are best focused on modeling of behavior by key
institutional leaders [4, 5] and ensuring wide availability of hand hygiene products
[3]. The selection of hand hygiene products often involves an extensive process
that includes many representatives of the healthcare team (e.g., physicians, nurses,
technicians, phlebotomists, etc.). The CDC recommends the use of alcohol-based
hand-rubs preferentially over the use of soap and water in most situations. Reasons
for such recommendations are severalfold. Because these products do not require
the use of water, can be distributed in a variety of locations, are rubbed onto the
hands until dry, and can be applied while walking to the location of the next task,
hand hygiene is more likely to be performed appropriately and can be done quickly
when using alcohol-based hand-rubs. On the contrary, use of soap and water
requires remaining in a specified location, staying in this location while washing,
and using soap and water for at least 15–20 s. Because of the frequent time-
constraints placed on busy healthcare professionals, it is less likely that use of soap
and water for hand hygiene is performed appropriately. Therefore, preference is
given to the use of hand-rubs.
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However, there are instances when the use of soap and water is preferred over
that of an alcohol-based hand-rub. When hands are visibly soiled, hand-rubs are
not effective in removing debris, and the use of soap and water is necessary to
clean the hands. Another common situation where soap and water is preferred is
when caring for patients infected or colonized with organisms that are not effec-
tively killed or inactivated by hand-rubs. Organisms capable of forming spores are
not inactivated with the use of hand-rubs. Therefore, use of a hand-rub does not
eliminate the organisms from the hands allowing for possible transmission to
another patient. Clostridium difficile is a commonly encountered pathogen that has
the ability to form spores. While soap and water does not kill or inactivate the
spores, the mechanical action of rubbing the hands under running water removes
the spores from the hands. Soap is still necessary in order inactivate other
organisms on the hands and to provide a surfactant for effective removal of spores
from the hands [6].

3 Standard Precautions

Standard precautions encompass a set of infection prevention practices that are
used for all patient encounters [5]. Standard precautions are based on the premise
that all blood, body fluids, secretions, non-intact skin, and mucous membranes
contain potentially infectious material. Therefore, handling of blood or body fluids
demands the use of precautions to protect the HCW from exposure to a potentially
infectious agent and to minimize the risk of transmission of such pathogens to
others. Standard precautions include the practice of hand hygiene, the use of
personal protective equipment (gowns, gloves, masks, and eye protection)
depending on the anticipated procedure, and the performance of safe injection
practices. Hand hygiene is a universal action practiced in all healthcare settings
and with all patient interactions. The use of personal protective equipment (PPE),
however, is designed only when exposure to potentially infectious material (blood
and bodily fluids) may occur.

The 2007 CDC Guidelines for Isolation Precautions include respiratory
hygiene/cough etiquette, a new practice recommendation incorporated as part of
standard precautions [6]. Respiratory hygiene and cough etiquette refer to prac-
tices that minimize transmission of respiratory pathogens (i.e., influenza, common
cold viruses, etc.) and includes covering of coughs/sneezes, use of a surgical mask
for those with respiratory symptoms, and performing hand hygiene after coughing
and/or sneezing. Further, use of signage to provide instruction on the performance
of respiratory hygiene and cough etiquette is suggested. While these practices are
congruent with the notion of standard precautions, they differ in that respiratory
hygiene and cough etiquette applies to all individuals within the healthcare
institution, including visitors and patients in addition to HCWs. Standard pre-
cautions, on the other hand, generally apply only to HCWs.
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4 Transmission-Based Precautions

Transmission-based precautions are utilized to prevent the spread of specific
pathogens and are based on the mode of transmission of the organism in question.
Such precautions generally are of three types: airborne, droplet, and contact. Each
of these sets of precautions has specific environmental components and recom-
mendations for the use of PPE by HCWs. For all circumstances, the implemen-
tation of transmission-based precautions should occur whenever infection or
colonization with a pathogen is suspected or confirmed to be present. Imple-
mentation of precautions early in the course when infection or colonization is
suspected, even before being confirmed, minimizes the risk of disease transmission
to other patients and HCWs. Minimizing the exposure risk is expected to minimize
the risk of transmission to subsequent patients.

Airborne precautions are designed to minimize the transmission of infectious
pathogens spread by the airborne route. Pathogens spread by the airborne route are
highly infectious particles that have the ability to spread via air currents, thus
allowing for easy spread over relatively long distances. These include tuberculosis,
measles, and varicella zoster virus. The spread of novel respiratory viruses (i.e.,
avian influenza H5N1) is often unknown. Recommendations for control of these
viruses includes using airborne precautions as a component of protection until
further data demonstrating other precautions are sufficient for interruption of
transmission [6, 7].

Use of an airborne infection isolation room (AIIR) is necessary for patients
requiring airborne precautions. An AIIR is a room in which the pressure in the
room (where the infected patient is located) is negative relative to the pressure in
the areas adjacent to the room. This design allows for air outside of the room to
flow into the room, pass through a high-efficiency filter, and then be exhausted.
The other major component of caring for patients with suspected or confirmed
pathogens requiring airborne precautions is that all HCWs entering into the room
wear a respirator capable of filtering the potentially infectious material (i.e., fit-
tested N-95 particulate respirator). The design to minimize the risk of transmission
of infectious organisms to patients in adjacent areas and rooms poses unique
challenges to patients with compromised immune systems where the general goal
is to move environmental air from the patient’s environment into adjacent areas,
hence using positive pressure ventilation rather than negative pressure ventilation.
However, positive pressure ventilation allows for the dispersion of airborne
infectious material to potentially be spread to other, often immune-compromised,
patients in adjacent areas or rooms. Because of the risk of disease transmission to
others from patients with infections such as tuberculosis and measles, it is rec-
ommended that all patients requiring airborne precautions, regardless of immune
status, be cared for in negative pressure rooms.

A not uncommon situation, though, occurs when immune-compromised
patients present with cutaneous or disseminated varicella zoster virus (VZV)
infections. Due to impaired immunity, these patients are likely to shed virus from
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lesions for prolonged periods. Daily culturing of lesions from immune-compro-
mised patients with cutaneous VZV demonstrated that virus may be viable and
able to be cultured from lesions for up to 8 days (mean 4.7 days) [8]. Immune-
compromised patients are also more likely to develop disseminated disease, and in
this same series of patients, 61 % (11/18) developed disseminated disease after the
third day of rash onset. Because airborne transmission of VZV has been demon-
strated to occur in hospital settings [9], patients with either primary varicella or
disseminated zoster infections are recommended to be cared for using airborne
precautions. The propensity for dissemination, and therefore potential airborne
transmission, after the first day of rash onset in immune-compromised patients
suggests that the use of airborne isolation precautions early in the course of illness
is a prudent strategy for mitigating the nosocomial spread of VZV infections. The
CDC recommends the use of airborne precautions for patients with disseminated
disease, regardless of immune status and any disease severity, including localized
skin eruptions, due to VZV in immune-compromised patients. Discontinuing the
use of airborne precautions is dependent primarily on the pathogen of concern. For
VZV (shingles), for example, it is recommended that patients remain in an AIIR
with airborne precaution use until all lesions have fully crusted.

The next type of transmission-based precautions is droplet precautions. Droplet
transmission occurs when infectious material is expelled from the respiratory tract
of an individual when the person coughs, sneezes, or talks [10]. The droplet
particles are of larger size than particles associated with pathogens that are spread
by the airborne route. The larger size of the droplet particles, therefore, does not
allow the infectious material to be dispersed over long distances via air currents as
occurs with airborne transmission. The specific distance for which droplet particles
remain infectious is largely unknown. Limited data suggest that the risk of
transmission is limited to a distance within three feet of the patient [11, 12].
Personal protective equipment for droplet precautions includes the use of a sur-
gical mask by healthcare personnel. The masks should be donned when within
about six feet of the patient, a distance considered to be safe and recommended as
an additional modicum of caution [6]. Pathogens transmitted via respiratory
droplets include influenza virus, adenovirus, rhinovirus, Bordetella pertussis,
Streptococcus pyogenes, and Neisseria meningitides. Respiratory syncytial virus
may be transmitted by the droplet route, though the primary mode of transmission
is via direct contact with infected material.

Transmission of pathogens within the healthcare environment most commonly
occurs by the contact route. Contact transmission is divided into direct and indirect
contact transmissions. Direct contact transmission is that which occurs when
pathogens are transmitted from one person to another without an intermediary, be
it a person or object. Transmission of hepatitis B virus from an infected patient to
an HCW from a contaminated needle stick and transmission of scabies from a
patient to a HCW are two examples of direct transmission. More commonly,
however, indirect contact transmission of pathogens occurs in the healthcare
environment.
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Indirect contact transmission occurs when a microorganism is transmitted from
one person to another via a contaminated person or object. The contaminated
hands of HCWs are the most important vector responsible for the indirect contact
transmission of microorganisms. Other potential transmission sources include
equipment used in the care of patients (i.e., thermometers, blood pressure mea-
surement devices, stethoscopes, etc.). These objects have the opportunity to
transmit infectious material if not appropriately disinfected between patients.

Equipment necessary for interrupting transmission of organisms spread by the
contact route includes the use of gloves and gowns by HCWs. Ideally, patients
should be cared for in a private room. Cohorting of patients colonized or infected
with the same type of infectious agent is acceptable [6, 13]. Guidelines for dis-
continuation of contact precautions have not been well defined.

5 Environmental Issues

One aspect of infection control and prevention unique to the immune suppressed
population is the use of the protective environment. The protective environment
has been specifically designed for patients who have undergone hematopoietic
stem cell transplantation (HSCT). A primary goal of the protective environment is
to reduce fungal spore counts in the air and, therefore, the risk of invasive fungal
disease. Though many types of fungal spores are likely affected by the environ-
mental controls of the protective environment, control of Aspergillus spores and
mitigation of invasive aspergillosis have been the primary goal.

High-efficiency particulate air (HEPA) filtration of incoming air, directed room
airflow, positive room air pressure relative to the corridor, and well-sealed rooms
to prevent flow of air from the outside are all part of the protective environment
concept. The neutropenic diet is an additional component of the protective envi-
ronment. The neutropenic diet consists of foods low in bacterial counts with the
goal of limiting the introduction of bacteria into the gastrointestinal tract of
patients and, thereby, potentially reducing infection by reducing the occurrence of
colonization. Many institutions employ the use of the neutropenic diet in an effort
to diminish the risk of infection in patients during periods of neutropenia (neu-
trophil counts \ 500 9 109/L). Prior to the introduction of the neutropenic diet,
food was autoclaved and irradiated prior to serving to patients. This left the food
unpalatable by many. The National Cancer Institute performed a randomized trial
demonstrating little advantage to the sterile diet over a ‘‘cooked food’’ diet
designed by the National Institutes of Health, Department of Dietary and Envi-
ronmental Sanitation. The cooked food diet was more palatable than the sterile
diet. However, it reportedly left patients dissatisfied after prolonged use [14]. Use
of commercially available foods was desirable. Culturing of commercially avail-
able food [15] found that 66 % grew less than 500 colony-forming units of bacteria
per gram of food. Therefore, this became the upper limit of bacterial counts
determined to be acceptable for neutropenic patients. However, only 20 % of
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processed meats and 30 % of fresh fruits and vegetables had colony counts of
bacteria below this threshold. However, data evaluating the specific impact of the
neutropenic diet are lacking. A systematic review and meta-analysis performed by
Schlesinger et al. [16] evaluated the effect on the protective environment. Com-
ponents of the protective environment varied across studies, though primarily
included air quality control, barrier isolation, and the use of nonabsorbable anti-
biotics. The protective environment was associated with a 40 % reduction in all-
cause mortality at 30 days (RR 0.6 [95 % CI: 0.50–0.72]). When evaluated for the
longest period of follow-up (range, 100 days–3 years), mortality reduction was
less substantial for patients when care was provided in a protective environment
with a relative risk for mortality of 0.86 (95 % CI: 0.81–0.91). Examination of the
individual components of the protective environment demonstrates that control of
air quality alone was associated with a 19 % reduction in mortality at 100 days
(RR 0.81 [95 % CI: 0.73–0.91]). Neither barrier isolation (RR 1.25 [95 % CI:
0.66–2.38]) nor suppression of endogenous flora alone (RR 0.88 [CI: 0.63–1.21])
resulted in a statistically significant effect on mortality. Significant reductions in
mortality were also demonstrated among recipients of allogeneic hematopoietic
stem cell transplantation (HSCT) (RR0.81, [95 % CI: 0.73–0.89]) and autologous
HSCT (RR 0.72, [95 % CI: 0.58–0.88]) when cared for in a protective
environment.

These data support the recommendation that patients undergoing HSCT should
be cared for in a protective environment [17]. Because of the intensity of che-
motherapy and associated prolonged periods of neutropenia associated with
treatment for acute leukemia, it is reasonable to extend the use of a protective
environment to this population, as well. The lack of available data coupled with
dissatisfaction and potential for adverse events associated with isolation of the
patient should temper the widespread use of the protective environment for all
cancer patients. Strict adherence to routine infection prevention practices should
be sufficient to protect non-HSCT patients.

6 Multidrug-Resistant Organisms

A number of bacterial pathogens have emerged demonstrating increased resistance
to common, or more worrisome, many classes of antibiotics. The emergence of
resistance complicates treatment of infections due to these pathogens, made all the
more difficult in patients with underlying immune-compromising conditions. With
the dwindling availability of effective antibiotic therapy, prevention of infection is
paramount. Reducing the transmission of antibiotic-resistant bacteria is not nec-
essarily different from that of other bacterial pathogens. Attention is focused on
these antibiotic-resistant organisms because of their propensity to cause infection,
their associated morbidity and mortality, and limited therapeutic options should
infection be established.
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Staphylococci remain the most common single bacterial cause of HAIs. The
past two decades have seen an emergence of resistant staphylococci, namely
methicillin-resistant Staphylococcus aureus (MRSA) [18–27]. A report by the
CDC estimated that nearly 100,000 persons annually experience infections caused
by MRSA. Infections due to MRSA vary from superficial carbuncles to life-
threatening bloodstream infections, device-associated infections, and necrotizing
pneumonia. Data have emerged demonstrating that infection with MRSA is
associated with an increased mortality compared with an infection with a non-
MRSA strain of S. aureus. Cosgrove et al. [28] conducted a meta-analysis dem-
onstrating an increased odds of death (Odds Ratio OR 1.93, 95 % CI: 1.54–2.42)
among patients with bloodstream infections from MRSA compared with patients
with bloodstream infections due to methicillin-susceptible S. aureus.

Developing effective strategies to reduce transmission of MRSA remains a
challenge. Much attention has focused on efforts to screen patients who may be
harboring (i.e., colonized with) MRSA. This strategy, known as active surveillance
culturing (ASC), has been reported to be beneficial in reducing infections from
MRSA in selected populations [26]. However, other data have demonstrated that
ASC is not useful in combination with several other infection control-based
interventions in reducing infections due to MRSA or MRSA transmission [27].

Unless future data demonstrate conclusively that screening all patients for
MRSA is associated with reduced transmission of and reduced infections due to
MRSA, an approach targeted at a variety of pathogens seems most reasonable. For
institutions that do well with other infection prevention and control activities (i.e.,
hand hygiene, adherence to isolation practices), yet still have high rates of
infection due to MRSA, implementation of a screening program targeted at patient
populations with the greatest risk and/or burden of infection may prove beneficial
in assisting in the control of infections caused by MRSA.

Enterococcus species [29–38] are gram-positive bacteria related to the Strep-
tococcus species. These bacteria have plagued healthcare institutions for years and
have generated much interest among clinicians caring for immune-compromised
patients due to the frequency of infections caused by these organisms as well as the
associated morbidity and mortality. The basic tenets of infection prevention, an
emphasis on hand hygiene, early isolation, and antimicrobial stewardship apply to
this organism just as they do for other antibiotic-resistant pathogens.

Whereas MRSA is associated with increased mortality when compared with
methicillin-susceptible S. aureus infection, data are less clear that VRE is asso-
ciated with increased mortality when compared with vancomycin-susceptible
enterococci. Risk factors for VRE [29, 34, 39–50] have been well described and
most notably include an underlying hematologic malignancy, neutropenia, inva-
sive device use, and prior antimicrobial therapy, of which vancomycin is the most
consistently identified antibiotic associated with an independent risk for either
colonization or infection.

Once either colonized or infected, however, whether VRE is an independent
risk factor for death is less clear. Experience with VRE bloodstream infections
(BSI) in an HSCT unit [51] found that 13 % of patients colonized with VRE
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subsequently developed VRE BSI. The majority of these patients had acute
leukemia. On multivariate analysis, the authors found that VRE BSI was not an
independent risk factor for death and suggested the presence of VRE BSI is more a
marker for severity of underlying illness. Similar findings were noted in another
study of VRE BSI by Han et al. [52]. In contrast, a meta-analysis [53] demon-
strated that vancomycin resistance is associated with increased mortality when
compared with vancomycin-susceptible enterococci causing BSI (OR 2.52, 95 %
CI: 1.9–3.4). In neutropenic patients, prolonged bacteremia may be a possible
explanation [54].

Prevention of infection, then, becomes ever more important. Screening of
patients is a strategy employed by many institutions to determine whether colo-
nization is present. Patients with positive screening cultures are subsequently
isolated in an effort to reduce transmission of bacteria to other patients. Culturing
the perirectal region of patients for the presence of VRE is a strategy performed by
many institutions. The goal of screening patients is twofold: first, to initiate iso-
lation precautions to minimize the risk of transmission of bacteria to other patients
and second, to identify carriage in the event, empirical antimicrobial therapy must
be used for subsequent infection—a common occurrence among immune-sup-
pressed patients. Weinstock et al. [55] followed 92 patients who were screened for
VRE stool colonization at the time of admission for allogeneic HSCT (alloHSCT).
Colonization with VRE was common (40.2 % of patients) and 34.2 % of patients
with positive VRE screens on admission later developed BSI, whereas 1.8 %
without initial VRE positive screens subsequently developed VRE BSI. Thus, for
patients where stool culture is obtained for VRE and it is positive, subsequent
empirical therapy for BSI should include adequate activity against VRE. Though
screening for VRE in high-risk populations has also been associated with an
overall decreased incidence of VRE-related infection in medical and surgical
intensive care units [56], routinely screening all patients is not recommended [13].
If, however, standard infection prevention methods are not associated with control
of healthcare-associated VRE infections, the addition of active screening programs
targeted to the appropriate population should be considered. Such screening pro-
grams, though, must not supplant ongoing and more well-established infection
prevention and control initiatives. Though much interest has been directed toward
the gram-positive organisms, MRSA and VRE, many experts believe a more
concerning situation exists with multidrug-resistant gram-negative pathogens.
A variety of difficulty to treat gram-negative bacteria has emerged over the past
decade. Currently, Klebsiella pneumoniae, Eshershicia coli, Pseudomonas aeru-
ginosa, and Acinetobacter baumannii appear to be the primary gram-negative
organisms exhibiting the most troublesome resistance trends. These range from the
previously known extended-spectrum beta-lactamase (ESBL)-producing patho-
gens to the newly emerged carbapenem-resistant Enterobacteriacae (CRE). Sev-
eral recent reviews detail the changing epidemiology of these antibiotic-resistant
bacteria [57–61]. Perhaps most disturbing is the emergence of CRE, which exhibit
resistance to the carbapenem class of antibiotics, long considered the agents of
choice for resistant gram-negative bacteria. More concerning is that these bacteria

472 T. L. Daniels and T. R. Talbot



are frequently accompanied by resistance to many, if not all, other classes of
antibiotics.

Outcomes associated with infections due to the resistant gram-negative organ-
isms are difficult to ascertain. Several studies have reported increased attributable
mortality [62–68]. However, other studies have not been able to demonstrate a
specific impact of the multidrug resistance on mortality [69–71]. The difficulty in
ascertaining outcomes associated with gram-negative resistance is likely due to
several factors. First, unlike the gram-positive organisms, where resistance is typ-
ically manifested against one class of antibiotic (e.g., methicillin or vancomycin for
MRSA and VRE, respectively), the gram-negative organisms demonstrate complex
and variable resistance profiles. Second, these pathogens appear to be more common
among severely ill patients who are often hospitalized for prolonged periods of time
and discerning the impact of one variable (resistance) from potentially hundreds of
factors that may contribute to death is extraordinarily difficult. Next, related to the
first, there is not an accepted standard definition for what comprises ‘‘multidrug
resistance,’’ and the heterogeneity of definitions has made interpretation and
investigation of the effect of multidrug resistance elusive. Finally, it has been
demonstrated that initial antimicrobial therapy ineffective against the causative
pathogen is associated with poorer outcomes, even if appropriate therapy is initiated
once susceptibilities are known [72–74]. With complex resistance patterns often
demonstrated by these multidrug-resistant gram-negative pathogens, there is a
greater risk of not choosing an effective empirical antimicrobial agent, and the poor
outcomes observed in these patients may be more reflective of inappropriate anti-
microbial choice rather than the a specific effect of resistance.

From an infection control and prevention perspective, there is no difference in
the management of the patients infected or colonized with these pathogens.
Patients harboring ESBL-producing organisms have long been recommended to
have contact precautions used [6, 13]. The same principles apply to these patho-
gens as they do for others (i.e., MRSA, VRE). The use of active screening cultures
to identify patients that may be colonized with multidrug-resistant gram-negative
bacteria has not proven to be beneficial [75–77]. Emphasis on hand hygiene along
with initiation of contact precautions for patients who are either colonized or
infected is recommended. No specific guidance has been offered as to when
patients can have contact precautions discontinued, though most experts suggest
maintaining contact precautions at least until hospital discharge [13].

7 Other Organisms of Epidemiological Importance

C. difficile is a gram-positive, spore-forming organism that has been well described
to be a common cause of intestinal infection among hospitalized patients [78, 79].
C. difficile is spread by direct or indirect contact with a patient or the environment
of a patient who is either colonized or infected [80–89]. A variety of risk factors
for disease have been described and include prior use of antibiotics, advanced age,
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prolonged hospital stay, and severe underlying disease [90–92]. Persons with
underlying malignancy may be especially at risk given their compromised immune
status. Receipt of chemotherapy has been associated with an increased risk of
developing diarrhea with a toxigenic C. difficile strain (OR 6, [95 % CI: 1.51–23.8]
[93]. The use of interleukin-2, either during the index hospitalization or within
30 days of admission, has also been demonstrated to be associated with a greater
risk of C. difficile infection [94]. The past decade has seen the emergence of a new
strain of C. difficile [95–97]. When considering previously described strains of
C. difficile, this newly described strain has increased virulence, increased toxin
production, increased spore formation, and resistance to the fluoroquinolone
antibiotics. While these factors may cause more severe clinical presentations, there
are no data to suggest that control of infections due this new C. difficile strain
requires an approach different from that of traditional control mechanisms for
C. difficile.

Patients with suspected or confirmed infection with C. difficile should be placed
in contact precautions. The use of gowns and gloves serves as a barrier to mini-
mize the HCWs hands and clothing contamination. Empiric isolation of patients
with diarrhea is a strategy that may help mitigate the transmission of C. difficile
within an institution. A more targeted approach may be to empirically isolate those
patients with a prior known history of C. difficile infection given that, as Boone
et al. [98] described, 15 % of patients readmitted within 6 months of being
diagnosed with C. difficile infection continued to test positive for toxigenic strains
of C. difficile. The use of infection control measures (empiric isolation of patients
with diarrhea, gowns, gloves, hand hygiene with soap/water) has been demon-
strated to be effective in terminating transmission of C. difficile [64] infections,
including among patients with leukemia [99, 100]. As described before, the spores
of C. difficile are not inactivated by alcohol-based hand-rubs. Therefore, the use of
soap and water is recommended for hand hygiene after contact in order to remove
the spores from the hands, particularly in outbreak settings.

Aspergillosis is caused by a variety of Aspergillus species. The typical person
inhales Aspergillus spores regularly, yet invasive aspergillosis is rare and typically
seen only among those with severe immune suppression. Thus, control of
Aspergillus is of primary concern among patients with severely impaired immune
function, such as HSCT patients. Other patients, namely solid-organ transplant
patients and those with acute leukemia undergoing induction chemotherapy, also
appear to have increased risk for invasive aspergillosis. The control of Aspergillus
spores begins with healthcare facility construction. To minimize the risk of mold
exposure to patients, rooms with false ceilings should be avoided since these areas
may serve as a reservoir for dust and various molds to accumulate. If false ceilings
are present, ensuring a mechanism for routine cleaning and vacuuming is neces-
sary to minimize the exposure risk. Rooms for patients undergoing HSCT should
have HEPA filtration of the incoming air, and the air pressure in the room should
be positive in relation to the corridor. The positive pressure allows air to be moved
from within the room to outside the room, minimizing the risk of drawing in
airborne infectious material, such as Aspergillus spores [6, 17, 101].
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However, as healthcare facilities continue to experience construction and ren-
ovation, it becomes essential to ensure that before any construction begins, an
infection control risk assessment (ICRA) is completed. The ICRA is designed to
evaluate the type of construction that is planned and to determine whether there
may be a potential risk for exposing patients to infectious agents, namely Asper-
gillus spores [17, 102]. While aspergillosis is commonly cited to be associated
with hospital construction [103–105], one matched case–control study among
renal transplant recipients found that an average daily dose of corticosteroid use
equivalent to 1.25 mg/kg per day of prednisone was predictive of subsequent
invasive aspergillosis [106]. Control of dust during construction or renovation
generally involves erecting airtight barriers between the construction area(s) and
patient care area(s). Ensuring a facility-wide systematic approach to evaluate
construction projects, no matter how minor or trivial they may seem, is critically
important to minimize the dissemination of Aspergillus spores, especially in areas
where immune-suppressed patients are housed. Should a patient develop invasive
aspergillosis while hospitalized full epidemiologic evaluation should be under-
taken in an effort to evaluate for an environmental source.

Legionellosis, caused by Legionella species of bacteria, most commonly pre-
sents as pneumonia and has been well described to occur within healthcare
institutions, including among immune-suppressed patients [107]. Outbreaks are
typically associated with a contaminated water source such as a decorative
fountain [107], common water supply [108–111], and cooling towers [112].
Therefore, the finding of even one healthcare-associated Legionella infection
should prompt an investigation into a potentially contaminated water source [102].
Control measures for Legionella are many and varied and most have achieved
inconsistent results [113]. For patients in protective environments or transplant
units, the CDC recommends that heated water temperatures be maintained
[123 �F ([50 �C) and cold water \68 �F (\20 �C). Alternately, heated water
may be chlorinated to achieve 1–2 mg/L of free residual chlorine measured at the
tap. Periodic culturing for Legionellae may also be performed though is not spe-
cifically recommended, as there is little guidance for the optimal culturing
methodology. Showerheads in patient rooms or in inpatient care areas should be
disinfected monthly using a chlorine-based cleaning solution. Use of humidifiers
should be avoided as these may create aerosols increasing the risk of legionellosis.
If the use of a humidifier is unavoidable, high-level disinfection should occur and
only sterile water should be used.

Because of the epidemiologic importance of healthcare-associated legionello-
sis, an epidemiologic investigation should occur if even a single case of nosoco-
mial Legionella is identified. Reporting to the local or state health department may
be required in some jurisdictions. Investigation of healthcare-associated legio-
nellosis will necessarily involve some form of environmental culturing. Sampling
methods for obtaining reliable environmental cultures present unique challenges,
and the resources, especially when attempting to identify fastidious pathogens such
as Legionella, may not be readily available. Molecular typing of identified isolates
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from suspected patients, and also the environment is useful to identify a water
source responsible for patient infection.

Finally, various respiratory viral pathogens, such as respiratory syncytial virus
(RSV) and influenza, can cause HAIs in the immune-compromised patient. While
transmission of these pathogens may differ (i.e., RSV is spread primarily via direct
contact, while influenza is spread mainly by respiratory droplets), control of febrile
respiratory infections (FRI) due to these pathogens occurs through several core
infection control practices. Patients with FRI should be identified upon entry to a
healthcare facility. Such patients can then be cohorted from other noninfected
patients and placed into appropriate isolation precautions. Strict adherence to hand
hygiene, use of PPE, restriction of ill visitors and healthcare workers, and source
control of the infected patient (such as having the patient wear a surgical mask
when in public areas) are all important infection control measures [6].

For some respiratory pathogens, particularly influenza, vaccination remains a
cornerstone of efforts to prevent nosocomial FRI. Healthcare workers are rec-
ommended as a target group for influenza vaccination due to their close contact
with patients at high risk for complications of influenza [114]. Many healthy
healthcare workers may become infected with influenza yet have no or minimal
symptoms. These persons can still shed and spread influenza virus to their patients.
In addition, in the 24 h prior to development of classic influenza symptoms (i.e.,
myalgias, high fevers, cough, fatigue), infected persons can shed virus. Studies
have shown that influenza vaccination of healthcare workers reduces laboratory-
confirmed influenza, sick days due to respiratory illness, and days lost from work
[115]. Perhaps most striking are findings in several studies in long-term care
facilities that demonstrate that vaccination of healthcare workers significantly
reduced the mortality of their patients [116–119]. Despite the benefits of health-
care worker influenza vaccination, coverage rates of healthcare workers remain
unacceptably low at approximately 65 %. Because of these low rates, several
medical centers and hospitals have moved to requiring influenza vaccination as a
condition of employment for healthcare workers [120]. Whatever the strategy
utilized, increasing healthcare worker influenza vaccination rates is important to
protect patients from healthcare-associated infections.

8 Essential Elements of a Successful Infection Control
and Prevention Program

Essential for discovery of HAIs and developing processes to prevent infection is a
strong infection prevention, control, and epidemiology program. Critical to the
success of any program are highly trained nurses specially trained in infection
prevention, control, and hospital epidemiology—infection preventionists (IP). The
CDC recommends a staffing ratio of 1 full-time equivalent (FTE) IP for the first
100 beds of a hospital to 1 FTE IP for every additional 250 beds [121, 122]. The
basis for this recommendation is the Study on the Efficacy of Nosocomial Infection
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Control (SENIC) Project [123], sponsored by the CDC in the 1970s and the Delphi
project [124] which recommended a staffing ratio 0.8–1 IP for every 100 occupied
beds. The investigators of the SENIC Project, for the first time, provided evidence
supporting the link between an established infection control and prevention pro-
gram and fewer HAIs. The role of the IP has undergone substantial changes since
the original SENIC Project, from initially gathering data and reporting infection
rates to now requiring an understanding of process improvement, data analysis,
transmission of infectious diseases, and epidemiology, to name a few. With the
complexities of infection prevention and control along with the specialized
knowledge necessary to implement and maintain a successful prevention program,
formal certification in the specialty is available. All institutions, though especially
those where care for severely immune-compromised patients is delivered, should
have at least one certified IP leading the program of infection prevention.

Another important element of successful infection prevention and control
programs is the use of standardized definitions, such as those provided by the CDC
[125], for determining HAIs. The universal application of validated, standardized
definitions for surveillance of HAIs provides several advantages. First, there is less
variability in what is deemed an infection, and second, the use of standardized
definitions allows for tracking trends over time. Institutional data on infection rates
are most helpful for that specific institution in order to determine how successful a
program is at reducing HAIs. Next, the use of standard definitions allows for data
to be aggregated from multiple institutions to develop mean and median rates of
specific types of infections. Only if definitions are applied in a consistent manner
throughout multiple institutions is the development of such statistical ‘‘bench-
marks’’ possible. Such benchmarks, then, allow institutions to develop an under-
standing of their specific HAIs and which types may be either significantly above
or below that of other institutions, thus serving to direct resources where most
appropriate. The CDC publishes aggregated infection rate data by infection type
and care location annually [126]. These data are helpful to help understand how
hospitals compare to one another and where there may be opportunities for
improvement.

By directing appropriate resources to infection prevention programs and
ensuring that these programs are staffed with specially trained infection preven-
tionists and epidemiologists, healthcare institutions can substantially mitigate
HAIs. Though achieving a rate of zero infections may not be possible, especially
among severely immune-suppressed patients, the goal of having zero preventable
infections is possible and is recommended to be the goal of all healthcare insti-
tutions. Focusing on effective prevention initiatives such as active surveillance for
HAIs, minimizing exposure hazards (i.e., mold from construction, poorly main-
tained water sources), ensuring appropriate isolation of patients, and hand hygiene
adherence will serve to provide a safe environment for the care of the immune-
suppressed patient, as well as all other patients.
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Prevention of Infection in Cancer
Patients

Diana Pomakova and Brahm H. Segal

Abstract

Patients with cancer vary regarding the nature and level of immunocompro-
mise. Both the underlying malignancy and therapy can influence risk of
infectious complications. Therefore, decisions about antimicrobial prophylaxis
must be guided by a number of factors: (1) the risk of infection; (2) the potential
severity of infection and the likelihood of response to therapy; and (3) the safety
and efficacy of antimicrobial prophylaxis. The potential for selection for
antibiotic-resistant pathogens should also inform decisions about prophylaxis.
When assessing clinical trial data on antimicrobial prophylaxis, two major
criteria should be considered: the quality of studies supporting prophylaxis
(randomized, blinded studies are optimal) and the expected benefit of
prophylaxis, measured in terms of prevention of morbidity and potentially
mortality. This chapter reviews the epidemiology and clinical trial data on
prophylaxis against the major bacterial, viral, and fungal diseases in patients
with cancer. Gaps in knowledge and alternative approaches, such as the use of
newer diagnostics, are discussed.
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1 Risk Factors for Infectious Complications in Patients
with Cancer

Patients with cancer comprise a heterogeneous group with regard to risk factors,
predisposing to infectious diseases. The malignancy itself may increase the risk of
infectious complications. As examples, hematological malignancies (such as
myelodysplastic syndrome, leukemias) may result in either global leukopenia or a
reduction in functional myeloid and lymphoid cells. Chronic lymphocytic leuke-
mia (CLL) and multiple myeloma are associated with either hypogammaglobu-
linemia or an inability to produce protective immunoglobulin responses to
pathogens, leading to an increased risk of infections by encapsulated bacteria (e.g.,
Streptococcus pneumoniae) [1, 2]. Hodgkin’s lymphomas are associated with
prolonged T-cell impairment [3]. Human T-cell lymphotropic virus-1 (HTLV-1)-
associated leukemias and lymphomas are associated with a high risk of opportu-
nistic infections (e.g., Pneumocystis jiroveci, Cryptococcus neoformans, myco-
bacteria) related to leukopenia and impaired T-cell immunity [4] (Table 1).

Solid tumor malignancies can also increase the risk of infectious complications
based on anatomic location. As examples, endobronchial lung tumors can lead to
post-obstructive pneumonia and obstructive hepatobiliary and pancreatic tumors,
predisposing to cholangitis. Head and neck tumors that become necrotic from
overgrowing their blood supply or from radiation therapy can become infected by
skin and oral flora. Malnutrition and general debilitation associated with advanced
cancer also increase the risk of infections.
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In addition to infectious complications resulting from the malignancy is the
iatrogenic immunosuppression related to therapy for the malignancy (Table 2).
Antineoplastic regimens result in different forms of immunosuppression—both
quantitatively and qualitatively. Cytotoxic regimens increase the risk of infectious
complications in two ways. First is the leukopenia related to chemotherapy- and
radiation therapy-induced marrow suppression. Second is the mucosal toxicity that
predisposes to infection by gastrointestinal flora. The risk of infectious compli-
cations is directly related to the intensity and duration of neutropenia, and the
likelihood of recovery from infections is related to the rapidity of neutrophil
recovery [5].

Table 2 Infectious complications associated with allogeneic hematopoietic stem cell
transplantation

Time after
transplant

Predominant immune impairment Major infections

Conditioning
to day 30

Neutropenia, mucositis Similar to induction regimens for acute
leukemia; peripheral blood stem cells and
reduced-intensity conditioning may
reduce early infectious complications

Day 30–100 T-cell impairment due to lack of
reconstitution of T-cell immunity,
acute GVHD, immunosuppressive
therapy

Bacteria Common bacterial infections
plus those associated with T-cell
impairment (e.g., Listeria monocytogenes,
mycobacteria, nocardiosis)
Viruses Cytomegalovirus, herpes simplex
virus, varicella zoster virus, community
respiratory viruses, Epstein–Barr virus-
associated lymphoproliferative disease,
HHV-6, progressive multifocal
leukoencephalopathy
Fungi Invasive aspergillosis and other
mold diseases, candidiasis, Pneumocystis
jiroveci, Cryptococcus neoformans,
endemic dimorphic fungi, such as
histoplasmosis and coccidioidomycosis
Parasites Toxoplasmosis, Strongyloides
hyperinfection syndrome

Day 100 to
180

Deficits in T-cell and B-cell
immunity, chronic GVHD,
immunosuppressive therapy

Similar to days 30–100; pneumococcal
sepsis is more common after day 100

[Day 180 Deficits in T-cell and B-cell
immunity1

Grade of chronic GVHD and intensity of
immunosuppressive therapy are the major
determinants of risk of common and
opportunistic infections

1Donor-derived T-cell and B-cell immunity is expected to reconstitute within 2 years after
transplant in the absence of chronic GVHD requiring persistent immunosuppression. T-cell-
depleted allografts reduce GVHD, but are associated with a significant risk of invasive fungal
diseases and cytomegalovirus disease
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Opportunistic infections associated with severe T-cell impairment (e.g.,
P. jiroveci, C. neoformans, listeriosis) do not typically occur in patients receiving
cytotoxic regimens alone. Rather, these infections occur more commonly in patients
receiving prolonged high-dose corticosteroids, lymphocyte-depleting agents (e.g.,
purine analogues, alemtuzumab, T-cell-depleting antibodies), or a combination of
these agents. Multiple risk factors for infectious diseases can exist simultaneously in
patients with cancer. For example, standard induction regimens for acute lympho-
blastic leukemia include cytotoxic agents and high-dose corticosteroids.

Patients with refractory hematological malignancies are at greater risk for
infections than those with cancer in remission both because of the underlying
disease and greater exposure to immunosuppressive regimens. CLL provides an
illustrative example. Patients with early stage CLL frequently have hypogamma-
globulinemia, predisposing to infections by encapsulated bacteria [6]. Although
not cost-effective on a routine basis, intravenous immunoglobulin can decrease the
incidence of infection by encapsulated bacteria in patients with CLL [7, 8].
Advanced CLL may lead to replacement of normal marrow with leukemic cells
and neutropenia, further increasing the risk of infections. Fludarabine-based reg-
imens used to treat CLL lead to prolonged CD4+ T-cell lymphopenia, increasing
the risk of shingles (reactivated varicella zoster), listeriosis, and P. jiroveci [9, 10].
Alemtuzumab, an anti-CD52 antibody used to treat refractory CLL, leads to
prolonged T-cell depletion and can also be complicated by neutropenia.
Alemtuzumab increases the risk of bacterial, fungal, and viral infections, including
a high frequency of reactivated cytomegalovirus (CMV) infection (detected by
serum PCR or CMV antigenemia) and, less commonly, CMV organ disease [11].

In addressing the questions of whether antimicrobial prophylaxis is warranted
and which agents are optimal, it is essential to consider the type and level of
immunosuppression that exists in the individual patient. Indeed, the majority of
patients with solid tumors do not require any antimicrobial prophylaxis. Data from
the patient’s history regarding prior infections, epidemiological exposures, and
prior and anticipated antineoplastic regimens together with evidence-based review
of the literature should be used to guide decisions on antimicrobial prophylaxis.

1.1 Hematopoietic Stem Cell Transplantation

Autologous hematopoietic stem cell transplantation (HSCT) can be considered a
form of intensive chemotherapy. Neutropenia and mucositis following condi-
tioning predispose to bacterial infections and candidemia. Autologous HSCT
recipients also have a period of defective T-cell-mediated immunity of variable
length, depending on the type of cancer (longer in hematological malignancies
[12]), and age (more rapid reconstitution in children) [13]. CD34 enrichment of
autografts (‘‘T-cell-depleted’’ transplant) leads to a significant reduction in T cells,
natural killer cells, and monocytes, compared with unmanipulated autografts,
delaying immune reconstitution. Recipients of CD34-enriched autografts appear to
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be at a similar level of risk as allogeneic HSCT recipients for CMV and other
opportunistic infections [14].

The risk of infectious complications is higher in allogeneic compared to
autologous HSCT recipients. The spectrum of pathogens to which allogeneic
HSCT recipients are most susceptible follows a time line, corresponding to the
predominant immune defects [15] (Table 2). In the first month of HSCT, neu-
tropenia is the principal host defense defect, predisposing to bacterial, fungal, and
viral (principally herpes simplex virus (HSV) and community-associated respira-
tory viruses) infections. After myeloid recovery, qualitative dysfunction of
phagocytes persists due to corticosteroid and other immunosuppressive agents.
Defects in cell-mediated immunity persist for several months even in uncompli-
cated allogeneic HSCT recipients, predisposing to opportunistic infections,
including candidiasis, invasive mold diseases P. jiroveci, CMV, and herpes zoster.
The intensity of immunosuppressive therapy for graft-versus-host disease (GVHD)
is the major predictor of opportunistic fungal and viral infections. In addition,
T-cell depletion of allografts to prevent GVHD is associated with a high risk of
invasive aspergillosis and CMV disease [16].

Whereas mature and cooperative T- and B-cell functions are usually reconsti-
tuted by 1–2 years after engraftment, chronic GVHD is associated with persis-
tently depressed cell-mediated and humoral immunity [17, 18]. Chronic GVHD is
the major risk factor for pneumococcal infections, which most frequent occur from
day 100 to years after HSCT [19–21].

Antimicrobial prophylaxis in HSCT recipients must be tailored to the nature
and severity of immunosuppression. Authoritative guidelines on both antimicro-
bial prophylaxis and infection control measures to prevent infections in HSCT
recipients have been published [22, 23].

2 Principles of Antimicrobial Prophylaxis

Decisions regarding antimicrobial prophylaxis can create, ‘‘The Doctor’s
Dilemma,’’ the title of a play by Oscar Wilde. Ridgeon, the protagonist, is a prom-
inent research physician who confronts the subjects of allocation of scarce medical
resources as well as medical treatments of dubious value. Although today we have an
armamentarium of medical treatments of proven value, the modern physician still
faces the dilemma of who should receive prophylactic antimicrobials and at what
cost. Cost not only refers to pharmacy acquisition costs, but also encompasses tox-
icity drug toxicity and selection for antimicrobial-resistant pathogens.

Antimicrobial prophylaxis entails administering an antibiotic to patients who
have pre-specified factors that predispose to infection, when only a minority will
benefit. For example, consider the scenario of a prophylactic drug that is 80 %
effective in reducing the incidence of an infection (e.g., candidemia) expected to
occur in 10 % of a specific group of patients (e.g., induction therapy for acute
myelogenous leukemia) without prophylaxis. If administered to 100 patients, then
the number of cases of candidemia would be expected to be reduced from 10 to 2.
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Averting candidemia is clearly an important benefit for 8 of 100 patients, but we
have insufficient evidence to judge the overall benefit of prophylaxis for the entire
group of 100 hypothetical patients.

The most important goal relates to balancing benefit and toxicity. For example,
averting 8 cases of candidemia per 100 patients may not be sufficient benefit if the
antifungal drug in question causes substantial toxicity in 20 % or more of patients.
In addition, adverse events related to a given drug may not be readily apparent. For
example, a drug–drug interaction between the antimicrobial agent and an anti-
neoplastic agent leading to accelerated or impaired metabolism of one of the
agents may result in overall greater toxicity or diminished efficacy of the anti-
neoplastic regimen. In this regard, phase III randomized, controlled trials that
include an analysis of toxicity and overall survival provide the most definitive data
about the overall benefit versus toxicity of an antimicrobial prophylactic strategy.

We also have to consider the risk of antimicrobial prophylaxis selecting for
resistant pathogens. Indeed, a component of the Doctor’s Dilemma unique to
antimicrobial prophylaxis is the danger that such resistant flora poses not only to
the individual patient receiving the antimicrobial drug, but also to the larger
population. For example, widespread use of quinolone prophylaxis may select for
quinolone-resistant bacteria [24, 25] that can be a source of health-care-associated
infections with broad effects on a community of patients rather than solely the
individual patients receiving the antimicrobial drug.

3 Antibacterial Prophylaxis

3.1 Neutropenia

In patients with cancer, antibacterial prophylaxis is principally administered to
patients with chemotherapy-induced neutropenia. Antibacterial prophylaxis for
neutropenia is largely restricted to quinolones and trimethoprim-sulfamethoxazole.
In adults, quinolones (principally ciprofloxacin or levofloxacin) are used when the
major risk factor is neutropenia (Table 3). Trimethoprim-sulfamethoxazole is most
useful in patients with T-cell impairment (e.g., prolonged high-dose steroids,
fludarabine, and alemtuzumab) that predispose to P. jiroveci.

There is a large randomized clinical trial database supporting the use of
quinolones in patients with prolonged neutropenia. A meta-analysis of trials of
fluoroquinolone prophylaxis in neutropenic patients showed a clear benefit in
reducing aerobic gram-negative rod infections [26]. Engels et al. [26] evaluated 18
trials with 1,408 patients in which quinolones were compared to either placebo or
trimethoprim-sulfamethoxazole. Patients who received quinolones had *80 %
fewer gram-negative infections than those without prophylaxis, leading to an
overall reduction in total infections. The reduction in fever was small, and in
blinded trials, it was not significant. The frequency of quinolone-resistant gram-
negative isolates, gram-positive infections, and fungal infections was not signifi-
cantly affected by quinolone prophylaxis.
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Two large randomized, placebo-controlled studies showed benefit of levo-
floxacin prophylaxis in neutropenic patients at different levels of risk of infectious
complications [27, 28]. Levofloxacin has similar activity against gram-negative
pathogens compared to ciprofloxacin and ofloxacin, but improved activity against
certain gram-positive pathogens, including streptococci. Bucaneve et al. [28]
evaluated levofloxacin prophylaxis in adult patients with cancer in whom che-
motherapy-induced neutropenia (\1,000 neutrophils/ul) was expected to occur for
more than seven days. This protocol excluded patients anticipated to have a short
duration of neutropenia who would generally be candidates for outpatient man-
agement of neutropenic fever. Levofloxacin recipients had a lower rate of
microbiologically documented infections, bacteremias, and single-agent gram-
negative bacteremias than placebo recipients. The effects of prophylaxis were also
similar between patients with acute leukemia and those with solid tumors or
lymphoma. Mortality and tolerability were similar in the two groups.

Cullen et al. [27] evaluated levofloxacin prophylaxis after chemotherapy for
solid tumors and lymphomas. The primary outcome was the incidence of clinically
documented febrile episodes (temperature [38 �C) attributed to infection. Sec-
ondary outcomes included the incidence of all probable infections, severe infec-
tions, and hospitalization. A total of 1,565 patients underwent randomization,
87 % with solid tumors and 13 % with lymphoma. During the entire chemotherapy
course, 10.8 % of levofloxacin recipients had at least one febrile episode compared
with 15.2 % of placebo recipients (P = 0.01). Hospitalization was required for the
treatment of infection (suspected and documented) in 15.7 % of patients in the
levofloxacin group and 21.6 % of patients in the placebo group (P = 0.004). The
incidence of severe infections, infection-related mortality, and overall mortality
were similar in both groups. Using the primary endpoint of prevention of neu-
tropenic fever in the study by Cullen et al. [27], 1,000 hypothetical patients would
have to receive prophylaxis during each cycle of chemotherapy-induced neutro-
penia to benefit only 44 patients. A secondary analysis of this trial suggested that
prophylactic levofloxacin on cycle 1 only of cytotoxic chemotherapy and on
subsequent cycles only if the first cycle is complicated by neutropenic fever may
be an effective way to target antibacterial use to those patients who would derive
the most benefit [29].

Taken together, the main advantage of levofloxacin prophylaxis in intermedi-
ate- and higher-risk patients with chemotherapy-induced neutropenia was a
reduction in clinically significant bacterial infections, including gram-negative rod
bacteremia. In contrast, the main advantage of prophylaxis in lower-risk neutro-
penic patients was a reduction in fever and hospitalization for neutropenic fever
[27]. Neither study conducted a systematic long-term evaluation of antimicrobial
resistance.

Gafter-Gvili et al. [30] conducted a meta-analysis of 95 randomized, controlled
trials comparing antibiotic prophylaxis with placebo or no intervention or another
antibiotic in afebrile neutropenic patients. Antibiotic prophylaxis significantly
decreased the risk for death when compared with placebo or no treatment.
Quinolone prophylaxis reduced the risk for all-cause mortality as well as infection-

494 D. Pomakova and B. H. Segal



related mortality, fever, clinically documented infections, and microbiologically
documented infections. Most of the trials involved hospitalized patients with
hematological malignancies, and data were inadequate to assess the relationship
between duration and degree of neutropenia and relative risk of mortality.

The clinical trial database shows clear advantages of quinolone use in neu-
tropenic patients at high risk for gram-negative rod infections. There are important
downsides: potential for selection for quinolone-resistant gram-negative rod
infections, increased risk for Clostridium difficile colitis, and limited options for
outpatient management of neutropenic fever when neutropenic fever develops in
patients receiving a quinolone as prophylaxis [31].

The National Comprehensive Cancer Network (NCCN) guidelines advise
considering quinolone prophylaxis in patients with expected duration of neutro-
penia (absolute neutrophil count \1,000/ul) of [7 days [23, 31]. Trimethoprim-
sulfamethoxazole should be used instead of a quinolone in patients at risk for
P. jiroveci. In patients with neutropenia expected to last\7 days and not receiving
immunosuppressive regimens (e.g., systemic corticosteroids), we suggest the
strategy of no initial prophylaxis and consideration of outpatient empirical therapy
for neutropenic fever in those who meet validated criteria for low risk.

3.2 Antibacterial Prophylaxis to Prevent Pneumococcal Sepsis

Patients at high risk for pneumococcal sepsis include those with asplenia
(including functional asplenia following splenic irradiation in HSCT recipients)
and allogeneic HSCT recipients with chronic GVHD. Penicillin remains the
mainstay of anti-pneumococcal prophylaxis, with the understanding that in regions
where penicillin-resistant pneumococcal infection is common, alternative agents
might be considered (e.g., daily trimethoprim-sulfamethoxazole or a newer gen-
eration quinolone). Penicillin-resistant pneumococcal isolates can be cross-resis-
tant to other classes of antibiotics, emphasizing the importance of being familiar
with local susceptibility patterns.

4 Antiviral Prophylaxis

4.1 Herpes Simplex Virus

HSV reactivation occurs with greater frequency in patients with severe neutro-
penia (e.g., induction therapy for acute leukemia) and in patients with T-cell
impairment (e.g., GVHD, T-cell-depleting agent, HIV-infected) (Table 4). Ran-
domized studies have shown the benefit of prophylactic acyclovir in preventing
HSV reactivation in patients with acute leukemia [32] and during the neutropenic
period following conditioning for HSCT [33].
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4.2 Varicella Zoster Virus

Risk factors for VZV differ from HSV in that neutropenia is not per se a significant
risk factor for VZV reactivation; rather, impaired T-cell immunity is the major risk
factor. In allogeneic HSCT recipients, VZV reactivation generally occurs after day
100 following transplantation. Acyclovir prophylaxis (800 mg orally twice daily)
was effective in preventing VZV reactivation within the first year of allogeneic
HSCT recipients in which either the donor or recipient was VZV seropositive [34].

T-cell-depleting agents (e.g., fludarabine) and systemic corticosteroids predis-
pose to VZV reactivation. Another group of patients with cancer at high risk for
VZV are patients with multiple myeloma treated with bortezomib-containing
regimens [35]. As a proteasomal inhibitor, bortezomib may inhibit presentation of
viral antigens via MHC-I molecules, thereby disabling VZV immunity.

4.3 Cytomegalovirus

Patients with severe T-cell immunodeficiency are at risk for CMV disease. In
patients with cancer, allogeneic HSCT recipients are the classic high-risk group.
Intensive immunosuppressive therapy for GVHD and T-cell-depleted allografts
pose the highest risk of CMV reactivation and disease among allogeneic HSCT
recipients [16, 36]. In uncomplicated allogeneic HSCT, the period of risk of CMV
disease is generally between 1 and 6 months after HSCT; in the setting of GVHD
and intensive immunosuppression, T-cell reconstitution is disabled and the risk of
CMV disease persists.

A second group of oncology patients at risk for CMV disease is alemtuzumab
recipients. Alemtuzumab treatment results in prolonged and severe lymphopenia.
It can also cause neutropenia, as a toxic side effect, in up to one-third of patients.
Infections, both opportunistic and non-opportunistic, have been reported in a
significant fraction of patients receiving alemtuzumab [11]. CMV reactivation is
seen in up to two-thirds of alemtuzumab recipients, although CMV disease seems
to be uncommon.

Two approaches are used to prevent CMV disease: prophylaxis and pre-emptive
therapy. Prophylaxis involves administering an anti-CMV agent based only on host
factors, whereas pre-emption involves using surveillance for CMV reactivation
prior to overt disease as a trigger to initiate anti-CMV therapy in high-risk patients.
In the pre-emptive strategy, sensitive methods for early CMV diagnosis include
detection of the CMV pp65 antigen from peripheral blood leukocytes and of CMV
DNA by PCR. Triggers for pre-emptive antiviral therapy are either a single positive
CMV antigenemia or two consecutive positive PCR results. Pre-emption is gen-
erally preferred over prophylaxis because it limits the use of potentially toxic agents
to those patients at highest risk for developing CMV disease.

Intravenous ganciclovir and foscarnet have similar efficacy as pre-emptive
CMV therapies in allogeneic HSCT recipients. Oral valganciclovir used as pre-
emptive anti-CMV therapy was shown to have acceptable oral bioavailability and
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was safe and effective in controlling CMV reactivation in allogeneic HSCT
recipients (including in patients with grades I and II GI GVHD) [37–40] and in
patients receiving alemtuzumab [41]. Therefore, valganciclovir is an acceptable
oral alternative to IV ganciclovir as pre-emptive therapy. Ganciclovir (and val-
ganciclovir) is associated with marrow suppression that may increase the risk of
common and opportunistic infections. Foscarnet can cause nephrotoxicity but is
generally well tolerated. Cidofovir (a second-line anti-CMV agent) is also asso-
ciated with nephrotoxicity. Maribavir was safe and effective as pre-emptive anti-
CMV therapy in allogeneic HSCT recipients [42], but is not yet FDA approved.

4.4 Seasonal and Pandemic Influenza

Community respiratory viruses (e.g., influenza, parainfluenza, adenovirus, respi-
ratory syncytial virus, metapneumoviruses) can cause substantial morbidity and
mortality in the highly immunocompromised. Respiratory viruses are of particular
concern in patients receiving induction therapy for acute leukemia and allogeneic
HSCT recipients. Of the respiratory viruses, influenza, both seasonal and pandemic
(e.g., the novel H1N1 strain) is the major pathogen at the broader community
level. During community and individual hospital outbreaks, anti-influenza agents
(e.g., oseltamivir) administered prophylactically can limit the spread of sensitive
influenza strains [43–46]. The database on antiviral prophylaxis against influenza
in highly immunocompromised patients with cancer is limited, but suggests that
oseltamivir is safe and effective [47, 48]. Since sensitivity to antiviral agents
cannot be predicted based on prior seasonal influenza strains, it is important to be
aware of the antiviral susceptibility of the specific strain implicated in a seasonal
or pandemic outbreak in guiding prophylaxis. Emergence of antiviral resistance
while on therapy may also occur [49].

4.5 Hepatitis B

Carriers of hepatitis B virus may develop severe hepatitis flares as a complication
of cytotoxic chemotherapy. The immunosuppressive effect of the chemotherapy
allows virus reactivation in the liver, and the subsequent immune reconstitution
may result in hepatocellular damage. Patients with lymphoma seem to be at higher
risk, but the phenomenon has been observed in solid tumors, particularly breast
cancer [50]. Rituximab therapy can be complicated by severe hepatitis B reacti-
vation. Both autologous [51, 52] and allogeneic [53, 54] HSCT recipients are at
risk for hepatic complications from hepatitis B reactivation. Reverse seroconver-
sion—hepatitis B reactivation in patients with immunity based on pre-transplant
antibodies to hepatitis B surface antigen and to hepatitis B core antigen—has been
reported in allogeneic HSCT recipients [55]. Immunization of donors with hepa-
titis B vaccine may in principle offer protection to allogeneic HSCT recipients
with prior hepatitis B infection [56].
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Pre-emptive lamivudine is recommended in patients who are hepatitis B surface
antigen positive who will undergo intensive immunosuppressive therapy to avert
hepatic complications of viral hepatitis [57]. Lamivudine has been shown to be
safe and effective as therapy for patients with hepatitis B infection undergoing
HSCT [58]. Lamivudine 100 mg daily started seven days before chemotherapy
and continued for eight weeks after completion of chemotherapy significantly
reduced the incidence of hepatitis B reactivation and the overall morbidity com-
pared to historical controls [59].

A concern related to lamivudine is the frequent emergence of antiviral resis-
tance with long-term therapy. Tenofovir, a nucleotide analogue and a potent
inhibitor of hepatitis B virus polymerase, is likely the most effective drug from
long-term control of chronic hepatitis B [60]; however, published data in patients
with cancer and HSCT recipients are lacking. Therefore, lamivudine is probably
the preferred agent as pre-emption in patients undergoing cytotoxic chemotherapy
or HSCT.

5 Prophylaxis Against Pneumocystis Jiroveci

Defective T-cell immunity is the principal risk factor for P. jiroveci infection. The
traditional groups of cancer patients at risk have been patients with acute lym-
phocytic leukemia, allogeneic HSCT, and those receiving prolonged high-dose
corticosteroids (e.g., 20 mg of prednisone daily for more than a month) [61]. In
allogeneic HSCT recipients, anti-Pneumocystis prophylaxis is typically adminis-
tered from day 30 to 180 after transplant and until resolution of GVHD. Ale-
mtuzumab causes prolonged CD4 lymphopenia, warranting prophylaxis according
to the package insert. Prophylaxis should also be considered in patients receiving
fludarabine and other purine analogues that cause T-cell depletion (particularly
when combined with corticosteroids) and in patients with brain tumors receiving
temozolomide and radiation or corticosteroids.

The most effective prophylaxis is trimethoprim-sulfamethoxazole (TMP-SMX).
Prophylactic TMP-SMX also has the potential to prevent listeriosis, nocardiosis,
and toxoplasmosis. When TMP-SMX cannot be administered due to marrow
intolerance or hypersensitivity reaction, second-line agents include: dapsone
(100 mg po daily), inhaled pentamidine (300 mg every four weeks), and ato-
vaquone (1,500 mg daily).

6 Antifungal Prophylaxis

The two major fungal pathogens in patients with cancer are Candida and Asper-
gillus species. Candida species are endogenous flora that colonizes the skin,
gastrointestinal, and vaginal mucosa. Candidemia generally requires disruption of
barriers of the skin (e.g., from a central venous or dialysis catheter) or bowel
mucosa (e.g., from bowel trauma or mycotoxic antineoplastic chemotherapy) [62].
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Patients with cancer at risk for invasive mold diseases fall into two major
groups: prolonged neutropenia and allogeneic HSCT recipients. In neutropenic
patients, the degree and duration of neutropenia predict the risk of invasive mold
diseases. Patients with relapsed or refractory acute leukemia with prolonged
neutropenic from both the underlying disease and multiple cycles of chemotherapy
are at particularly high risk for invasive mold diseases. Among allogeneic HSCT
recipients, the early period of risk of invasive mold diseases corresponds to neu-
tropenia following the conditioning regimen and later periods correspond to the
intensity of immunosuppressive therapy required to control GVHD [63–67].

Diseases by dimorphic fungi (e.g., histoplasmosis and coccidioidomycosis)
occur in immunocompetent persons, but are more likely to be severe or dissemi-
nated in patients with compromised cellular immunity (e.g., HIV infection,
transplant recipients) [68–70]. C. neoformans principally causes disease in patients
with severe impairment in cellular immunity.

The majority of patients with cancer do not require antifungal prophylaxis.
Antifungal prophylaxis is generally restricted to patient with hematological
malignancies or HSCT recipients during periods of high risk. Systemic antifungal
prophylaxis can be divided into two categories: fluconazole or mold-active agents.

6.1 Fluconazole

Fluconazole has activity against yeasts (e.g., Candida spp.), but not against
Aspergillus species and other molds (Table 5). Fluconazole is a safe and effective
as prophylaxis against candidemia. Two randomized studies showed the efficacy of
fluconazole prophylaxis in the early period following HSCT [71, 72]. In the study
by Slavin et al. [72] that included most allogeneic (as opposed to autologous)
HSCT recipients, fluconazole prophylaxis administered from day 0 to 75 after
HSCT resulted in improved overall survival. A follow-up analysis of patients
enrolled in this trial showed that fluconazole conferred significant long-term
improvement in survival, possibly by decreasing exposure to pro-inflammatory
Candida constituents that may induce gastrointestinal tract GVHD [73].

The benefit of fluconazole prophylaxis in patients receiving induction chemo-
therapy for acute leukemia and in autologous HSCT recipients is not as well
established as in allogeneic HSCT recipients. Fluconazole prophylaxis decreased
fungal colonization, invasive infection, and fungal-infection-related mortality in
non-transplant patients with leukemia and in autologous transplant recipients in a
placebo-controlled trial [74]. However, only 30 % of the patients received growth
factors, and the median duration of neutropenia was 14–16 days [74]. The benefit of
fluconazole prophylaxis was greatest in autologous transplant recipients not
receiving colony-stimulating growth factor support and in patients with leukemia
receiving mycotoxic regimens consisting of cytarabine plus anthracycline. Other
studies of non-transplant patients with acute leukemia showed no significant benefit
of fluconazole [75, 76]. In a meta-analysis, antifungal prophylaxis with either azoles
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or low-dose amphotericin B reduced the frequency of superficial and invasive
fungal infection and fungal-infection-related mortality in HSCT recipients and in
non-transplant patients with acute leukemia and prolonged neutropenia [77].

Selection of azole-resistant candidal strains is a risk of long-term use. In HSCT
recipients receiving fluconazole prophylaxis, Candida strains colonizing the mouth
and those causing bloodstream infection are likely to be fluconazole resistant [78].
Modes of azole resistance include modification of ERG11 gene (gene mutation,
conversion, and overexpression) that encodes the azole target enzyme, alteration in
sterol biosynthesis, and increased expression of genes that encode efflux pumps in
which azoles are substrates [79]. Fluconazole-resistant Candida strains are fre-
quently cross-resistant to voriconazole and posaconazole [80]. Taken together,
fluconazole prophylaxis reduces the frequency of candidemia and other form of
invasive candidiasis in specific high-risk patients, but breakthrough candidiasis is
likely to be caused by azole-resistant strains, requiring a switch in class of anti-
fungal therapy (e.g., to an echinocandin).

6.2 Mold-Active Agents

Itraconazole formulations have been evaluated as prophylaxis in patients with
leukemia and in HSCT recipients. The studies vary in design and study popula-
tions, including the frequency of invasive aspergillosis in the study arm not
receiving a prophylactic mold-active agent. Two randomized trials compared itr-
aconazole solution (the solution has better bioavailability than the capsule for-
mulation) with fluconazole as prophylaxis in allogeneic HSCT recipients [81, 82].
In both trials, prophylaxis was administered during neutropenia following condi-
tioning and during the period corresponding to acute GVHD. When viewed
together, the trials showed that itraconazole was protective against aspergillosis,
but had more toxicity than fluconazole. One of the trials showed that itraconazole
can increase cyclophosphamide metabolites, which in turn are associated with
hyperbilirubinemia and nephrotoxicity during the early transplant period [83]. The
intravenous formulation of itraconazole is no longer marketed in the USA.

Intravenous formulations of amphotericin B are effective as prophylaxis, but
entail a risk of infusional and renal toxicity. Inhalational amphotericin B formu-
lation, which target drug delivery to the lung while avoiding systemic toxicity,
would theoretically satisfy the major goal of prophylaxis: efficacy and safety.
A randomized trial showed that inhaled liposomal amphotericin B was effective in
preventing aspergillosis in patients with hematological diseases and prolonged
neutropenia [84].

The echinocandin, micafungin, was superior to fluconazole based on pre-
specified criteria that included absence of a breakthrough fungal infection and the
absence of modifying the antifungal regimen empirically due to neutropenic fever
[85]. This randomized trail enrolled a similar proportion of allogenic and autol-
ogous HSCT recipients, and the duration of study drug encompassed the
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neutropenic period only. The frequency of breakthrough candidemia was similar in
both arms, but there was a trend to fewer episodes of invasive aspergillosis in
allogeneic HSCT recipients receiving micafungin. Survival and drug-related tox-
icity were similar in both arms.

Posaconazole was evaluated in two prophylactic trials. The first involved
neutropenic patients with MDS or AML receiving induction chemotherapy
[86]. Posaconazole recipients had reduced incidence of invasive aspergillosis,
fungal infection-related mortality, and overall mortality compared to the standard
arm where either fluconazole or itraconazole (depending on the practice of indi-
vidual study sites) was administered. There was no difference in the overall
frequency of adverse events, but a greater frequency of investigator-attributed
significant adverse events occurred in posaconazole recipients.

The second study involved allogeneic HSCT recipients with significant GVHD
and compared posaconazole with fluconazole in a randomized blinded trial [87].
There was no significant difference in the overall frequency of invasive fungal
diseases (the primary endpoint). Prophylaxis with posaconazole led to a reduction
in the incidence of invasive aspergillosis, the total number of invasive fungal
diseases while on treatment, and the number of deaths attributed to fungal
infection. Adverse events were similar in the two arms.

Several limitations to prophylaxis with mold-active agents exist: (1) potential
toxicity, including drug–drug interactions in the case of mold-active azoles; (2)
sensitivity of serum galactomannan as a diagnostic adjunct is decreased; (3) in the
case of posaconazole, patients are required to be able to take the drug orally and
ingestion of food (ideally high-fat food) or enteral nutrition is required for optimal
bioavailability; (4) added cost; and (5) lack of a clear standard of care for
breakthrough aspergillosis in patients receiving a mold-active azole.

Prophylaxis refers to administration of an antifungal drug prior to the onset of
fungal disease based on host factors (e.g., prolonged neutropenia or GVHD).
Empirical antifungal therapy refers to initiation of antifungal treatment or modi-
fying the antifungal regimen based on persistent neutropenic fever of unknown
etiology unresponsive to antibacterial therapy. Both prophylaxis and empirical
antifungal therapy can be incorporated into an algorithm; as an example, fluco-
nazole may be initiated as prophylaxis and mold-active therapy may be initiated
based on persistent neutropenic fever [88]. An alternative approach is a pre-emptive
strategy, in which the use of a mold-active agent is targeted based on a combination
of host factors and laboratory markers (e.g., fungal antigen detection or PCR) [89].
A randomized study showed that pre-emptive antifungal therapy was associated
with an increased incidence of invasive fungal disease without increasing mortality
as compared to empirical antifungal therapy in patients with persistent neutropenic
fever [90]. Another study compared the strategy of fluconazole plus real-time serum
galactomannan monitoring with voriconazole in allogeneic HSCT recipients [91].
No difference occurred with respect to fungal-infection-free survival and overall
survival at six months after transplantation (the primary endpoint). There was a
trend to reduced incidence of invasive aspergillosis in voriconazole recipients. This
study has only been published in abstract form, but lends additional support to the
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pre-emptive strategy in specific patient populations. More research is required to
delineate which patients will benefit most from the pre-emptive versus prophylactic
approach regarding mold-active agents [92, 93].

We are also learning more about genetic polymorphisms that may predispose to
aspergillosis in HSCT recipients [94, 95]; this knowledge may be useful to stratify
risk for invasive aspergillosis in patients with classic risk factors (e.g., prolonged
neutropenia, GVHD). One of the important areas of future research is to incor-
porate algorithms that include host genetic factors as well as antigen-based and
PCR-based laboratory markers to target patients most likely to benefit from pro-
phylaxis or early treatment with broad-spectrum antifungal agents.
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