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Preface

Infections are major causes of morbidity and mortality in patients with hema-
tological malignancies, particularly in those with prolonged neutropenia and
recipients of hematopoietic stem cell transplantation (HSCT). Successful
management of infectious diseases in this setting often necessitates not only
expert knowledge in infectious diseases but also expertise in diagnosis and
treatment of the underlying hematologic diseases.

In the hematologic setting differential diagnosis of presumed infection
always includes multiple different pathogens, as bacterial, fungal, viral, and
parasitic infections occur. In addition, the underlying hematologic disease
can sometimes mimic an infectious disease process, with similar radiological
and clinical findings. Recently, a swiftly increasing number of drugs target
and modify immune response and may result into previously unknown
inflammatory syndromes simulating signs and symptoms of infection.
Diagnosis of the underlying infectious cause is demanding and requires broad
knowledge in the field of infectious diseases.

The high risk of developing infectious complications has resulted in
approaches of antibacterial, antifungal, antiviral, and antiparasitic prophy-
laxis in patient groups at highest risk for infections. Patients with hematologi-
cal malignancies are also at risk for infections that are potentially preventable
by vaccination. However, many vaccines have not been used to their full
potential, because immune response may be attenuated by antineoplastic
treatment. Outside of the HSCT setting, clinical vaccine trials are mostly
missing, although many patients receive treatments that interfere with vac-
cine efficacy, for example, B cell-directed strategies. Even less is known
about such interference of the many new treatment options in hematology.
Ideally, patients would be vaccinated prior initiation of immunosuppressive
therapy, but this is not always possible.

Once infection establishes, rapid action is essential. Management relies on
early diagnosis and anti-infective treatment, frequently before a pathogen is
identified. While the use of broad-spectrum antibacterial drugs has reduced
the mortality in febrile neutropenia, it may have contributed to the emergence
of drug resistant pathogens. To balance the most effective treatment of the
individual versus the risk of promoting resistance, antimicrobial stewardship
has established a firm place at hematology departments and hospitals.

Hematologic patients are also particularly vulnerable to pandemics and
outbreaks, including the current outbreak of SARS-CoV-2 and coronavirus
disease 2019 (COVID-19), which has resulted in delays of necessary
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treatment for underlying hematological malignancies, and devastating infec-
tion related mortality rates, particularly in older or comorbid patients.
Infection management in hematology is a prime example of modern medi-
cine where complexity of diagnostics and therapies needs to be addressed by
a multidisciplinary team to achieve the best possible outcome for our patients.
This book summarizes the current understanding in patient management,
where hematology and infectious diseases intersect.

Cologne, Germany Oliver A. Cornely
Graz, Austria Martin Hoenigl
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Epidemiology and Risk Factors
of Invasive Fungal Infections

Frédéric Lamoth

1.1 Introduction
Invasive fungal infections (IFI) are well-known
and feared infectious complications among
patients with hematologic malignancies. The
prolonged immunosuppressive state resulting
from deep and long-lasting neutropenia follow-
ing myeloablative chemotherapies or long-term
anti-rejection therapies post hematopoietic stem
cell transplantation (HSCT) represents the high-
est risk for the development of such infections.
The epidemiology of IFI is difficult to assess,
as their diagnosis often relies on a scale of prob-
ability (proven, probable, possible) according to
the definitions of the European Organization for
Research and Treatment of Cancer (EORTC) and
Mycoses Study Group (MSG) (De Pauw et al.
2008). Given the limited sensitivity of culture,
most IFIs nowadays are diagnosed in the absence
of positive cultures and species identification.
Multiple studies have assessed the incidence,
distribution of fungal pathogens and risk factors of
IFI among patients with hematologic malignan-
cies. The epidemiology of IFI can be influenced by
several factors, such as the geographical situation
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(temperate versus tropical regions), environmental
conditions (e.g., building renovation works), diag-
nostic procedures (e.g., use of serological or
molecular diagnostic tests), definition and classifi-
cation of IFI (inclusion or not of probable and pos-
sible cases) or use of antifungal prophylaxis.

This chapter aims to provide an overview of
the epidemiology of IFI according to the different
categories of onco-hematological patients and
the type of fungal pathogens.

1.2 Hematopoietic Stem Cell

Transplantation (HSCT)

The cumulative incidence of IFI was estimated
at 3.4% per year among a large cohort of HSCT
recipients in the United States with molds
accounting for about two-thirds of cases
(Kontoyiannis et al. 2010). Among allogeneic
HSCT recipients, the risk was higher among
recipients from mismatched related or matched
unrelated donors (8.1% and 7.7% per year,
respectively) compared to matched related
donors (5.8%). IFI were rarely observed among
autologous HSCT recipients (1.2% per year),
who experience shorter duration of neutropenia
(usually less than 10 days) and a predominant
cellular-mediated immune depression in fol-
low-up. Data from the European continent
show a similar epidemiological picture as illus-
trated by a large Italian cohort reporting an
overall incidence of IFI of 3.7% over 5 years
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among all HSCT recipients (7.8% among allo-
geneic HSCT recipients) with the difference
that recipients of matched related donors were
more frequently affected (Pagano et al. 2007).
Results from these two recent cohorts can be
compared to epidemiological data before the
year 2005 showing an overall incidence of IFI
of about 10-15% among HSCT recipients
(Baddley et al. 2001; Cornet et al. 2002; Fukuda
et al. 2003; Garcia-Vidal et al. 2008; Martino
et al. 2002). A large study conducted at the Fred
Hutchinson Cancer Research Center (Seattle,
WA) showed an increased annual incidence of
invasive mold infections from 1990 to 1998
(Marr et al. 2002). However, it is difficult to
assess the impact of the advent of azole prophy-
laxis and the improvements in diagnostic
approaches on epidemiological trends of IFI
from 2000.

Epidemiological reports from the pediatric
HSCT population account for an overall inci-
dence of about 5%, similar to the adult popula-
tion (Cesaro et al. 2017; Dvorak et al. 2005).

IFI among HSCT usually occur at a median of
2-4 months post-transplantation and are rarely
observed (<15% cases) beyond one year
(Kontoyiannis et al. 2010). The risk is particu-
larly high after bone marrow recovery among
patients with severe graft-versus-host disease
(GVHD) and intensive immunosuppressive regi-
mens. Despite antifungal prophylaxis, the inci-
dence of IFI among patients with acute (grade 11
to IV) or chronic extensive GVHD remains
around 5-10% (Ullmann et al. 2007).

Distinct risk factors have been identified
according to the timing of IFI after HSCT
(Garcia-Vidal et al. 2008). Early IFI (<40 days
post HSCT) was found to be associated with
transplant variables (unrelated donor or HLA
mismatch), type of immunosuppression regimen
(receipt of anti-thymocyte globulin or corticoste-
roids), lymphopenia, hyperglycemia, iron over-
load, cytomegalovirus (CMV) disease, and blood
transfusions. Factors associated with late IFI
(>40 days post HSCT) were advanced age,
female sex, acute GVHD, CMV disease, cortico-
steroids, and blood transfusions.

1.3  Acute Leukemia

Induction or consolidation chemotherapies of
acute leukemia are usually associated with pro-
longed periods (>14 days) of profound neutrope-
nia. A multicenter Italian study reported an
incidence of IFI of 12% among patients with
acute myeloid leukemia (AML) and 6.5% among
those with acute lymphoid leukemia (ALL) with a
predominance of mold infections (64%) (Pagano
et al. 2006). Similar incidence was reported from
other countries (Barreto et al. 2013; Koehler et al.
2017; Mariette et al. 2017). IFIs are more rarely
observed among patients with acute promyelo-
cytic leukemia who are treated with different che-
motherapeutic regimens and usually experience
shorter period of neutropenia (Pagano et al. 2015).
Chemotherapeutic regimens with azacitidine, a
hypomethylating agent, have also been associated
with a lower incidence of IFI (1.6% per patient)
(Pomares et al. 2016). Among children with acute
leukemia, incidence rates of 3-7% have been
reported (Cesaro et al. 2017; Ducassou et al.
2015; Zaoutis et al. 2006).

The use of systemic antifungal prophylaxis
during the neutropenic phase has an important
impact on the incidence of IFI in patients with
acute leukemia. IFI rates as high as 35-50% have
been reported among AML patients who did not
receive any antifungal prophylaxis following
induction chemotherapy (Neofytos et al. 2013;
Tang et al. 2015). A multicenter randomized
study conducted among hematologic cancer
patients with chemotherapy-induced neutropenia
has demonstrated the efficacy of posaconazole
prophylaxis in reducing the incidence of IFI to
2% compared to 8% in patients receiving flucon-
azole or itraconazole prophylaxis (Cornely et al.
2007).

While prolonged neutropenia resulting from
intensive chemotherapy is the main risk factor in
this population, other factors predisposing to
invasive mold infections have been identified in
multivariate analysis, such as performance status
>2, low body weight, chronic obstructive pulmo-
nary disease and environmental conditions
(building renovation or professional activities,



1 Epidemiology and Risk Factors of Invasive Fungal Infections 3

such as farmer, gardener, and construction
worker) (Caira et al. 2015). Post-chemotherapy
esophagitis grade > 2 was also an independent
risk factor of both invasive yeast and mold infec-
tions (Caira et al. 2015).

1.4  Other Hematologic Diseases
Out of the context of HSCT, IFI rarely affect
patients with other hematologic malignancies,
such as chronic leukemia, multiple myeloma,
Hodgkin disease, or non-Hodgkin lymphoma,
because chemotherapies used for the treatment of
these cancers are usually associated with neutro-
penia of short duration (<10 days). The overall
incidence of IFI in these patients ranges from 0.5
to 2.5% (Pagano et al. 2006). Mold infections are
predominant among patients with chronic leuke-
mia, while molds and yeasts equally contribute to
IFI in the others categories.

Patients with myelodysplastic syndromes
who also undergo intensive myeloablative che-
motherapies and prolonged neutropenia exhibit
the same risk and incidence of IFI as those with
acute leukemia (Barreto et al. 2013; Cornely
et al. 2007).

Patients with aplastic anemia, who may expe-
rience prolonged leucopenia and receive immu-
nosuppressive therapies are at high risk of
developing invasive fungal infections, in particu-
lar, mold infections, with a reported incidence of
5-10% (Quarello et al. 2012; Torres et al. 2003).

1.5 Invasive Candidiasis

Invasive candidiasis (IC) can be divided in two
categories in hematologic cancers patients: can-
didemia and chronic disseminated (or hepato-
splenic) candidiasis. Central venous catheters
that remain in place for long duration following
chemotherapies may be a source of infection.
However, chemotherapy-induced enterocolitis is
often the origin of translocation. Candida spp.
are commensal yeasts of the gastrointestinal tract
and skin. While Candida albicans is the predom-

inant pathogen, the proportion of non-albicans
Candida spp. has increased during the last decade
and currently exceeds 50% (Lamoth et al. 2018).
IC represents 25-30% of IFI among hematologic
cancer patients; its incidence has decreased as
azole prophylaxis has become common practice
(Kontoyiannis et al. 2010; Pagano et al. 2007;
Pagano et al. 2006; Neofytos et al. 2009). As a
consequence, non-albicans Candida spp. with
intrinsic level of azole resistance are now pre-
dominant in many regions of the world. Candida
glabrata is the most frequent yeast pathogen
among US HSCT recipients and Candida krusei
infections are more commonly observed among
neutropenic patients with hematologic malignan-
cies compared to other populations (Kontoyiannis
et al. 2010; Neofytos et al. 2009; Horn et al.
2009; Schuster et al. 2013). However, the epide-
miology of Candida spp. may differ from one
hospital to another. For instance, Candida parap-
silosis and Candida tropicalis are more prevalent
in Spain and Greece (Gamaletsou et al. 2014;
Puig-Asensio et al. 2015). Candida auris is an
emerging pathogen that has appeared simultane-
ously on different continents since 2009
(Lockhart et al. 2017). Its ability to rapidly
develop resistance to all antifungal drug classes
and cause hospital outbreaks by nosocomial
transmission is particularly concerning. While
this yeast was mainly associated with IC out-
breaks in intensive care units (Schelenz et al.
2016), it could also affect oncohematology units
in the future.

While candidemia is the most frequent form
of IC, chronic disseminated candidiasis (CDC) is
a rare disease occurring mainly in acute leukemia
patients at the stage of neutrophil recovery, which
has been considered as a kind of immune recon-
stitution  inflammatory  syndrome  (IRIS)
(Rammaert et al. 2012). Before the era of azole
prophylaxis, CDC was estimated to affect 3—6%
of patients with acute leukemia and chemotherapy-
induced neutropenia (Sallah et al. 1999), but it is
now considered as a rare disease (<3%)
(Rammaert et al. 2012).

CDC can be missed because of non-specific
clinical signs (persistent fever, abdominal symp-
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toms, and hepatic tests disturbances) and lack of
sensitivity of blood cultures that recover yeasts
in only 20% cases (Rammaert et al. 2012; De
Castro et al. 2012). The diagnosis usually relies
on imaging showing nodular lesions in the liver
and spleen and positive serological markers
(1,3-beta-d-glucan, mannan/anti-mannan).
Other organs, such as the lungs or kidneys, can
be affected.

Risk factors for IC in hematologic cancer
patients are overall similar to those reported in
non-neutropenic patients and include the pres-
ence of central venous catheters, gastrointestinal
tract mucositis, and colonization with Candida
spp. (Caira et al. 2015; Pagano et al. 1999).

Other Invasive Yeast
Infections

1.6

Invasive fungal infections due to yeasts other
than Candida spp. are rare (<2% of IFI)
(Kontoyiannis et al. 2010; Fernandez-Ruiz et al.
2017; Richardson and Lass-Florl 2008).
Cryptococcosis is not common among patients
with hematologic malignancies accounting for
less than 1% of IFI in this population
(Kontoyiannis et al. 2010). Other yeast patho-
gens are commensals of the skin, and central
venous catheters are supposed to be the major
source of infection. Trichosporon spp. is a cause
of fungemia affecting mainly hematologic can-
cer patients (de Almeida Junior and Hennequin
2016). It has also been reported as a cause of dis-
seminated disease with hepatosplenic lesions,
similar to chronic disseminated candidiasis
(Alby-Laurent et al. 2017). Rhodotorula spp.
(Rhodotorula mucilaginosa and Rhodotorula
glutinis) and Saprochaete spp. (Saprochaete
capitata and Saprochaete clavata) can occasion-
ally cause fungemia (Fernandez-Ruiz et al. 2017,
Del Principe et al. 2016; Duran Graeff et al.
2017; Garcia-Suarez et al. 2011). Geotrichum
candidum often colonizes the stools of hemato-
logic cancer patients, but is a very rare cause of
fungemia (Duran Graeff et al. 2017; Henrich
et al. 2009).

1.7 Invasive Aspergillosis

Invasive aspergillosis (IA) is the most frequent
IFI in hematologic cancer (40-60% of all IFI
cases) (Kontoyiannis et al. 2010; Pagano et al.
2007; Pagano et al. 2006; Neofytos et al. 2009).
The lung is the primary site of infection in most
cases with dissemination to other organs in about
10% of patients (Steinbach et al. 2012). Primary
extrapulmonary infections usually originate from
the tracheobronchial tree, sinuses, skin, or brain
(Steinbach et al. 2012). Aspergillus fumigatus is
the cause of 60-80% cases, followed by
Aspergillus  flavus, Aspergillus niger and
Aspergillus terreus (Kontoyiannis et al. 2010;
Neofytos et al. 2009; Steinbach et al. 2012;
Pagano et al. 2010). Aspergillus calidoustus is an
emerging pathogen, which deserves mention
because of its intrinsic pan-azole resistance and
its association with breakthrough IA in patients
receiving azole prophylaxis (Lamoth et al. 2017;
Seroy et al. 2017). Other rare pathogenic
Aspergillus spp. include A. versicolor, A. nidu-
lans and A. glaucus (Steinbach et al. 2012). It is
important to note that the diagnosis of IA only
relies on a positive galactomannan test without
species identification in up to half of cases
(Neofytos et al. 2009; Steinbach et al. 2012;
Maertens et al. 2016a).

Patients with acute leukemia (in particular
acute myeloid leukemia) are at highest risk for IA
during the neutropenic phase of intensive chemo-
therapy with 70% cases occurring beyond
10 days of neutropenia (Steinbach et al. 2012;
Pagano et al. 2010; Lortholary et al. 2011).
Allogeneic HSCT recipients represent the second
group at risk (Steinbach et al. 2012). In one
French cohort, an important proportion of IA
cases (22%) occurred in patients with chronic
lymphoproliferative disorders, which may repre-
sent another important and underestimated group
at risk (Lortholary et al. 2011).

Other predisposing factors of IA were identi-
fied among allogeneic HSCT recipients, such as
active malignancy at HSCT, CMV reactivation
and delayed lymphocyte engraftment for early IA
and chronic extensive GVHD, steroid therapy,
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secondary neutropenia, and relapse after HSCT
for late TA (Mikulska et al. 2009).

Genetic factors have been found to play an
important role with some single-nucleotide poly-
morphisms (SNPs) associated with increased risk
of IA (Lamoth et al. 2011). Some pattern recog-
nition receptors (PRRs) of the toll-like receptors
(TLRs) or C-type lectin receptors (CLRs) are
crucial for the innate immune response against
Aspergillus spp. A large matched control study
identified a TLR4 donor haplotype (D299G and
T399I) that increased the risk of IA among unre-
lated HSCT recipients (Bochud et al. 2008). An
SNP in Dectin-1 (Y238X present in either the
donor or recipient), a PRR of the fungal cell wall
component 1,3-beta-d-glucan, has also been
associated with an increased risk of IA (Cunha
et al. 2010). Currently, the most promising
approach for a future clinical application focuses
on pentraxin 3 (PTX3), a soluble PRR binding to
conidia and facilitating their phagocytosis by
human macrophages. A homozygous haplotype
(h2/h2) with reduced PTX3 production was asso-
ciated with an increased risk of IA if present in
the donor for HSCT recipients or in the recipients
of solid-organ transplantation (Cunha et al. 2014;
Wojtowicz et al. 2015).

1.8  Mucormycosis

Filamentous fungi of the order Mucorales are
responsible for this severe infection usually
affecting the sinuses or lungs with local exten-
sion to adjacent structures (e.g., orbit, brain) or
hematogenous dissemination (Roden et al. 2005).
Primary intestinal infection or wound infection
are also described. Increasing incidence of
mucormycosis in the general population has been
reported worldwide, especially since 2000, which
is associated with the increasing number of
immunocompromised patients at risk, such as
HSCT or solid organ transplant recipients (Roden
et al. 2005; Abidi et al. 2014; Bitar et al. 2009;
Saegeman et al. 2010). Mucormycosis is the sec-
ond most frequent invasive mold infection
accounting for 5-10% of all IFI cases in hemato-

logic cancer patients (Kontoyiannis et al. 2010;
Neofytos et al. 2009). In North America and
Europe, Rhizopus spp. (e.g., R. oryzae, R.
microsporus) is responsible of about 30-50%
cases, followed by Mucor spp. (e.g., M. circinel-
loides), Lichtheimia spp. (e.g., L. corymbifera, L.
ramosa), Rhizomucor spp. (e.g., R. pusillus) and
Cunninghamella spp. (e.g., C. bertholletiae)
(Roden et al. 2005; Kontoyiannis et al. 2014;
Pagano et al. 2009; Skiada et al. 2011; Xhaard
et al. 2012). Local epidemiology may differ
according to regions/countries: for instance,
Lichtheimia spp. is frequently observed in
Europe, but rarely in the US (Kontoyiannis et al.
2014; Skiada et al. 2011; Xhaard et al. 2012;
Guinea et al. 2017). In addition to neutropenia,
uncontrolled diabetes, corticosteroid therapy, and
iron overload are considered as risk factors for
mucormycosis (Roden et al. 2005; Skiada et al.
2011; Xhaard et al. 2012; Maertens et al. 1999).

1.9  Fusariosis

The importance of Fusarium spp. as causal
agents of IFI varies from one region to another. In
Brazil, disseminated fusariosis was reported to be
the most frequent IFI among HSCT recipients
(Nucci et al. 2013a), while it accounts for only
<3% of cases in US and Europe (Kontoyiannis
et al. 2010; Pagano et al. 2007; Pagano et al.
2006; Neofytos et al. 2009). Disseminated fusari-
osis occurs mainly in hematologic cancer patients
with neutropenia (Nucci et al. 2014). Contrarily
to most IFI, the primary focus of infection is the
skin (e.g., onychomycosis or intertrigo) in two-
thirds of cases, and not the lung (one-third of
cases) (Nucci et al. 2013b). Fungemia can be
documented by blood cultures in up to 40% cases
and secondary embolic skin lesions are common
features (Nucci and Anaissie 2007). The most
frequent pathogenic species are Fusarium solani
complex, followed by Fusarium oxysporum com-
plex (Nucci et al. 2014; Lortholary et al. 2010).
Other relevant pathogenic species include
Fusarium proliferatum, Fusarium moniliforme,
Fusarium dimerum, Fusarium verticilloides, and
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Fusarium incarnatum. Profound neutropenia
represents the major condition predisposing to
disseminated fusariosis. Other risk factors were
analyzed in a Brazilian cohort (Garnica et al.
2015). An association with active smoking was
found among patients with acute leukemia.
Disseminated fusariosis was also associated with
hyperglycemia, receipt of anti-thymocyte globu-
lin, and acute myeloid leukemia in the early
phase post HSCT, while nonmyeloablative con-
ditioning regimen, severe graft-versus-host dis-
ease, and previous mold infection were identified
as risk factors in the late phase.

1.10 Other Invasive Mold
Infections

Mold invasive infections other than the above-
mentioned diseases are rare (<1% of cases), but
may be due to a large variety of opportunistic
pathogenic fungi, such as black molds (e.g.,
Exophiala spp., Alternaria spp., Bipolaris spp.)
or hyaline molds (e.g., Scedosporium spp.,
Lomentospora  spp.,  Paecilomyces  spp.,
Acremonium spp.) (Richardson and Lass-Florl
2008; Chowdhary et al. 2014). A shift in the epi-
demiology of invasive mold infections has been
reported in the setting of azole or echinocandin
treatment with an increasing proportion of rare
and intrinsically azole-resistant molds, such as
Scopulariopsis spp., Lomentospora prolificans
(formerly known as Scedosporium prolificans)
and Hormographiella aspergillata (Lamoth et al.
2017; Conen et al. 2011; Grenouillet et al. 2009;
Pang et al. 2012). These infections may become
more prevalent in the era of systematic azole pro-
phylaxis. A recent report also found an associa-
tion between inherited CARD9 deficiency and
Exophiala invasive infections (Lanternier et al.
2015).

1.11 Pneumocystosis

Formerly considered as a  protozoan,
Pneumocystis jirovecii, the causal agent of
pneumocystosis (a severe form of pneumonia)

has been recently reclassified as a fungus. P. jir-
ovecii mainly affects patients with HIV or other
T-lymphocyte-mediated immune defect (espe-
cially low CD4 count). The incidence of pneu-
mocystosis among patients with HSCT or
hematologic malignancies has decreased with
the use of co-trimoxazole prophylaxis and is
currently estimated to be lower than 0.5%, rep-
resenting only 2% of all IFT (Kontoyiannis et al.
2010; Fillatre et al. 2014; Pagano et al. 2002).
However, increasing overall incidence has been
reported in some countries (Maini et al. 2013),
which can be related to the expanding popula-
tion of immunosuppressed patients, but also to
improvements in diagnostic approaches with the
advent of molecular methods. The risk of pneu-
mocystosis is related to the type of underlying
disease and anti-cancer therapy, and their impact
on lymphocyte count and function. For instance,
chemotherapeutic regimens used against ALL,
including corticosteroids, vincristine, metho-
trexate, and cyclophosphamide, are associated
with a high risk of pneumocystosis, while the
disease is rare among AML patients (Cordonnier
et al. 2016). Lymphoproliferative disorders
(chronic lymphocytic leukemia, non-Hodgkin
lymphoma, and multiple myeloma) and recipi-
ents of allogeneic or autologous HSCT repre-
sent the other groups at risk (Cordonnier et al.
2016). Most hematologic cancer patients devel-
oping pneumocystosis have received corticoid
therapy within the previous month, which repre-
sents the major predisposing factor (Cordonnier
et al. 2016). Monoclonal antibodies, such as
rituximab, inducing B-cell defect, also increase
the risk of pneumocystosis with often severe
and fulminant courses (Martin-Garrido et al.
2013).

The authors of a French retrospective study
conducted between 1990 and 2010 proposed to
classify the risk of pneumocystosis among hema-
tologic cancer patients as follows: (1) high-risk
(incidence rates >45 cases/100000 patient-year):
acute leukemia, chronic lymphocytic leukemia
and non-Hodgkin lymphoma, (2) intermediate-
risk (25-45 cases/100’000 patient-year): hemato-
poietic stem cell transplantation, multiple
myeloma, Waldenstrom macroglobulinemia, and
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(3) low-risk (<25 cases/100000 patient-year):
Hodgkin lymphoma (Fillatre et al. 2014).
Concomitant chronic lung disease (e.g., asthma,
chronic obstructive pulmonary disease) also
increases the risk of pneumocystosis (Maini et al.
2013; Cordonnier et al. 2016).

1.12 Endemic Mycoses

These infections due to dimorphic fungi, such as
Histoplasma capsulatum (the agent of histo-
plasmosis), Blastomyces dermatitidis (blasto-
mycosis),  Coccidioides  immitis/posadasii
(coccidioidomycosis), Paracoccidioides
brasiliensis/lutzii (paracoccidioidomycosis) and
Talaromyces marneffei (Penicilliosis), are rarely
observed among hematologic cancer patients.
Their incidence among HSCT recipients in US
was estimated to be less than 0.1% (Kauffman
et al. 2014). In Europe, these fungal infections
are very rare, affecting mainly patients who
have traveled in endemic regions in the past
(with possible reactivation after decades) and
exceptional autochthonous cases (e.g., Italy)
(Ashbee et al. 2008). Endemic mycoses mani-
fest as severe and usually disseminated diseases
(in about two-thirds of cases) in this population
of deeply immunocompromised patients
(Kauffman et al. 2014). They should be sus-
pected in patients coming from regions with sig-
nificant  prevalence.  Histoplasmosis  is
particularly endemic in Central-East United
States, in parts of Central and South America
(H. capsulatum var capsulatum), and in West
Africa (H. capsulatum var. duboisii) with spo-
radic cases occurring in South Africa, China,
and South East Asia (Bahr et al. 2015).
Coccidioidomycosis is mainly observed in arid
regions of Southwestern United States and parts
of Central and South America, causing occa-
sional outbreaks (Freedman et al. 2018).
Blastomycosis is widespread in North America
with sporadic cases reported from South Africa
and Asia (Saccente and Woods 2010).
Paracoccidioidomycosis is limited to some
regions of Central and South America and
Penicilliosis to South East Asia.

1.13 Risk Stratification
and Preventive Strategies

Because IFI represents a life-threatening com-
plication, which can compromise the success
of anti-cancer therapies and HSCT, it is impor-
tant to assess the risk factors of IFI and to
select the appropriate preventive approach.
These strategies should consider the local epi-
demiology of IFI, the type of hematologic
malignancy and chemotherapy, as well as other
individual predisposing conditions, which are
summarized in Fig. 1.1. Overall, three different
approaches may be considered according to the
estimated risk of developing IFI. In high-risk
patients, antifungal prophylaxis with an anti-
mold active agent with broad activity against
Aspergillus spp. and Mucorales, such as
posaconazole, may be warranted. An alterna-
tive is the monitoring (once or twice weekly)
of a fungal marker in serum, such as galacto-
mannan, 1,3-beta-d-glucan, or Aspergillus
PCR. For low-risk patients, a clinically driven
approach with punctual testing of fungal mark-
ers and CT-scan in case of clinical suspicion is
sufficient. For patients at high risk of pneumo-
cystosis, co-trimoxazole administered three
times weekly is the recommended approach,
with daily atovaquone as an alternative in case
of intolerance or toxicity concerns (Maertens
et al. 2016b).

Systematic antifungal prophylaxis has been
shown to decrease the incidence of IFI in selected
group at risk (Ullmann et al. 2007; Cornely et al.
2007), but is also associated with significant
costs, toxicity, and potential interactions with
anti-cancer chemotherapies. Moreover, the man-
agement of confirmed or possible IFI cases in this
subgroup is difficult because of emerging multi-
resistant fungi and limited therapeutic options
(Lamoth et al. 2017). Therefore, it is important to
limit the use of antifungals whenever possible. A
personalized medicine approach using system-
atic screening for high-risk genetic polymor-
phisms, in particular PTX3, appears as the most
promising strategy to target patients who may
best benefit from antifungal prophylaxis in the
future.
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2.1  Introduction

Patients with hematological malignancies are at
increased risk for infections caused by disease-
related and therapy-induced immunosuppression.
(Akova et al. 2005; Crawford et al. 2008) With
the change in practice over the last five decades,
a significant improvement in the outcome of
hematological malignancies with serious infec-
tions has been noted. The expected mortality rate
was higher than 60% in neutropenic patients in
the 1960s.(Hersh et al. 1965) The incidence has
dropped to less than 5% with current practice.
(Homisi et al. 2000) Antimicrobial prophylaxis is
one of the most successful strategies in reducing
infection-associated morbidity and mortality in
hematological malignancy patients.(Verhoef
1993) Antimicrobial prophylaxis aims to prevent
infectious morbidity and all its consequences,
including hospitalization, quality of life, cost of
treatment, treatment-related adverse events, and
death.
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2.2  Antibacterial Prophylaxis

2.2.1 Whols at Risk?
The key to prophylactic strategy is to identify
those patients at high risk for infection. Patients
with hematological malignancies are subject to
infections because of several factors, notably
breakdown of healthy skin and mucosal barriers,
obstruction related to the tumor, alteration of host
defenses secondary to infiltration of bone mar-
row, reduced or altered immunoglobulin or cyto-
kine production, or neutropenia related to
chemotherapy.(Apostolopoulou et al. 2010)
Neutrophils are critical for providing host defense
against infections.(Hubel et al. 1999; Kuderer
et al. 2006) Bacteria are by far the most infec-
tious pathogens during neutropenia.(Bodey et al.
1966; Bodey 1986; Viscoli et al. 2005) The risk
of bacterial infection is directly related to the
severity and duration of neutropenia. Bacterial
infections occur more frequently when the neu-
trophil count is <100/pL and for 7 days or longer.
(Lyman et al. 2005) Several factors contribute to
the risk of infection by interfering with neutro-
phil homeostasis; including patient characteris-
tics, underlying malignancy, and treatment
regimens (Fig. 2.1).(Pettengell et al. 2008; Lyman
et al. 2004; Intragumtornchai et al. 2000; Ray-
Coquard et al. 2003)

Seven guidelines have been published
between 2010 and 2016, all recommending
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Risk Factors for Neutropenic Fever

Patient Related Predictors

Age 65 years or more
Female sex

High body surface area
Poor performance status
Comorbidities

Poor nutritional status

diseases.
Lymphopenia

malignancy.

Disease Related Predictors

Elevated lactate dehydrogenase
in patients with lymphoreticular

Monocytopenia

Treatment Related Predictors

High-dose chemotherapy
regimens

Failure to administer
prophylactic hematopoietic
growth factor support

Advanced stage of the underlying

Fig. 2.1 Summary of risk factors for the development of neutropenia

Table 2.1 Summary of the guidelines for antibacterial prophylaxis in hematological malignancies

Never: the use of antimicrobials, including fluoroquinolones, should be
High risk: expected neutrophil count <1000/microL for 7 days or more
High risk: neutropenia >7 days; some low risk (first chemo, aggressive

chemo with high infections rate, elderly)
High risk: neutropenia for >7 days, unless other factors which increase

risks for complications or mortality
Adult patients (aged >18 years) with acute leukemia, HSCT, or solid

Consider in outpatient HSCT and palliative patients with bone marrow

High risk: neutropenia >7 days

Guideline Year | Recommendation
European Society for Medical 2016
Oncology discouraged.
National Comprehensive Cancer | 2016
Network
German Society of Hematology 2013
and Oncology
American Society of Clinical 2013
Oncology
National Institute for Health and 2012
Care Excellence tumors
Australian Consensus Guidelines | 2011
failure
Infectious Disease Society of 2011
America
fluoroquinolone  prophylaxis in  high-risk

patients. However, the Australian guidelines
gave a low-level recommendation for high-risk
patients except for outpatient stem cell recipients
and patients on palliative management with bone
marrow failure, while the European Society for
Medical Oncology (ESMO) disgorged any anti-
microbial prophylaxis (Table 2.1).(Taplitz et al.
2018; Klastersky et al. 2016; Freifeld et al. 2011;
Slavin et al. 2011; Phillips et al. 2012; Flowers
et al. 2013; Neumann et al. 2013; Baden et al.
2016; Averbuch et al. 2013)

Although several randomized controlled trials
have demonstrated the protective effect of anti-
bacterial prophylaxis in low-risk patients, the
number of patients is high to prevent one infec-
tion. Other drawbacks of antibacterial prophy-
laxis in low-risk patients include lack of
cost-effectiveness, drug-related adverse effects,
susceptibility to superinfections, and selection
for  antimicrobial  resistance.(Eleutherakis-
Papaiakovou et al. 2010; Cullen et al. 2005)

A useful scoring system from the Multinational
Association for Supportive Care in Cancer
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Table 2.2 Multinational Association for Supportive Care
in Cancer (MASCC) score for identifying the patients
with low risk of febrile neutropenia

Prognostic Factor Weight
Burden of febrile neutropenia (no or mild 5
symptoms)

No hypotension (systolic BP >90 mmHg) 5
No chronic obstructive pulmonary disease 4
Solid tumor or hematological malignancy with |3
no previous fungal infection

No dehydration requiring parenteral fluids 3
Burden of febrile neutropenia (moderate 3
symptoms)

Outpatient status 3
Age < 60 years 2

(MASCC) has been developed to identify low-
risk patients. The MASCC risk-index score is
based on seven independent factors present at the
onset of febrile neutropenia. Patients with a score
of >21 are regarded as low risk; patients with a
score of <21 are considered as high risk. This has
been validated by Uys and colleagues with a pos-
itive predictive value of 98.3% in low-risk
patients (Table 2.2).(Uys et al. 2004; Klastersky
et al. 2000)

2.2.2 Antibacterial Prevention
Strategies in Neutropenic
Patients: Past and Present

The epidemiology of bacterial infections in neu-
tropenic patients is dynamic and depends on mul-
tiple factors: the severity and duration of
neutropenia, the nature and intensity of antineo-
plastic therapy, host-related factors, selection
pressures created using chemoprophylaxis and/or
empirical antibiotic therapy, the use of central
venous catheters and other external medical
devices, environmental and geographic factors,
and the duration of the hospital stay.(Rolston
2005; Bodey et al. 1988; Rolston et al. 1996;
Jacobson et al. 1999; Jones 1999) Most infec-
tions in neutropenic patients originate from the
microflora that colonizes the skin and mucosal
surface. Theoretically, suppression of patients’
endogenous flora should protect the host against
infections.(Schimpff et al. 1972) Two strategies

have been evaluated to prevent bacterial infec-
tions during neutropenia by antibiotics: intestinal
decontamination by oral non-absorbable antibi-
otics (such as gentamicin, vancomycin, and
colistin in various combinations) and oral absorb-
able antibiotics that act systemically (such as tri-
methoprim/sulfamethoxazole (TMP-SMX) and
fluoroquinolones).

Early studies with oral non-absorbable antibi-
otics have shown a reduction in infection rates in
neutropenic patients. However, regimens were
poorly tolerated, making compliance a problem.
Failure to take oral non-absorbable antibiotics
has resulted in rapid gut re-population with
aggressive and opportunistic organisms and sub-
sequent infection. The use of oral non-absorbable
antibiotics has also been associated with coloni-
zation by resistant Gram-negative strains and
selective intestinal decontamination.(Levi et al.
1973; Hahn et al. 1978; Bender et al. 1979; King
1980; Funada et al. 1983)

With disappointing outcome of oral non-
absorbable antibiotics, orally absorbable antibi-
otics were evaluated. The first orally absorbed
antibiotic evaluated as an antibacterial prophy-
lactic in neutropenic patients was TMP/
SMX. Although most of the earlier studies sug-
gested benefit from TMP/SMX prophylaxis, sev-
eral additional trials have led to negative results.
Resistance turned out to be an essential problem
when using TMP/SMX. In a large EORTC study,
the rate of blood isolates resistant to TMP/SMX
was significantly higher in TMP/SMX recipients
in comparison with placebo recipients (80 vs.
26%, respectively). Other drawbacks included its
myelosuppressive effect and prolongation of neu-
tropenia.(Watson et al. 1982; Dekker et al. 1981;
Gualtier et al. 1983; Wade et al. 1983; Wilson and
Guiney 1982; No authors listed 1984)

In the 1980s, fluoroquinolones were intro-
duced as a new class of antimicrobials. They
were attractive in many ways; they have systemic
bactericidal activity and broad antimicrobial
spectrum, including Gram-negative bacteria such
as Pseudomonas spp., and some Gram-positive
organisms. Most fluoroquinolones are well
absorbed orally and are excreted in high concen-
tration in feces. They lacked a myelosuppressive
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effect and were well tolerated by patients.
(Wolfson and Hooper 1985; Hooper and Wolfson
1985) Several studies from the last two decades
of the past century showed a reduction in the
number of infectious episodes, particularly by
Gram-negative pathogens, but failed to demon-
strate a reduction in mortality.

In 2005, two multicenter large controlled tri-
als conducted in Europe evaluating the role of
antibacterial prophylaxis in neutropenic cancer
patients were published. The Italian GIMEMA
group conducted the first study. It was a double-
blind, placebo-controlled trial of 760 hospitalized
adult patients in whom chemotherapy-induced
neutropenia (<1000  neutrophils/pL)  was
expected for more than 7 days. They were ran-
domized to receive oral levofloxacin 500 mg
once daily or placebo from the start of chemo-
therapy until the resolution of neutropenia. The
trial included solid tumor, lymphoma, and acute
leukemia patients. The study demonstrated a sta-
tistically significant reduction in the incidence of
fever in patients receiving levofloxacin compared
to placebo (65 vs. 85%, P < 0.001) but did not
show any significant reduction in mortality.
(Bucaneve et al. 2005)

The second study was the British
SIGNIFICANT trial. One thousand five hundred
sixty-five patients receiving cyclic chemotherapy
for solid tumors or lymphoma who were at risk
for chemotherapy-induced neutropenia (<500
neutrophils/pL) were randomized to receive
either levofloxacin 500 mg once daily or placebo
for 7 days during the expected neutropenic period
of up to six cycles of chemotherapy. A significant
reduction in febrile episodes was documented in
the levofloxacin group during the first cycle of
chemotherapy (3.5 vs. 7.9%, P < 0.001) and all
cycles of treatment (10.8 vs. 15.2%, P = 0.01),
but no effect on documented infections was
observed.(Cullen et al. 2005)

Gafter-Gvili and colleagues undertook a meta-
analysis of trials comparing prophylactic antibi-
otic therapy with placebo, no intervention, or
another antibiotic regimen in patients receiving
chemotherapy. They analyzed 95 randomized
controlled trials conducted between 1973 and
2004 involving 9283 patients. The primary out-

come was all-cause mortality, and secondary out-
comes included infection-related death, febrile
episodes, bacteremia, adverse events, and emer-
gence of bacterial resistance. The meta-analysis
demonstrated a statistically significant reduction
in all-cause mortality of 34% in patients receiv-
ing prophylaxis compared with placebo or no
intervention and a 45% reduction in mortality in
those receiving fluoroquinolone prophylaxis. The
meta-analysis was updated in 2006 to include the
GIMEMA and SIGNIFICANT trial data. Among
acute leukemia and bone marrow transplantation
patients, the relative risk of death with quinolone
prophylaxis was 0.67 (0.55-0.83) compared to
control. For solid tumors and lymphomas, there
was also a significant impact of fluoroquinolone
prophylaxis on all-cause mortality during the first
cycle of chemotherapy with a relative risk of 0.48
(0.26-0.88) compared with controls.(Gafter-
Guili et al. 2005; Gafter-Gvili et al. 2012)

Mikulska and colleagues undertook another
meta-analysis to evaluate whether the rates of
fluoroquinolone resistance in community and
hospital settings influenced the efficacy of fluoro-
quinolone prophylaxis. They analyzed 2 random-
ized controlled trials and 12 observational studies
conducted between 2006 and 2014. The meta-
analysis demonstrated that fluoroquinolones did
not have any effect on mortality (pooled OR 1.01,
95%CI 0.73-1.41), but were associated with a
lower rate of bloodstream infections (pooled OR
0.57, 95%CI 0.43-0.74) and fewer episodes of
fever during neutropenia (pooled OR 0.32,
95%C1 0.20-0.05).(Mikulska et al. 2018)

As outlined earlier, the use of prophylactic
antibiotics in adult patients with neutropenia sec-
ondary to cancer therapy is supported by meta-
analyses of randomized trials, demonstrating a
decreased risk of infection confirmed by blood
cultures and death. Data describing prophylactic
antibiotics in children with cancer are limited,
and this could be due to concerns of fluoroquino-
lone adverse events. Alexander and colleagues
looked into the risk and efficacy of levofloxacin
prophylaxis among children receiving intensive
chemotherapy or HSCT. In a multicenter ran-
domized trial, 624 patients, 200 with acute leuke-
mia and 424 undergoing hematopoietic stem cell
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transplantation (HSCT), were randomized to
receive levofloxacin prophylaxis or not. In the
acute leukemia group, the likelihood of bactere-
mia was significantly lower in the levofloxacin
prophylaxis group than in the control group
(21.9% vs. 43.4%), whereas among patients
undergoing HSCT, the risk of bacteremia was not
significantly lower in the levofloxacin prophy-
laxis group (11.0% vs. 17.3%).(Alexander et al.
2018)

Data regarding other fluoroquinolones, such
as moxifloxacin, as an alternative to levofloxacin/
ciprofloxacin as primary prophylaxis in febrile
neutropenia are limited. Przybylski and col-
leagues retrospectively compared moxifloxacin
to levofloxacin/ciprofloxacin. They found the
incidence of febrile neutropenia and of docu-
mented infections was similar between those
receiving moxifloxacin and levofloxacin/cipro-
floxacin, respectively. Hospital readmission for
infection within 30 days of hospital discharge
was also similar between groups as was the inci-
dence of Clostridioides difficile. (Przybylski and
Reeves 2017) In a controlled before and after
prospective observational study, von Baum and
colleagues also assessed the efficacy of moxi-
floxacin as primary prophylaxis in neutropenic
patients. They found similar survival rates as
compared with levofloxacin. The rate of Gram-
negative bacteremia was higher during prophy-
laxis with moxifloxacin (11%) when compared
with levofloxacin (6%). Additionally, they
observed a marked increase in diarrhea associ-
ated with C. difficile after a change from levo-
floxacin to moxifloxacin (attack rate 6% vs.
33%).(von Baum et al. 2006)

Despite guidelines recommend fluoroquino-
lone use as prophylaxis for preventing infection
in neutropenic patients, it has been associated
with adverse events that range from common gas-
trointestinal disturbances and hypersensitivity
reactions to rare but life-threatening abnormali-
ties in glucose homeostasis and QT prolongation.
In addition to drug-related adverse events, fluoro-
quinolone use has been associated with an
increased rate of resistance in Gram-negative
infections, C. difficile infection, and colonization
with vancomycin-resistant Enterococcus Spp.

(Liu 2010; Rangaraj et al. 2010; Kern et al.
2005a; Muto et al. 2005; Paterson 2004) An alter-
native agent for prophylaxis in neutropenic
patients will eventually be needed. Yemm and
colleagues retrospectively compared the clinical
and microbiological outcomes in acute leukemia
patients receiving fluoroquinolones and oral
third-generation cephalosporins as antibacterial
prophylaxis after chemotherapy. One hundred
and twenty patients were included and matched.
They demonstrated a comparable rate of febrile
neutropenia and culture positivity in both groups.
(Yemm et al. 2018)

2.3 Concerns About Antibiotic
Prophylaxis
2.3.1 Treatment Cost

Kawatkar and colleagues looked into the cost of
cancer-related neutropenia or fever hospitaliza-
tion in the United States. They found the mean
length of stay for cancer-related neutropenia hos-
pitalization was 7.9 days, with a mean cost of
US$ 37.555 per stay.(Kawatkar et al. 2017) The
cost of a 7-day course of levofloxacin in the
United States is US$82. The GIMEMA study
showed that five patients undergoing chemother-
apy for cancer needed to be treated with oral
levofloxacin to prevent one episode of febrile
neutropenia. Taking into consideration the cost of
managing one episode of febrile neutropenia,
antibiotic prophylaxis is cost-effective in these
patient groups.

2.3.2 Antibiotic Resistance

The major drawback of routine prophylaxis of
neutropenic patients with fluoroquinolones is the
emergence of antibiotic resistance.(Kern et al.
2005b; Kara et al. 2015; Trecarichi et al. 2015)
Variable outcomes from various studies were
reported. The International Antimicrobial
Therapy Group of the European Organization for
Research and Treatment of Cancer (IATG-
EORTC) retrospectively analyzed studies for
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Fig. 2.2 Approach to antibacterial prophylaxis in chemotherapy-induced neutropenia patients

empiric antibacterial therapy in neutropenic
patients conducted between 1983 and 1993.
During this period, the proportion of neutropenic
patients  who  received  fluoroquinolone
prophylaxis increased from 1.4 to 45%, and an
increase in strains of Escherichia coli resistant to
fluoroquinolones from 0 to 27% was observed.
(Gudiol et al. 2013) In the European cohort, Kern
and colleagues had a similar observation where
patients receiving fluoroquinolones had signifi-
cantly more bloodstream infections due to ESBL-
positive Enterobacteriaceae (0.8% vs. 0.3%, RR
2.2).(Kern et al. 2005c¢)

On the other hand, the GIMEMA study did not
show any significant increase in the incidence of
levofloxacin-resistant Gram-negative bacteremia
among patients receiving levofloxacin. Gafter-
Gvili in her meta-analysis also did not observe
any risk of developing fluoroquinolone resistance
secondary to prophylaxis. This was also the obser-
vation in the Mikulska meta-analysis.

Although studies show mixed outcomes for the
risk of fluoroquinolone resistance secondary to
prophylaxis; the appearance of carbapenems and
colistin, for empiric treatment of febrile neutrope-
nia in the new ECIL guidelines, is a direct reflec-
tion of escalating antibiotic  resistance.
Fluoroquinolone prophylaxis during afebrile neu-
tropenia may have shown a survival benefit in cer-
tain high-risk groups in the past; its current role
must be questioned. Attention should now be
directed toward reducing unnecessary antibiotic
exposure in an attempt to preserve the increasing
limited agents available for the treatment of estab-
lished infections. Widespread use of antibacterial
agents of one class can encourage multiclass drug

resistance, which reduces prophylaxis and treat-
ment efficacy in neutropenic cancer patients.

Based on previous evidence we recommend
the approach presented in Fig. 2.2.

2.4  Antiparasitic Prophylaxis

2.4.1 Introduction

Parasitic infections in hematological malignancy
patients are uncommon.(Hughes 1976) With the
dramatic increase in tourism and international
migration, physicians should be aware of particu-
lar geographically restricted infections. Currently,
there are no specific recommendations for anti-
parasitic prophylaxis in this unique high-risk
group. Health promotion and education are
essential and advice for this group of travelers
should be tailored according to individual needs
and should be planned well in advance, prefera-
bly at least 2 months before departure and at spe-
cialized clinics. Hematological malignancy
patients during the immediate post-radiotherapy
or chemotherapy period should be advised not to
travel to specific areas in the world.

2.4.2 Recommendations
for Prevention of Specific
Infections

2.4.2.1 Enteric Pathogens

Diarrhea caused by parasites (Giardia intestina-
lis, Entamoeba histolytica, Cryptosporidium par-
vum, and Cyclospora cayetanensis) is less
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frequent in travelers and tends to be chronic,
affecting long-term travelers visiting developing
countries. Although no antiparasitic prophylaxis
is recommended, patients should be educated
about food and water handling.

2.4.2.2 Infections Transmitted by
Arthropod Bites

Mosquitoes, ticks, and flies are the primary vec-
tors for transmission of tropical or geographi-
cally restricted infections such as malaria,
leishmaniasis, trypanosomiasis, filariasis, and
borreliosis. Malaria is the most frequent infec-
tion transmitted by arthropods in travelers.
(Leder et al. 2004) However, the risk of acquir-
ing malaria in hematological malignancies is
unknown. Splenectomized patients do have an
increased risk of severe malaria. The choice of
malaria prophylaxis will depend, among other
factors, on destination and specific itinerary.
Chloroquine would be the first choice in areas of
the world with chloroquine-sensitive malaria
(mainly in Central America and the Caribbean).
For areas with chloroquine-resistant malaria,
the options are atovaquone-proguanil, meflo-
quine, and doxycycline. The latter two drugs
interact with some of the common immunosup-
pressant drugs, and drug levels should be mea-

Fig. 2.3 General
recommendation for
antiparasitic prophylaxis
in chemotherapy-
induced neutropenia

General
Recommendation

Enteric Pathogens

Arthropod Bites

Pathogens transmitted
through skin and
mucous membrane
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sured. Co-medication commonly used by
travelers, such as antidiarrheals, cardiovascular
drugs, and analgesics, does not appear to have a
significant clinical impact on the safety and
effectiveness of mefloquine and chloroquine
prophylaxis. Caution is advised in diabetic trav-
elers using mefloquine due to the possibility of
hypoglycemia in certain situations. Folic acid
supplements should be given to patients taking
proguanil who are on other antifolate medica-
tions such as trimethoprim-sulfamethoxazole.
Before initiating malaria prophylaxis, signifi-
cant side effects such as the possibility of car-
diac toxicity associated with chloroquine and
mefloquine use in patients with chronic cardiac
disease should also be considered, bearing in
mind that these may be particularly harmful in
patients with underlying disease.(Freedman
2008)

2.4.2.3 Infections Transmitted Through
Skin and Mucous Membranes

Patients should be advised to avoid swimming in
freshwater and walking barefoot due to the risk
of infections like schistosomiasis and
strongyloidiasis.

Figure 2.3 summarizes antiparasitic recom-
mendations in neutropenic patients.

N
« Visiting parasitic endemic areas is not advisable.
J
N
* No anti-parasitic prophylaxis is recommended.
* Proper food and water handling.
J
N
» Malaria prophylaxis as general population.
* Proper precautions to prevent arthropod bites.
J
N
* No anti-parasitic prophylaxis is recommended.
* Avoid swimming in freshwater and walking barefoot,|

J
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Antifungal Prophylaxis

Rafael F. Duarte, Isabel Sdnchez-Ortega,
and Donald C. Sheppard

3.1 Introduction

Invasive fungal infections (IFI) remain a serious
threat for patients with haematological malignan-
cies. There is broad consensus that early antifun-
gal therapy is a critical strategy to improve
outcomes. However, controversy still remains
about how early is early enough to optimise
patient management and survival. For nearly
three decades, since the establishment of the use
of fluconazole to prevent candida infections, pri-
mary prophylaxis has been a key component of
antifungal management in haematology patients.
More recently, with the advent of newer triazoles,
there has also been a recognition of the role of
antifungal prophylaxis in the prevention of IFI
caused by moulds. In addition to this longstand-
ing experience and the general medical principle
that ‘prevention is better than cure’, three key
factors have led to the emergence of primary anti-
fungal prophylaxis as a standard of care for high-
risk haematology patients.
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First, overall reported rates of IFI in haematol-
ogy patients are high. In high-risk haematology
patients, about one-third of IFI are due to Candida
and other yeasts, and two-thirds to Aspergillus and
other moulds. The largest European prospective
audit of invasive mould disease in haematology,
with over 1200 patients, reported a rate of invasive
mould disease of 14% in all patients, 9% in alloge-
neic haematopoietic stem cell transplant (HSCT)
recipients and 18% in acute myeloid leukaemia
and myelodysplastic syndromes (AML/MDS)
patients receiving intensive chemotherapy (www.
pimda.eu). However, these figures likely underes-
timate the real incidence of mould infections,
given the limitations of current diagnostic tools.
Indeed, autopsy studies have reported that between
half and two-thirds of IFI in haemato-oncology
patients are only diagnosed post-mortem
(Chamilos et al. 2006; Lewis et al. 2013). Thus,
infection rates reported pre-mortem in most epide-
miologic studies may represent only a small frac-
tion of the real burden of disease. Not only are IFI
rates high in haematology patients, but these infec-
tions remain associated with very high mortality
rates. Despite the use of modern antifungal ther-
apy, IFI mortality estimates range from 20% to
50% overall, and are particularly high in alloge-
neic HSCT recipients (Baddley et al. 2010; Pagano
etal. 2010). Finally, and perhaps most importantly,
randomised controlled trials have shown that
effective primary antifungal prophylaxis can
reduce the incidence of IFI and their associated
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mortality, leading to improved patient outcomes
(Cornely et al. 2007; Goodman et al. 1992;
Robenshtok et al. 2007; Slavin et al. 1995;
Ullmann et al. 2007). Collectively, these observa-
tions have led to the conclusion that antifungal
prophylaxis of high-risk patients is an effective
strategy to improve outcomes in patients with hae-
matological malignancies, and should be standard
of care for these patients.

Traditionally, recommendations for prophy-
laxis have focused on patients with prolonged
neutropenia, particularly AML/MDS after
remission induction chemotherapy, and HSCT

recipients pre-engraftment, as the population at
highest risk. More recently, the increasing avail-
ability of novel agents in haematological malig-
nancies, including many that modulate and
target immune responses, has expanded the
range of haematology patients at significant risk
to develop IFI. Guidelines from multiple societ-
ies and working groups, with different
approaches, have provided the medical commu-
nity with guidance to implement the evidence
coming from scientific studies into clinical prac-
tice. In this chapter, we will use guidelines from
the following groups (Table 3.1): the European

Table 3.1 Quality of evidence and strength of recommendations on antifungal prophylaxis according to international

guidelines

Quality of evidence

| Strength of recommendation

ECIL6 and IDSA

I Evidence from at least one properly designed, randomised A

controlled trial.

Good evidence to support a
recommendation for or against
use.

11 Evidence from at least one well-designed clinical trial without B Moderate evidence to support a
randomisation; from cohort or case-controlled analytic studies recommendation for or against
(preferably from more than one Centre); multiple time-series use.
studies; or from dramatic results from uncontrolled experiments. C Poor evidence to support a

IIT | Evidence from opinions of respected authorities based on clinical
experience, descriptive studies or reports from expert committees.

recommendation.

ESCMID-ECMM-ERS and AGIHO-DGHO

1 As in IDSA/ECIL-6 (above).

A Strong support of a
recommendation for use.

11 As in IDSA/ECIL-6 (above), with an index for source of evidence: | B
a: Published abstract (presented at an international symposium

or meeting).
h: Comparator group is a historical control.

trials.

cohorts, or similar immune-status situation.
u: Uncontrolled trial.

r: Meta-analysis or systematic review of randomised controlled |

t: Transferred evidence, that is, results from different patients’

Moderate support of a
recommendation for use.
C Marginal support of a
recommendation for use.

Support of a recommendation
against use.

III | Asin IDSA/ECIL-6 (above).

NCCN

1 High-level evidence.

1 There is uniform consensus that
the intervention is appropriate.

2A | Lower-level evidence.

2A | There is uniform consensus that
the intervention is appropriate.

2B | Lower-level evidence.

2B | There is consensus that the
intervention is appropriate.

C Any level of evidence.

3 There is major disagreement
that the intervention is
appropriate.

AGIHO-DGHO: Infectious Diseases Working Party of the German Society for Haematology and Medical Oncology;
ECIL: European Conference on Infections in Leukaemia; ECMM: European Confederation of Medical Mycology;
ERS: European Respiratory Society; ESCMID: European Society of Clinical Microbiology and Infectious Diseases;
IDSA: Infectious Diseases Society of America; note: by default all NCCN recommendations are category 2A unless

otherwise indicated
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Conference on Infections in Leukaemia (ECIL)
(Maertens et al. 2018; Marschmeyer et al. 2019),
which brings together the European Society for
Blood and Marrow Transplantation (EBMT), the
European Organization for Research and
Treatment of Cancer (EORTC), the European
Leukemia Net (ELN) and the International
Immunocompromised Host Society (ICHS); the
European Society for Clinical Microbiology and
Infectious Diseases (ESCMID), European
Confederation of Medical Mycology (ECMM)
and European Respiratory Society (ERS) Joint
Clinical Guidelines (Ullmann et al. 2018); the
Infectious Diseases Working Group of the
German Society for Haematology and Medical
Oncology (AGIHO-DGHO) (Mellinghoff et al.
2018; Ullmann et al. 2016); the Infectious
Diseases Society of America (IDSA) and the
American Society of Medical Oncology (ASCO)
(Taplitz et al. 2018); and the National
Comprehensive Cancer Network (NCCN) (avail-
able at www.nccn.org/professionals/physician_
gls/pdf/infections.pdf). Beyond the guidelines, a
number of additional factors should also be
taken into consideration in the process of imple-
mentation of antifungal prophylaxis into prac-
tice. These include the analysis of local fungal
epidemiology to inform antifungal policies, the
identification of novel risk factors for IFI which
may allow better patient IFI-risk stratification
(reviewed in Chap. 2), the prevalence and risk of
promotion of resistance through a broader use of
antifungals in the target population, as well as
the impact of prophylaxis on other aspects of
antifungal and chemotherapy management in
haematology patients.

3.2 General Measures
for Prevention of Invasive

Fungal Infections

General hygiene measures, housing of patients
and environmental exposure to airborne conidia
are key elements of infection-control that may
impact the risk of IFI and potentially outweigh the
benefit of antifungal prophylaxis. Regrettably, in
the absence of randomised studies in this field,
infection-control recommendations remain debat-

able and primarily based on expert opinion and
observational case series.

Available studies suggest a benefit of air filtra-
tion and positive pressure to prevent IFI in high-
risk haematology patients, although the main
gain is on reduction of conidia air concentration
rather than on the incidence of infection or patient
outcome (Eckmanns et al. 2006; Hayes-Lattin
et al. 2005; Kruger et al. 2003; Nihtinen et al.
2007; Oren et al. 2001; Schlesinger et al. 2009).
International quality standards for HSCT
(JACIE—Joint Accreditation Committee of the
International Society for Cellular Therapy and
the EBMT) have established that HSCT recipi-
ents should be nursed in rooms of “adequate
space and design that minimises airborne micro-
bial contamination” (seventh Edition JACIE
Standards: standard B2.1; available at www.
jacie.org). While these standards do not require
that every unit has laminar flow availability, stan-
dard recommendations for high-risk patients
such as allogeneic HSCT recipients would be for
isolation in a single hospital room equipped with
high-efficiency particulate air (HEPA) filtration
with positive pressure (>12 exchanges per hour).
Beyond allogeneic HSCT, novel risk factors may
help indicate how allocation of rooms should be
prioritised for other haematology patients who
may also benefit from air filtration and positive
pressure.

Face masks are used for protection of immu-
nocompromised high-risk patients, but neither
surgical nor well-fitting masks have been demon-
strated to result in the reduction of mould infec-
tions (Marschmeyer et al. 2009). While specific
settings may justify the use of well-fitting face
masks (e.g. during hospital construction or
patient transport outside the isolation units),
routine use is not recommended (Raad et al.
2015). In the hospital environment, renovation
and construction activities should be kept to a
minimum, and if required, the appropriate envi-
ronmental controls must be present. Out of the
hospital, the ubiquitous nature of airborne fungal
spores makes environmental question a chal-
lenge; however, patients at risk of mould IFI
should avoid prolonged contact with environ-
ments that have high concentrations of airborne
fungal spores (e.g. construction and demolition
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sites, intensive exposure to soil through garden-
ing or digging, or household renovation) (Taplitz
et al. 2018). There is no evidence of reduction of
IFI with germ-reduced diets, including the so-
called neutropenic diets, or with other infection-
control measures normally used to prevent other
nosocomial infections. Appropriate hand disin-
fection may be also of use, as hands can be vec-
tors in the transmission of yeasts, as has been
documented with Candida auris outbreaks
(Schelenz et al. 2016).

3.3  Acute Myeloid Leukaemia
and Myelodysplastic

Syndromes

Patients with AML/MDS undergoing myelosup-
pressive chemotherapy for remission-induction,
relapse-salvage or similar courses of chemother-
apy associated with prolonged and profound neu-

tropenia are at high risk for IFI. Despite the
limitations of diagnostic tools and the lack of
autopsy information, the incidence of mould dis-
ease reported in these patients is as high as 15%-
20%, as best illustrated by the PIMDA prospective
study mentioned above (www.pimda.eu). Given
this high rate of disease, primary prophylaxis is
strongly supported by all major guidelines.
Posaconazole prophylaxis in this population has
demonstrated a marked reduction of the rates of
proven and probable IFI, invasive aspergillosis,
and all-cause mortality (Cornely et al. 2007),
leading to the universal recommendation for this
agent as the drug of choice for antifungal chemo-
prophylaxis in this setting (Table 3.2). Since then,
the original formulation of posaconazole as an
oral suspension has been improved with an oral
gastro-resistant tablet (Cornely et al. 2016;
Duarte et al. 2014a) and an intravenous formula-
tion (Cornely et al. 2017a; Maertens et al. 2014).
Greater bioavailability, higher and more predict-

Table 3.2 Guidelines recommendations on primary antifungal prophylaxis in adult patients with AML/MDS undergo-
ing intensive remission-induction chemotherapy or similar chemotherapies with prolonged and profound neutropenia

ESCMID- IDSA-
Antifungal agent ECIL-6 ECMM-ERS NCCN AGIHO-DGHO | ASCO
Fluconazole B-I* - 2B C-1 -
Itraconazole OS B-1 D-II - C-1 Mould-
Posaconazole A-1 A-I 1 A-I active
Voriconazole B-II C-Ilt 2B C-l triazole”
Isavuconazole - - - C-Ilu -
Echinocandins C-II C-IIt 2B C-IIh -
(all echinocandins) (micafungin) (micafungin) (micafungin)
C-1
(caspofungin)
Liposomal AmB C-1I C-IIu 2B (AmB C-1 -
Lipid-associated C-1 C-Tlh products) - -
AmB
Aerosolised B-I (plus fluconazole) B-I (plus - B-II (plus -
liposomal AmB fluconazole) fluconazole)
AmB deoxycholate | A-II against/A-I against | — - D-1 -
(aerosolised)

AGIHO-DGHO: Infectious Diseases Working Party of the German Society for Haematology and Medical Oncology;
AML/MDS: acute myeloid leukaemia/myelodysplastic syndromes; AmB: amphotericin B; ECIL: European Conference
on Infections in Leukaemia; ASCO: American Society of Clinical Oncology; ECMM: European Confederation of
Medical Mycology; ERS: European Respiratory Society; ESCMID: European Society of Clinical Microbiology and
Infectious Diseases; IDSA: Infectious Diseases Society of America; OS: oral solution

2Only recommended if the incidence of mould infections is low. Fluconazole may be part of an integrated care strategy

together with a mould-directed diagnostic approach

PRisk of invasive aspergillosis >6% (type: evidence-based, benefits outweigh harms; evidence quality: intermediate;

strength of recommendation: moderate)
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able serum concentrations, and once-daily
administration with no clinically relevant food
effect make the gastro-resistant tablet the pre-
ferred formulation for the majority of cases. Of
note, although there is not a formal contraindica-
tion for the concomitant administration of
posaconazole in patients receiving anthracy-
clines, given its potential inhibition of anthracy-
clines transport kinetics, a washout period of
24 hours before starting posaconazole prophy-
laxis in these patients is prudent (Maertens et al.
2018). Most authorities agree that posaconazole
prophylaxis should be continued until neutrophil
recovery.

Azoles other than posaconazole have limita-
tions, inconsistent evaluations in the guidelines,
and should not be recommended for prophylaxis
in these patients. Fluconazole has no clinically
relevant activity against moulds and is therefore
only of use if the incidence of mould IFI is low,
which is rare in this population. Itraconazole is
poorly tolerated, erratically absorbed and associ-
ated with significant drug—drug interactions. Use
of this agent therefore requires monitoring serum
levels for both efficacy and toxicity. The evidence
for the efficacy for voriconazole in antifungal
prophylaxis in this population is poor as there are
no large comparative trials with this triazole in
prophylaxis in AML/MDS. Extrapolation from
trials of voriconazole use during the pre-
engraftment neutropenic phase after allogeneic
HSCT suggests that, as compared to fluconazole
(Wingard et al. 2010) and to itraconazole (Marks
et al. 2011), voriconazole prophylaxis neither
reduces the incidence of IFI nor its associated
mortality. These findings in two pivotal trials
seem at odds with the use of voriconazole as a
standard of care for treatment of invasive asper-
gillosis. Beyond potential issues of trial design
and patient selection, one potential explanation
for this unique activity of posaconazole in pro-
phylaxis is its ability to concentrate to high levels
within the membranes of host cells, leading to
high local drug concentrations within the lung
that prevent the growth of inhaled spores
(Campoli et al. 2011; Campoli et al. 2013;
Sheppard et al. 2014). This pharmacokinetic
property may be less relevant during established

disease in which fungal hyphae grow within areas
of necrotic tissue. Finally, isavuconazole has
been recently approved for the treatment of inva-
sive aspergillosis and mucormycosis, and initial
studies in small groups of patients are starting to
explore its potential role in prophylaxis (Bose
et al. 2020; Cornely et al. 2015). Although isavu-
conazole exhibits a broad antifungal spectrum of
action, predictable pharmacokinetics and a good
safety profile, without a randomised controlled
trial there is insufficient evidence to support the
use of prophylactic isavuconazole.

Multiple other agents, including echinocan-
dins and aerosolised liposomal amphotericin B
plus fluconazole, have been investigated in small
trials or case series. However, as with other
azoles, none of these prophylactic regimens has
been shown to reduce fungal mortality in ran-
domised controlled clinical trials.

3.4 Allogeneic Haematopoietic

Stem Cell Transplantation

Allogeneic HSCT recipients can potentially
develop many risk factors for IFI, often for a pro-
longed period of time. These risks can include
prior IFI, iron overload, indwelling catheters,
parenteral nutrition, prolonged neutropenia, pro-
found cellular and humoral immunosuppression
and immunosuppressive therapies, CMV infec-
tion, acute and chronic graft versus host disease
(GVHD), among others. These risk factors not
only vary significantly between patients, but also
evolve over time during transplantation and
recovery. For example, while the early neutrope-
nic phase after HSCT has long been thought of as
the conventional risk period for IFI, we now
know that approximately two-thirds of IFI in this
population will present after neutrophil engraft-
ment, where CMV infection and immunosup-
pressive treatment for GVHD drive the risk of
infection (Garcia-Vidal et al. 2008; Girmenia
et al. 2014; Martino et al. 2002). Therefore, anti-
fungal prophylaxis practice must recognise this
and differentiate the risk of allogeneic HSCT
recipients during the pre-engraftment period
(Table 3.3), and during periods of significant
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Table 3.3 Guidelines recommendations on primary antifungal prophylaxis in adult allogeneic HSCT recipients during

the pre-engraftment period

AGIHO-
DGHO*
ECIL-6 Moulds
Antifungal agent Low risk®* High risk* | ESCMID-ECMM-ERS¢| NCCN Candida
Fluconazole A-I" | A-III against | — 1 - A-1
Itraconazole B-1 B-1 D-1 - C-1 C-1
Posaconazole B-II |B-II B-1I 2B B-1It | B-1It
Voriconazole B-1 B-1 C-1 2B C-1 B-IIt
Micafungin B-1 C-1 C-1 1 C-1¢ | B-IIt
Liposomal AmB C-1I | C-II - 2B (AmB - -
products)

Aerosolised liposomal C-1II | B-II B-1I - - -
AmB

AGIHO-DGHO: Infectious Diseases Working Party of the German Society for Haematology and Medical Oncology;
AML/MDS: acute myeloid leukaemia/myelodysplastic syndromes; AmB: amphotericin B; ECIL: European Conference
on Infections in Leukaemia; ECMM: European Confederation of Medical Mycology; ERS: European Respiratory
Society; ESCMID: European Society of Clinical Microbiology and Infectious Diseases

*Pre-engraftment risk of mould infections

°Only when combined with a mould-directed diagnostic approach (biomarker and/or CT scan-based) or a mould-

directed therapeutic approach (empirical antifungal therapy)

‘ESCMID-ECMM-ERS guidelines also recommend D-III for any antifungal agent after neutrophil recovery in patients

without GVHD
JAGIHO-DGHO guidelines: day 1 to 100 without GVHD
°Only during neutropenia

GVHD (Table 3.4) (Maertens et al.
Ullmann et al. 2016).

As in AML/MDS, across all guidelines,
posaconazole is the drug of choice for antifungal
prophylaxis in GVHD, as it reduces the incidence
of IFT and its associated mortality (Ullmann et al.
2007). Given the high risk of invasive mould
infection and their associated mortality in these
patients, ECIL also strongly recommends against
the use of fluconazole as prophylaxis in GVHD
patients, as well as in the pre-engraftment period
for patients at high-risk for mould infections.
Fluconazole, however, remains the drug of choice
for prevention of Candida infections in patients
with low risk of moulds during the pre-
engraftment period. If the risk of moulds is high,
no drug stands out for a strong recommendation
as chemoprophylaxis in the early phase after allo-
geneic HSCT. The posaconazole pivotal studies
did not include allogeneic HSCT recipients dur-
ing the early neutropenic period. Therefore, effi-
cacy and safety data can only be inferred from the
trials in AML/MDS and GVHD and from retro-

2018;

spective analyses (Sdnchez-Ortega et al. 2011),
and a strong recommendation for its use cannot
be made. The pivotal prophylaxis trials of vori-
conazole in allogeneic HSCT did not observe a
reduction in the incidence of IFI, or improved
patient outcomes when compared to therapy with
fluconazole or itraconazole (Marks et al. 2011;
Wingard et al. 2010). Concerns about the
increased toxicity of voriconazole over other
azoles raise doubts about its use in this setting. In
addition to the well-known voriconazole hepatic
and CNS toxicities, the use of this agent in allo-
geneic HSCT and solid-organ transplants is asso-
ciated with an increased risk of secondary
squamous cell carcinoma (Wojenski et al. 2015;
Tang et al. 2019). This risk can be as high as 19%
at 5 years and increases with time of exposure to
voriconazole, providing a strong cautionary argu-
ment against its use for prophylaxis in allogeneic
HSCT recipients. Alternatives to posaconazole in
GVHD and decisions on anti-mould chemopro-
phylaxis pre-engraftment have all limited evi-
dence for recommendation (Table 3.4). Decisions
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Table 3.4 Guidelines recommendations on primary antifungal prophylaxis in adult allogeneic HSCT recipients with
significant graft-versus-host disease

Antifungal ESCMID-ECMM- AGIHO-
agent ECIL-6° ERSP NCCN DGHO*® IDSA-ASCO
Fluconazole A-II1 - - - -

against
Itraconazole B-1 C-lII - Mould-active
0S Triazole
Posaconazole | A-I A-l 1 A-1(0S) (posaconazole)
Voriconazole B-1 C-II 2B
Micafungin C-lII C-III 2B - -

(echinocandin)

Liposomal C-lII - 2B (AmB - -
AmB products)

AGIHO-DGHO: Infectious Diseases Working Party of the German Society for Haematology and Medical Oncology;
AML/MDS: acute myeloid leukaemia/myelodysplastic syndromes; AmB: amphotericin B; ECIL: European Conference
on Infections in Leukaemia; ASCO: American Society of Clinical Oncology; ECMM: European Confederation of
Medical Mycology; ERS: European Respiratory Society; ESCMID: European Society of Clinical Microbiology and
Infectious Diseases; GVHD: graft-versus-host disease; IDSA: Infectious Diseases Society of America; OS: oral
solution

*High-risk GVHD: grade III-1V acute GvHD, grade II acute GVHD of alternative donor transplants, GVHD unrespon-

sive to standard corticosteroid therapy and acute GVHD followed by chronic GVHD
"Moderate to severe GVHD and/or intensified immuno-suppression

“To prevent Invasive aspergillosis

dRisk of invasive aspergillosis >6% (type: evidence-based, benefits outweigh harms; evidence quality: intermediate;

strength of recommendation: moderate)

should be individualised based on specific patient
characteristics and the balance of efficacy and
safety for each drug.

The use of azoles in allogeneic HSCT recipi-
ents can increase the exposure to calcineurin
inhibitors and their potential toxicity, warrant-
ing a recommendation for close monitoring of
their blood levels and subsequent dose adjust-
ment. However, it is less clear whether an
upfront reduction of the dose of calcineurin
inhibitor is required, in particular during the
early phase of allogeneic HSCT when the
potential occurrence of subtherapeutic levels of
the immunosuppressive drug, even transiently,
has a strong negative impact on the risk of
GVHD and on the outcome of allogeneic HSCT
(Kanda et al. 2006; Yee et al. 1988). We there-
fore recommend avoiding an upfront reduction
of the dose of calcineurin inhibitors in favour of
close monitoring of blood levels and clinical
toxicity. For posaconazole in patients receiving
cyclosporin A, this strategy is safe and effective
in the early phase of allogeneic HSCT (Sédnchez-
Ortega et al. 2012).

Clinical decisions regarding the duration of
antifungal prophylaxis in allogeneic HSCT are
challenging. In patients treated for GVHD, anti-
fungal prophylaxis should be maintained while
GVHD is active and requires enhanced immuno-
suppressive therapy such as high-dose corticoste-
roids. In patients treated during the pre-engraftment
period, antifungal prophylaxis should be main-
tained at least until neutrophil recovery, and prob-
ably longer, up to day +75 to +100 for patients
with additional risk factors as described above.

3.5 Autologous Haematopoietic

Stem Cell Transplantation

Autologous HSCT recipients have overall a low
risk of IFI, and in particular a low risk of mould
infections. Therefore, anti-mould chemoprophy-
laxis is not recommended. However, mucositis
remains a risk factor for candidaemia after autol-
ogous HSCT, and fluconazole (400 mg daily)
should be considered in these patients during the
neutropenic phase (Table 3.5).
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Table 3.5 Guidelines recommendations on primary antifungal prophylaxis for other haematological malignancies

ECIL-6 ESCMID-ECMM-ERS NCCN
Autologous HCT Fluconazole B-111 D-III for any mould active | Mucositis: 1 fluconazole and
(Candida) agent micafungin
No mucositis: 2B no prophylaxis
ALL No standard of care Liposomal AmB D-I 2A: Fluconazole and micafungin
Fluconazole C-II1 2B: AmB products
(yeasts)
MDS*® Not recommended —
Lymphoma, MM, Not recommended® No prophylaxis®
CLL

ALL: acute lymphoblastic leukaemia; AmB: amphotericin B; CLL: chronic lymphocytic leukaemia; ECIL: European
Conference on Infections in Leukaemia; ECMM: European Confederation of Medical Mycology; ERS: European
Respiratory Society; ESCMID: European Society of Clinical Microbiology and Infectious Diseases; HSCT: hematopoi-
etic stem cell transplantation; MDS: myelodysplastic syndromes; MM: multiple myeloma

“Low-to-intermediate risk MDS (supportive care treatment, lenalidomide or hypomethylating agents)

°It might be considered if prolonged neutropenia (>6 months), elderly patients and advanced and unresponsive CLL
disease, although it is important to consider long-term toxicity and selection pressure

“Treatment modality and the type of malignancy affect risk level

3.6 Novel Therapeutic Agents
and Fungal Risk in Other
Haematological
Malignancies

Traditionally, patients with haematological

malignancies beyond AML/MDS and HSCT
recipients, who normally do not have neutropenia
longer than 7 days, are not at increased risk of IFI
and would not be considered for antifungal pro-
phylaxis. More recently, a growing number of
novel molecular-targeting agents are being
approved for patients with haematological malig-
nancies every year (available at https://www.fda.
gov/drugs/resources-information-approved-
drugs/hematologyoncology-cancer-approvals-
safety-notifications). Many of these new agents
modulate and target immune responses, and their
use opens up a whole new spectrum of patients
with haematological malignancies potentially at
risk of IFI (Marschmeyer et al. 2019). It is worth
noting that approvals of these new drugs are
based on an overall evidence of improved out-
comes and a beneficial balance of their anti-
neoplastic efficacy and their safety against
potential unforeseen toxicity and risks. As such,
assessing the risk of fungal infections plays a
minor role in the licensing path for these agents,
and pivotal studies of these agents often fail to

monitor IFI rates in detail. Despite these caveats,
the overall risk and incidence with the majority
of these new agents appear to be very low.
Therefore, while there is a need for heightened
awareness and ongoing vigilance to identify
changes in fungal epidemiology associated with
the use of these novel agents, the available evi-
dence does not support recommendations for
antifungal prophylaxis for the majority of patients
with multiple myeloma, lymphoma, chronic lym-
phocytic leukaemia, myeloproliferative disorders
and other haematological malignancies treated
with novel agents (Table 3.5).

One potential exception to this rule would be
patients undergoing remission-induction therapy
for acute lymphoblastic leukaemia (ALL). A
recent large, double-blind, randomised study in
these patients has identified an unmet need for
these patients (Cornely et al. 2017b). In this trial,
the rate of IFI in ALL was 11.7% in the placebo
arm, clearly identifying this population as one
that is at high risk of IFI, and where primary pro-
phylaxis would be indicated. Unfortunately,
5 mg/kg liposomal amphotericin B given twice
weekly was not associated with a statistically sig-
nificant reduction in the rate of IFI. Although
prophylaxis with azoles has become standard of
care for other patient groups at similar risk (e.g.
AML/MDS), the use of mould-active azoles in
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ALL is not recommended because of potentially
hazardous neurotoxic interactions with Vinca
alkaloids that are part of ALL chemotherapy.
Echinocandins hold potential as non-toxic agents
without the risk of significant drug—drug interac-
tions; however, there is a lack of data supporting
their use. At this point, there is therefore no obvi-
ous best agent for use in this population, and
future studies are required.

An additional development in the therapy of
ALL, as well as for other B-cell malignancies, is
the arrival of chimeric antigen receptor-modified
T (CAR-T) cells. CAR-T cells are revolutionising
the treatment of relapsed/refractory haematologi-
cal malignancies but have also severe toxicities
that can be life-threatening (Brudno and
Kochenderfer 2019). CAR-T cell cytokine release
syndrome and its treatment with tocilizumab and
corticosteroids may increase the risk of opportu-
nistic IFI, in particular moulds. However, reports
on the occurrence of mould infections in CAR-T
patients remain scarce, with low rates of IFI, seen
predominantly in patients with other concomitant
risk factors (Haidar et al. 2019). Some groups
have advocated for a risk stratification approach
to antifungal prophylaxis based on local rates of
IFI, a prior history of mould infection, prolonged
neutropenia longer than 3 weeks and treatment
with corticosteroids longer than 1 week. However,
validation of such strategies is required. At this
time, broad use of antifungal prophylaxis in
CAR-T cell recipients is not recommended.

Ibrutinib, a Bruton’s tyrosine kinase inhibitor
approved for the treatment of an increasing num-
ber of B-cell malignancies and for patients with
chronic GVHD, has been associated with an
increased risk of mould IFI. At least part of this
risk stems from the use of this agent in heavily
pre-treated patients, often in combination with
other chemotherapy and immunomodulatory
agents, rather than the drug itself (Marschmeyer
et al. 2019). The incidence of invasive yeast and
mould infections was overall low in the pivotal
trials as well as in observational retrospective
studies on this topic (Ghez et al. 2018; Varughese
et al. 2018). However, the use of ibrutinib in lym-
phoma patients with central nervous system
involvement seems to associate with an increased

risk of cerebral fungal disease (Ghez et al. 2018;
Grommes and Younes 2017). As with other novel
agents, these findings suggest a need for increased
awareness and vigilance but do not support the
use of primary antifungal prophylaxis in patients
treated with ibrutinib at this time unless driven by
other concomitant risk factors such as severe
chronic GVHD, or elderly chronic lymphocytic
leukaemia (CLL) cases with very prolonged neu-
tropenia and advanced unresponsive disease.

Venetoclax is a BCL-2 inhibitor used in the
treatment of CLL, and more recently, also in
patients with AML. Use of this agent is com-
monly associated with severe neutropenia, a
well-established risk factor for IFI (Roberts et al.
2016; Stilgenbauer et al. 2016). However, neutro-
penia can be managed easily withholding treat-
ment and using GCSF and there is no evidence
linking this adverse effect to an increased inci-
dence of IFI. Use of antifungals in combination
with venetoclax requires careful consideration of
potential drug—drug interaction with CYP3A
inducers or inhibitors, such as azoles.

Patients with low-grade MDS and chronic
myeloproliferative disorders treated with novel
drugs such as lenalidomide or hypomethylating
agents have a low incidence of IFI, despite the
presence of multiple risk factors for fungal infec-
tion (Maertens et al. 2018). A single-centre anal-
ysis of 948 courses of azacitidine in 121
consecutive AML/MDS patients reported an
incidence of proven/probable IFI of only 0.21%
per azacitidine treatment cycle and 1.6% per
patient treated for the whole series (Pomares
et al. 2016). Although IFI rates were slightly
higher among patients with severe neutropenia
(0.73% per azacitidine treatment cycle and 4.1%
per patient treated), these rates fall well below
the reasonable threshold for use of antifungal
prophylaxis. Finally, there appears to be no
increased risk of IFI in patients with chronic
myeloid leukaemia treated with tyrosine kinase
inhibitors or in patients with other chronic
myeloproliferative disorders, and therefore pri-
mary antifungal prophylaxis is not recommended
for these patients.

In summary, the risk of IFI with new targeted
and immunomodulatory agents for patients with
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haematological malignancies remains small in
comparison with the number of patients who
benefit from new drugs. Continued awareness
and post-licensure surveillance are needed to
ensure the detection of special populations at risk
for IFI, as has been reported with cerebral IFI in
some patients treated with ibrutinib.

3.7 Aplastic Anaemia

Patients with severe aplastic anaemia (AA)
undergo very prolonged periods of profound neu-
tropenia and monocytopenia, receive intensive
immunosuppressive treatment with cyclosporine
A, anti-thymocyte globulin and corticosteroids,
and many undergo allogeneic HSCT. Undoubtedly,
these are patients with a high risk for IFI, in par-
ticular for mould infections (Bacigalupo et al.
2000; Valdez et al. 2009; Weinberger et al. 1992).
In the absence of randomised controlled trials of
antifungal prophylaxis in this setting, evidence
can be extrapolated from studies in AML/MDS
patients, for whom profound neutropenia is also
the main risk factor (Cornely et al. 2007; Marks
et al. 2011; Robenshtok et al. 2007; Ullmann et al.
2007; Wingard et al. 2010). Primary antifungal
prophylaxis with activity against both yeasts and
moulds should be used in patients with severe
AA. Despite limitations in the evidence available
in this indication, the recommended drug would
be posaconazole, which is more effective than flu-
conazole and voriconazole, and has a better safety
profile than the latter. Antifungal prophylaxis
should be considered from diagnosis and the start
of immunosuppressive therapy and continued for
as long as severe neutropenia and/or lymphopenia
are present. Specific recommendations for AA
patients undergoing allogeneic HSCT recipients
have been discussed above.

3.8 Secondary Prophylaxis

Secondary prophylaxis to prevent recurrence of
prior mould infections during a subsequent period
of immunosuppression is common practice, in
particular in patients with AML/MDS receiving

Table 3.6 Guidelines recommendations on secondary
antifungal prophylaxis for adult patients undergoing
intensive chemotherapy or HSCT

AGIHO-

DGHO ESCMID-

(previous | ECMM-ERS
Antifungal agent IFD) (previous IA)
Posaconazole B-III -
Voriconazole B-1I A-ITh
Caspofungin B-III -
Caspofungin — - B-IITh
Itraconazole OS
Liposomal AmB — - C-lII
Voriconazole
Surgery* — secondary | — B-1II
prophylaxis

AGIHO-DGHO: Infectious Diseases Working Party of the
German Society for Haematology and Medical Oncology;
AmB: amphotericin B; ECMM: European Confederation
of Medical Mycology; ERS: European Respiratory
Society; ESCMID: European Society of Clinical
Microbiology and Infectious Diseases; HSCT: hemato-
poietic stem cell transplantation; IA: invasive aspergillo-
sis; IFD: invasive fungal disease; OS: oral solution
*Timing and methods of surgery important and concomi-
tant administration of appropriate antifungal compound
justified.

further chemotherapy, and in allogeneic HSCT
recipients during the early neutropenic period and
later if they develop GVHD. There are no large
controlled randomised trials in this setting and evi-
dence comes from open-label, single-arm trials
and retrospective studies in relatively small num-
bers of patients (Cordonnier et al. 2010; De
Fabritiis et al. 2007; Kruger et al. 2005). Antifungal
agents to be considered in this indication are listed
in Table 3.6. In the absence of robust clinical trials,
decisions regarding secondary prophylaxis and
choice of agent should be individualised, taking
into consideration patient risk factors, concomi-
tant medications and antifungal treatment history.

3.9 Primary Prophylaxis as Part
of the Antifungal

Management Continuum

The high incidence of IFI, high IFI-related mor-
tality and the reduction of these with effective
primary antifungal chemoprophylaxis in ran-



3 Antifungal Prophylaxis

33

domised controlled trials have established this
strategy as a standard of care in high-risk haema-
tology patients. Unlike empirical, pre-emptive
and directed treatment, primary prophylaxis is
the only strategy of the antifungal management
continuum with this level of evidence of improved
patient outcomes. The adoption of anti-mould
prophylaxis in clinical practice in the past decade
took place in parallel with the development of
novel IFI diagnostic tools (Lagrou et al. 2019).
As the performance of diagnostic tests is sensi-
tive to the pre-test probability of disease (Fagan
1975; Griner et al. 1981), it is important to con-
sider the effects of effective antifungal prophy-
laxis on the utility of diagnostic-based antifungal
use. The serum galactomannan biomarker has a
sensitivity and a specificity of approximately
70% and 90%, respectively, for the diagnosis of
invasive aspergillosis in haemato-oncology
patients. When the test is used in a high preva-
lence setting of invasive aspergillosis (15%), as is
observed in some high-risk haematology popula-
tions in the absence of antifungal prophylaxis,
the test has a reasonable positive predictive value
(PPV) of approximately 50%. However, in a clin-
ical scenario of low pre-test prevalence of inva-
sive aspergillosis (2%), as is observed during
posaconazole prophylaxis, the PPV of serum
galactomannan drops to only 12% (Donnelly and
Leeflang 2010). In this situation, only approxi-
mately one out of every ten patients with a posi-
tive serum galactomannan test result would
represent a true case of invasive aspergillosis,
rendering the strategy ineffective (Cornely 2014).
Importantly, the PPV of the galactomannan test
would be predicted to rise to useful levels when
used in the context of radiologically documented
suspected breakthrough of antifungal prophy-
laxis, as a function of the increased pre-test prob-
ability of fungal disease.

These concepts are well illustrated by the
results of a single-centre study of 262 consecu-
tive high-risk episodes receiving posaconazole
primary prophylaxis in combination with serum
galactomannan surveillance. As with other stud-
ies, prophylaxis was associated with a low inci-
dence of proven and probable invasive
aspergillosis (1.9%). In this population, the vast

majority of galactomannan tests were negative
(96.7% in 83.65 risk episodes). Of the 35 positive
serum galactomannan tests, 30 were found to be
false positive, resulting in a low PPV of only
11.8% (Duarte et al. 2014b). Beyond validating
the low PPV of the GM assay as a screening tool
during antifungal prophylaxis, this study also
confirmed the utility of GM testing to diagnose
fungal breakthrough infections. In evaluable
cases with positive serum galactomannan tests
and a clinical suspicion of IFI, the performance
of the serum galactomannan test improved, with
a PPV of 89.6%. Thus, while effective anti-mould
prophylaxis renders routine surveillance with
serum galactomannan unreliable, the test remains
useful to diagnose suspected breakthrough inva-
sive aspergillosis in patients receiving effective
antifungal prophylaxis (Cornely 2014; Duarte
et al. 2014b).

These findings were reproduced indepen-
dently in patients receiving prophylaxis with
micafungin (Vena et al. 2017), and were adopted
by the executive summary 2017 of the ESCMID-
ECMM-ERS guidelines to help guide the com-
bined use of effective antifungal prophylaxis to
improve patient outcome, and serum GM testing
to rationalise antifungal treatment. Together,
these approaches have contributed to a dynamic
reconfiguration of the antifungal management
continuum of high-risk haematology patients in
real-life practice and serve as important tools for
multidisciplinary teams (Lagrou et al. 2019).
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Viral infections account for a great majority of
acute infections in humans, resulting in signifi-
cant morbidity and greatly contributing to perma-
nent disability and mortality in many
immunocompromised patients, including those
receiving treatments for hematological disorders,
such as patients diagnosed with acute and chronic
leukemia, lymphoma, and myeloma. However,
within the hematology population, recipients of
hematopoietic cell transplantation (HCT) appear
to have the greatest risk. In this latter group, some
viral infections are more phase-dependent,
whereas other infections may be encountered in
all transplant phases. For instance, infections
with adenovirus and respiratory viruses are diag-
nosed in all phases after HCT, whereas manifes-
tations of herpes simplex virus 1 and 2 are mostly
seen during the pre-engraftment period, infec-
tions due to cytomegalovirus and human herpes
virus-6 in the early post-engraftment phase, and
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infections by Epstein—Barr virus and varicella-
zoster virus often after day 100 post-transplant.
To date, pharmacological prophylaxis is only
tested and approved for a small fraction of these
viral pathogens. For most viruses, such as the
respiratory viruses, antiviral prophylaxis is not
available and/or not recommended (Table 4.1). In
these latter settings, infection control measures
and vaccination strategies, and adequate donor
selection policies remain the first lines of preven-
tion. However, addressing these topics is beyond
the scope of this chapter, which focuses exclu-
sively on the use of pharmacological antiviral
prophylaxis in adult hematology patients.

4.1 Herpes Viruses

Seven of eight herpes viruses are well known for
causing clinical syndromes in hematology
patients: herpes simplex virus (HSV) type 1 and
2, varicella-zoster virus (VZV), Epstein—Barr
virus (EBV), cytomegalovirus (CMV), human
herpes virus (HHV)-6, and HHV-8. HHV-7 is an
uncommon cause of morbidity in these patients.
Primary infection (usually preceding the diagno-
sis of the hematological disorder) is normally
resolved by the host’s innate immune system,
whereafter these viruses establish latency in spe-
cific host cells. However, during episodes of dis-
rupted host immunity (resulting from disease or
its treatment), these organisms can re-establish
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Table 4.1 Antiviral prophylaxis in adult hematology patients: based on recommendations of European Conference on
Infections in leukemia (ECIL) and European Blood and Marrow Transplantation (EBMT) handbook

Viral pathogen

Recommended antiviral prophylaxis

Comments

Herpes simplex virus type 1
and 2

* Oral acyclovir 3 x 200 mg to
2 x 800 mg/day.

* Intravenous acyclovir 250 mg/m? or
5 mg/kg every 12 h.

Oral valacyclovir 2 x 500 mg/day or
famciclovir 2 x 500 mg/day are lower
recommended alternatives

Varicella-zoster virus

e Oral acyclovir 800 mg bid or
valacyclovir 500 mg once or twice
daily.

Post-exposure prophylaxis with
acyclovir 800 mg five times daily,
valacyclovir 1000 mg three times daily,
or famciclovir 500 mg three times daily

Epstein—Barr virus

No prophylaxis recommended

Cytomegalovirus

Letermovir 480 mg (or 240 mg if
co-administered with cyclosporine)/day

Human herpes virus type 6

No prophylaxis recommended/available

Foscarnet has been used with non-
conclusive results

Human herpes virus type 7

No prophylaxis recommended/available

Human herpes virus type 8

No prophylaxis recommended/available

Influenza virus

No prophylaxis recommended

* Post-exposure prophylaxis with
oseltamivir 75 mg twice daily for
10 days.

« Isolation and infection control
measures to prevent horizontal
transmission.

* Annual vaccination.

Respiratory syncytial virus

No prophylaxis recommended

Infection control measures

Parainfluenza virus

No prophylaxis recommended

Infection control measures

Human metapneumovirus

No prophylaxis recommended

Infection control measures

Rhinovirus

No prophylaxis recommended/available

Infection control measures

Human coronavirus

No prophylaxis recommended/available

Infection control measures

Enterovirus

No prophylaxis recommended/available

Infection control measures

Adenovirus

No prophylaxis recommended

Infection control measures

Human bocavirus

No prophylaxis recommended/available

Polyoma JC virus

No prophylaxis recommended/available

BK virus

No prophylaxis recommended/available

Parvovirus B19

No prophylaxis recommended/available

Human papillomavirus

No prophylaxis recommended/available

Hepatitis A virus

No prophylaxis recommended/available

Vaccination of HAV-seronegative
patients

Hepatitis B virus

Tenofovir or entecavir once daily

For at-risk patients: see chapter on
vaccination

Hepatitis C virus

No prophylaxis recommended

Hepatitis D virus

No prophylaxis recommended/available

Hepatitis E virus

No prophylaxis available

Norovirus

No prophylaxis recommended/available

Infection control measures

Zika virus

No prophylaxis recommended/available

Testing of blood products and grafts for
the presence of Zika virus

lytic viral replication and disease, whereas
HHV-8 and EBV are also able to induce malig-
nant proliferations of latency-infected cells.
Although HHV-6, HHV-7, HHV-8, and EBV
can cause life-threatening complications, includ-

ing encephalitis, myelitis, and the development
of malignant tumors, antiviral chemoprophylaxis
is not recommended (Ljungman et al. 2008).
Herein, we will review aspects of infection and
reactivation of the four remaining herpes viruses
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and the role of chemoprophylaxis in hematology
patients. Of note, antiviral drugs that rely on viral
kinases for their activation (such as acyclovir and
ganciclovir) are only effective during the lytic
phases (primary infection or reactivation) as
these kinases are not expressed during latency.

4.1.1 Herpes Simplex Virus (HSV)
Up to 80% of adult patients with hematological
diseases are HSV-seropositive. Following pri-
mary infection, the virus establishes latency in
the neuronal cells of sensory nerve ganglia, wait-
ing to reactivate during periods of immunosup-
pression. HSV type 1, and to a lesser extent HSV
type 2, are common causes of mucocutaneous
lesions. They usually result from viral reactiva-
tion, whereas primary infection is unusual. Most
lesions are localized in the orofacial region and
less frequently in the esophageal and anogenital
area. In patients with concurrent chemotherapy-
induced or radiation therapy-associated mucosal
damage, diagnosis can be suspected on clinical
grounds but should ideally be confirmed by
appropriate diagnostic techniques such as viral
culture and/or detection of HSV DNA by
PCR. Although more severe disease manifesta-
tions such as hepatitis, pneumonitis, meningitis,
and encephalitis have all been reported, these
appear to be rare (Levin et al. 2016).
Reactivation of HSV is very frequent follow-
ing intensive chemotherapy for acute leukemia
and in HSV-seropositive stem cell transplant
recipients, both autologous and allogeneic. Rates
as high as 60% and 80%, respectively, have been
reported, especially during the first month after
transplantation (Bustamante and Wade 1991;
Meyers et al. 1980). These exceptional high rates
of reactivation and their associated morbidity jus-
tify the use of prophylaxis in HSV-seropositive
patients; conversely, antiviral prophylaxis is not
recommended in HSV-seronegative patients.
Following a number of successful prophylaxis
studies, acyclovir has become a drug of choice
for many immunocompromised patients at risk of
HSYV reactivation (Saral et al. 1981; Gluckman
et al. 1983; Hann et al. 1983; Shepp et al. 1987,

Bergmann et al. 1995). When given intravenously
or orally, this nucleoside analog requires the first
activation by triphosphorylation whereby the
conversion to acyclovir monophosphate involves
athymidine kinase encoded by HSV (or varicella-
zoster virus: see below). Newer antiviral com-
pounds (such as valaciclovir and famciclovir)
with greatly improved oral bioavailability com-
pared to that of oral acyclovir are also commonly
used, although less studied (Balfour 1999;
Orlowski et al. 2004). The European Conference
on Infections in Leukemia (ECIL) recommends
the following dosing regimens: oral acyclovir
3 x 200 mg to 2 x 800 mg/day, oral valaciclovir
2 x 500 mg/day, or famciclovir 2 x 500 mg/ day.
Obviously, in patients with severe mucositis, the
intravenous route is preferred using acyclovir
250 mg/m? or 5 mg/kg every 12 h. Prophylaxis is
continued for 3-5 weeks after the start of chemo-
therapy or after transplantation but may be sig-
nificantly prolonged in the setting of
graft-versus-host disease and/or corticosteroid
treatment (Styczynski et al. 2009).

Resistance to acyclovir, although emerging
(e.g., following T-cell-depleted allogeneic trans-
plants), remains a rare event and is associated
with viral thymidine kinase deficiency (Chen
et al. 2000). These resistant strains remain, how-
ever, susceptible to antiviral drugs that do not
require viral thymidine kinase for activation,
including foscarnet or cidofovir (Styczynski
et al. 2009; Chen et al. 2000; Blot et al. 2000).

4.1.2 Varicella-Zoster Virus (VZV)

Primary infection with VZV, usually during child-
hood and early adulthood years, causes varicella
(or “chickenpox”), a highly contagious disease
that is—unlike other herpes viruses—transmissi-
ble via the respiratory route. Hereafter, the virus
establishes latency in the dorsal root and cranial
ganglia. In VZV-seropositive immunocompro-
mised patients, reactivation usually manifests as
painful herpes zoster (or “shingles”), frequently
involving multiple dermatomes. In addition,
VZV-seronegative hematology patients who are
exposed to individuals with VZV manifestations



40

J. A. Maertens and Z. Racil

are at increased risk of developing varicella, espe-
cially when receiving corticosteroids at the same
time. These varicella cases may present as a gen-
eralized, vesicular rash, with or without visceral
dissemination (Dowell and Bresee 1993; Hill
et al. 2005).

The incidence of VZV disease among hema-
tology patients varies widely and depends largely
on factors that affect the cell-mediated immune
competence, such as patient’s age, underlying
tumor type, and antineoplastic treatment.
Especially patients with underlying lymphopro-
liferative disorders and VZV-seropositive cell
transplant recipients (autologous as well as allo-
geneic) carry a high risk for VZV disease and
severe complications. In the absence of adequate
prophylaxis, up to 25% of adult patients with
acute lymphoblastic leukemia or Hodgkin’s lym-
phoma develop VZV disease (Novelli et al.
1988). Even higher rates have been reported in
seropositive transplant recipients. These infec-
tions typically occur at a median of 5-6 months
post-engraftment, but may appear years later,
especially in patients suffering from chronic
graft-versus-host disease (Atkinson et al. 1980).
More recently, the risk of VZV infection has also
significantly increased in other patient popula-
tions due to the introduction of therapies that pro-
foundly impact on cellular immunity: purine
analogs (fludarabine, pentostatin, and cladrib-
ine), alemtuzumab, temozolomide, and the pro-
teasome inhibitor bortezomib.

Specific measures for minimizing the risk of
transmission (e.g., airborne and contact isolation)
and vaccination guidelines are reviewed else-
where. Epidemiological studies are needed to
discern the effect of new VZV vaccines on the
risk of VZV reactivation in cancer patients
(Winston et al. 2018). Meanwhile, there is a firm
recommendation for the use of chemoprophy-
laxis in VZV-seronegative patients at high-risk
following exposure to varicella or herpes zoster:
uncontrolled data suggest that post-exposure pro-
phylaxis with therapeutic doses of acyclovir
(800 mg five times daily), valacyclovir (1000 mg
three times daily), or famciclovir (500 mg three
times daily) reduces both the incidence and
severity of VZV manifestations. Post-exposure

prophylaxis should commence as soon as possi-
ble and be given until 21 days after exposure. In
VZV-seropositive patients, post-exposure pro-
phylaxis remains optional (Styczynski et al.
2009).

Several retrospective and three prospective
randomized placebo-controlled studies have
examined the role of acyclovir prophylaxis pri-
marily in cell transplant recipients (Ljungman
et al. 1986; Perren et al. 1988; Boeckh et al.
2006). While acyclovir effectively prevents her-
pes zoster infection during the treatment period
(when given for up to 12 months), late reactiva-
tions after discontinuation of prophylaxis are
frequent, especially in chronically immunosup-
pressed patients. Presumably, prolonged antivi-
ral prophylaxis prevents VZV-specific immune
reconstitution, resulting in a rebound phenome-
non. The EBMT recommends prophylaxis with
oral acyclovir (800 mg twice daily) or oral vala-
cyclovir (500 mg twice daily) for at least one
year (and longer in the presence of graft-versus-
host disease and immunosuppressive therapy) in
VZV-seropositive allogeneic transplant recipi-
ents (Erard et al. 2007; www.ebmt.org/educa-
tion/ebmt-handbook n.d.). However, the optimal
duration of chemoprophylaxis is a matter of
ongoing debate and may be better guided by
measuring specific T-cell immune responses.
The role of prophylaxis in the autologous setting
is unclear.

4.1.3 Cytomegalovirus (CMV)

Human cytomegalovirus is a common opportu-
nistic infection after HCT but is encountered less
frequently among patients undergoing cytotoxic
therapy. Notable exceptions are the combined use
of fludarabine and high-dose cyclophosphamide,
following alemtuzumab therapy, and more
recently the use of idelalisib for chronic lympho-
cytic leukemia. CMV is transmitted through
infected body fluids such as saliva, blood, urine,
semen, tears, and breast milk. Seroprevalence
rates in adults range from 30-40% in most indus-
trialized countries to almost 100% in the devel-
oping world.
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An acute CMV infection in an immunocom-
petent host often remains unnoticed, although
prolonged fever, pharyngitis, and/or mild hepati-
tis can occur. Primo-infections are self-limiting
in most cases. The immune system effectively
eliminates the virus from the infected tissues, but
the viral genome remains latent within the host
cells whereby reactivation can occur at any time.
Uncontrolled viral replication gives rise to CMV
infection and subsequent disease in patients with
severely compromised T-cell immunity such as
HIV-infected patients, cancer patients, and trans-
plant recipients.

CMYV infection is defined as the isolation of
virions or detection of nucleic acids or viral pro-
teins (antigens such as pp65) in any body fluid or
tissue specimen. The infection is called symp-
tomatic in case of fever and/or bone marrow sup-
pression. CMV disease is defined by the presence
of organ involvement (lung, digestive tract, liver,
retina, and central nervous system) (Ljungman
etal. 2017). CMV primo-infection or reactivation
can result in substantial morbidity and mortality
in the immunocompromised host. Moreover,
CMV reactivation is associated with an increased
risk of other opportunistic infections, graft fail-
ure, and possibly also graft-versus-host disease in
HCT recipients because of the indirect effects on
the immune system (Boeckh and Geballe 2011).
The risk of CMV reactivation depends on the
serological status of recipient and donor (highest
risk for seropositive recipients with a seronega-
tive donor), the degree of T-cell depletion, and
the intensity of immunosuppression.

The nucleoside analog ganciclovir (GCV), its
oral prodrug valganciclovir (VGCV), the nucleo-
tide analog cidofovir (CDV), and the anion pyro-
phosphate analog foscarnet (PFA) are all
approved for CMV treatment. Unfortunately,
these drugs are myelosuppressive (GCV and
VGCV), nephrotoxic (CDV and PFA), and causes
of electrolyte disturbances (PFA) (Griffiths and
Lumley 2014). The risk of these side effects
increased with concomitant administration of
other myelosuppressive or nephrotoxic drugs that
are often used in at-risk patients. For these rea-
sons, these drugs, although proven effective to
prevent reactivation in clinical studies, have not

gained major popularity as prophylactic agents in
the vulnerable hematology population.

The nucleosides GCV and VGCV are first
activated by triphosphorylation; the active prod-
uct acts as a competitive substrate for CMV DNA
polymerase during viral DNA synthesis. The first
step of the phosphorylation process is catalyzed
by the viral kinase UL97, the subsequent second
step and third step are catalyzed by host cellular
kinases. Mutations in UL97 are a major cause of
resistance against the first-line agents GCV and
VGCV. CDV also inhibits CMV DNA poly-
merase following phosphorylation by cellular
kinases. CDV competitively inhibits the incorpo-
ration of deoxycytidine triphosphate by viral
DNA polymerase during viral DNA replication,
whereas PFA (does not require phosphorylation)
directly inhibits polymerase function by blocking
the pyrophosphate binding site. The viral DNA
polymerase is encoded by UL54. Mutations of
UL54 result in varying degrees of cross-resistance
among GCV, CDV, and PFA (Hecke et al. 2019).

There are two accepted strategies to prevent
CMV manifestations in immunocompromised
patients: a preemptive and a prophylactic
approach (Maertens and Lyon 2017). The main
goal of the preemptive approach is to prevent
CMV disease in patients with documented CMV
infection, while prophylaxis focuses on the pre-
vention of CMV reactivation/infection. Both
strategies are used in concert with general mea-
sures regarding optimal donor selection and
transfusion of blood products aiming to prevent
CMYV transmission from one person to another.

Following HSCT, preemptive management is
nowadays standard practice of care in most trans-
plant centers and is also recommended by interna-
tional guidelines. Patients are monitored at least
weekly for CMV reactivation using quantitative
PCR for the detection of viral DNA (Ljungman
et al. 2008). Treatment with antiviral drugs (usu-
ally oral valganciclovir or intravenous ganciclo-
vir) is initiated as soon as (mostly asymptomatic)
CMV reactivation is confirmed to prevent pro-
gression to clinical disease. Preemptive anti-CMV
therapy has proven to be very successful; overall,
the incidence of tissue-invasive CMV disease has
been reduced to less than 3% in recent large clini-
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cal trials and to around 10% in daily clinical prac-
tice (Green et al. 2016).

Although a preemptive approach successfully
prevents CMV end-organ disease, this
surveillance-based strategy still allows for CMV
reactivation (Green et al. 2016). However, a ret-
rospective analysis of the Fred Hutchinson
Cancer Research Center (Seattle) database sug-
gests a negative effect of any degree of reactiva-
tion, especially during the first 2 months after
transplant (Green et al. 2016). In addition, in a
large CIBMTR analysis, CMV reactivation
remains associated with increased non-relapse
mortality rates, even in the current era of preemp-
tive therapy (Teira et al. 2016). So, despite the
proven effectiveness of preemptive therapy in
preventing life-threatening CMV disease, allow-
ing low-level CMV reactivation still comes with
negative long-term effects, which could poten-
tially be prevented by a prophylactic approach.

On the other hand, routine prophylaxis would
expose many patients to the toxic effects of the
available antiviral armamentarium, while only
40-80% of these patients may actually need pre-
emptive therapy. Especially the prophylactic use
of ganciclovir is problematic in this setting
because of the high rates of neutropenia, the
increased risk for bacterial and fungal infections,
and the occurrence of late-onset CMV disease.
Hence, the unmet need for an efficacious anti-
CMYV drug without dose-limiting toxicities such
as bone marrow suppression and renal toxicity.
Fortunately, several new antiviral drugs have
been developed in recent years.

Brincidofovir is an oral, lipid-conjugated for-
mulation of cidofovir, which is dosed twice
weekly. It displays broad antiviral activity beyond
CMV and is less nephrotoxic compared to cido-
fovir (Marty et al. 2013). Contrary to the initial
positive results of a dosed-ranging phase 2 trial,
the subsequent phase 3 trial failed to meet its pri-
mary endpoint of preventing clinically significant
CMV infections within 24 weeks after HSCT
(Marty et al. 2016). Brincidofovir causes GI tox-
icity, histologically characterized by epithelial
apoptosis and crypt injury (Detweiler et al. 2018).
These features mimic those seen in acute intesti-
nal graft versus host disease and mycophenolate
mofetil toxicity and may result in an increased

use of corticosteroids, thereby further increasing
the risk of CMV reactivation.

Maribavir is an oral drug with specific activity
against CMV by competitively inhibiting the
CMYV protein kinase UL97, thereby preventing
nuclear egress of virions. The results of the dose-
escalating phase 2 study were promising (Winston
et al. 2008), but a placebo-controlled phase 3
study did not meet its primary endpoint of pre-
venting CMV disease following HSC allograft.
The tolerability was good with dysgeusia being
the most common side effect (Marty et al. 2011).

Letermovir demonstrates potent, selective,
and reversible inhibition of CMV replication by
targeting the pULS56, pULS51, or both subunits of
the viral terminase complex, a mechanism of
action, which differs from that of currently mar-
keted anti-CMV drugs (Razonable and Melendez
2015). This enzyme plays an important role in the
cleavage of viral DNA concatemers into unit-
length genome and packaging into procapsids to
form mature virions. Mechanism-based side
effects are unlikely due to the lack of a mamma-
lian counterpart to the viral terminase complex.
Letermovir is highly specific for human CMV
and lacks inhibitory activity against other patho-
genic viruses.

Letermovir can be given both orally (480 mg
[240 mg when co-administered with cyclospo-
rine] once daily) and intravenously. The drug is a
weak-to-moderate inhibitor of CYP3A (resulting
in increased serum levels of, e.g., sirolimus,
tacrolimus), a weak—to-moderate inducer of
CYP2C9/19 (decreasing levels of, e.g., voricon-
azole), and an inhibitor of organic anion trans-
porting polypeptide (OATP)1B1/3. There is no
significant interaction with mycophenolate or
posaconazole. However, letermovir is contraindi-
cated in patients taking pimozide or ergot alka-
loids and in patients receiving simvastatin plus
cyclosporine (Kim 2018).

The potential benefit of letermovir was first
shown in a double-blind, placebo-controlled,
dose-ranging phase 2 study in allogeneic HCT
recipients. The incidence of CMV prophylaxis
failure (defined as CMV viremia and/or CMV
end-organ disease or study drug discontinuation
prior to day 84 due to any reason) decreased
across increasing letermovir dose groups (60 mg
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QD, 120 mg QD, or 240 mg QD) and was highest
in the placebo group (Chemaly et al. 2014a).
Based on further analysis of the exposure—
response curves and the favorable safety profile,
the dose selected for the pivotal phase 3 registra-
tion study was 240 mg QD with concomitant
cyclosporine administration and 480 mg QD
without cyclosporine. Adult CMV seropositive
patients undergoing allogeneic HCT were ran-
domized 1:1 to letermovir or placebo within a
median of 9 days (range, 0-28) after transplanta-
tion. At baseline, one-third of patients had
engrafted. Patients who had undetectable plasma
CMV DNA within 5 days of randomization
received letermovir or placebo, for up to 14 weeks
after transplantation. Overall, a significantly
lower risk of clinically significant CMV infection
(disease as well as pre-emptive therapy) among
letermovir recipients than among placebo recipi-
ents by week 24 after transplantation (37.5% vs.
60.6%, P <0,001) was noticed. Of these, 1.5% of
letermovir subjects and 1.8% of placebo subjects
were diagnosed with CMV end-organ disease,
mainly gastrointestinal. In addition, all-cause
mortality at week 24 after transplantation was
significantly lower in the letermovir group com-
pared to the placebo group (10.2% vs. 15.9%,
P =0.03), although the significance was not sus-
tained at week 48 (p = 0.12). In general, the ben-
eficial effect of letermovir was more pronounced
in the high-risk stratum, including patients under-
going haploidentical or HLA-mismatched trans-
plantation, cord blood recipients, and
transplantations with ex-vivo T-cell-depleted
grafts (Marty et al. 2017).

Letermovir is generally well tolerated, with
gastrointestinal side effects being the most com-
mon ones. There was no evidence of increased
myelotoxicity or nephrotoxicity (Marty et al.
2017). However, it has also become clear that
extended prophylaxis (beyond week 14) may be
needed, especially in patients with delayed recov-
ery of CMV-specific T-cell immunity; many of
these patients belong to the higher risk stratum
including recipients of T-cell-depleted grafts,
cord blood graft transplants or patients on aug-
mented immunosuppression to treat GVHD. As
for VZV, the optimal duration of prophylaxis
might be better guided by functional assessments

of CMV-specific cell-mediated immunity (e.g.,
by QuantiFERON-CMV or T-Track-CMV
assays). Such approaches might even prove to be
cost-effective compared to routine prophylaxis
(Westall et al. 2019).

4.2  Respiratory Viruses

Community-acquired respiratory viruses are now
recognized as common causes of acute respira-
tory illness in immunocompromised cancer
patients. Contrary to immunocompetent individ-
uals, hematology patients (in particular leukemia
patients and HCT recipients) usually present with
prolonged viral shedding and high rates of dis-
ease progression to the lower respiratory tract
with clinico-radiological signs of pneumonia,
resulting in mortality rates between 10 and 50%
(Green 2017; Chemaly et al. 2014b; Hirsch et al.
2013). These viral infections often precede bacte-
rial and fungal infections. The most common
human pathogenic viruses causing respiratory
infection in hematology patients include influ-
enza viruses, respiratory syncytial virus (RSV),
and parainfluenza viruses (PIV) (Wade 2006).
However, all respiratory viruses can cause infec-
tions, including rhinoviruses, coronaviruses,
human metapneumovirus (hMPV), adenovirus,
human bocavirus, and enteroviruses. Some of
these viruses show seasonality in temperate cli-
mates (e.g., influenza and RSV) whereas others
remain a threat throughout the year (e.g., PIV).
Although not generally considered respiratory
viruses, also CMV, HSV, and VZV can present as
lower respiratory tract infections.

For most of these community respiratory
viruses, specific antiviral therapy is not (yet)
available. Notable exceptions are influenza A and
B infections, which can preferentially be treated
with the oral neuraminidase inhibitor oseltamivir
(75 to 150 mg bid for 10 days, mainly to prevent
complications), and adenovirus infections, which
may respond to cidofovir. For RSV, hMPYV, and
PIV, ribavirin (intravenous, aerosolized, or oral)
with or without the concomitant administration
of intravenous immunoglobulins has been used
with variable success. No specific therapy is
available for rhinovirus, coronavirus, and entero-
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virus infections, but most patients respond well
to supportive measures.

Primary antiviral chemoprophylaxis is not
recommended for any of these respiratory patho-
gens. Annual inactivated influenza vaccination of
at-risk patients, their health care workers, and
household contacts remains the mainstay of
influenza prevention in immunocompromised
persons (Hirsch et al. 2013). For all other respira-
tory viruses, no licensed vaccines are available.
However, ECIL-4 experts recommend post-
exposure prophylaxis for 10 days with oseltami-
vir for HCT recipients who are less than 1 year
after transplant and for leukemia patients under-
going chemotherapy after exposure to a con-
firmed or probable case of influenza, regardless
of their vaccination status (Hirsch et al. 2013).

These infections are transmitted from person-
to-person through small-particle aerosols, large
droplets, or direct or indirect contact with virus-
containing secretions. Autoinoculation of muco-
sal surfaces following contamination of hands is
a very common route of transmission. Routine
infection control measures play a key role in con-
taining the spread of the infection and preventing
nosocomial outbreaks. Hand hygiene is of utmost
importance. In addition, the use of surgical masks
might be beneficial. Patients with documented
infection should be isolated and strict protection
measurements should be applied to visitors and
health care workers (including wearing gloves,
gowns, masks, and eye protection) (Hirsch et al.
2013). Finally, reducing the dose of corticoste-
roids (if applicable) should be attempted, since
corticosteroids have been identified as an inde-
pendent risk factor for disease progression and
overall mortality for most respiratory viruses
(except for influenza virus).

4.3 Hepatotropic Viruses

Increasing numbers of patients with hematologi-
cal conditions and recipients (as well as donors)
of HCT have evidence of resolved or active hepa-
titis B (HBV) or hepatitis C (HCV) viral infec-
tion. In addition, hepatitis E virus (HEV) is
becoming more prevalent (von Felden et al.

2019). HBV reactivation during immunosuppres-
sive therapy is common, not only in HBV surface
antigen (HBsAg)-positive patients, but even in
case of resolved infection, and may result in hep-
atitis flares and even liver failure. HBsAg-positive
individuals are at high risk of reactivation during
most immunosuppressive therapies with a clear
dose/duration—risk association. HBsAg-negative/
anti-HB core antibody-positive patients are at
lower risk except for allogeneic HCT recipients
(frequently showing delayed reactivation) and
patients receiving anti-CD20 monoclonal anti-
bodies (such as rituximab and ofatumumab). In
these two particular high-risk settings, guidelines
strongly recommend antiviral prophylaxis with
nucleoside or nucleotide analogs from the start of
immunosuppressive therapy until at least 1 year
after cessation of therapy. ECIL-5 and other
guidelines recommend the once daily oral admin-
istration of the third-generation agent tenofovir
or entecavir as drugs of choice (Mallet et al.
2016). These drugs are preferred to lamivudine
because of their higher genetic barrier to antiviral
resistance.

Patients who have successfully eliminated
HCYV are not at risk for reactivation during immu-
nosuppressive therapy. However, those with
chronic HCV infection (presence of HCV RNA)
should receive antiviral therapy as soon as feasi-
ble (if possible even postponing the transplant/
therapy till completion of the antiviral course),
following the advice of a hepatologist (Mallet
et al. 2016). Expert advice is also needed for
patients with chronic HEV, in whom therapy with
ribavirin can be considered, and for patients with
hepatitis D virus co-infection. Vaccination should
be considered for HAV-negative hematology

patients undergoing immunosuppressive
therapies.
44 Polyomaviruses

Reactivation of the neurotropic John Cunningham
polyomavirus may cause progressive multifocal
leukoencephalopathy. Cases have occasionally
been described following HCT and after the use
of immunomodulatory drugs such as rituximab,
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natalizumab, and brentuximab. No prophylaxis
can be given.

Reactivation of the polyomavirus BK plays a
key role in the development of post-transplant
hemorrhagic cystitis (HC) and renal dysfunction.
The incidence of HC is clearly on the rise since
the introduction of un-manipulated haplo-HCT
followed by high-dose cyclophosphamide to pre-
vent graft-versus-host disease. Antiviral prophy-
laxis is not recommended.

4.5  OtherViruses

Norovirus can cause severe and complicated gas-
troenteritis. Unfortunately, no antiviral prophy-
laxis can be given. Strict isolation and general
infection control measures (hand hygiene) are
mandatory.

Finally, more and more patients infected with
human immunodeficiency virus (HIV) are diag-
nosed with hematologic cancer or undergo hema-
topoietic cell transplantation procedures (Kwon
et al. 2019). Specific follow-up and decisions
about antiviral prophylaxis should include the
advice of an HIV expert.
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Immune Response to Vaccines

Sibylle C. Mellinghoff

5.1 Introduction

The first available vaccines were developed with-
out understanding their impact on the human
immune system: In 1798, Edward Jenner experi-
mented with cowpox to stimulate smallpox
immunity (Ginglen and Doyle 2018). These early
endeavours intensified and have led to an arma-
mentarium of vaccines that are available today
for infection prophylaxis.

Protection by vaccines can be categorized into
early and long-term protection. While early pro-
tection is mediated by the induction of antibod-
ies, long-term protection warrants their
persistence, as well as immune memory cells.
The quality of such antibodies in terms of avidity,
specificity, or neutralizing capacity determines
the efficacy of protection. Both, B- and T-cell-
subsets are important for their induction and pro-
duction (Siegrist 2018).

Novel methods allow the identification of spe-
cific molecular signatures of vaccine immunoge-
nicity and further vaccine-associated immune
parameters. This offers new opportunities of
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efficacy-assessment; however, correlation of
these new markers with vaccine-induced protec-
tion often needs to be investigated. Further
insights into vaccine immunogenicity may be
used to explain the heterogeneity of vaccine
responses in different populations and to improve
vaccination strategies in vulnerable populations
(very young, elderly and immunosuppressed) in
future.

Vaccines exert protection by the induction of
effector mechanisms, either cells or molecules
that are able of controlling pathogens or inacti-
vating their harmful components. Antibodies are
such molecules and are produced by B lympho-
cytes to prevent or limit infections (Cooper and
Nemerow 1984). Prevention is performed by
binding toxins and thus limit their diffusion, but
also blocking their enzymatic active site.
Antibodies may also inhibit viral replication by
blockade of viral binding. In addition, they
enhance opsonophagocytosis of bacteria and thus
promote their clearance by macrophages and
neutrophils. By activating the complement cas-
cade, antibodies limit infections.

Effector CD4 and cytotoxic CD8 T lympho-
cytes are main players in the cell-mediated vac-
cine response. Both are important for control
and clearance of pathogens rather than preven-
tion. CD8 T cells are capable of directly killing
infected cells by excretion of perforin and gran-
zyme. They also exert indirect killing effects by
secreting specific antiviral cytokines. CD4 T
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cells are of great importance for protection
against intra- as well as extracellular pathogens
by cytokine release. Their main subsets are
depicted in Table 5.1 (Geginat et al. 2014;
Bentebibel et al. 2013; Spensieri et al. 2013;
Mastelic Gavillet et al. 2015; Lin et al. 2010;
Kumar et al. 2013). They generate and support
maintenance of B and CD8+ T-cell responses
(Bentebibel et al. 2013; Spensieri et al. 2013;
Mastelic Gavillet et al. 2015).

Different vaccines influence different effec-
tors of the immune system. Table 5.2 gives an
overview of selected vaccines. However, most
vaccines affect both humoral and cellular
immunity. CD4 T cells are required for most
antibody responses while antibodies signifi-
cantly influence T-cell responses to intracellu-
lar pathogens.

Table 5.1 CD4 subsets and production of cytokines

Subset| Cytokine Task

Tfth | IL-21 B-cell help

Thl | IFNy, Protection against

TNFo/f, IL-2 | intracellular pathogens

Th2 |IL-4,5,13 Response to extracellular
pathogens

Tho |IL-9 Response to extracellular
pathogens

Th17 |IL-17, 22,26 Mucosal defence

IFN, interferon; IL, interleukin; 7fh, follicular T-helper
cell; Th, T-helper cell; TNF, tumour necrosis factor

5.2 Vaccine Immune Response

Following injection, vaccine antigens containing
pathogen-associated patterns and vaccine adju-
vants recruit monocytes and neutrophils, as well
as dendritic cells (DC) that patrol through the
body. Those are equipped with receptors (termed
pattern recognition receptors—PRR) directed
against extrinsic and foreign pathogen patterns.
PRR allow their brisk identification as danger
and activate host cells immediately after recogni-
tion (Palm and Medzhitov 2009; Trombetta and
Mellman 2005). DCs maturate abruptly when
exposed to pathogens at injection site or else-
where: They secrete cytokines (e.g. IFN-«), and
those, in turn, activate effector cells of innate
immunity such as eosinophils, macrophages and
NK cells. Activation prompts DCs to migrate
towards secondary lymphoid organs. These acti-
vated migrating DCs exhibit antigens by classical
MHC I and II or non-classical CD1 molecules,
which allow selection of antigen-specific T lym-
phocytes (Lanzavecchia and Sallusto 2001).
Activated T cells trigger terminal maturation of
DC, which consequently induces further expan-
sion and differentiation of lymphocytes. B cells,
activated by DCs and T cells, differentiate into
plasma cells that produce antibodies against the
vaccine. While this process leads to both humoral
and cellular immunity, the vaccine itself can also
wander into lymph nodes and cause particularly
humoral immunity by B-cell induction. In this

Table 5.2 Vaccine-induced immunity (along (Siegrist 2018))

Vaccine Type of vaccine Serum IgG Mucosal IgG Mucosal IgA T cells
Diphtheria toxoid Toxoid + (+)

Hepatitis A Killed +

Hepatitis B (HBsAg) Protein +

Hib PS PS + (+)

Influenza Killed + (+)

Measles Live attenuated + + + + (CD8)
Mumps Live attenuated +

Pneumococcal PS PS + (+)

Pneumococcal conjugate PS protein + + + (CD4/8)
Tetanus Toxoid +

VZNV Live attenuated + (CD4)

PS, polysaccharide; VZV, Varicella zoster virus
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case, it will be caught by lymph node resident
DCs (Siegrist 2018; Palucka et al. 2010).

Compared to inactivated vaccines, live vac-
cines lead to a higher intensity of innate immune
response by synergistic activation of different
PRRs, but also higher antigen content following
replication.

5.2.1 LiveVaccines

Live viral vaccines activate both innate and adap-
tive immune system. Several features lead to a
high level of immunogenicity: First, viral parti-
cles are small (between 20 and 200 nm) and are
therefore best suitable for drainage to lymph
nodes and direct interaction with B cells. Second,
their surface often is highly repetitive, leading to
cross-linking and consequently activation of
B-cell receptors. Also, such repetitive structures
are capable of binding natural antibodies and fix
complement, which further activates B cells and
triggers transportation to and deposition on fol-
licular dendritic cells. In addition, viral particles
express ligands for toll-like receptor (TLR), a
PRR subtype, 7/8 or 9. These trigger directly B
cells’ isotype switching and enable DC for T-cell
priming (Zabel et al. 2013; Querec et al. 2006;
Lund et al. 2003). Emerging evidence suggests
that the quality of the adaptive immune response
is partly determined by the particular TLR trig-
gered (Iwasaki and Medzhitov 2004). Given the
pivotal role of TLRs and DCs in initiating and
enhancing the adaptive immune response, there
is currently much interest in exploiting these in
the development of novel vaccines.

As aresult of this early diffusion pattern, route
and injection site are less important in live vac-
cines. For example, the measles vaccine has been
shown to be as immunogenic when administered
intramuscularly or subcutaneously (Hong Kong
Measles Vaccine, C. 1967).

5.2.2 Non-Live Vaccines

Non-live vaccines activate innate response at the
injection site. The preferred route is intramuscu-

larly as DCs can be found in high amounts in the
well-vascularized muscles. Vaccines can consist
of glycoconjugates, proteins, PS, or inactivated
pathogens and contain small amounts of
pathogen-recognition patterns. However, absent
microbial replication limits immune activation
by vaccines.

5.2.3 Vaccine Adjuvants

Vaccine adjuvants have been an essential compo-
nent of modern vaccine development. They mod-
ulate parts of the innate immune system and thus
enhance vaccine response. Only few adjuvants
are currently included in vaccines approved for
human use despite decades of development
(O'Hagan and Fox 2015).

5.2.4 Stages of Immunization

Immunization by vaccination passes several
stages and always starts with an extrafollicular
reaction, followed by the germinal centre
reaction.

Initially, the vaccine is presented outside the
lymph tissue and rapidly induces IgG antibody
titres. Next, B cells proliferate in the germinal
centres of lymph tissue and increase IgG titres to
a peak, usually after three to four weeks after
vaccination. Due to short living plasma cells,
antibodies decline rapidly and may even return to
baseline. In case of a second exposure to the anti-
gen, the immune memory is activated and IgG
increase within days. While short-lived plasma
cells undergo the same cycle as during primary
immunization, long-lived plasma cells continue
to produce IgG and thus declining slower
(Fig. 5.1).

5.2.4.1 The Extrafollicular Vaccine
Immune Reaction

Extrafollicular immune response is responsible for

the fast induction of antibody production after

antigen, for example vaccine, contact. B cells are

bred in the bone marrow and rest in the lymph

nodes thereafter. When a B cell binds an antigen
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Fig. 5.1 Stages of immunization: After the exposure to an
antigen (a), a vaccine is presented to B cells outside folli-
cles, and IgG antibody titres are produced immediately. B
cells then proliferate in germinal centres and increase IgG
to a peak (3—4 weeks after vaccination). Plasma cells are

with its surface immunoglobulin (Ig), the cell will
migrate to T cell-rich zones of secondary lym-
phoid organs for interaction. As soon as T cells
recognize the antigen-presenting B cell, it triggers
B-cell maturation into plasma cells that generate
germline antibodies with low-affinity (Lee et al.
2011). Isotype switch of Ig (IgA to IgE, IgG or
IgM) follows the B-cell transformation. After two
cell cycles, B-cell blasts have finished the differen-
tiation and are able to migrate to the local site of
extrafollicular growth. While further contact with
T cells is not required, interaction with DCs seems
essential for full differentiation of plasmablasts to
plasma cells (MacLennan et al. 2003).

The extrafollicular reaction is a fast immune
response and Ig (IgG and IgM at low level) can
be measured in blood some days after immuniza-
tion (Fig. 5.1). Due to a missing selection pro-
cess, Ig have germline affinity. After few days,
most plasma cells are eliminated by apoptosis,
and thus the role of extrafollicular immune
response for efficacy of a vaccine is limited to a
time span of several weeks (Siegrist 2018;
MacLennan et al. 2003).

0d 7d

!

Secondary antigen exposure

30d 6m

short-lived and thus, antibodies decline, sometimes even to
baseline. When exposed to an antigen or vaccine for a sec-
ond time (b), the immune memory is activated, and IgG
increases within days to a peak. Long-lived plasma cells
continue to produce IgG and thus declining slower

5.2.4.2 The Germinal Centre Vaccine
Immune Reaction

The germinal centre (GC) immune response is
essential for humoral immunity. Here, somati-
cally mutated high-affinity memory B cells and
plasma cells mediating protection against patho-
gens are generated (De Silva and Klein 2015).

GCs are formed transiently within peripheral
lymphoid organs during T-cell dependent antibody
responses (MacLennan 1994). After activation out-
side follicles in T cell-rich zones, B cells give rise to
GC. After immunization with the antigen, formed
GCs are oligoclonal: on average three B blasts colo-
nize each follicle. After following clonal expansion,
these clones of a single B cell acting against one
specific antigen constitute a GC. The process is
accompanied by a site-directed hypermutation
mechanism that acts on the B cells’ immunoglobu-
lin-variable (Ig-v)-region genes (MacLennan 1994).
The result is an isotype-switch from IgM to IgA,
IgE or IgG, and the maturation of B cells concern-
ing their affinity to a specific antigen.

GC:s persist for three to four weeks. Thereafter,
memory B cells proliferate in follicles in a T-cell-
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mediated manner for another few weeks. These
cells are most probable the reservoir for plasma
cells and memory cells required for long-term
antibody maintenance.

5.3 Determining Factors

of Vaccine Immune Response

Individuals and human populations show varia-
tion in response to vaccines. Key explanatory
variables comprise host factors such as demo-
graphics, the nature of the vaccine and the vacci-
nation schedule.

5.3.1 Host Factors

Host factors that influence the immune response
to vaccination include, amongst others, age and
genetic factors.

5.3.1.1 Age
It has been shown that incidence and severity of
infectious diseases increase with age, which is—
among other factors—due to a declining immune
response of both innate and adaptive immune
response (Weinberger et al. 2008). These charac-
teristic changes of the immune system are called
immunosenescence. This also entails an insuffi-
cient protection following vaccination.
Quantitative and qualitative changes within
the immune system prevent local responses,
impair generation of primary immune responses
to neoantigens, hamper the effective induction of
memory cells and decline the effect of booster
vaccination. As a result, long-term protective
effects of vaccination cannot be taken for granted
in elderly persons. A decrease of antibody pro-
duction can be seen early. In a study evaluating
the impact of immunosuppression on response to
influenza vaccine, a multivariate analysis showed
a titre decrease of 31% with each additional
10 years after the age of 20 (Gabay et al. 2011).
Not only quantity and persistence of antibody
response to vaccination are affected by age
(LeMaoult et al. 1997; Frasca et al. 2005;
Saurwein-Teissl et al. 2002), but also quality in

terms of specificity, isotype and affinity (Weksler
2000; Romero-Steiner et al. 1999). Lower anti-
body titres in elderly have so far been reported in
subjects vaccinated with influenza vaccines
(Gardner et al. 2001; Murasko et al. 2002), pneu-
mococcal PS vaccines (Artz et al. 2003), as well
as tetanus and tick-borne encephalitis vaccines
(Hainz et al. 2005). The IgM memory B-cell pool
has been shown to diminish with age and thus
leading to a smaller number of antibody-
producing plasma cells (Shi et al. 2005). Also,
age-related differences of lymph-node structure
have to be taken into account: Induction of the
germinal centre is limited and leads to less anti-
body production (Luscieti et al. 1980), as well as
reduced affinity and isotype switch (Frasca et al.
2005; Lottenbach et al. 1999). Several studies
have shown diverse alterations within the anti-
body repertoire of the elderly (Saurwein-Teissl
et al. 2002; Zheng et al. 1997; Song et al. 1997).
However, reasons for changes of antibody func-
tionality by age have not been fully understood to
date. Also, T cells are affected by immunosenes-
cence and while naive T cells decline, large CD8
cells, possibly relicts from prior infections,
increase in number (Frasca et al. 2005). CD4
cells initially increase after vaccination, but may
not persist or further expand as they transfer to
memory CD4 cells (Weinberger et al. 2008;
Grubeck-Loebenstein et al. 2005).

Approaches to improve the efficacy of vac-
cines in the elderly vary and comprise the aug-
mentation of vaccine doses (DiazGranados et al.
2014), addition of adjuvants (Deng et al. 2004)
and higher frequencies of revaccination.

5.3.1.2 Genetic Factors

Different genetic factors influence the response
to vaccination. The polymorphic MHC system
has been investigated most in this context and
was shown to affect the response to vaccination
(Kimman et al. 2007). Also, the less polymorphic
TLR and the cytokine immunoregulatory net-
work differ in each individual due to the additive
genetic factors (Iwasaki and Medzhitov 2004;
van Duin et al. 2006). The variance due to genetic
polymorphism appears to be particularly impor-
tant for vaccine-induced antibody responses in
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young infants compared to cell-mediated and
antibody response in older, immunologically
mature individuals (Kimman et al. 2007; Poland
and Jacobson 1998).

5.3.2 Nature of the Vaccine

Most relevantly, the nature of the vaccine influ-
ences the immune response. As discussed above,
live vaccines induce a different kind and quality
of immune response than inactivated vaccines.
Immunogenicity also depends on the capacity of
providing antigen epitopes able to bind naive B
cells, but also the ability to activate DCs and B
cells (Siegrist 2018).

Also, the choice of adjuvants plays a detri-
mental role for the immune response. The differ-
ence in immunogenicity by simple bacterial PS
and by protein-conjugated glycoconjugates
underlines the important differences between
extrafollicular and GC reactions in this context.

5.3.3 Schedule of Vaccination

A further determinant of vaccine antibody
responses is the schedule of vaccination, which
may only be investigated experimentally. Non-
live antigens can be increased in dose to reach
higher primary antibody responses—this is par-
ticularly useful in immunocompromised vaccin-
ees, for example, used for hepatitis B
immunization.

Few non-live vaccines (e.g. hepatitis A or
human papillomavirus vaccines) induce a sus-
tained antibody response after single vaccination,
regardless age of the vaccinees. Hence, immuni-
zation schedules usually include several doses.
These are to be repeated at a minimal interval of
4 weeks in order to induce consecutive waves of
B cell and GC responses.

Optimal immunization schedules depend on
the respective vaccine and are subject of ongoing
clinical trials in order to reach most evidence for
the best immune response outcome.

5.4  Specificity of Vaccine

Immune Response

While low specificity means high protection to
non-vaccine  strains  (e.g. influenza or
Streptococcus pneumoniae), this can also poten-
tially entail cross-reactions to allergens or
self-antigens.

With regard to the B-cell axis, induction of
cross-reactive antibody response is unlikely
(Feikin et al. 2004; Di Genova et al. 2006). B
cells identify epitopes by distant amino acids and
may bind to antigenic peptides with distinct
sequences. Although polyclonal stimulation has
been proposed to induce memory B cells of dif-
ferent specificities (Bernasconi et al. 2002), this
response seems not to be associated with anti-
body responses. Vaccination with tetanus toxoid
was described to induce memory T cells, but did
not modulate antibody responses to unrelated
antigens (Di Genova et al. 2006). T cells, on the
other hand, may have greater potential for cross-
reaction due to a restricted number of amino
acids presented by MHC (Oldstone 1998). Also,
they are prone to be affected by cytokine changes
and transient activation during infections (Di
Genova et al. 20006).
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Vaccine-Preventable Diseases

Hamdi Akan, Tony Bruns, and Mathias W. Pletz

Vaccination can be accepted as the main strategy in
preventing infections, but vaccination of cancer
patients is a complex approach. The diversity of
immunodeficiencies in different hematological dis-
orders, and the change of immunosuppression dur-
ing the course of the illness, lower vaccine responses,
difficulty in conducting clinical trials with adequate
patient numbers, contraindication of live attenuated
vaccines in most cases, and few data on several vac-
cines make this a problematic area. This chapter
summarizes the situation in four important vaccine-
preventable diseases (influenza, herpes, zoster,
HBY, and pneumococcal infection).

6.1 Influenza

Influenza is a disease caused by A, B, C, and D
influenza viruses. A & B viruses are responsible
for the disease. The virus carries hemagglutinin,

H. Akan (D<)

Department of Hematology Clinical Research Unit,
Ankara University Faculty of Medicine,

Ankara, Turkey

T. Bruns (D<)

Department of Internal Medicine IV, Jena University
Hospital, Jena, Germany

e-mail: TONY.BRUNS @med.uni-jena.de

M. W. Pletz (D<)

Institute for Infectious Diseases and Infection
Control, Jena University Hospital, Jena, Germany
e-mail: mathias.pletz@med.uni-jena.de

© Springer Nature Switzerland AG 2021

a surface glycoprotein and this binds to the sialic
acid residues on respiratory epithelial cell surface
glycoproteins. This interaction with the host cells
is important for the pathogenicity of the virus.
The epidemiology of the influenza infection
changes rapidly over time and this is due to a
change in the virus. Two major antigenic changes
affecting the epidemiology such as antigenic
drifts and shifts can be seen. Antigenic drift is a
slow and small genetic change that occurs during
time as the virus replicates. These changes accu-
mulate and may produce a new distinct virus.
Antigenic shift is a major change in the hemag-
glutinin and neuroaminidase proteins (hemagglu-
tinins (H1, H2, and H3) and neuraminidases (N1
and N2) on Type A virus) and maybe the cause of
a pandemic such as the HIN1 pandemic in 2009.
Antigenic shifts can occur between the genomic
cells of different animal and human viruses
(Webster et al. 1993). While the antigenic drift is
confined to Type B influenza virus, Type A virus
can both have a drift and shift.

These changes have a great impact on the epi-
demiology and mortality of the influenza virus.

The 1918 Spanish Influenza was the result of
a shift and caused the death of 50-100 million
people (Johnson and Mueller 2002). Seasonal
influenza vaccine is recommended for all persons
aged >6 months (Grohskopf et al. 2017). Despite
seasonal variations in effectiveness (36% in
2017-2018 and 20% in 2014-2015), vaccination
was estimated to prevent 11,000-144,000
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influenza-associated hospitalizations and 300-
4000 influenza-associated deaths in the 2014—
2015 season (Flannery et al. 2018).

In hematological malignancies, there is an
increased risk of influenza-associated aspergillo-
sis. This is an underdiagnosed situation with high
mortality rates. Two papers published in 2017
showed the importance of this problem. Patients
admitted to the ICUs with a diagnosis of influ-
enza have an increased rate of aspergillosis (16%)
and high mortality rates (van de Veerdonk et al.
2017; Martin-Loeches et al. 2017). The incidence
and mortality are higher in patients with EORTC
host criteria.

Annual influenza vaccination is the main mea-
sure to prevent influenza in several guidelines and
recommendations (Grohskopf et al. 2017; Paules
and Subbarao 2017). Influenza vaccination reduces
the risk of death and the severity of illness, espe-
cially in high-risk patients such as elderly (Castilla
et al. 2013). Influenza vaccination is also impor-
tant in reducing the risk of influenza pneumonia
(Grijalva et al. 2015). Influenza vaccines can be
trivalent (two influenza A virus antigens plus one
influenza B virus antigen), or quadrivalent (two
influenza A antigens and two influenza B anti-
gens), can be inactive or live attenuated, can be
standard dose or high dose, or can be a standard
trivalent vaccine containing an immune-augment-
ing adjuvant. The vaccine is usually administered
intramuscularly, but intradermal or nasal prepara-
tions are also available (Lambkin-Williams et al.
2016; Belshe RB et al. 2004). The live attenuated
vaccine is contraindicated in immunosuppressed
patients.

6.1.1 Hematological Malignancies

and Influenza

Hematological malignancies with immunosup-
pression face several problems related to influ-
enza. Influenza-related complications and
mortality might be higher in such patients
(Kunisaki and Janoff 2009; Cooksley et al. 2005),
influenza vaccination may yield suboptimal
response (Bitterman et al. 2018; Stiver and
Weinerman 1978), and influenza might delay the

scheduled treatments. These are the main reasons
necessitating influenza vaccine in hematological
malignancies albeit the risk of suboptimal
immune response.

Influenza mortality is high among patients
with hematological malignancies (D) with case-
fatality range between 11% and 33% (Kunisaki
and Janoff 2009; Bitterman et al. 2018). A
Cochrane review analyzed 6 studies with 2275
participants consisting of hematological malig-
nancies, solid tumors, and stem cell transplant
patients with influenza vaccine. The data suggest
a lower mortality and infection associated out-
comes in both cohorts (Bitterman et al. 2018).
Several studies comparing influenza vaccination
with no vaccination show a limited benefit of
influenza vaccine in terms of influenza incidence
and all-cause mortality, but there is a reduction in
influenza-associated pneumonia (Grijalva et al.
2015). There are also several clinical studies to
show the efficacy of the influenza vaccine, but the
main problems in these studies are that they
include different hematological malignancies;
the measure of efficacy and time of vaccination
are different and sample sizes are small. (Stiver
and Weinerman 1978; Hodges et al. 1979; Brydak
et al. 2006; Gribabis et al. 1994; Lo et al. 1993;
Mazza et al. 2005; Robertson et al. 2000;
Ljungman et al. 2005; Rapezzi et al. 2003) The
response to influenza vaccination remains
between 3% and 76% and recommendation for
an influenza vaccine remains obscure. Multiple
myeloma and chronic lymphocytic leukemia are
typical examples of hematological malignancies
with diminished responses to influenza vaccines
(Gribabis et al. 1994; Robertson et al. 2000).
Patients with lymphoma, in particular, seem to
have some of the poorest humoral responses
(Brydak et al. 2006; Lo et al. 1993; Mazza et al.
2005; Rapezzi et al. 2003).

Another concern about influenza vaccination
among cancer patients is that the perception and
coverage are low and information given by the
physician during a consultation is important to
improve the rates of vaccination (Poeppl et al.
2015).

Several attempts are being made to improve
the efficacy of the influenza vaccination in immu-
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nosuppressed patients. The use of adjuvanted
vaccine resulted in no difference for the outcomes
(Natori et al. 2017a); high-dose influenza vaccine
demonstrated significantly better immunogenic-
ity than SD vaccine in adult transplant recipients
(Natori et al. 2017b).

ECIL 7 Guidelines list shorter time between
transplant and vaccination, low lymphocyte
counts at vaccination, low IgG and IgM at vacci-
nation, chronic GVHD, use of immunosuppres-
sive drugs, and rituximab in the last 12 months as
the predictors of poor immune response to influ-
enza vaccination after HSCT (ECIL-7 2017).

Current IDSA guidelines recommend one
dose of inactive influenza vaccine (II'V) annually
(strong, moderate) to persons aged >6 months
starting 6 months after HSCT (strong, moderate)
and starting 4 months after if there is a commu-
nity outbreak of influenza (strong, very low). For
children aged 6 months—8 years who are receiv-
ing influenza vaccine for the first time, 2 doses
should be administered (strong, low) (Rubin
et al. 2014). ECIL-7 Guidelines recommend
annual seasonal IIV, 1 dose, at the beginning of
flu season in all patients >6 months after trans-
plant and pursued during the first years following
transplant, at least until 6 months after stopping
any IS and as long as the patient is judged to be
immunosuppressed in allogeneic transplants
(AIl) and annual seasonal inactivated influenza
vaccination, 1 dose, at the beginning of flu season
in all patients >6 months after transplant, at least
as long as the patient is judged to be immunosup-
pressed in autologous transplants (BII). In the
setting of a community outbreak, IIV can be
given to both allo- and auto-HSCT recipients,
from 3 months after transplant. In that case, a
second dose is likely to be beneficial (BII)
(ECIL-7 2017).

6.1.2 Hematopoietic Stem Cell
Transplantation (HSCT)
and Influenza

Hematopoietic stem cell transplant patients are
different from other hematological malignancies
in terms of immunosuppression, influenza immu-

nity, and response to vaccination. Although autol-
ogous stem cell transplant patients have similar
risks compared to patients receiving conventional
chemotherapies, allogeneic HSCT patients differ
considerably due to the prolonged use of immu-
nosuppressive drugs and graft-versus-host-
disease (GVHD). Also, the immunization of the
allogeneic transplant donor may have an impact
on the immune state of the transplant recipients.
It is not clear whether there is an increase in the
incidence of Influenza infection in such patients
(Hassan et al. 2003; Ljungman 2001), but hospi-
talization rates and mortality due to influenza dis-
ease is considerably higher in allogeneic HSCT
recipients (Ljungman 2001; Nichols et al. 2004),
especially in patients developing pneumonia
(Whimbey et al. 1996). All HSCT patients
>6 years old are recommended to have yearly
influenza vaccine, but the timing of the vaccina-
tion is crucial to achieve an immune protection.
The incidence of influenza rates among
patients with HSCT varies in several studies, but
the largest analysis showed that there was no dif-
ference between the influenza rate according to
the donor type, and there was no association
between the presence of GVHD and influenza
risk (Nichols et al. 2004). The impact of influ-
enza vaccination on mortality rates is not clear;
while some studies show no difference between
the vaccinated and non-vaccinated patients
(Ambati et al. 2015), one study showed a slight
decrease in the vaccinated group (Machado et al.
2005). The efficacy of the adjuvanted influenza
vaccine was compared to non-adjuvanted vaccine
and no difference was found (Natori et al. 2017a).

6.1.2.1 Timing of the Vaccination

Influenza vaccine elicits substandard serological
responses due to impaired B- and T-cell reconsti-
tution, especially in patients with graft-versus-
host disease. Pretransplant vaccination of the
donor and the recipient may yield seroprotective
levels (Storek et al. 2003). Influenza vaccination
timing during the influenza session is also impor-
tant, as cases vaccinated late in the influenza sea-
son have low seroconversion rates compared to
the cases vaccinated in the early influenza session
(Yalgin et al. 2010). Protective effect of the vac-
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cine is low in patients vaccinated early after stem
cell transplantation (Avetisyan et al. 2008) and
although this effect can be boosted by a second
dose of vaccine post-transplant, the serological
response is limited (Engelhard et al. 2011), but
comparable to natural infection in these patients
(Dhédin et al. 2014). There are reports showing a
favorable response to two doses of influenza vac-
cine in hematological malignancies (Lo et al.
1993; Ljungman et al. 2005; van der Velden et al.
2001). Vaccination response is diminished during
active chemotherapy (Ljungman et al. 2005) and
a period of 6 months after HSCT (Machado et al.
2005) and 12 months after chemotherapy yield
better vaccine responses unless they are not
receiving rituximab maintanance (Yri et al.
2011).

6.1.2.2 Vaccination of the Household
According to IDSA Guidelines, “individuals who
live in a household with immunocompromised
patients age >6 months should receive influenza
vaccine annually (strong, high). They should
receive either inactivated influenza vaccine (I1V;
strong, high) or live attenuated influenza vaccine
(LAIV) provided they are healthy, not pregnant,
and aged 2-49 years (strong, low). Exceptions
include individuals who live in a household with
an immunocompromised patient who was a
hematopoietic stem cell transplant (HSCT) recip-
ient within 2 months after transplant or with graft
vs. host disease (GVHD) or is a patient with
severe combined immune deficiency (SCID).”
(Rubin et al. 2014)

6.1.2.3 Vaccination of the Donor

HSCT donors should receive their routine vacci-
nations, but live influenza vaccine should not be
administered starting from 4 weeks before stem
cell collection (Rubin et al. 2014).

6.2  Fungal Infections

and Vaccination

Fungal infections, esp. Aspergillus and Candida,
remain an important problem in patients with
hematological malignancies. Patients with acute

leukemia, allogeneic stem cell transplantation,
and long-term immunosuppression are prone to
fungal infections (Koehler et al. 2017; Bowden
et al. 2002). The use of targeted therapies and
biological drugs may be a factor in increasing the
risk of fungal infections, especially with drugs
causing long-term immunodeficiency (Aguilar-
Company et al. 2018; Ferndndez-Ruiz et al.
2018).

Vaccine development against fungal infec-
tions is an area of research and several targets
have been identified for vaccine development
(Hamad 2012; Cassone and Casadevall 2012;
Shibasaki et al. 2014). In animal studies, several
vaccines proved out to be efficient (Torosantucci
et al. 2005; Xin and Cutler 2011). Dendritic cell
vaccines are also promising in this area (Bacci
et al. 2002; Bozza et al. 2003; Fidan et al. 2014).
The clinical use of antifungal vaccines is limited.
There are several clinical trials assessing the effi-
cacy of NDV-3A vaccine in vulvovaginal candi-
diasis, NDV-3 in S. aureus and Candida. The
problems in developing antifungal vaccines are
several; the structure of the inactive fungi is com-
plex and less immunogenic than the live fungi.
The use of fungi with diminished virulence is
more immunogenic, but may pose risks in immu-
nosuppressed  patients; vaccines developed
against the subunits of a fungus should be stan-
dardized and adjuvants are needed because of
diminished immunogenicity, and the targets are
usually protein-based and this may be a problem
because of the homology between the vaccine
target and human receptors.

6.3 Herpes Zoster

Herpes Zoster is an infection caused by varicella-
zoster virus (VZV). VZV is a herpesvirus and
among the eight herpesviruses that can cause
infection in human. Varicella-zoster virus can
cause two clinically distinct diseases: varicella
(chickenpox) and herpes zoster (shingles) mainly
characterized by skin lesions and associated dif-
ferent clinical patterns (Schmid and Jumaan
2010). VZV is highly contagious and transmitted
by contact either with aerosolized droplets from
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nasopharyngeal secretions of an infected indi-
vidual or by direct contact with vesicle fluid
from skin lesions. After the transmission, the
children develop a mild varicella disease, char-
acterized by vesicular skin lesions. After the
clinical resolution, the virus resides in sensory
dorsal root ganglia and causes a latent infection,
but does not produce any symptoms until reacti-
vation. The virus mainly enters the root ganglia
by retrograde axonal transport from the epider-
mal nerve endings and also varicella-associated
viremia can be a way of transportation (Gershon
et al. 2012). After the reactivation of the virus, a
clinically significant infection, herpes zoster
(shingles) occurs and this time, the disease is
characterized not only by unilateral vesicular
skin lesions but also by severe neurological pain
in the affected dermatome. The virus replicates
in the ganglionic neurons and causes inflamma-
tion and death of the neurons and causes posther-
petic neuralgia. The incidence of postherpetic
neuralgia is around 10% and increases with age
(Gauthier et al. 2009; Gialloreti et al. 2010). The
VZV skin lesion tends to disappear without
treatment but the postherpetic pain (neuralgia) is
difficult to treat. The neurological complications
besides neuralgia are paresis of the arm, leg, dia-
phragm and urinary retention, meningoencepha-
litis, vasculopathy, giant cell arteritis, and eye
involvement. (Gershon et al. 2015) VZV may
cause Ramsay Hunt syndrome that is an acute
peripheral facial neuropathy associated with ery-
thematous vesicular rash of the skin of the ear
canal, auricle, or mucous membrane of the oro-
pharynx (Sweeney and Gilden 2001). Also, other
zoster complications may be seen including pan-
creatitis and hepatitis (Chhabra et al. 2017).
Unlike herpes simplex, asymptomatic individu-
als do not transmit VZV infection (Gershon and
Steinberg 1990). As varicella infection or vacci-
nation does not protect against reactivation, two
separate vaccines against varicella and HZV are
developed.

The incidence of Herpes Zoster in the general
population was found to be 4.47 per 1000 person-
years (Johnson et al. 2015). Although varicella
occurs in children, herpes zoster is a disease of
the adults and usually increasing age (>50), phys-

ical trauma, immunosuppression, malignancy,
depression, disrupted cellular mediated immu-
nity, HIV, and chronic lung or kidney disease are
the main risk factors for the reactivation of the
virus. According to a recent meta-analysis of 62
studies, female sex, race/ethnicity (white people),
family history, autoimmune diseases, asthma,
diabetes mellitus, and chronic obstructive pulmo-
nary disease are risk factors for VZV (Kawai and
Yawn 2017), although there are other studies
showing that gender has no impact on developing
VZV. (Di Legami et al. 2007; Chidiac et al. 2001)
Age is a main risk factor and the incidence
increases to >10/1.000 patient-years after the age
of 60 while the population incidence of VZV is
3-4/1.000 patient-year. (Gershon et al. 2015) The
peak incidence is in the 60—69 age group and
after 80 years, there is a lower incidence, but
increased hospitalization (Di Legami et al. 2007,
Kim et al. 2014). The incidence in the high-risk
group was 12.78 per 1000 in the United States
(Johnson et al. 2015).

It is very rare to develop a second herpes zos-
ter virus infection (1-4%). The mortality of HZV
is closely related to age and the overall mortality
ranged from 0 to >0.07/100,000 in the WHO
European database (Bricout et al. 2015).

Diagnosis of zoster is often made clinically,
and laboratory tests are limited to atypical pre-
sentations, or cases occurring after a HZV vacci-
nation to discriminate between VZV wild-type
and vaccine strains. PCR and direct immunofluo-
rescence from vesicles can be done, and also
detection of VZV DNA from saliva can be help-
ful (Sauerbrei et al. 2003; Sauerbrei et al. 2004).

Antiviral treatment with acyclovir, famciclo-
vir, and valacyclovir is effective in controlling
VZV infection, but 22% of patients develop
postherpetic  neuralgia despite  treatment
(Pentikis et al. 2011). The treatment should be
given within 72 hours of rash observation and
care must be taken in patients with renal failure;
IV acyclovir is contraindicated in patients with
acute renal failure. Although corticosteroid are
used to treat Ramsay-Hunt syndrome, ocular
zona zoster, and zoster pain, the efficacy of cor-
ticosteroids is still not clear (Clemmensen and
Andersen 1984).
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6.3.1 Hematological Malignancies
and Herpes Zoster

The immunosuppressed patients (transplant

recipients, patients receiving immunomodulatory
drugs, and HIV patients) are at increased risk of
herpes zoster infection and solid organ transplant
recipients have 10—100-fold increase in the inci-
dence of HZV compared to general population.
The incidence among hematologic cancers
(31.0/1000-person year) was greater than solid
organ  cancers  (14.9/1000-person  year)
(Yenikomshian et al. 2015). While the degree of
cellular immunosuppression in solid tumors is
limited and the therapies do not lead to major
T-cell disruptions, this is not the case for hemato-
logical malignancies. The main reason for
increased HZV infections in hematological
malignancies is mainly related to the underlying
cellular immunity disorder such as in Hodgkin’s
disease and the treatment used for the malig-
nancy. A study carried out in cancer patients
showed that the incidence of herpes zoster was
low for individuals affected with prostate cancer
(12.3/1000-person year) and high for those with
Hodgkin’s lymphoma (47.8/1000-person year)
(Yenikomshian et al. 2015). Another study dem-
onstrated that 8% of the Hodgkin’s lymphoma
patients develop VZV infection (Je and Firat
1965). There is also a relationship between the
occurrence of Herpes Zoster and subsequent
development of cancer in a matched retrospective
cohort study analyzing 542.575 individuals with
Herpes Zoster (Iglar et al. 2013). The incidence
of cancer after the development of Herpes Zoster
was greater, especially after 180 days and the
greatest risk was for lymphoma and leukemia.
There are several reports showing an increased
risk of herpes zoster with different drugs used in
the treatment of hematologic diseases such as
ruxolitinib (Lussana et al. 2018), bortezomib, and
lenalidomide (Chanan-Khan et al. 2008; Konig
et al. 2014) and disseminated cases with Ibrutinib
and idelalisib (Giridhar et al. 2017), and also
there are other studies showing a low risk with
Imatinib (Mattiuzzi et al. 2003) and TNF-alfa
blockers (Winthrop et al. 2013). As the use of

corticosteroids during treatment of various dis-
eases has been shown to increase the risk of HZV
infection, the increase in the herpes zoster inci-
dence in hematological malignancies can be
attributed to the use of corticosteroids. (Winthrop
et al. 2013) Prophylaxis against most of the new
drugs used in the treatment of hematological
malignancies is not warranted and there is little
evidence to support this (Sandherr et al. 2015).

6.3.2 Hematopoietic Stem Cell
Transplantation and Herpes
Zoster

Herpes zoster is a late-occurring complication of
stem cell transplantation (SCT) and before the
use of acyclovir prophylaxis, nearly half of the
patients who underwent stem cell transplantation
developed herpes zoster. After the introduction of
effective antiviral prophylaxis, this incidence is
getting very low. In a multicenter study done in
USA in stem cell transplantation centers, the fre-
quency was 4% and there were 2 disseminated
cases out of 13 patients with herpes zoster
(Schuster et al. 2017). The occurrence of herpes
zoster is usually around 3—-12 months (median
5 months) after allogeneic or autologous trans-
plantation, but can be seen beyond this time
period, especially in patients with chronic GVHD
(Styczynski et al. 2009). Chronic GVHD, leuke-
mia diagnosis, age > 50 years, cord blood trans-
plantation, and T-cell immunodeficiency increase
the risk of herpes zoster infection (Styczynski
et al. 2009; Tomonari et al. 2003). There is a
higher incidence of herpes zoster among bone
marrow or stem cell transplant recipients
(43.03/1000-person year) than among solid organ
transplant recipients (17.04/1000-person year)
(Chen et al. 2014). The incidence of herpes zoster
varies between 8% and 30% one year following
autologous stem cell transplantation. In a study
analyzing multiple myeloma patients undergoing
autologous stem cell transplantation, 30% of the
patients showed herpes zoster reactivation despite
3 weeks of antiviral prophylaxis, but there was no
negative impact on survival (Kamber et al. 2015).
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6.3.2.1 Prophylaxis and Protection
Measures

For autologous transplant patients and chemo-
therapeutic agents, the risk of HZV reactivation
is low and antiviral prophylaxis is not recom-
mended (Styczynski et al. 2009; Inazawa et al.
2017; Kim et al. 2012). In allogeneic stem cell
transplantation, acyclovir or valacyclovir is effec-
tive for prophylaxis (Sandherr et al. 2015).
Acyclovir 400 mg tid or qid or valacyclovir
500 mg bid or tid is a common practice, but lower
doses are recommended in patients receiving pro-
teasome inhibitors (Chanan-Khan et al. 2008).
The recommended duration for VZV prophylaxis
in seropositive Allogeneic SCT patients is 1 year
or longer in presence of AGVHD. The risk of
VZV transmission and how to avoid exposure
should be explained to leukemic patients and
SCT candidates and recipients. VZV-seronegative
leukemic patients and SCT recipients should not
have contact with people with chickenpox or zos-
ter. Leukemic patients, who are candidates for
SCT, should also avoid contact with vaccine
recipients experiencing a rash after varicella vac-
cine before and after SCT. As there is an increased
risk of VZV infection after contact with varicella
in hospital setting (Gustafson et al. 1982), all
patients with varicella or disseminated zoster
should be placed under airborne and contact iso-
lation. The isolation should continue as long as
the rash remains vesicular and until all lesions are
crusted (Styczynski et al. 2009).

Varicella zoster immunoglobulin is indicated
for use in post-exposure prophylaxis of varicella
for persons at high risk for severe disease who
lack evidence of immunity to varicella and for
whom varicella vaccine is contraindicated
((CDC) CfDCaP 2013). CDC recommends that
varicella zoster immunoglobulin be administered
as soon as possible after exposure and within
10 days and only recommended in immunocom-
promised adult patients without evidence of
immunity. Due to low availability and decreasing
demand, it is not a common practice to use
Varicella zoster immunoglobulin in hematologi-
cal malignancies and SCT patients (Food and
Drug Administration 2012).

6.4  Hepatitis B Virus

The Hepatitis B virus (HBV) is a small, envel-
oped, hepatotropic, partially double-stranded
DNA virus belonging to the Hepadnaviridae fam-
ily. HBV can be classified into at least ten geno-
types (A to J) and several subtypes, differing in
their geographic distribution, carcinogenic poten-
tial, and the response to interferon treatment (Lin
and Kao 2017). Its compact genome consists of 4
open reading frames encoding for 7 proteins: the
secreted dimeric HBV e antigen (HBeAg), the
viral capsid protein HCV core antigen (HBcAg),
a polymerase with reverse transcriptase activity
(HBV Pol/RT), the different-sized envelope gly-
coproteins (PreS1, PreS2, and HBsAg), and the
transcription regulator HBV x antigen (HBX)
(Tong and Revill 2016). Upon infection of hepa-
tocytes, the compact relaxed circular (RC) DNA
is released and converted to covalently closed cir-
cular (ccc) DNA form, which serves as episomal
DNA for the stable transcription of viral mRNAs
utilizing DNA-dependent RNA polymerases of
the host (Tong and Revill 2016).

6.4.1 The Natural History of HBV

Infection

HBYV infection continues to represent a major
global health burden despite the availability of a
vaccine and effective antiviral treatment. It is cur-
rently responsible for more than 600,000 deaths
per year owing to hepatic failure, cirrhosis, and
liver cancer. On a global level, 257 million peo-
ple live with hepatitis B infection and the sero-
logical marker of active HBV replication, the
hepatitis B surface antigen (HBsAg), is found in
3.61% of individuals ranging from 5% to 9% in
Africa and the Western Pacific Region to less
than 1% in North America and Central Europe
(Schweitzer et al. 2015).

In contrast to other hepatotropic viruses, acute
HBYV infection is characterized by a rather delayed
viral amplification and hepatic spread (Bertoletti
and Ferrari 2012). In individuals, who clear HBYV,
robust multi-epitope-specific T-cell responses
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mediate direct hepatolytic and indirect antiviral
effects. In addition, neutralizing anti-HBs antibod-
ies prevent viral spread and reinfection. Patients
who develop chronic HBV infection show func-
tional alterations of virus-specific T cells and B
cells consistent with immune exhaustion and limit
viral clearance by the host (Maini and Pallett 2018;
Burton et al. 2018). The chronicity rate is around
90% when transmitted at birth from an HBe-Ag-
positive mother and transmission prophylaxis is
not administered, and it is still up to 70% when
transmitted during childhood as compared to
5-10% in adult life (Vegnente et al. 1992).

In chronic HBV infection, there is a distinct
association of viral replication and immune-
mediated liver damage, which is reflected by the
four phases of chronic HBV infection according
to a revised nomenclature (European Association
for the Study of the Liver 2017). This nomencla-
ture is considering the presence or absence of
hepatic inflammation (chronic HBV infection vs.
chronic hepatitis B) and the presence or absence
of the HBe antigen (Fig. 6.1a). Patients who clear
HBsAg still harbor a pool of episomal cccDNA
in hepatocytes and are susceptible to HBV reacti-
vation, especially in the context of immunosup-
pressive therapies. Therefore, the term “resolved
HBYV infection” should not be used, as immune
control over HBV does not suggest viral clear-
ance (Werle-Lapostolle et al. 2004).

According to European guidelines (European
Association for the Study of the Liver 2017), all
candidates for chemotherapy or immunosuppres-
sive therapy should therefore be screened for
HBsAg, anti-HBs, and anti-HBc prior to treat-
ment. In anti-HBc-negative patients, vaccination
is recommended (European Association for the
Study of the Liver 2017). This is particularly
important, as the majority of patients with chronic
HBV infection in the Western world are not
aware of their infection. In contrast, American
guidelines (Hwang et al. 2015; Reddy et al. 2015)
recommend an risk-adapted screening approach
and restrict screening to patients at risk of HBV
infection and patients at high risk of HBV reacti-
vation. Anti HBc should always be tested before
treatment with B-cell-depleting antibodies.
However, anti-HBc tests done shortly after intra-
venous immunoglobulin infusion must be inter-

preted with caution because they might indicate
passive transfer (Lu et al. 2018).

6.4.2 Hepatitis B Reactivation

Reactivation of HBV replication is currently
defined as a significant increase of serum HBV
DNA levels, that is, >100 IU/mL in a person with
previously undetectable HBV DNA or an increase
of >2 log, in a person with a previously stable
HBV DNA (Hwang and Lok 2014). As serum
aminotransferase levels are within the normal
range in the early phase of reactivation, they are no
longer required for diagnosis (Hoofnagle 2009).
The term reactivation comprises two major sce-
narios: First, the reappearance of HBsAg (reverse
seroconversion) or HBV DNA in a patient with
previous HBV infection (anti-HBc+/HBsAg-
patient) and second, an increase in viral replication
in a patient with preexisting chronic hepatitis B
infection (anti-HBc+/HBsAg+ patient).

Usually, HBV reactivation occurs in three
phases (Fig. 6.1b) (Hwang and Lok 2014;
Hoofnagle 2009). In the early phase, HBV repli-
cation abruptly increases, and reverse HBsAg
seroconversion may occur. In HBeAg-negative
patients, this marker may reappear. This phase is
clinically asymptomatic and aminotransferase
concentrations are normal or only mildly ele-
vated. The second phase typically occurs after
two to three cycles of chemotherapy (Lok et al.
1991) and is a result of the immune reconstitution
within weeks and months after the onset of che-
motherapy and is characterized by hepatic injury
as indicated by biochemical hepatitis, symptoms,
and jaundice in severe cases. During this phase,
HBV DNA levels may already start to fall. The
third phase is the phase of resolution and recov-
ery, where transaminase levels and HBV DNA
return to baseline (Hoofnagle 2009).

HBYV reactivation has been shown to occur
with systemic chemotherapy for solid cancers
and leukemia, corticosteroids, B-cell depleting
monoclonal antibodies, anti-TNF agents, with
progression of HIV infection, after solid organ
transplantation, bone marrow and hematopoietic
stem cell transplantation, and after transarterial
chemoembolization for hepatocellular carcinoma
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(Hwang and Lok 2014; Hoofnagle 2009).
Although symptomatic HBV reactivation usually
develops within the first 3 months after the start
of systemic cancer chemotherapy, HBV reactiva-
tion can occur up to 12 months after the last
administration of the B-cell-depleting antibody
rituximab (Evens et al. 2011) and even later in
patients undergoing allogeneic hematopoietic
stem cell transplantation or lifelong immunosup-
pression (Hammond et al. 2009).

6.4.3 Prevention of HBV
Reactivation

HBYV reactivation frequently leads to the prema-
ture termination of chemotherapy or a delay in
treatment schedules (Yeo et al. 2003) and carry
the risk of fulminant hepatitis, liver failure, and
death if not recognized early (Evens et al. 2011).
The reported incidence of HBV reactivation in
HBsAg+ patients is 15-50% after chemotherapy
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and more than 75% after bone marrow transplan-
tation (Cornberg 2018).

Risk factors for HBV reactivation are host-
related, for example, being male as opposed to
being female and being at a younger age, HBV
infection-related, for example, being positive for
HBsAg or having higher levels of HBV DNA
before treatment start as opposed to undetectable
or low levels, and treatment-related, for example,
treated for hematological malignancies as
opposed to solid tumors (Hwang and Lok 2014).
Among the solid tumors, patients undergoing
treatment for breast cancer have the highest risk
of reactivation, most likely due to the frequent
use of corticosteroids and anthracyclin derivates,
such as doxorubicin and epirubicin, in these
patients. (Reddy et al. 2015) The highest risks
have been observed in HBsAg+ and HBsAg-
patients undergoing stem cell transplantation or
receiving B-cell-depleting therapies with ritux-
imab (Evens et al. 2011) and in HBsAg+ patients
receiving anthracyclines and/or corticosteroids
(Cheng et al. 2003). Although many immunosup-
pressive drugs have been associated with HBV
reactivation, systemically collected data are
missing. However, many guidelines (European
Association for the Study of the Liver 2017,
Reddy et al. 2015; Cornberg 2018; Perrillo et al.
2015) refer to an estimated HBV reactivation
risk, which can be stratified as high (>10% prob-
ability), moderate (1-10%), or low (<1%) by the
stratification by HBsAg status and therapeutic
regimen (Fig. 6.2).

Similarly to immunocompetent patients,
HBsAg-positive patients with evidence of chronic
hepatitis B should receive a potent nucleoside
(entecavir) or nucleotide analogue (tenofovir
disoproxil fumarate or tenofovir alafenamid)
(European Association for the Study of the Liver
2017). In patients without biochemical hepatitis
who are at risk of HBV reactivation, preventive
strategies are recommended. They can either be
performed as antiviral prophylaxis or as preemp-
tive therapy when an increase in viral replication
is monitored. Preemptive therapy is based upon
monitoring HBsAg and/or HBV DNA every
1-3 months during and after immunosuppres-
sion, and starting a potent nucleos(t)ide analogue

in case of detectable HBV DNA or reverse sero-
conversion independently of serum aminotrans-
ferases (European Association for the Study of
the Liver 2017). The introduction of antiviral
therapy should not delay the onset of chemother-
apy but ideally be started before or concomitantly
with cancer treatment (Hwang et al. 2015).

In patients at high risk of HBV reactivation,
antiviral prophylaxis is recommended over pre-
emptive therapy. (European Association for the
Study of the Liver 2017; Reddy et al. 2015) Some
(European Association for the Study of the Liver
2017; Hwang et al. 2015; Terrault et al. 2018)
guidelines recommend antiviral prophylaxis in
all HBsAg+ or HBV DNA+ patients undergoing
immunosuppressive therapy, while others (Reddy
et al. 2015; Cornberg 2018) only restrict this to
HBsAg+ patients receiving drugs associated with
a moderate or high risk of HBV reactivation.

Patients at moderate risk of HBV reactivation
can receive prophylactic antiviral therapy, or they
can be closely monitored and treated preemp-
tively if there is evidence of HBV reactivation.
The American Gastroenterological Association
(Reddy et al. 2015) recommends antiviral pro-
phylaxis over monitoring for patients at moderate
risk of HBV reactivation, whereas the European
and American Associations for the Study of the
Liver (European Association for the Study of the
Liver 2017; Terrault et al. 2018) recommend
monitoring over prophylaxis in HBsAg-negative
patients at moderate risk of reactivation.

Patients at low risk of HBV reactivation
should not receive routine antiviral prophylaxis
(Reddy et al. 2015), although there is controversy
whether this may be appropriate in HBsAg+
patients and in conditions requiring long dura-
tions of immunosuppression (European
Association for the Study of the Liver 2017). In
clinical settings characterized by limited adher-
ence to monitoring or unknown risk of viral reac-
tivation associated with new therapies, universal
prophylaxis is recommended over preemptive
therapy (European Association for the Study of
the Liver 2017; Reddy et al. 2015).

Given the high rates of drug resistance with
first- or second-generation nucleos(t)ide ana-
logues, antiviral prophylaxis and preemptive
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Fig. 6.2 Risk
stratification for HBV
reactivation. HBV
reactivation risk
stratified by and as
assessed by systematic
reviews (Reddy et al.
2015; Perrillo et al.
2015) and expert
consensus (Hwang and
Lok 2014; Cornberg
2018)
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therapy should be performed using antiviral
drugs with a high barrier to resistance, such as
entecavir, tenofovir disoproxil fumarate, or teno-
fovir alafenamid (European Association for the
Study of the Liver 2017; Reddy et al. 2015;
Terrault et al. 2018). A recent network meta-
analysis confirmed the superiority of entecavir
and tenofovir disoproxil fumarate over lamivu-
dine, telbivudine, and adefovir in preventing
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HBV reactivation in HBsAg+ patients with
hematological malignancies receiving chemo-
therapy or hematopoietic stem cell transplanta-
tion (Zhang et al. 2017). HBV prophylaxis should
continue for at least 6 (better 12) months after
discontinuation of chemotherapy and for at least
12 (better 18) months after discontinuation of
B-cell-depleting agents (European Association
for the Study of the Liver 2017). Patients with
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higher baseline levels of HBV DNA are at a
higher risk of hepatic flares after drug withdrawal
and might benefit from prolonged or indefinite
therapy (Hui et al. 2005).

6.5 Pneumococcal Disease

6.5.1 The Pathogen

A recent literature review on vaccine guidelines
published between 2005 and 2016 found that
pneumococcal and injectable influenza are the
only two vaccines universally recommended in
all cases of immunosuppression (Lopez et al.
2017).

Streptococcus pneumoniae is a Gram-positive,
encapsulated diplococci. The bacterial polysac-
charide capsule contributes to the overall virulence
of the pathogen and protects the bacterium from
phagocytosis. Uncapsulated pneumococci such as
the laboratory reference strain R6 are considered
to be nonpathogenic. More than 90 different cap-
sular types (i.e., serotypes) have been described so
far. Serotype distribution is constantly changing
and differs by region and observation period and
has been tremendously influenced by herd protec-
tion effects after the introduction of the pneumo-
coccal conjugate vaccine for infants (Pletz et al.
2008). Currently, serotype 3, which seems not to
be affected by herd protection, is in many regions
the most prevalent serotype.

Streptococcus pneumoniae is a common colo-
nizer in the respiratory tract, often symptomless;
however, it can progress to respiratory or even
systemic disease. An important feature is that
pneumococcal disease will not occur without
preceding nasopharyngeal colonization with the
homologous strain, so pneumococcal carriage is
believed to be an important source of horizontal
spread of this pathogen within the community
(Bogaert et al. 2004a). The main reservoir of
pneumococci is the nasopharyngeal zone of
healthy carriers, especially of infants. Up to 70%
of infants attending children day-care centers and
more than 90% of infants in some native com-
munities but less than 5% of adults are colonized.
(Bogaert et al. 2004b; Kwetkat et al. 2018)

6.5.2 Spectrum and Categorization
of Pneumococcal Disease

Pneumococci are a leading cause of community-
acquired respiratory tract infection, ranging from
otitis media, sinusitis, acute exacerbation of
COPD to community-acquired pneumonia and
primary bacteremia. They can also cause a sub-
stantial proportion of early-onset (i.e., up to day 5
of hospitalization) hospital-acquired pneumonia.
The longer the hospitalization before onset of
pneumonia, the less likely are pneumococci as
underlying pathogen (Gastmeier et al. 2009).
Pneumococcal disease can be distinguished into
invasive and noninvasive (Fig. 6.3). Invasive
pneumococcal disease (IPD) is defined as the iso-
lation of S. pneumoniae from a normally sterile
site, for example, blood, cerebrospinal fluid, or
pleural fluid. Noninvasive disease (i.e., sinusitis,
otitis media) is frequent but not severe; invasive
diseases are associated with a high case fatality
rate but a lower incidence. Pneumococcal pneu-
monia can be invasive (i.e., positive blood or
pleural culture, 10-15%) or noninvasive (detec-
tion from respiratory specimen only). In contrast
to other noninvasive diseases (sinusitis, otitis
media), the mortality rate for nonbacteremic
pneumococal pneumonia is still considerable and
does not always differ from invasive pneumococ-
cal disease (Pletz et al. 2012; Pletz et al. 2010).
There is uncertainty how to classify pneumococ-
cal pneumonias detected by urine antigen test
only. However, pneumonia represents the main
burden of pneumococcal disease since it has a
high case fatality rate (ca. 15% of hospitalized
patients) and a high incidence (Ewig et al. 2009).

Recently, a timely association between pneu-
monia and cardiovascular events has been
detected by numerous observational studies.
Besides generating enlargement and instability of
atherosclerotic plaques, pneumococci have been
shown to invade the myocardium and induce
microlesions and heart scarring (Welte and Pletz
2017; Restrepo and Reyes 2018; Brown et al.
2014).

Besides  Staphylococcus  aureus  and
Haemophilus influenzae, pneumococci are a fre-
quent cause of bacterial co-infections associated
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Fig. 6.3 The spectrum
of pneumococcal
diseases. Pneumonia
represents the main
burden, it is frequent and
severe (Pletz and Welte
2014)

Disease severity

non-invasive

Incidence

with influenza. Observational studies have shown
that these co-infections can increase mortality
dramatically (von Baum et al. 2011). In line with
these observations, it has also been shown that
pneumoccoccal and influenza vaccine can act
synergistically (Hedlund et al. 2003).

6.5.3 Risk Factors for Pneumococcal
Disease

Besides an immature immune system (infants) or
immunosenescence (elderly), immunosuppres-
sion and certain comorbidities increase the risk
for pneumococcal disease.

In a recent Danish cohort study, pneumococci
were the leading cause of blood stream infections
in CLL patients accounting for 22% of the cases
(Andersen et al. 2018). A 2018 meta-analysis on
invasive pneumococcal disease showed that autol-
ogous or allogenic stem cell transplant recipients
have the highestincidence of 696 and 812/100,000,
respectively, compared to 10/100.000 in a healthy
control cohort. The case fatality rate was 10.3—
20% compared to 1,5-14% in the healthy control
cohort (van Aalst et al. 2018).

Since the spleen plays a major role within the
immune response to pneumococci, anatomic or
functional asplenia confers the highest risk, par-
ticularly for invasive pneumococcal disease.

These “overwhelming postsplenectomy infec-
tions (OPSI)” present frequently as sepsis, often
accompanied by exanthema (Purpura fulmi-
nans), can start within hours and are associated
with a very high mortality (Theilacker et al.
2016). OPSI survivors are frequently disabled by
the loss of fingers or toes due to fulminant dis-
seminate intravascular coagulation.

In addition to vaccination, prevention of OPSI
may require antibiotic prophylaxis as stand-by
application or even long-term intake of penicillin
after survived OPSL

The numerous risk factors for pneumococcal
disease have been recently summarized and cat-
egorized into three groups by the German
Standing Committee on Vaccination (Table 6.1).
Group 1 (congenital and acquired immunosup-
pression) is associated with a high risk for pneu-
mococcal disease, group 2 (comorbidities other
than immunosuppression) with a moderate risk,
and group 3 with a risk for pneumococcal menin-
gitis. Noteworthy, chronic kidney failure,
nephrotic syndrome, and liver cirrhosis (e.g.,
spontaneous bacterial peritonitis due to pneumo-
cocci) are associated with immunosuppression
and therefore included in group 1. However, this
categorization does not consider that individual
risk factors (e.g., diabetes mellitus and COPD)
may occur simultaneously resulting in “risk
stacking.” (Morton et al. 2017)



70

H. Akan et al.

Table 6.1 Risk factors for pneumococcal disease according to the German Standing Committee on Vaccination
(https://www.rki.de/EN/Content/infections/Vaccination/recommandations/34_2017_engl.pdf?__blob=publicationFile)

1. Congenital or acquired immunodeficiencies or immunosuppression, such as the following:

T-cell deficiency or defective T-cell function

B-cell or antibody deficiency (e.g., hypogammaglobulinemia)

deficiencies, and signal transduction defects)

Deficiency or dysfunction of myeloid cells (e.g., neutropenia, chronic granulomatosis, leukocyte adhesion

Complement and properdin deficiencies

Functional hyposplenism (e.g., sickle cell anemia), splenectomy?, or anatomical asplenia

Neoplastic diseases

HIV infection

After bone marrow transplantation

Immunosuppressive therapy® (e.g., due to organ transplantation or autoimmune disease)

insufficiency

Immunodeficiency in the context of chronic kidney failure, nephrotic syndrome, or chronic liver

2. Other chronic diseases, such as the following:

* Chronic diseases of the cardiovascular system or of the respiratory tract (e.g., asthma, emphysema, or

COPD)

* Metabolic diseases, for example, diabetes mellitus treated with oral medication or insulin

* Neurological diseases, for example, cerebral palsy or seizure disorders

3. Anatomical and foreign-material associated risks for pneumococcal meningitis, such as

* Cerebral spine fluid fistula

* Cochlea implant®

dvaccination preferably before intervention
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7.1 Introduction

Patients with haematological cancers are at
increased risk for a range of vaccine preventable
infections (Teh et al. 2014; Morrison 2010; Torda
et al. 2014). Higher rates are seen with increasing
intensity of treatments such as with allogeneic
haematopoietic stem cell transplantation (HSCT)
(Kumar et al. 2008; Kyaw et al. 2005). Rates of
invasive pneumococcal infection are 50 times
higher in allogeneic HSCT (alloHSCT) patients
compared to a general population (Kumar et al.
2008). As outlined in the previous chapters, inac-
tivated vaccines for pneumococcus, influenza,
meningococcus, Haemophilus influenza B, hepa-
titis B, diphtheria, tetanus, pertussis and polio are
available to minimise morbidity and mortality
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from these infections (Tomblyn et al. 2009;
(ATAGI) ATAGol 2017; Kim et al. 2018).
Protection against measles, mumps, rubella and
varicella are available in the form of live vaccines
(Tomblyn et al. 2009; (ATAGI) ATAGol 2017;
Kim et al. 2018).

Multiple international and national bodies
have made recommendations with regards to the
type and timing of immunisation for patients
with haematological cancers (Tomblyn et al.
2009; Rubin et al. 2014; Ljungman et al. 2009;
Tsigrelis and Ljungman 2016; Rieger et al. 2018).
Some recommendations have been made on the
basis of randomised trials, whilst others have
been extrapolated from studies evaluating vac-
cine responses at various time points following
completion of treatment for haematological can-
cer or HSCT (Cordonnier et al. 2009; Cordonnier
et al. 2015a; Cordonnier et al. 2015b; Hinge et al.
2012; Kumar et al. 2007). Most studies in this
field have utilised serological endpoints as sur-
rogate markers for clinical protection and effi-
cacy and remain a common outcome used to
guide timing of vaccinations (de Lavallade et al.
2011; Cordonnier et al. 2010a).

In this chapter, factors that determine timing
of vaccines are discussed and recommendations
provided with regard to key vaccine preventable
infections across haematology groups; patients
with more chronic haematological cancers, acute
leukaemia, lymphomas and HSCT.
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7.2  Factors Impacting Timing
Determining optimal timing of vaccination
requires careful consideration of several closely
interconnected factors. Patients with
haematological malignancy are a diverse group
of patients receiving a wide range of curative and
non-curative treatments, which can be challeng-
ing to evaluate. Ideally, vaccination should be
timed to be safe with minimal risk for vaccine-
related adverse events, cover a period of high risk
for infection and occur when patients have suffi-
cient immune capacity to produce a protective
response and when haematological treatments do
not negatively impact response to vaccination.

7.2.1 Patient Factors

Haematology patients are at increased risk for
infection due a combination of patient, disease
and treatment-related factors (Teh et al. 2014;
Teh et al. 2018). Certain haematological diseases
such as chronic lymphocytic leukaemia (CLL)
and multiple myeloma (MM) commonly affect
older patients who are at increased risk for
vaccine-preventable infections such as pneumo-
coccal infection, independent of their malignancy
(Teh et al. 2014; Morrison 2007; Jackson et al.
2013). This risk relates to changes to the make-up
of immune cells with ageing or immunosenes-
cence (Teh et al. 2014). In addition, other comor-
bidities such as chronic lung disease, renal
impairment, functional or anatomical asplenia
maybe present that result in increased risk
((ATAGI) ATAGol 2017; Kim et al. 2018;
Theilacker et al. 2016). As such, for the elderly
group of patients, there are vaccinations recom-
mended for their age and comorbidities indepen-
dent of their haematological malignancy that
need to be taken into consideration ((ATAGI)
ATAGoI 2017; Kim et al. 2018). Patients who are
being treated for haematological diseases will
often travel and their intended destination, timing
of travel and stage of treatment and related
immune suppression will drive timing of vacci-
nation against routine and travel-related infec-
tions (Aung et al. 2015).

7.2.2 Disease-Related Factors

7.2.2.1 Disease Burden, Immune
Deficiency and Infection Risk
Period

Underlying disease-related immune deficiencies
such as hypogammaglobulinaemia, defects in
complement activity in CLL and monoclonal
paraprotein production in MM contribute to the
increased risk for encapsulated bacterial infec-
tion reported classically for these disease groups
(Teh et al. 2014; Morrison 2009; Savage et al.
1982; Blimark et al. 2014). This risk has evolved
with the introduction of targeted and immuno-
modulatory therapies (Teh et al. 2014; Teh et al.
2017a). However, rates of vaccine-preventable
blood stream infections such as with
Streptococcus pneumonia remain between 14
and 22% of patients with chronic haematological
malignancies (Teh et al. 2017a; Andersen et al.
2018). Vaccination targeted to identified periods
of increased risk can have a significant impact on
reducing morbidity and mortality. Depending on
the type of malignancy, the period of increased
risk could be early at disease diagnosis or during
induction therapy, following consolidation ther-
apy with HSCT or occur late following multiple
lines of therapy for relapse disease (Teh et al.
2015a).

For diseases such as CLL and MM, risk is
increased during periods of significant burden
disease burden (Teh et al. 2014; Sun et al. 2015).
With response to treatment, there appears to be a
corresponding decline in risk for infection (Sun
et al. 2015; Rawstron et al. 1998; Hargreaves
et al. 1995). Therefore, an ideal period for vacci-
nation would be prior to commencement of
disease-specific therapy when the risks for infec-
tion remain high due to burden of disease. Live
vaccines remain contraindicated due to ongoing
disease-related immune deficiencies, and case
fatalities have been reported (Costa et al. 2016).

As the management of these diseases are char-
acterised by cycles of treatment and relapse,
cumulative effects of therapy promote ongoing
risks for infection (Teh et al. 2014; Teh et al.
2018). Therefore, patients with relapsed and
refractory disease are at high risk for infection
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(Teh et al. 2015a). MM patients who are not
transplant eligible have rates of blood stream
infection of up to 14% (Teh et al. 2017a).
However, studies evaluating revaccination, new
vaccination approaches or use of additional doses
in patients with relapse and refractory disease are
lacking.

With acute leukaemia and patients undergoing
HSCT, the intensity of induction and myeloabla-
tive conditioning chemotherapy depletes immune
cell numbers and associated immunity to a range
of vaccine-preventable infections (Rubin et al.
2014; Shigayeva et al. 2016; Giebink et al. 1986;
Witherspoon et al. 1981). Risks for infection are
mediated by prolonged neutropenia and delayed
immune reconstitution. Vaccination prior to com-
mencement of conditioning chemotherapy has
been demonstrated to enhance vaccine responses
post HSCT (Locke et al. 2016; Ambati et al.
2015). Chronic graft vs. host disease (GVvHD) as
a complication of alloHSCT is significantly asso-
ciated with long-term increased risk for invasive
pneumococcal disease (Kulkarni et al. 2000;
Engelhard et al. 2002).

7.2.3 Treatment-Related Factors

7.2.3.1 Types of Therapy and Impact
on Immunity

When determining timing of vaccination, the
impact of treatment for haematological disease
on vaccine responses should be carefully consid-
ered. Whilst therapies induce control of disease
and correspondingly reduce infection risk, some
therapies can negatively impact patient response
to vaccination. Where possible, concurrent vac-
cination should be avoided unless the risk for
infection is unacceptably high.

Rituximab, an anti CD-20 antibody used in
the treatment of CLL and a range of non-
Hodgkin’s lymphomas (NHL) have been demon-
strated to blunt responses to influenza and
pneumococcal vaccination (Berglund et al. 2014;
Bedognetti et al. 2011; Ide et al. 2014). In obser-
vational studies of patients on rituximab therapy
or within 6 months of completion, rates of sero-
protection following influenza vaccination range

from 0% to 25%, and rates of seroconversion
remain significantly lower than controls at
between 9 and 30% (Berglund et al. 2014,
Bedognetti et al. 2011; Ide et al. 2014; Yri et al.
2011). On these reports, deferring vaccination in
rituximab-treated patients until 6 months post
completion of therapy is generally recommended.
The negative effect on vaccine responses has
been extrapolated to patients receiving other anti-
CD20 antibodies such as ofatumumab. There is
also emerging literature of poor vaccination
responses in the setting of therapy with Bruton’s
tyrosine kinase (Btk) inhibitors. Seroprotection
rates of 7-26% to influenza vaccination have
been reported when patients are receiving ibruti-
nib therapy whilst in a small study, no patient
responded to pneumococcal vaccination (Douglas
et al. 2017; Sun et al. 2016; Andrick et al. 2017).

In contrast, immunomodulatory drugs used
for the treatment for MM have been shown to
potentially enhance response to vaccination,
which affords an opportunity for patients to
derive more benefit from being vaccinated early
during their induction treatment utilising these
drugs (Noonan et al. 2012). In addition, the use of
live vaccines during maintenance therapy with
immunomodulatory drugs, a median of 2 years
post HSCT have been shown to be safe (Pandit
et al. 2018). However, timing of vaccination post
HSCT for safety and optimal is also governed by
the type of vaccine and reconstitution of immune
cells. In patients post alloHSCT, the occurrence
and immune suppressive treatment used for
GvHD will impact choice, timing and safety of
vaccines (Cordonnier et al. 2015a; Kulkarni et al.
2000).

The use of immune checkpoint inhibitors
(ICD) such as PD-1 inhibitor pembrolizumab has
revolutionised the treatment of solid tumours, but
their use have been associated with immune-
related adverse events (Postow et al. 2018). ICI
have approved for the management of Hodgkin’s
lymphoma and has increasingly been trialled for
the treatment of a number of acute haematologi-
cal malignancies (Liu et al. 2018). Patients vac-
cinated with trivalent inactivated influenza
vaccine (IIV) within 2 months of ICI therapy
achieved comparable serological responses to
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health controls (Laubli et al. 2018). However,
there has been conflicting data about an associa-
tion between IIV vaccination and higher than
expected incidence of immune-related adverse
events (Laubli et al. 2018; Wijn et al. 2018). This
has led to some caution around II'V and concur-
rent ICI therapy and timing of vaccination
((ATAGI) ATAGoI 2017).

7.2.4 Immune Reconstitution

HSCT pose a unique challenge in determining
the optimal time for vaccination. Patient’s post
HSCT can be at increased risk for influenza and
invasive pneumococcal infection in the early
periods post HSCT, but reconstitution of the
immune system in this early period does not
support robust response to vaccination. Rates of
influenza within 3 months of HSCT can be as
high as 15% of symptomatic patients, and up to
15% of invasive pneumococcal infections occur
early (Torda et al. 2014; Engelhard et al. 2002;
Youssef et al. 2007; Sim et al. 2018). Although
overall rates are lower, patients following autol-
ogous HSCT (autoHSCT) experience a higher
incidence rate of invasive pneumococcal infec-
tion in the early post-transplant period
(Engelhard et al. 2002). Length of time from
HSCT remains a key factor in determining
response to influenza vaccination (Karras et al.
2013; Engelhard et al. 1993).

Vaccination is avoided during periods of sig-
nificant neutropenia from induction or myeloab-
lative conditioning therapy due to likely poor
vaccination responses from depleted immune
cells and to avoid febrile reaction to vaccines
complicating patient management during period
of severe neutropenia ((ATAGI) ATAGol 2017).

Neutrophils recover early post HSCT
(Steingrimsdottir et al. 2000). However, immune
cells required to effectively respond to vaccines
and to control viral infections reconstitute over
12 months. B cells are predominantly responsible
for responses to polysaccharide vaccines, whilst
responses to conjugate vaccines are dependent on
T cells, promoting a more effective response with
greater memory (Pletz et al. 2008; Alemu et al.

2016). Generally B cells recover by 6 months,
whilst full recovery of CD4 cells can take up to
24 months (Tomblyn et al. 2009; Steingrimsdottir
et al. 2000; Schiitt et al. 2006). Studies involving
multiple inactivated vaccines have focussed on
determining the best timing for commencement
of revaccination for optimal and durable response,
whilst those involving live vaccines have focussed
on timing for safety (Cordonnier et al. 2009;
Pandit et al. 2018).

7.2.5 Infection Factors

For infections such as influenza, the seasonality
of peak transmission and infective periods in
winter for temperate countries is an additional
factor to be considered for timing of vaccination
(Teh et al. 2015b; Azziz Baumgartner et al. 2012).
The pandemic spread of influenza such as the
HIN1/09 nearly a decade ago may drive the
urgent need for vaccination as immunocompro-
mised patients are at significantly higher risk
(Tramontana et al. 2010). Outbreaks of vaccine-
preventable infection such as measles may
require revaccination with live vaccines earlier
than anticipated (Machado et al. 2002; Machado
et al. 2005a).

Taking all these factors into account (Fig. 7.1),
the following sections will discuss timing of vac-
cination for pneumococcal infection and influ-
enza for HSCT patients and patients with chronic
malignancies, acute leukaemia and lymphomas
and with recommendations provided.

7.3 Pneumococcal Vaccination

7.3.1 Haematopoietic Stem Cell
Transplantation

The largest number of published studies on the
timing of vaccination relate to this disease group.
Patients following autoHSCT are at higher risk
for invasive pneumococcal disease within the
first 12 months post-transplant, whilst the risk in
alloHSCT patients is later at 14—18 months post-
transplant or during periods of GvHD (Torda
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Fig. 7.1 Factors that influence timing of vaccination in patients with haematological malignancy

et al. 2014; Kumar et al. 2008; Youssef et al.
2007). Prior to the availability of pneumococcal
conjugate vaccine (PCV), studies evaluating
pneumococcal polysaccharide vaccine (PPV)
reported poor response rates when delivered at
18-24 months post HSCT (Giebink et al. 1986;
Storek et al. 2004; Guinan et al. 1994). Multiple
dosing did not significantly improve response
rates, with only 19% of vaccinated patients pro-
ducing a sufficient response to all measured sero-
types (Storek et al. 2004; Guinan et al. 1994).
Conjugate vaccines used for vaccination
against Haemophilus influenzae type B appear to
elicit a greater immunological response com-
pared to PPV given concurrently especially with
multiple dosing (Guinan et al. 1994). When the
pneumococcal conjugate vaccine against 7 sero-
types (PCV7) became available, it was evaluated
against PPV in a randomised trial with donors
vaccinated before transplant and to recipients,
6 months post-transplant (Kumar et al. 2007).
Receipt of PCV7 was associated with nearly nine
times the odds of achieving a serological response
(Kumar et al. 2007). Overall, 90% of patients
who received PCV7 achieved a response to at

least 1 antigen at 12 months compared to 56% in
PPV vaccinated patients and this was signifi-
cantly different (Kumar et al. 2007). The use of
PCV over PPV for initial pneumococcal vaccina-
tion started to be established. However, the
response with PCV7 was still suboptimal with
only a mean of 3 out of the 7 serotypes tested
responding (Kumar et al. 2007).

Multiple dosing of PCV7 with different sched-
ules commencing within 12 months of alloHSCT
was evaluated in children and adults and pro-
duced better responses than single dose of PCV7
(Meisel et al. 2007a; Molrine et al. 2003). In the
paediatric study involving alloHSCT from related
and unrelated donors, a schedule of three doses
of PCV7 delivered monthly commencing at
6-9 months post-transplant reported seroprotec-
tion rates against all seven serotypes of 56% fol-
lowing second vaccine dose and 74% after the
third dose (Meisel et al. 2007a). In an adult
alloHSCT study involving related HSCT, patients
received PCV7 at 3, 6 and 12 months (Molrine
et al. 2003). Nearly 65% of patients were sero-
protected against all 7 serotypes 1 month follow-
ing third vaccine dose (Molrine et al. 2003). The
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same study also noted better response rates and
higher rates of seroprotection in the early
transplant period with PCV7 vaccination in the
donor (Molrine et al. 2003).

A large multi-centre randomised trial of mye-
loablative alloHSCT by Cordonnier et al. com-
prehensively evaluated timing of a three-dose
schedule of PCV7 (monthly) followed by PPV
dose 6 months later (Cordonnier et al. 2009).
There was no significant difference in the rate of
serological response 1 month post third dose
between patients who commenced vaccination at
3 months compared to 9 months post alloHSCT
(Cordonnier et al. 2009). Rate of serological
response to all seven serotypes was 79% if com-
menced at 3 months vs. 82% if commenced at
9 months (Cordonnier et al. 2009). However, the
proportion of patients achieving serological
response (PCV7 serotypes) at 1 month post
PPV23 was significantly higher in the late vacci-
nation group (Cordonnier et al. 2009). At
24 months post-transplant, the rate of seroprotec-
tion appears to be significantly lower in patients
vaccinated early (Cordonnier et al. 2009).

In addition to conferring additional protection
against more serotypes, PPV23 dosing 6 months
later boosts response to PCV7, eliciting serologi-
cal response from 42% of PCV7 non-responders
(Cordonnier et al. 2009). One month post PPV23
vaccination, there was no significant difference in
rates of serological response to PPV-specific anti-
gens between early and late vaccination group
(Cordonnier et al. 2010b). Both groups achieved
response rates above 80% increasing breadth of
coverage from PCV7 (Cordonnier et al. 2010b).
This study provided the evidence for earlier com-
mencement of pneumococcal vaccination in the
HSCT population and the schedule of using three
monthly doses of PCV7, followed by PPV23
6 months later. PCV7 provides a robust early
response to cover increased risk, and subsequent
dose of PPV23 broadens this coverage and poten-
tially rescues non-responders.

Follow-up of 30 survivors from this pivotal
study demonstrated retention of immunity to
serotypes contained within PCV7 and PPV23
8—11 years post completion of the study

(Cordonnier et al. 2015a). There was no signifi-
cant decline in serological response rates for both
PCV7 and PPV23 antigens, remaining relatively
stable at 63-66% (Cordonnier et al. 2015a).
Long-term rates of serological response appear to
be significantly better in patients who com-
menced vaccination at 9 months post-transplant
(Cordonnier et al. 2015a). Interestingly, an addi-
tional dose of PPV23 4 to 9 years post-transplant
appears to have limited benefit (Cordonnier et al.
2015a).

A new formulation of PCV with additional
serotype coverage (PCV13) was introduced and
replaced the use of PCV7. A large multi-centre
study in alloHSCT patients evaluated the immu-
nogenicity of three doses, monthly schedule
utilising PCV13 commencing 3—6 months post
HSCT followed by fourth dose of PCV 6 months
later and PPV23 (Cordonnier et al. 2015b). After
3 doses of PCV13 commencing a median of
5 months post HSCT, this schedule resulted in
significant increases in geometric mean fold rises
in IgG geometric mean concentrations for all
vaccine serotypes with 90-98% of patients
achieving serological concentrations above
defined cut-off (Cordonnier et al. 2015b). An
additional dose of PCV13 at 6 months after the
third dose resulted in further increases to IgG
although this was similar following PPV23.
However, rates of local reaction and systemic
adverse events were higher (Cordonnier et al.
2015b). In the absence of additional risk factors
for invasive pneumococcal infection such as
GvHD, it is unclear if the fourth dose of PCV13
offers additional benefits in return for increased
side effect profile. As such, additional dose of
PCV13 (fourth dose) is only recommended in the
setting of additional risk such as GVHD.

The studies previously discussed have largely
evaluated alloHSCT following myeloablative
conditioned HSCT. In patients post non-
myeloablative (reduced intensity conditioning)
alloHSCT, serological response rate of 73% was
achieved following two doses of PCV commenc-
ing 15 months post-transplant (Meerveld-Eggink
et al. 2009). There are limited studies evaluating
timing and serological response of PCV in
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autoHSCT patients. Antin et al. evaluated the
response of autoHSCT patients to a three-dose
schedule of PCV7 delivered at 3, 6 and 12 months
following transplantation with or without
pre-transplant vaccination (prior to stem cell col-
lection) (Antin et al. 2005). Following comple-
tion of this three-dose schedule, more than 60%
of patients achieved the defined serological pro-
tection for all seven serotypes (Antin et al. 2005).
However, patients who received pre-transplant
vaccination achieved higher rates of seroprotec-
tion earlier and significantly higher geometric
mean concentrations against three vaccine sero-
types (Antin et al. 2005). A different vaccination
schedule consisting of two doses of PCV7 fol-
lowed by PCV23 at 6, 8 and 14 months post-
transplant in a mix population of patients
undergoing autoHSCT resulted in serological
response rate of 78% to serotypes in the conju-
gate vaccine (van der Velden et al. 2007). These
studies provide supporting evidence for early
commencement of vaccination post autoHSCT
with multi-dose PCV schedule, PPV23 boosting
and consideration of vaccination pre-transplant.

Due to lack of dedicated studies, additional evi-
dence to support scheduling of PCV and the use
of PPV23 following PCV in autoHSCT is extrap-
olated from studies involving alloHSCT.

Overall, the studies discussed have supported
commencement of pneumococcal vaccination
3—6 months post alloHSCT and autoHSCT. The
most commonly evaluated schedule has been
three monthly doses of PCV7, followed by
PPV23 6 months post third dose of PCV. Use of
PCV13 in place of PCV7 has been evaluated and
is now incorporated into recommendations. An
additional dose of PCV13 is recommended in the
setting of additional risk such as GvHD, whilst
the utility long-term boosting with PPV23
remains undefined. Vaccination response and
timing in non-myeloablative alloHSCT (e.g. hap-
loidentical or reduced intensity conditioning)
remain undefined and currently follow those for
myeloablative conditioning. A summary of these
recommendations can be found in Table 7.1.
Some variation exists between guidelines devel-
oped by various international bodies, and these
are summarised in Table 7.2.

Table 7.1 Summary of vaccination recommendations made in this chapter

Vaccination

Recommendations—type and timing

Pneumococcal vaccination

Haematopoietic stem
cell transplantation

Allogeneic/autologous:

PCV13

Commence vaccination at 3—6 months post HSCT
Three doses of PCV13 (monthly) followed by dose of PPV23, 6 months later
In the setting of chronic graft vs. host disease, replace PPV23 with a fourth dose of

Chronic haematological malignancies

Multiple myeloma

benefits undefined

Where possible, commence vaccination early following disease diagnosis or during
induction/maintenance therapy with immunomodulatory drugs as an alternative

One dose of PCV 13 followed by PPV23, at least 8 weeks later

For non-transplant patients, further dose of PPV23 could be considered, but long-term

For transplant eligible patients, recommendations as per HSCT

Chronic lymphocytic
leukaemia
considered

Commence vaccination early following disease diagnosis, preferably before
commencement of treatment especially if anti-CD20 or Btk inhibitor therapy being

One dose of PCV 13 followed by PPV23, at least 8 weeks later

Further dose of PPV23 could be considered, but long-term benefits undefined

Avoid vaccination during anti-CD20 antibody therapy, vaccinate >6 months following
completion of anti-CD20 therapy

Consider avoidance of vaccination during Btk inhibitor therapy

(continued)
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Table 7.1 (continued)

Vaccination

Recommendations—type and timing

Acute leukaemia

If feasible, vaccinate prior to commencement of induction chemotherapy or vaccinate
3—6 months post completion of induction chemotherapy. Vaccination during maintenance
chemotherapy appears feasible

One dose of PCV13 recommended. Based on non-leukaemic studies, a subsequent dose
of PPV23 could improve breadth of response

Lymphomas

If feasible, vaccinate at least 10—14 days prior to commencement of chemotherapy,
especially if anti-CD20 or Btk inhibitor therapy being considered

One dose of PCV13 followed by PPV23, at least 8 weeks later

Avoid vaccination during anti-CD20 antibody therapy, vaccinate 6 months following
completion of anti-CD20 therapy. Consider avoidance of vaccination during Btk inhibitor
therapy

Influenza vaccination

Haematopoietic stem
cell transplantation

Annual inactivated influenza vaccine is recommended

Vaccinate at 3—6 months post HSCT

Consider vaccination prior to 6 months in the setting of community outbreak of influenza
Consider two doses of IIV in patients who are influenza vaccine naive and in pandemic
outbreaks

High dose and adjuvant IIV require further study

Chronic haematological malignancies

Multiple myeloma

Annual inactivated influenza vaccine is recommended

Vaccination prior to or whilst not receiving chemotherapy preferable

If on chemotherapy, vaccinate between chemotherapy cycles, 7 days prior to start of next
cycle

If on chemotherapy, consider vaccination early relative to start of influenza transmission
season as immunity may take up to 3 months to mature

Consider two doses of IIV in patients who are influenza vaccine naive and in pandemic
outbreaks

Vaccination during immunomodulatory drug therapy may enhance vaccine response

Chronic lymphocytic
leukaemia

Annual inactivated influenza vaccine is recommended

Vaccination prior to or whilst not receiving chemotherapy preferable

Avoid vaccination during anti-CD20 antibody therapy, vaccinate 26 months following
completion of anti-CD20 therapy

Consider avoidance of vaccination during Btk inhibitor therapy

Consider two doses of IIV in patients who are influenza vaccine naive and in pandemic
outbreaks

Acute leukaemia

Annual inactivated influenza vaccine is recommended

Vaccination prior to or whilst not receiving chemotherapy preferable

Vaccination during maintenance chemotherapy is feasible

If on chemotherapy, vaccinate between chemotherapy cycles, 7 days prior to start of next
cycle

If on chemotherapy, consider vaccination early relative to start of influenza transmission
season as immunity may take up to 3 months to mature

Consider two doses of IIV in patients who are influenza vaccine naive and in pandemic
outbreaks

Lymphomas

Annual inactivated influenza vaccine is recommended

Vaccination prior to or whilst not receiving chemotherapy preferable

If on chemotherapy, vaccinate between chemotherapy cycles, 7 days prior to start of next
cycle

If on chemotherapy, consider vaccination early relative to start of influenza transmission
season as immunity may take up to 3 months to mature

Avoid vaccination during anti-CD20 antibody therapy, vaccinate 26 months following
completion of anti-CD20 therapy

Consider avoidance of vaccination during Btk inhibitor therapy

Consider two doses of IIV in patients who are influenza vaccine naive and in pandemic
outbreaks

HSCT, haematopoietic stem cell transplant; GvHD, graft vs. host disease; Btk, Bruton’s tyrosine kinase; PCV13, pneu-
mococcal conjugate vaccine against 13 serotypes; PPV23, pneumococcal polysaccharide vaccine against 23 serotypes;

11V, inactivated influenza vaccine
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7.3.2 Chronic Haematological
Malignancies

7.3.2.1 Multiple Myeloma

Patients with MM are at increased risk for arange
of encapsulated bacterial infection (Teh et al.
2014). Invasive pneumococcal infection remains
a significant infection in the era of immunomod-
ulatory drugs and proteasome inhibitor therapy
for MM (Teh et al. 2014). Streptococcus pneu-
moniae comprised 18% of blood stream infection
isolates during induction therapy, 12% during
disease progression and 14% in patients not eli-
gible for autoHSCT (Teh et al. 2017a).

When conventional chemotherapy was the
standard of care for MM, vaccination with PPV
produced modest responses with 30-60% of
patients responding to the vaccine (Chapel et al.
1994; Lazarus et al. 1980). In one of the earliest
studies evaluating vaccine responses in MM
patients, PPV vaccination in patients with a
median of 30 months following diagnosis resulted
in a response rate of only 30% (Lazarus et al.
1980). However, prior to vaccination, half the
subjects received chemotherapy within 6 weeks,
whilst the remainder had chemotherapy more
than 12 weeks prior to vaccination (Lazarus et al.
1980). Vaccination with PPV at a median of
15 months post diagnosis resulted in significant
increases in antibody concentration in all vaccine
serotypes, but these levels waned after 18 months
(Birgens et al. 1983). In a later study by Chapel
et al., 57% of patients vaccinated 15—-18 months
following diagnosis, during plateau phase of MM
achieved a good serological response (Chapel
et al. 1994). When evaluated against serological
antibody concentrations achieved by a general
population, only 40% of MM patients reached a
protective titre following a single dose of PPV
delivered very early after chemotherapy or
autoHSCT (Robertson et al. 2000).

When it became available, PCV was evaluated
in an effort to improve responses in patients with
MM. Vaccination responses achieved by a single
dose of PCV was compared with PPV in a small
cohort of 24 MM patients (Karlsson et al. 2013).
Approximately 60% of patients who received
PCV7 achieved the serological cut-off for all

seven serotypes. Although this was not signifi-
cantly different from patients who received PPV,
the combined antibody fold increases was higher
in the PCV-vaccinated patients (Karlsson et al.
2013). In this study, ongoing therapy was associ-
ated with poor responses (Karlsson et al. 2013).
A single dose of PCV 13 at a median of 30 months
since MM diagnosis achieves comparable sero-
logical response to most vaccine serotypes to
normal health control patients (Mustafa et al.
2018). However, a lower proportion of respond-
ers maintained responses at 6 months compared
to controls, highlighting the likely need for
booster dose (Mustafa et al. 2018).

In contrast to vaccination responses during
treatment with conventional chemotherapy, two
doses of PCV7 given concomitantly with lenalido-
mide, an immune modulatory drug augments PCV-
specific humoral and cellular immune responses
(Noonan et al. 2012). Delivery of vaccination con-
currently with immune modulatory drug treatment
is safe (Pandit et al. 2018; Palazzo et al. 2018). This
suggests pneumococcal vaccination could be timed
with induction or maintenance therapy with immu-
nomodulatory drugs to enhance expected response
to vaccination. The use of PCV13 in three monthly
doses with PPV23 boosting, starting at 12 months
post autoHSCT in a group of MM patients mostly
on lenalidomide maintenance, resulted in a
response rate of 58% (Palazzo et al. 2018).

These studies support the observation that
response rates to single dose of PPV are modest
in patients with MM and not durable. PCV vac-
cination produces comparable responses to
healthy controls but likely require additional
doses to maintain responses. Optimal timing of
pneumococcal vaccination has not been evalu-
ated in patients with MM. Vaccination in these
studies has occurred following a significant dura-
tion of disease. Pneumococcal vaccination during
a period of stable controlled disease, concur-
rently with immunomodulatory drugs or with
greater time separation from active conventional
chemotherapy, may result in a better response.
However, this needs to be balanced with the need
to cover periods of increased risk.

Patients with MM should receive a dose of
PCV13 early following disease diagnosis to
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ensure mitigation of risk for invasive pneumo-
coccal infection during this period of high dis-
ease burden. For non-transplant eligible patients,
this should preferably be delivered prior to com-
mencement of therapy, or alternatively during
induction or maintenance therapy with immuno-
modulatory drugs. A subsequent dose of PPV23
should be considered to improve the breadth and
duration of response. For transplant eligible
patients, an early dose of PCV13 at disease diag-
nosis or prior to transplant could serve to enhance
post-transplant immunity. Following autoHSCT,
recommendations should be three doses of
PCV13 commencing 3—6 months post-HSCT and
a dose of PPV23 6 months later as previously dis-
cussed. This approach is supported by interna-
tional guidelines with variable recommendations
with regards to the need for and frequency of
PPV23 following PCV13 (Table 7.2). Little guid-
ance is provided by these guidelines with regards
to the optimal timing of initial PCV dose.

7.3.3 Chronic Lymphocytic
Leukaemia

Patients with CLL are at increased risk for inva-
sive pneumococcal infection with hypogamma-
globulinaemia a contributing factor (Morrison
2010). With intravenous immunoglobulin
replacement, there is some amelioration of risk
(Morrison 2010; Teh et al. 2018). In the era
prior to the routine use of chemo-immunothera-
peutic regimens incorporating rituximab, the
response rates of patients with CLL to PPV23
vaccination ranged from 12 to 20% (Hartkamp
et al. 2001; Van der Velden et al. 2007). Varying
definitions of serological response were used in
these studies. Whilst response rates are low,
vaccination with PPV23 resulted in at least
50-60% of patients achieve seroprotection
against pneumococcal strains (Hartkamp et al.
2001; Van der Velden et al. 2007). The majority
of patients in these studies were not on therapy
and had early-stage disease and were vaccinated
a median of 40-49 months following disease
diagnosis (Hartkamp et al. 2001; Van der Velden
et al. 2007).

Conjugate vaccines were evaluated in patients
with CLL in hope of achieving better responses.
The use of PCV7, a median of 2 years post diag-
nosis, in a largely untreated CLL patient group
resulted in significant increases in antibody con-
centration against vaccine serotypes but only
29% achieved a significant response to at least six
serotypes (Sinisalo et al. 2007). With PCV13, a
higher proportion of patients (58%) achieved an
adequate response (Pasiarski et al. 2014). In this
study, patients have not received treatment for
CLL and had early-stage disease (Pasiarski et al.
2014).

When compared head to head, PCV13 pro-
duced better and more durable responses. It was
evaluated against PPV23 in a randomised trial of
untreated CLL patients, stratified for stage of dis-
ease and IgG levels (Svensson et al. 2018).
Median time from disease diagnosis was
31 months (Svensson et al. 2018). Patients vacci-
nated with PCV13 achieved significantly higher
geometric mean titres against a majority of vac-
cine serotypes and it remained significantly higher
at 6 months post vaccination (Svensson et al.
2018). A significantly higher proportion of
patients vaccinated with PCV13 achieved a posi-
tive immunological response (41%) compared to
PPV23 vaccinated patients (Svensson et al. 2018).
Shorter duration of disease and absence of hypo-
gammaglobulinaemia was associated with better
vaccination response (Svensson et al. 2018).

As discussed previously, anti-CD20 therapy
rituximab negatively impacts response to influ-
enza and pneumococcal vaccination, especially
when vaccination occurs within 6 months of
rituximab therapy (Berglund et al. 2014;
Bedognetti et al. 2011; Ide et al. 2014). Evaluation
of PPV23 involving a substantial proportion of
CLL patients previously treated with rituximab
(more than 12 months previously) reported a low
serologic response rate of 10% despite the major-
ity of patients having stable disease or being in
remission (Safdar et al. 2008). Patients treated
with fludarabine and anti-CD52 (alemtuzumab)
within the last 12 months were excluded from
this study (Safdar et al. 2008). New targeted ther-
apies such as Btk inhibitors also appear to nega-
tively impact vaccination responses to PCV
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(Andrick et al. 2017). Strategies to enhance
response to PPV with the use of histamine
blocker and granulocyte-macrophage colony-
stimulating factor were unsuccessful (Van der
Velden et al. 2007; Safdar et al. 2008).

Critically, patients with shorter duration of
disease, less advanced stages of CLL, higher IgG
levels and less prior lines of therapy had better
responses to both PPV and PCV vaccination
(Hartkamp et al. 2001; Sinisalo et al. 2007;
Pasiarski et al. 2014; Svensson et al. 2018).
PCV13 produced better immunological response
of longer duration compared to PPV23 (Svensson
et al. 2018). Therefore, pneumococcal vaccina-
tion with PCV13 in patients with CLL should be
delivered early following disease diagnosis, prior
to progression of disease, development of hypo-
gammaglobulinaemia and commencement of
anti-CD20 antibody therapy. If a patient is cur-
rently receiving anti-CD20 antibody-based ther-
apy for CLL or Btk inhibitor, deferring
vaccination until 6 months post completion of
therapy should be considered. Based on data
extrapolated from non-CLL studies, vaccination
with PCV13 followed by PPV23 could be con-
sidered to boost and broaden breadth of immune
response.

7.3.4 Acute Leukaemia
and Lymphomas

Patients who are receiving or have completed
curative therapy for acute leukaemia, NHL and
Hodgkin’s lymphoma (HL) are at increased risk
for invasive pneumococcal infection with substan-
tial mortality rates due to significantly low levels
of pneumococcal serotype-specific antibodies
(Meisel et al. 2007b; Lehrnbecher et al. 2009;
Wong et al. 2010). This deficiency can persist for
up to 9 months (Lehrnbecher et al. 2009). Patients
with acute lymphoblastic leukaemia or acute
myeloid leukaemia have up to 12 times the risk
compared to the general population whilst patients
with NHL or HL have about six times the risk
(Wong et al. 2010). Splenectomy, if performed for
management of HL, contributes additional risk
(Theilacker et al. 2016; Cherif et al. 20006).

7.3.5 Acute Leukaemia

Pneumococcal vaccination has been evaluated
to reduce risk in these patients. A single dose of
PPV produced suboptimal responses of limited
duration when used in paediatric patients with
ALL, largely delivered within 6 months of
induction chemotherapy (Feldman et al. 1985).
In contrast, two monthly doses of PCV7 in a
cohort consisting mostly of patients with ALL
and AML resulted in 86-100% of patients
achieving seroprotection against seven vaccine
serotypes (Cheng et al. 2012). Half the patients
were vaccinated at a median of 6 months post
completion of therapy, whilst the remainder
were still on maintenance therapy for ALL
(Cheng et al. 2012).

The use of a single dose of PCV13 was evalu-
ated in two cohorts of patients consisting mostly
of paediatric patients with AML and ALL; one
cohort consisted of patients still receiving active
immunosuppressive therapy and the other com-
pleted immune suppressive therapy within the
last 12 months (Hung et al. 2017). Over half the
patients in both cohorts had previously received
either PCV7 or PCV13. Both groups had more
than 70% of patients achieving protective anti-
body titres, but a significantly higher proportion
of patients vaccinated after completing chemo-
therapy mounted an effective serological response
and protective antibody titres to PCV13 sero-
types (Hung et al. 2017).

Vaccinating prior to commencement of che-
motherapy in patients with acute leukaemia and
aggressive NHL is often not feasible due to the
urgent need to commence treatment for disease
control. Based on these studies, revaccination of
patients with AML and ALL with a single dose
of PCVI13 produces a robust serological
response and should be timed at 6—12 months
post completion of induction chemotherapy for
optimal response. To minimise risk period for
infection, revaccination could be delivered as
early as 3 months post completion of chemo-
therapy based on data from studies evaluating
vaccination schedules for other conjugate vac-
cines in the ALL cohort (Lehrnbecher et al.
2011) (Table 7.1).
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7.3.6 Lymphomas

PPV vaccination in patients with HL produced
serological response comparable to health con-
trols if delivered prior to commencement of treat-
ment including splenectomy (Frederiksen et al.
1989). The interval between vaccination and
commencement of chemotherapy correlated with
vaccine response and time separation of less than
10-14 days was associated with poorer response
(Siber et al. 1986). Multiple dosing of PPV23,
guided by antibody levels, achieved serological
responses in splenectomised HL patients that
were comparable to patients who had trauma-
related splenectomies (Landgren et al. 2004).
However, 50% of patients with HL received their
PPV23 dose before splenectomy, and the major-
ity of these patients were not PPV naive. A third
of patients received one dose of PPV23, whilst
the remainder received two or more doses
(Landgren et al. 2004). A related study of HL and
NHL utilising a similar approach noted a good
response in 72% of patients with first vaccine
dose, a median of 2 years post chemotherapy
(Cherif et al. 2006).

Interestingly, use of PCV7, a median of
9 years, since HL diagnosis was associated with
lower geometric mean antibody than PPV23
(Molrine et al. 1995). However, most of the
patients have previously received PPV vaccina-
tion (Molrine et al. 1995). The same investigators
proceeded to evaluate an approach of utilising
PCV7 to prime the patient, followed by a dose of
PPV23 and compared it to PPV23 vaccination
alone (Chan et al. 1996). Patients with HL in this
study had completed therapy and remained in
remission. Patients who received PCV7 followed
by PPV23 had significantly higher levels of geo-
metric mean antibody concentrations for key vac-
cine serotypes (Chan et al. 1996). This study
provided the early evidence for sequencing PCV
prior to PPV to prime and improve serologic
responses to pneumococcal vaccination.

Available studies of pneumococcal vaccina-
tion in patients with HL support vaccination prior
to commencement of chemotherapy and the use
of PCV13 followed by PPV23. Ideally, this
should be at least 10—14 days prior to commence-

ment of chemotherapy. If vaccination prior to
chemotherapy is not feasible logistically, vacci-
nation post completion of treatment in the setting
of disease remission is a reasonable alternative
(Table 7.1).

In a heterogeneous group of solid tumour,
NHL and HL patients, the proportion of patients
achieving a protective antibody levels was not
different to control group following a single dose
of PPV23 (Nordoy et al. 2002). Half the patients
were not receiving active chemotherapy within
the 4 months of vaccination (Nordoy et al. 2002).
A single dose of PPV23 in a small group of sple-
nectomised patients with NHL prior to chemo-
therapy resulted in similar antibody levels with a
control group who underwent splenectomy for
other reasons (Petrasch et al. 1997).
Approximately, 45% of patients achieved a sero-
logical response to the single dose of PPV
(Petrasch et al. 1997).

Howeyver, these studies were conducted in the
era prior to the use of rituximab-based therapies.
As outlined previously, concurrent use of anti-
CD20 antibody rituximab has been shown to
negatively impact responses to influenza vaccina-
tion, and vaccination within 6 months of comple-
tion of rituximab is generally avoided. Therefore,
patients with NHL should ideally be vaccinated
prior to the commencement of treatment, espe-
cially if the use of rituximab-based therapy is
being considered. Based on data from HL, vac-
cination with PCV13 followed by PPV23 would
be a reasonable approach for patients with NHL
(Table 7.2). Recommendations for patients with
high-grade NHL, who proceed to HSCT, are cov-
ered under the previous sections.

7.4  Influenza Vaccination

Timing of influenza vaccination is largely driven
by the peak periods of infectivity and transmis-
sion of influenza, which occurs mainly in winter
in temperate countries but more commonly all
year-round in tropical countries (Azziz
Baumgartner et al. 2012; Englund 2001).
Influenza season lasts for an average of 4 months
(Azziz Baumgartner et al. 2012). In addition,
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patients treated for haematological disorders at
greater risk during pandemic outbreaks of influ-
enza (Tramontana et al. 2010). Most studies of
influenza vaccination in haematology patients
have largely focussed on vaccine formulations or
approaches to improve overall vaccine responses.

7.4.1 Haematopoietic Stem Cell

Transplantation

Infection with influenza virus contributes to sig-
nificant morbidity and mortality in HSCT
patients. Of patients with respiratory symptoms,
influenza virus is responsible for up to 30% of
cases (Whimbey et al. 1994). Often, they present
with lower respiratory tract involvement, and the
mortality rate is as high as 25% (Englund 2001).
Invasive aspergillosis can be a co-infection or
complication of influenza virus infection (Nichols
et al. 2004). Vaccination with inactivated influ-
enza vaccine (IIV) has been shown to reduce
development of pneumonia and risk for ICU
admission (Kumar et al. 2018). Early acquisition
of influenza virus infection post HSCT is a risk
factor for progression to lower respiratory tract
infection (Nichols et al. 2004). However, ongo-
ing immune reconstitution will impact response
to influenza vaccination.

Most studies evaluating influenza vaccination
in HSCT patients have utilised serological end-
points of seroprotection or seroconversion against
strains of influenza as the outcome of interest.
There is a significant association between sero-
logical response and timing of influenza vaccina-
tion with better rates of seroprotection and
seroconversion seen with increasing time interval
between HSCT and vaccination (Engelhard et al.
1993; Avetisyan et al. 2008; Mohty et al. 2011).
The optimal period appears to be more than
6 months post HSCT for alloHSCT patients.

Vaccination at a median of 9 months post-
transplant resulted in a significant increase in
influenza-specific immune cells, with higher
increases seen in patients vaccinated after
6 months (Avetisyan et al. 2008). Overall rate of
seroprotection was only 29% to HIN1 and 0% to
H3N3 and B strains (Avetisyan et al. 2008). In a

mixed group of HSCT patients vaccinated mostly
within 4-12 months post HSCT, a similar
response rate of 29-34% to different influenza
strains was noted (Pauksen et al. 2000). Use of
GM-CSF appear to improve response rates for
influenza B in the early vaccination group
(Pauksen et al. 2000). Vaccination within
6 months of HSCT appears to be ineffective
(Engelhard et al. 1993). When delivered 6 months
or more following HSCT, influenza vaccine effi-
cacy was high at 80% (Machado et al. 2005b).
Seroprotection rates of up to 100% and serocon-
version rates ranging from 50 to 60% for three
influenza virus strains when patients were vacci-
nated 648 months after HSCT (Yalcin et al.
2010).

During the HIN1 influenza pandemic, a num-
ber of studies were conducted to evaluate type,
approach and timing of vaccination against the
HINI1 strain. Both monovalent ASO3-adjuvanted
and non-adjuvanted HIN1/A/09 vaccines were
evaluated, and this may limit generalisability of
findings to the seasonal trivalent influenza vac-
cine. However, rates of seroprotection and sero-
conversion remained significantly associated
with duration between vaccination and HSCT
with higher responses seen with increasing time
separation (Mohty et al. 2011; Issa et al. 2011;
Roll et al. 2012). One of the highest rates of sero-
protection was seen in patients vaccinated
between 6 and 12 months post HSCT (Issa et al.
2011). In some studies, GVHD and use of ritux-
imab were associated with poorer responses
(Mohty et al. 2011; Issa et al. 2011; Roll et al.
2012; Villa et al. 2013).

In alloHSCT, a single dose of non-adjuvanted
and ASO3-adjuvanted HIN1/A/09 influenza vac-
cine produced relatively similar rates of
seroprotection when vaccination occurred after
6 months post-transplant. A single dose of the
non-adjuvanted HIN1/A/09 influenza vaccine
was associated with a seroprotection rate of 50%
when delivered a median of 9 months following
HSCT (Issa et al. 2011). With a single dose of the
ASO3-adjuvanted vaccine, seroprotection rates
of 42% were noted when alloHSCT patients were
vaccinated a median of 15 months following
transplant (Roll et al. 2012).
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As the pandemic progressed, studies evaluat-
ing the utility of multiple dosing to improve vac-
cine responses started to emerge. In alloHSCT
patients, the seroprotection rate was 53% after
the first dose of the adjuvanted vaccine and 66%
following the second dose (Dhedin et al. 2014).
This was similar to the seroprotection rate
achieved by patients infected with HIN1/09
influenza (Dhedin et al. 2014). The first dose was
delivered a median of 14 months post-transplant
(Dhedin et al. 2014).

Discordant results were noted in a mixed
group of autoHSCT and alloHSCT patients and
were vaccinated with two doses of the ASO3-
adjuvanted HIN1/A/09 influenza vaccine sepa-
rated by 3-4 weeks, at relatively similar time
periods. Two doses of the vaccine given
3—4 weeks apart produced a seroprotection rate
of 44% after the first dose and 49% after the sec-
ond dose (Engelhard et al. 2011). Of those that
did not response with the first dose, 28% achieved
seroprotection after the second dose (Engelhard
et al. 2011). AlloHSCT and autoHSCT patients
were vaccinated at a median of 34 and 20 months
following transplant, respectively (Engelhard
etal. 2011). In contrast, two other studies reported
much higher rates of seroprotection. Mohty et al.
reported rates of seroprotection and seroconver-
sion of 84% following two doses, similar to a
single dose in healthy controls when delivered at
a median of 30 months following alloHSCT
(Mohty et al. 2011). Gueller et al. reported simi-
larly high rates of seroprotection at 53 and 91%
after one and two doses of the adjuvant vaccines,
respectively (Gueller et al. 2011). Patients were
vaccinated with a mean of 20 months following
transplant (Gueller et al. 2011).

In the non-pandemic setting, two doses of the
standard IIV in alloHSCT achieved seroprotec-
tion rate of 19-32% after the first dose with rates
relatively unchanged after the second dose
(Karras et al. 2013). Patients were immunised at
a median of 11 months following transplantation.
In line with earlier studies, vaccination responses
were better especially against H3N2 strain in
patients vaccinated 12 months or more post-
transplant (Karras et al. 2013). A similar rate of
seroprotection of around 30% was achieved with

pre-transplant IIV immunisation, followed by
post-transplant IIV immunisation at 6 months
(Ambati et al. 2015).

More recently, different formulations of 1TV
have been evaluated in an effort to improve vac-
cination responses in HSCT. Halasa et al. evalu-
ated the use of high dose IIV compared to
standard dose IIV (Halasa et al. 2016). When
delivered at a median of 8 months after HSCT,
high dose II'V was associated with a significantly
higher seroprotection rate compared to standard
dose IIV. Rates of seroprotection for HIN1 were
high at 57-69% for both groups and around 40%
for influenza B (Halasa et al. 2016). The use of
MF59 adjuvanted IIV was evaluated by Natori
et al. against standard IIV (Natori et al. 2017).
Compared to high dose IV, vaccination occurred
later, at a median of 12 months after transplanta-
tion. Seroprotection rates were similar with both
vaccine groups and were relatively high at
57-72% depending on influenza strain (Natori
et al. 2017). In line with other studies, improved
response was associated with increasing duration
from transplantation. Interestingly, the MF59
adjuvanted II'V appears to have a greater impact
on patients vaccinated later (Natori et al. 2017).

The studies outlined above have utilised sero-
logical endpoints of seroprotection or serocon-
version against strains of influenza as the outcome
of interest. Pinana et al. conducted a prospective
study observation study over five seasons evalu-
ating the clinical efficacy of IIV vaccination in
alloHSCT (Pinana et al. 2018). Different donor
types were evaluated, and patients received vac-
cination at least 3 months post HSCT (Pinana
et al. 2018). A significantly lower rate of proven
influenza virus infection, lower progression to
lower respiratory tract disease and hospital
admission were noted (Pinana et al. 2018).

A major factor in determining timing of vac-
cination against seasonal influenza is peak trans-
mission period in the year. Improved influenza
vaccination responses with increasing duration
between HSCT and vaccination need to be bal-
anced with the need for repeated annual influenza
vaccination due to regular updates to vaccine
strain composition to match antigenic drift
(Grohskopf et al. 2018).
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Based on the relatively high rates of seropro-
tection achieved in previously discussed studies,
vaccination with single dose of IV is recom-
mended at least 6 months following HSCT and
should be repeated annually. Two doses separated
by 3—4 weeks commencing at least 6 months fol-
lowing HSCT should be considered if the patient
is influenza vaccine naive based on data from
studies during the HIN1/09 influenza pandemic.
Although studies with serological endpoints do
not support earlier commencement of vaccina-
tion, the observational study by Pinana et al. sug-
gests vaccination at earlier period of 3 months
post HSCT is clinically effective (Table 7.1).
Recommendations from various international
bodies are summarised in Table 7.2.

7.4.2 Haematological Malignancies

Influenza virus is responsible for infection in
15-30% of symptomatic adult patients with leu-
kaemia and other haematological malignancies
(Teh et al. 2015b; Yousuf et al. 1997; Elting et al.
1995). It involves the lower respiratory tract in up
to 80% of cases and is associated with high mor-
tality rates of 30% (Teh et al. 2015b; Yousuf et al.
1997; Elting et al. 1995).

IV offers the main protection against influ-
enza virus infection. In a patient group consisting
of patients with chronic lymphoproliferative dis-
orders (CLL, MM, NHL, HL), a single dose of
trivalent IIV achieved a seroprotection rate of
more than 60% against all influenza strains
(Rapezzi et al. 2003). Most of the patients with
CLL in this study had early-stage disease and
were not on treatment (Rapezzi et al. 2003). In
contrast, lower rates were reported by Ljungman
et al. in a diverse group of patients with disorders
that did not include patients with CLL (Ljungman
et al. 2005). The seroprotection rates were
16-26% against vaccine strains after a single
dose with marginal improvement following a
second dose (Ljungman et al. 2005). Our under-
standing of the efficacy and timing of influenza
vaccination in patients with chronic haematologi-
cal malignancies such as MM, acute leukaemia
and lymphoma was advanced by studies con-

ducted during the HIN1/09 influenza pandemic.
Due to the novelty of this influenza strain, exist-
ing rates of seroprotection were low, and the
impact of IIV vaccination could be better
assessed.

Mariotti et al. evaluated the impact of a single
dose of an MF59-adjuvanted HIN1/09 influenza
vaccine in heterogeneous group of patients con-
sisting of patients with MM, lymphoma and leu-
kaemia (Mariotti et al. 2012). A third of patients
were on immunomodulatory or proteasome
inhibitor therapy, mostly for MM. Overall, the
rate of seroprotection 28 days after vaccination
was 75%, and it peaked at 86% at 90 days
(Mariotti et al. 2012). Higher rate of seroprotec-
tion of 93% was seen in patients vaccinated off
treatment compared to patients still receiving
treatment (Mariotti et al. 2012). For patients on
treatment, vaccination occurred between cycles
of chemotherapy, 7 days prior to the commence-
ment of the next cycle (Mariotti et al. 2012).
Others have also reported higher likelihood of
seroconversion when patients are vaccinated
between chemotherapy cycles (Mackay et al.
2011).

This study also established the temporal evo-
lution of immunity to influenza vaccination.
Rates of seroprotection continued to improve at
day 50 and 90 post vaccination, especially in
patients still receiving treatment (Mariotti et al.
2012). This reflects delayed development of pro-
tective immunity in patients on cancer treatment
and suggests that these patients could be vacci-
nated earlier relative to the start of influenza sea-
son. Compared to patients with lymphoma, MM
patients achieve better seroprotection rates with
vaccination (Mariotti et al. 2012). In line with
other studies, this could be aided by concurrent
immunomodulatory drug therapy (Noonan et al.
2012).

In contrast, a single dose of ASO3-adjuvanted
HINI1/A/09 influenza vaccine in a group of
patients with lymphoproliferative disorders (MM,
CLL, NHL, HL) including small proportion post
autoHSCT resulted in a seroprotection rate of
only 35% (Villa et al. 2013). The group that
received a second dose 3—4 weeks achieved a
marginally higher rate of 40% (Villa et al. 2013).
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It should be noted that a third of patients had
received three or more lines of chemotherapy, and
up to 40% of patients were receiving rituximab-
based therapy (Villa et al. 2013). Similar low
seroprotection rates after a single dose of this vac-
cine has been reported (Mackay et al. 2011).

Multiple dosing of this vaccine was evaluated
by de Lavallade et al. in patients with B cell
malignancies (CLL, NHL, HL), chronic myeloid
leukaemia and 6 months post alloHSCT (de
Lavallade et al. 2011). Following the first dose,
rates of seroprotection were 39%, 85% and 46%,
respectively (de Lavallade et al. 2011). This
increased significantly to 68% and 73% in
patients with B cell malignancies and alloHSCT,
respectively, highlighting the benefit of dose of
the second vaccine in certain key haematology
disease groups (de Lavallade et al. 2011). A
slightly higher rate of 81% against HIN1 sero-
type was noted in a different diverse group of
haematological patients including HSCT follow-
ing two doses of ASO3-adjuvanted HIN1/A/09
influenza vaccine (Cherif et al. 2013). The addi-
tion of trivalent IIV following two doses of the
adjuvanted IIV resulted in a seroprotection rate
of 40-76% for the three influenza strains covered
(Cherif et al. 2013).

These studies suggest that during outbreaks of
influenza, two doses of adjuvanted IIV specific to
the causative strain can result in reasonably high
rates of seroprotection for B cell and HSCT
patients. It also provides some supportive evi-
dence for consideration of two doses of IIV in
influenza vaccine naive patients with haemato-
logical disease. Where possible, patients should
be vaccinated whilst off treatment or in between
cycles of treatment, 7 days prior to the next cycle.
Early vaccination could be considered for patients
receiving chemotherapy as immune responses
may not fully mature until 2-3 months later
(Table 7.1). Annual revaccination is encouraged
due to antigenic drift (Grohskopf et al. 2018).

7.4.3 Multiple Myeloma

Over the years, a few studies have focussed on
specific diseases such as MM. Patients with MM
appear to be at higher risk and experience greater

morbidity from influenza virus infection com-
pared to other disease groups (Tramontana et al.
2010). In the era of conventional chemotherapy
for MM, serologic responses to trivalent ITV vac-
cination was poor with only 19% of patients
achieving seroprotection (Robertson et al. 2000).
Despite the low rates of serological response,
vaccination with ITV appears to have a clinical
impact with significantly lower rates of respira-
tory tract infection, hospitalisation and duration
of febrile respiratory episodes (Musto and
Carotenuto 1997).

The standard of care for patients with MM
has shifted to the use of immunomodulatory
drugs and proteasome inhibitors (Teh et al.
2014). A recent study demonstrated similarly
low seroprotection rate of 15% against all three
strains after one dose of trivalent IIV, but this
significantly improved to 31% after the second
dose (Hahn et al. 2015). MM patients in this
study were heavily treated with over half having
had two or more autoHSCT (Hahn et al. 2015).
Due to associated morbidity and mortality,
annual IIV vaccination is recommended for
patients with MM prior to commencement of
influenza transmission season.

7.4.4 Chronic Lymphocytic
Leukaemia

When evaluated in patients with CLL, two doses
of the trivalent IIV elicited a seroprotective
response in 53% of patients (Bucalossi et al.
1995). A significantly higher response was seen
in patients with lower stage disease (Bucalossi
et al. 1995). In CLL patients largely with higher
stage disease, the seroconversion and seroprotec-
tion rates were 30% or lower after two doses (van
der Velden et al. 2001). These rates were seen
prior to the introduction of anti-CD20-based che-
moimmunotherapy and Btk inhibitors. The
impact of rituximab on influenza vaccine
responses has been seen predominantly in studies
involving patients with NHL, but this can be
extrapolated to patients with CLL (Ide et al.
2014; Yri et al. 2011; Mackay et al. 2011).
When non-treatment naive patients with CLL
were vaccinated with trivalent II'V whilst on ibru-
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tinib, the rates of seroconversion as low as 7%
with relatively little change to rates of seropro-
tection from pre-vaccination levels for most
influenza strains (Douglas et al. 2017; Sun et al.
2016). This is possibly due to the impact of ibru-
tinib as nearly 90% of patients vaccinated had no
previous anti-CD20 antibody therapy in the last
12 months (Douglas et al. 2017). However, these
findings will have to be validated in larger studies
to fully determine the impact of ibrutinib on vac-
cination responses in patients with newly diag-
nosed and previously treated disease and optimal
timing of IIV vaccination. As II'V vaccination is
associated with low morbidity, its use could still
be considered in ibrutinib-treated patients. It
should not be relied on in isolation for prevention
and management of influenza in CLL patients
(Teh et al. 2018).

This suggests that patients with CLL should
be vaccinated early prior to commencement of
therapy, taking into account influenza transmis-
sion season. Whilst IV vaccination could be con-
sidered due to low morbidity associated with this
vaccine, patients receiving anti-CD20 monoclo-
nal antibody therapy are unlikely to respond
effectively to IIV and other measures such as
antiviral prophylaxis in the setting of exposure to
proven influenza or early treatment of influenza-
like illnesses.

7.4.5 Acute Leukaemia

There are limited studies evaluating the utility of
vaccination in patients with acute myeloid leu-
kaemia. In a small study of 10 AML patients vac-
cinated with a single dose of TIV 9 months
following completion of chemotherapy reported
a seroconversion rate of 20% to one or more
influenza strains (Goswami et al. 2017).
Recommendation for annual IIV vaccination
3-6 months post completion of chemotherapy
has largely been extrapolated from studies involv-
ing high-intensity treatments for haematological
diseases and HSCT.

Patients with ALL vaccinated with single dose
of trivalent IIV prior to commencement of che-
motherapy achieved a significant increase in rates
of seroprotection from 43 to 73% (Wong-Chew

et al. 2012). Vaccination with single dose of triva-
lent IIV during ALL maintenance therapy
achieved similar rate of seroprotection 43-63%
for HIN1 and H3N2 influenza strains and sero-
conversion rates of 41-56% (Shahgholi et al.
2010) demonstrating maintenance of efficacy if
vaccinated during therapy.

During the HIN1/09 pandemic, vaccination of
ALL patients on induction or maintenance che-
motherapy with two doses of the ASO3-
adjuvanted vaccine produced a seroconversion
rate of 26% (Leahy et al. 2013). Adult dosing was
associated with a better response (Leahy et al.
2013). In contrast, two doses of HIN1/09 vaccine
in a mixed group of leukaemia and lymphoma
patients during chemotherapy resulted in a higher
seroconversion rate of 50% and seroprotection
rate of 72% (Hakim et al. 2012). The use of high-
dose trivalent IIV did not result in higher
responses compared to standard dose trivalent
IV in ALL patients mostly on maintenance ther-
apy (McManus et al. 2014). Both groups achieved
seroconversion rates of 25-46% to influenza A
vaccine strains (McManus et al. 2014).

To minimise morbidity, mortality and delays
to treatment, annual IIV immunisation is recom-
mended in patients with acute leukaemia.
Vaccination should be timed prior to commence-
ment of chemotherapy or during maintenance
phase of treatment. Based on studies during the
HIN1/09 pandemic, two doses of IIV vaccine
maybe beneficial.

7.4.6 Lymphomas

The response of patients with NHL and HL to
ITV vaccination has been variable across studies.
The heterogeneity of time periods, patient popu-
lation and types of treatment limits direct com-
parison across studies. During treatment with
combination chemotherapy, rate of serologic
response of 41-49% across three influenza strains
was achieved with two ITV doses (Lo et al. 1993).
The level of seroprotection achieved by one dose
of ITV was 38% (Nordoy et al. 2002). In contrast,
a single dose of IIV in NHL resulted in slightly
higher response rates of 47-69% and seroprotec-
tion rates of 60-69% (Brydak et al. 2006). The
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absence of treatment was associated with higher
rates of response and protection (Brydak et al.
2006).

In a large multi-centre study across two influ-
enza seasons, patients with NHL were immun-
ised with a single dose of IIV (Centkowski et al.
2007). Half the patients were treatment naive and
very small number of patients received rituximab
therapy. Seroresponse and seroprotection rates
1 month following II'V vaccination were 71-94%
and 68-84%, respectively, and were comparable
to healthy controls (Centkowski et al. 2007). This
illustrates a robust response with high rates of
protection to II'V is achievable in patients with
NHL. Where possible, patients with NHL should
be vaccinated prior to commencement of chemo-
therapy or whilst not on treatment.

With increasing use in NHL management, the
negative impact of rituximab-based therapy on
responses to influenza vaccination was better
understood (Ide et al. 2014; Mackay et al. 2011).
This effect appears to be mediated through deple-
tion of memory B cells (Bedognetti et al. 2011).
In contrast to rates of seroconversion and sero-
protection of 40-70% normally seen in NHL
patients following IV, none of the patients vac-
cinated with single dose ASO3-adjuvanted IIV
vaccine underwent seroconversion if they are
receiving rituximab or have received rituximab in
the previous 6 months (Mackay et al. 2011). The
rate of seroprotection was low at 0-9% (Yri et al.
2011; Mackay et al. 2011).

Similar findings were noted even with the use
of two doses of HIN1/09 influenza vaccine with
9% seroconversion rate, and no patients achieved
seroprotection (Ide et al. 2014). Patients recently
treated with rituximab continued not to respond
to vaccination despite employment of a multi-
dose strategy consisting of two doses of ASO3-
adjuvanted HIN1/A/09 IV followed by trivalent
IV (Berglund et al. 2014). After the trivalent IIV,
no patients treated with rituximab within last
6 months achieved seroconversion to either the
HINI or seasonal influenza vaccine strain. In
addition, rates of seroprotection remained low at
8—17% (Berglund et al. 2014). However, when
NHL patients were mostly vaccinated with triva-
lent ITV more than 12 months following comple-

tion of rituximab, rates of seroconversion and
seroprotection were better at up to 30% and 70%,
respectively (Bedognetti et al. 2011).

Based on these studies, II'V vaccination during
or within 6 months of rituximab-based therapy in
patients with NHL results in ineffectual responses
and very low rates of seroprotection. Therefore,
IIV vaccination should be timed six or more
months following completion of rituximab-based
therapy. Immunisation in the setting of recent
rituximab therapy could be considered in the set-
ting of outbreaks of influenza in the community
as it may afford a limited degree of protection,
and IIV immunisation is associated with low
morbidity.

7.5  Future Directions

Throughout this chapter, the evidence base and
rationale for the type of vaccine, vaccination tim-
ing and schedule for optimal response has been
discussed and recommendations provided.
Limitations, in particular lack of robust data for
use and timing of additional or booster doses of
vaccine to maintain long-term protection, have
been highlighted. There is still ongoing debate
about broader issues of the use of immunologic
endpoints in vaccine studies and their correlation
with clinical efficacy. Practical immunological
markers of vaccine response that closely corre-
late with clinical efficacy are required.

Patients with haematological malignancies are
living longer with the use of targeted therapies
(e.g. Btk inhibitors), new generation monoclonal
antibodies, immunomodulatory drugs and increas-
ing use of transplant approaches such as haploi-
dentical HSCT. The impact of these new therapies
and treatment approaches on vaccine responses
and thus optimal timing of vaccination requires
further evaluation in large clinical studies.

In the setting of poor responses due to therapy
or disease-related immune deficiency (e.g.
GvHD), evaluation of new vaccines such as adju-
vanted vaccines and new approaches to schedul-
ing of vaccines will be required.

Some haematological diseases such as CLL
and MM remain incurable and disease control is
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maintained by increasing lines of therapy (Teh
et al. 2014). Therefore, patients have long-term
risks for preventable infections, and prolonged
use of antimicrobial prophylaxis is not feasible.
Vaccination would be an effective measure, but
there are limited studies evaluating long-term
retention of immunity following vaccination.
Whilst patients should be vaccinated early at
diagnosis or during induction therapy, the use of
additional doses (e.g. PPV23) and their timing
for optimal response to ensure long-term cover-
age remain unclear. Together with the need for
development of more effective vaccines, these
unanswered questions related to vaccination in
patients with haematological diseases serve as
rich basis for further clinical research.

Despite the wide availability of published lit-
erature and guidelines from internal bodies, the
uptake of vaccination and compliance with
guidelines in patients with haematological dis-
eases remains poor (Ariza-Heredia et al. 2014).
To ensure patients derive the most benefit from
currently available vaccines, health services
research into new models of care, healthcare cost
benefits and impact on incidence of preventable
infection is required to improve delivery and
uptake of vaccination in haematology patients
(Teh et al. 2017b).
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Stéphane Bretagne and Nikolai Klimko

8.1  Introduction

Among the numerous parasitic species described
in humans, only a few have been reported in
patients with hematological malignancies (HM),
mainly after hematopoietic stem cell transplanta-
tion (HSCT) and more specifically after alloge-
neic HSCT (allo-HSCT) (Gea-Banacloche et al.
2009; Ljungman et al. 2016; Fabiani et al. 2017).
A possible bias is that parasites are mainly preva-
lent in developing countries and therefore not
reported in association with HM knowing that
these countries perform a limited number of
HSCT. Another possibility is the lack of easy
diagnostic means with a subsequent lack of defi-
nite diagnosis. A third possibility is a true rarity
because the immune balance deregulation needed
to allow a parasite to express pathogenicity is
simply not present in these settings. For instance,
treatment of lymphoid cancer with ibrutinib is
reported to be associated with an increase of bac-
terial and fungal infections but not with parasite
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infections (Varughese et al. 2018). Whatever the
explanation is, the consequence is that, with few
exceptions (e.g., toxoplasmosis), knowledge on
parasitic infection in hematological malignancies
is mostly based on random case reports or small
cohorts, mainly in allo-HSCT, which is the major
condition favoring the occurrence of parasitic
infections (Gea-Banacloche et al. 2009).
However, when parasitic infections occur,
they can have a huge impact on the prognosis in
patients with HM. It is therefore necessary to be
aware of the risk, especially when managing
patients referred from an endemic country/area.
From the biological point of view, one must sep-
arate three main mechanisms to explain occur-
rence of parasitic diseases in
immunocompromised patients: (1) reactivation
of dormant infections, (2) de novo infection
after/during immunosuppressive treatment, and
(33) infections transmitted by transfusion of
blood products. In the first possibility, the patient
kept the parasite under a dormant form, and no
infection occurs as long as the immune system
controlling the parasite growth is efficient. If
such infection is known, preventive measures
can be proposed before the onset of full-blown
disease. The second possibility is the occurrence
of de novo infection during the immunodefi-
ciency phase. The best way of prevention is
avoiding exposure. The third possibility refers to
safety of blood transfusion and graft donation
with few case reports in nonendemic countries,
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both with malaria (Abdelkefi et al. 2004; Mejia
et al. 2012) and Chagas disease (Forés et al.
2007). This issue remains a challenge in not only
developing countries (Gopal et al. 2012) but
also, see for instance, Babesia spp. infections in
North America (Tonnetti et al. 2019). However,
challenges in endemic countries are expected
when management of HM will expand, both
because of safety blood constrains and constant
reinfections. These last issues are not part of this
chapter.

This chapter focuses on parasites possibly
present before any treatment for hematology
malignancy for which prophylactic or diagnostic
screening could be implemented. The two main
parasitic diseases in this case are toxoplasmosis
and strongyloidiasis for which strong recommen-
dations exist for preventing them. Other parasites
are also possibly present before any therapeutic
procedure, but there is no recommendation due to
the rarity of the reported cases. The best way to
prevent these parasitic diseases is a careful report
of the different residencies and/or travel in
endemic areas. The second part presents rare
pathogens diagnosed after therapy initiation; evi-
dence is often postmortem underlining the need
to improve their diagnosis.

8.2  Parasitic Infections Possibly
Present Before Treatment
of Hematological
Malignancies

8.2.1 Toxoplasma gondii

Toxoplasma gondii is a ubiquitous coccidian para-
site of which the definite host (harboring the sex-
ual stage) is the cat, and which is able to
contaminate a variety of intermediate hosts, from
mammals to birds. Two routes of contamination
are possible: either the ingestion of oocysts shed
by cats in the environment or the ingestion of
undercooked meat containing cysts, the main con-
taminating route at least in Europe (Cook et al.
2000). Once infected, humans develop a strong
immunity able to control the parasite growth.
Toxoplasmosis is therefore seen only in immuno-

compromised host such as fetuses upon maternal
infection during pregnancy, or HIV-positive
patients, and solid organ transplant or HSCT
recipients. This is by far the most studied parasitic
infection in this latter setting, and more specifi-
cally after allo-HSCT than after auto-HSCT, with
a higher incidence in cord blood HSCT (Martino
et al. 2005) and with haploidentical and unrelated
mismatched donor HSCT (Gajurel et al. 2015).

In HSCT patients, the main mechanism
explaining the occurrence of toxoplasmosis is
reactivation of tissue cysts. The currently
accepted hypothesis is that these cysts are living
in a dormant form, mainly in muscles or brain,
which allows a constant immune stimulation.
This would explain the lifelong persistence of
detectable antibodies. Therefore, the recommen-
dation in HSCT is to perform pretreatment tests
for the presence of antibodies. There are numer-
ous commercially available assays providing IgG
titers. If anti-Toxoplasma 1gGs are detected, the
interpretation is that latent cysts are present and
can potentially multiply after
HSCT. Seroprevalence depends on several fac-
tors, of which the culinary habits are probably
major but also the socioeconomic environment,
explaining the differences between counties
(Pappas et al. 2009). Of note, decline in serop-
revalence is observed in several countries, and
more specifically in France, a country known to
have a high seroprevalence several decades ago
(Guigue et al. 2018). The reason for this decline
is probably the lower parasitism of consumed
meat. This means that the risk of reactivation for
young patients is probably lower than it used to
be, although always present (Decembrino et al.
2017). On the contrary, the seroprevalence
remains high in older patients with still a high
risk of reactivation (Guigue et al. 2018).

The observation of full-blown toxoplasmosis
is a rather late complication of HSCT occurring
after a median of 45 days although a positive
quantitative real-time polymerase chain reaction
(qPCR) result has been reported as soon as 2 days
after allo-HSCT (Martino et al. 2005).
Encephalitis is the main clinical manifestation,
but pneumonia and myocarditis are also frequent
findings, although often diagnosed at autopsy
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(Gajurel et al. 2015). However, before the onset
of encephalitis, several studies using quantitative
real-time polymerase chain reaction (QPCR) have
shown the presence of circulating parasites
(strictly speaking, circulating DNA of the para-
site) and the progressive increase of the parasite
load (Costa et al. 2000; Bretagne et al. 2000;
Martino et al. 2005). Hence, the creation of the
concept of “Toxoplasma infection” as defined by
fever and a positive PCR finding for 7. gondii in
blood (Martino et al. 2000). Therefore, due to this
risk of Toxoplasma-related life-threatening
events, the usual recommendations when the
expected resultant immunosuppression is high
are to screen patients for the presence of IgG and
to provide prophylaxis in seropositive recipients
(Gea-Banacloche et al. 2009; Ullmann et al.
2016). When prophylaxis is not possible because
of allergies or toxicities, posttransplant monitor-
ing with qPCR in unexplained fevers in seroposi-
tive patients can also be proposed (Martino et al.
2005; Conrad et al. 2016). For the donor in allo-
HSCT, serology is designed to estimate the risk,
which is higher in case of donor—/recipient+,
which should increase the suspicion index of
Toxoplasma reactivation (Martino et al. 2005).
The transmission through blood or bone marrow
transfusion, although theoretically possible, has
never been firmly documented after HSCT, and
no specific screening of blood product using
gPCR is recommended (Gajurel et al. 2015).
Despite these recommendations for prophy-
laxis in seropositive patients, in a review includ-
ing 259 seropositive recipients after allo-HSCT,
at least 67% were not given anti-Toxoplasma pro-
phylaxis (Gajurel et al. 2015). As a result, toxo-
plasmosis remains a reality after allogeneic
allo-HSCT. In a recent case—control study of 23
cases in a single French center, the risk factors
identified were indeed the absence of effective
anti-Toxoplasma prophylaxis, to a lesser extent
high-grade acute graft-versus-host disease, and
receipt of the TNF-a blocker etanercept (Conrad
et al. 2016). The attributable mortality was
43.5%. In this study, 87% of the patients with
toxoplasmosis were seropositive, but only 85%
of them were receiving effective anti-Toxoplasma
prophylaxis because of concerns about adverse

effects of trimethoprim—sulfamethoxazole or ato-
vaquone. Consequently, the authors recommend,
as others (Gajurel et al. 2015), prescribing effec-
tive prophylactic drug regimens or adopting a T.
gondii PCR-driven preemptive approach (Conrad
et al. 2016). The main measures and strategies to
avoid toxoplasmosis are listed in Table 8.1.

8.2.2 Strongyloides stercoralis

Among the soil-transmitted helminths or geohel-
minths, which comprise Ascaris lumbricoides,
hookworms (Ancylostoma duodenale and Necator
americanus), Trichuris trichiura,and Strongyloides
stercoralis, only the latter owns a specificity
explaining the risk of infection in immunocompro-
mised patients (Greaves et al. 2013). The female
worm sheds eggs of which some immediately con-
vert into infecting larvae before shed in stools.
Thus, in contrast to other geohelminths, which
need obligatory maturation in the environment
before re-entering a new host, S. stercoralis is able
to maintain a constant cycle in a given individual.
The usual route of infection is the transdermal
route, although ingestion is also major as a source
of infection (Zeehaida et al. 2011). The notion that
a person can remain infected for decades, even the
whole life, has been established for long (Mansfield
et al. 1996; Prendki et al. 2011). The regular
migration of larvae, more or less synchronic,
explains the oscillating hypereosinophilia charac-
teristic with this helminth. This also explains why
life-threatening hyperinfection syndrome (HS), or
malignant strongyloidiasis, can occur in some
immunocompromised patients (Keiser and
Nutman 2004; Nutman 2017).

The HS is known as case reports in both auto-
HSCT and allo-HSCT with a high mortality
above 80% (Wirk and Wingard 2009). Therefore,
the same screening precautions proposed in allo-
HSCT should be used among autologous recipi-
ents as well (Gea-Banacloche et al. 2009).
Unfortunately, allo-HSCT recipients still decease
of HS with a lack of preventive treatment (Malki
Al and Song 2016; Alpern et al. 2017).

Screening for strongyloidiasis is therefore
strongly recommended before starting any immu-
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nosuppressive treatments in patients coming
from endemic areas (Gea-Banacloche et al. 2009;
Greaves et al. 2013). While the risk of potential
infection is easily suspected in patients coming
from tropical and subtropical countries and the
endemic zones of this parasitic disease (Schir
et al. 2013), the risk is often underappreciated in
patients from Western countries. It is therefore of
utmost importance to obtain histories from all
patients to identify potential exposure through
remote residence or travel in risk areas (Gea-
Banacloche et al. 2009). The suspicion also
includes unexplained peripheral eosinophilia
(Gea-Banacloche et al. 2009).

The diagnosis of strongyloidiasis is histori-
cally based on stool examination with concentra-
tion methods (Baermann technique or agar
culture), but the sensitivity is below 90% even if
several consecutive samples are examined (Luvira
etal. 2014). Indeed, three consecutive samples are
recommended because of intermittent larval out-
put in stools. Other options available for screen-
ing are serological tests developed to increase the
diagnostic sensitivity. The sensitivity of these
tests is nevertheless lower in patients with hema-
tological malignancies or HTLV-1 infection
(Levenhagen and Costa-Cruz 2014).
Unfortunately, false negative results exist and can
be falsely reassuring (Alpern et al. 2017). The
main pitfall is nevertheless the low specificity of
these tests because of the cross-reactivity with
other nematodes. This lack of specificity could be
disregarded when the treatment is well tolerated
and the goal is to prevent deadly hyperinfection.
Thus, given the high seroprevalence in endemic
countries (Gémez-Junyent et al. 2018), the wisest
decision should be to consider every patient com-
ing from endemic areas as potentially infected
and act accordingly. Molecular diagnostic tech-
niques are under development and evaluation, and
one of the most interesting features would be to
identify relapse after treatment (Nutman 2017).

Prevention of strongyloidiasis is, thus, indi-
cated for all patients from endemic areas regard-
less of the microbiological confirmation, even if
the latter is of course useful to evaluate the load
and therefore to follow the treatment efficacy and
identify potential relapse (Table 8.1). Prevention

is also indicated when candidates for chemother-
apy or HSCT not coming from an endemic area
have a history of residency in endemic areas and,
even more so, when pretreatment screening tests
are positive for Strongyloides or in case of unex-
plained eosinophilia (Keiser and Nutman 2004).
The first choice for prophylactic treatment
consists of ivermectin 200 mg daily for 2 days,
preferred to albendazole 400 mg bid for 7 days,
given its better efficacy and good tolerance
(Henriquez-Camacho et al. 2016). For patients
with pretreatment positive screening tests, para-
site clearance after therapy should be verified to
prevent recurrence (Gea-Banacloche et al. 2009).
There are no data available to recommend itera-
tive treatment to prevent reoccurrence although
careful clinical and parasitological monitoring is
recommended (Gea-Banacloche et al. 2009).
This is particularly true for hematological condi-
tions associated with HTLV-1 where decreasing
treatment efficacy is observed. Indeed, the infec-
tion with HTLV-1 is associated with specific
immune defects against S. stercoralis, and itera-
tive treatments with different drugs regimens are
often necessary (Carvalho and Da Fonseca 2004).

8.2.3 Leishmaniasis

Leishmaniasis comprises different clinical pic-
tures of zoonotic diseases transmitted by the bites
of sandflies. They have a worldwide geographical
distribution in India, Africa, South-America, and
the Mediterranean basin in Europe (Alvar et al.
2012). Leishmaniases are also very diverse both
by their clinical presentation and the microorgan-
ism responsible (Alvar et al. 2012). One distin-
guishes cutaneous leishmaniasis, mucocutaneous
leishmaniasis, and the visceral form. Although
cutaneous and mucosal leishmaniasis have been
reported in solid organ transplant, visceral leish-
maniasis due to Leishmania infantum is the most
reported clinical form in hematology (Ljungman
et al. 2016). Infection with L. infantum is usually
asymptomatic and, as for Toxoplasma gondii,
living parasites could persist lifelong in immuno-
competent hosts (Bogdan 2008). Therefore, the
most probable explanation for leishmaniasis in
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hematology patients is reactivation of latent
infection although primary infection by insect
bites or by blood transfusion may occur, too.

Even in endemic countries with diagnostic
capabilities, visceral leishmaniasis is rarely
reported. A recent review has collected only 12
cases, 10 after allo-HSCT and 2 after autologous
HSCT (Tatarelli et al. 2018). This seems strange
if the hypothesis of persistent infection is true
once the patient is infected because of the wide
geographical distribution of the parasites (Alvar
et al. 2012). One can hypothesize that some
patients control the infection upon immune
recovery to explain the rarity of the disease in
endemic areas (Mouri et al. 2015). One can also
consider the effect of frequent antifungal treat-
ments in HM patients knowing that amphotericin
B is very effective against the parasite (Meyerhoff
1999). The clinical presentation was fever with
pancytopenia, and the diagnosis is based on
examination of bone marrow aspirate (Tatarelli
et al. 2018). Out of the 12 reported patients, 9
were diagnosed 12 weeks after HSCT, others
until more than 4 years, showing that it is a late
complication or that the diagnosis was not estab-
lished earlier, although most of the patients lived
or had traveled in endemic areas. More system-
atic use of gPCR with species identification in
case of unexplained fever or engraftment failure
in patients having lived in endemic areas should
detect the parasite earlier, before the onset of full-
blown disease (Foulet et al. 2007). The above 12
patients were treated with liposomal amphoteri-
cin B as recommended (Meyerhoftf 1999), and
out of 11 patients with known outcome, only two
died. In case of unresponsiveness to liposomal
amphotericin B, pentavalent antimony can be
used (Morizot et al. 2016).

For possible preventive measures (Table 8.1),
there is no anti-Leishmania antibody screening
proposed, given the high prevalence of the popu-
lation in endemic areas (Antinori et al. 2008), and
there is no proposal of treating asymptomatic
patients to eradicate the parasite (Meeting World
Health Organization 2010). Only prevention of
sandfly bites can be recommended to patients liv-
ing or traveling to endemic areas (Pavli and
Maltezou 2010).

8.3 Chagas Disease or American

Trypanosomiasis

Trypanosoma cruzi is a hemoflagellate protozoan
close to Leishmania spp. transmitted through
dejections on skin of blood-sucking triatomine
insects, also known as kissing bugs. Itching
caused by the insect bites allows the transdermal
inoculation of the parasite. Infection results in
Chagas disease, regarded as a neglected tropical
disease with sociocultural impacts (Pérez-Molina
and Molina 2018). The initial phase of infection is
(oligo-)symptomatic and usually resolves sponta-
neously within 8—12 weeks although severe acute
myocarditis or meningoencephalitis can occur. In
the chronic phase, the parasite can invade macro-
phages and different organs (heart, skin, and
brain) and stay alive for 10-30 years or even life-
long (Pérez-Molina and Molina 2018). This
chronic infection results in up to 30-40% of cases
in several organ dysfunctions, dominated by car-
diomegaly and megaesophagus (Pérez-Molina
and Molina 2018). Sustained health programs
have resulted in limitation of the geographical
zone of the parasite (Pérez-Molina and Molina
2018). Beside the vector-borne transmission, the
infection can also be acquired by contaminated
blood transfusion and solid organ transplantation
and, like toxoplasmosis, by maternal transmission
during pregnancy (Forés et al. 2007; Pérez-Molina
and Molina 2018). The transmission is limited to
Central and South America, but immigration, first
from rural to urban communities and from
endemic to nonendemic countries, has led to an
increase in Chagas disease reports in endemic and
nonendemic countries in solid organ transplanta-
tion (Ison and Nalesnik 2011). The risk of Chagas
disease through organ donation is well known and
has led to specific recommendations (Pierrotti
et al. 2018).

After HSCT, the risk of reactivation has been
reported as high as 1740% in Latin America
(Altclas et al. 2005). However, very few cases
occurred in nonendemic countries in patients from
Latin America. One case has been documented in
Italy in a 9-year-old Argentinian girl with acute
myeloid leukemia after allo-HSCT (Angheben
et al. 2012). The diagnosis was performed on
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microscopic visualization of the parasite on a
blood smear 3 days before death (Angheben et al.
2012). A second case was reported in an adult
from San Salvador who underwent auto-HSCT for
myeloma in California (Guiang et al. 2013). The
diagnosis of reactivation was ascertained by using
PCR on blood (Guiang et al. 2013). In another
adult patient from a rural area in Bolivia treated in
Spain for Hodgkin lymphoma, the parasitic dis-
ease reactivated as confirmed by PCR (Pérez-
Molina et al. 2015). This patient had been treated
for chronic Chagas disease (benznidazole 5 mg/kg
per day for 60 days) more than 1 year before che-
motherapy for Hodgkin lymphoma. Thus, even in
endemic countries such as Argentina, where
donors and recipients have been tested for Chagas
disease from the beginning of HSCT (Pinazo et al.
2011), there are surprisingly few reports on reacti-
vation of Chagas disease after HSCT. Therefore, if
preemptive therapy can be envisaged in endemic
countries (Altclas et al. 2005), no such recommen-
dations should be followed in nonendemic coun-
tries (Gea-Banacloche et al. 2009).

While diagnosis in the acute phase or in the
full-blown disease after reactivation can be estab-
lished by direct identification of the parasites in
blood (blood smears or after concentration meth-
ods), in the chronic phase, diagnosis relies on the
detection of circulating antibodies against 7.
cruzi (Pérez-Molina and Molina 2018). Low-
level parasitemia should be better detected using
gPCR for monitoring clinical reactivation and for
treatment monitoring (Duffy et al. 2009).
However, commercial ELISA tests have a better
performance than qPCR for the diagnosis of the
chronic phase (Brasil et al. 2010).

Only two drugs are licensed for treating Chagas
disease, benznidazole and nifurtimox (Pérez-
Molina and Molina 2018). While the need for
treatment of the acute phase is consense (Pérez-
Molina and Molina 2018), the treatment of the
chronic phase has shown little benefit, if any, com-
pared with placebo (Pérez-Molina et al. 2009).

In conclusion, history of donors and recipients
born or ever lived for at least 6 months in endemic
areas should be recorded and a serological test
for anti-7. cruzi serum IgG antibody can be pro-
posed (Table 8.1). After HSCT, in case of any
doubt about reactivation, the most sensitive

method for establishing the diagnosis should be a
gPCR assay as proposed for solid organ trans-
plant recipients (Pérez-Molina and Molina 2018).

8.4 Dormant Forms

of Plasmodium Parasites

Plasmodium falciparum is by far the most com-
mon in tropical countries and associated with a
high mortality in children. In contrast to P. falci-
parum, the other species Plasmodium vivax,
Plasmodium ovale, and Plasmodium malariae
can persist in humans for years either under a
hypnozoite form for P. vivax and P. ovale or an
unknown form for P. malariae. Therefore, after a
unspecific febrile episode, the parasite remains
quiescent in liver (P, vivax and P. ovale) or in an
unknown location (P. malariae) and can be the
source of late relapses up to 2 years for P. vivax,
and possibly up to several decades for P. malar-
iae (Vinetz et al. 1998).

Despite the number of people harboring
Plasmodium spp., only two cases of P. vivax
infection in the setting of HSCT have been
reported (Raina et al. 1998; Inoue et al. 2010) and
none for P. malariae. The risk of reactivation of a
latent Plasmodium seems very low, and should
not promote specific measures except careful his-
tory taking (Table 8.1). Upon suspicion, thin and
thick blood films can be repeatedly done to
exclude malaria. A sensitive qPCR can be added
(Farrugia et al. 2011). If reactivation of latent
Plasmodium seems rare, this is not the case for
Plasmodium infection during hematological
treatment which raises concerns about safety of
blood products and derivatives where malaria is
endemic (Gopal et al. 2012).

8.5 Parasitic Infections Acquired
After Treatment
of Hematological

Malignancies

Given the immunosuppression acquired after
treatment for hematological malignancy, the
patients are more susceptible to any de novo
infection and more specifically to some para-
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sitic diseases. Among these parasites are the
species able to reactivate latent infection but
also to develop de novo infection such as the
parasites described above. Knowing the mode
of contamination, the best way to prevent them
is avoid exposure as much as possible by fol-
lowing protective measures, most of them
belonging to general hygiene, in particular,
access to clean water and handwashing
(Table 8.2), and chemotherapy for malaria.
Unfortunately, while these preventive measures
are easy to follow for travelers, because the
duration of the journey is limited, these mea-
sures can be impracticable for people with low
incomes in endemic countries.

For preventing toxoplasmosis, avoiding
undercooked meat and washing salads before
consumption are recommended (Gea-Banacloche
et al. 2009). For strongyloidiasis, the recommen-
dation is not to walk barefoot on soil in endemic
areas possibly contaminated with human feces
(Gea-Banacloche et al. 2009), and should be
completed by avoidance of raw vegetables
(Greaves et al. 2013). For leishmaniasis, the only
way is to protect against sandfly bites using repel-
lents and bed nets. For preventing Chagas dis-
ease, one should avoid dwellings with possible
niches for vectors such as houses with mud walls
or a thatched roof (Gea-Banacloche et al. 2009).
Table 8.1 displays the main methods of diagnosis

Table 8.2 Parasitic infections acquired after treatment of hematological malignancies

Main clinical

Parasites Prophylaxis forms Lab diagnosis Therapy
Cryptosporidium spp. General hygiene, Acute or Stool smears Azithromycin
avoiding childcare | chronic microscopy with 500-1000 mg on day
while diarrheic, diarrhea specific staining 1, then 250-
visit of farms, and (auramine, Ziehl— 1000 mg/d,
swimming in Neelsen), qPCR nitazoxanide
public pools or 1000 mg/d
recreational water
pounds
Other intestinal General hygiene Acute or Stool microscopy, Metronidazole
protozoan parasites chronic qPCR 750-1500 mg/d or
(Blastocystis hominis, diarrhea Cotrimoxazole
Cystoisospora belli, (800/160) bid
Cyclospora cayetanensis,
Entamoeba spp., Giardia
intestinalis
Microsporidia Unknown Diarrhea, Stool smears and Encephalitozoon
(Enterocytozoon disseminated material from spp.: Albendazole
bieneusi, infection extraintestinal sites 800 mg/d
Encephalitozoon spp.) microscopy with
specific staining
(weber chrome,
Calcofluor white),
qPCR
Babesia spp. Avoiding woods Fever and Blood film Atovaquone
where ticks and hemolytic microscopy, qPCR 1500 mg/d plus
deer thrive anemia azithromycin
500-1000 mg on day
1, then
250-1000 mg/d
Acanthamoeba spp. General hygiene Encephalitis, Microscopy, Liposomal
for lens wearers, pneumonia, histopathology, PCR | amphotericin B
avoiding cutaneous, 5 mg/kg/d
swimming in disseminated
recreational water | infection

pounds

gPCR, quantitative polymerase chain reaction
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and treatment of these diseases. Of course, it is of
utmost importance to avoid blood supplies pos-
sibly contaminated with Plasmodium spp.
(Abdelkefi et al. 2004; Mejia et al. 2012),
Trypanosoma cruzi (Forés et al. 2007), but also
Babesia spp. (Tonnetti et al. 2019).

8.6 Intestinal Protozoa

There are several parasites causing diarrhea in
hematological patients. Often, they are consid-
ered when other etiologies, viral or bacterial,
have been excluded. More importantly, they have
to be excluded when facing diarrhea in the con-
text of intestinal graft-versus-host disease
because the therapeutic attitude is radically dif-
ferent: increase versus decrease of immunosup-
pressive therapy (Miiller et al. 2004; Legrand
et al. 2011). These parasites have their own biol-
ogy and treatment. They often warrant specific
diagnostic methods, which can be realized only if
they are specifically requested. The emergence of
syndromic multiplex PCR assays designed for
symptoms, here diarrhea, is probably revolution-
izing diagnosis, once the issue of quantification
can be solved (Van Lint et al. 2013). Indeed,
detection of low nucleic acid loads may not be
related to a specific disease. Thresholds of posi-
tivity will be probably necessary to initiate treat-
ment in immunocompromised patients.

8.7  Cryptosporidiosis

Cryptosporidium is a protozoan parasite respon-
sible for cryptosporidiosis, a leading cause of
waterborne disease. Cryptosporidiosis results in
self-limited diarrhea in immunocompetent hosts
but can cause life-threatening wasting in immu-
nocompromised individuals (Checkley et al.
2015). Cryptosporidium spp. belong to the coc-
cidian taxon (as Toxoplasma gondii), and they
multiply inside the enterocytes of the targeted
host. Seventeen of the 40 species described have
been found in humans (Feng et al. 2018). Their
transmission is fecal—oral, and human contami-
nation occurs after drinking contaminated water,
or food, or after contact with infected individuals

(children) or animals (calves). They are regularly
mentioned in headlines because of the continu-
ous observation of outbreaks (Gharpure et al.
2019). The success of this parasite is due to
oocysts directly contaminating without the need
of maturation in the environment, huge numbers
of oocysts shed by an infected individual, a long
period of at least 7 days of survival in the envi-
ronment, and high tolerance to chlorine, the main
agent used for obtaining safe drinkable water.
The supply of the potable water (surface versus
dwelling) is probably important to estimate the
risk of contamination, knowing that surface
waters are more easily contaminated with cattle
manure (Checkley et al. 2015).
Cryptosporidiosis has been reported as case
reports in the context of allo-HSCT (Manivel
et al. 1985; Rio et al. 1986; Miiller et al. 2004;
Faraci et al. 2007; Schiller et al. 2018). More
informative are the prospective studies on the
incidence in this population. In a systematic fol-
low-up of 52 patients with diarrhea after HSCT, 5
were found Cryptosporidium in a stool sample at
a median of 503 days (range 20-790) post HSCT
(Legrand et al. 2011). Diarrhea disappeared after
5 weeks of azithromycin and nitazoxanide com-
bination treatment in three patients. The other
two died of invasive fungal infection. The authors
concluded on the need to improve surveillance
and to conduct additional studies delineating the
efficacy of treatment (Legrand et al. 2011).
Indeed, in children undergoing HSCT for pri-
mary immune deficiency, some can harbor
Cryptosporidium sp. during the follow-up of
HSCT, whereas they remained asymptomatic
(Davies et al. 2017). The authors concluded that
asymptomatic carriage could be more common
than currently believed (Davies et al. 2017).
Thus, cryptosporidiosis should be searched in
all transplant recipients with acute or chronic
diarrhea. The usual diagnostic means for crypto-
sporidiosis is the microscopic observation of
oocysts after specific staining (auramine, Ziehl—
Neelsen) of stools smears (Checkley et al. 2015).
PCR assays are expected to be more sensitive,
hence the issue of threshold raised above
(Checkley et al. 2015). More specifically, qPCR
can remain positive long after the microscopy has
become negative (Fig. 8.1). Species identification
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Fig. 8.1 Cryptosporidiosis in an 18-year-old man 15 days
after allo-HSCT for acute lymphocytic leukemia receiving
cyclosporine and methotrexate for graft-versus-host disease
prevention. Cryptosporidium sp. (Cryptosporidium cunicu-
lus upon DNA sequencing) appears as brilliant pink cor-
puscles (67 pm in diameter) with irregular content upon
Ziehl-Neelsen staining of thin fecal smears. The patient was
prescribed nitazoxanide 500 mg twice a day for 10 days.
The diarrhea lasted 7 days. Subsequent fecal smears were
microscopy positive after 30 days, then negative although
qPCR remained positive for at least one additional month

and genotyping are mandatory for deciphering
the possible routes of infection (Feng et al. 2018).

There is no indisputably effective treatment,
except immunosuppression recovery. The most
prescribed are azithromycin with or without
nitazoxanide (licensed in this indication only in
the United States) with no obvious parasitologi-
cal clearance (Legrand et al. 2011; Davies et al.
2017). Hence, the importance of prevention
includes avoidance of childcare while diarrheic,
visit of farms, and swimming in public pools or
recreational water pounds (Table 8.2). Of note,
alcohol-based handwashing may not be sufficient
to kill this resistant parasite when hands are dirty
or greasy (https://www.cdc.gov/handwashing/
index.html). Potentially contaminated surfaces
should be cleaned with hydrogen peroxide
(https://www.cdc.gov/parasites/crypto/childcare/
outbreak.html).

Other Intestinal Protozoan
Parasites

8.8

Beside Cryptosporidium spp., there are other coc-
cidian parasites possibly pathogenic for humans.
Cyclospora cayetanensis and Cystoisospora belli
(previously Isospora belli) are more and more fre-

17

quently reported because of multiplication of
travels abroad, in countries with unsafe drinking
water (Giangaspero and Gasser 2019). There are
also outbreaks traced to food sources (Legua and
Seas 2013). There is no report of these common
enteric pathogens in HSCT patients. One explana-
tion might be the actual rarity of these parasites in
hematology patients. Another explanation could
be the efficiency of cotrimoxazole for treating
Cyclospora and Cystoisospora (and administrated
for other purposes in HM patients), which does
not justify reporting in the literature.

Coccidian parasites are not the only intestinal
protozoans associated with diarrhea. Giardia
intestinalis (Ajumobi et al. 2014), Entamoeba
spp., and Blastocystis hominis infections are fre-
quent but easily amenable to metronidazole ther-
apy (Table 8.2). They could be treated without
warranting publication.

The diagnosis of these intestinal protozoans
still relies on microscopy by skilled technicians
and is more effective when specific requests are
clearly notified by clinicians (Cama and Mathison
2015). The way multiplex PCR is changing this
approach is currently unknown.

8.9  Microsporidiosis

Microsporidia are a group of unicellular parasites
with a very specific biology, historically consid-
ered as parasite but now related to fungi, and with
a major importance in veterinary medicine (Han
and Weiss 2017). They are characterized by the
presence of a polar tube, which allows entry into
eukaryotic cells according to a mechanism com-
pletely different from the one used by protozoan
parasites. Few species have been reported in
humans: Enterocytozoon bieneusi is well docu-
mented in HIV-positive patients with low CD4
count and in solid organ—mainly kidney—recip-
ients (Metge et al. 2000; Hocevar et al. 2014);
and Encephalitozoon spp. are much less reported
in humans. Enterocytozoon bieneusi is responsi-
ble for protracted wasting diarrhea but has not
been reported in HSCT in the literature, although
asymptomatic or paucisymptomatic cases are
probable (Fig. 8.2). Encephalitozoon spp. are
responsible for disseminated infections with
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Fig.8.2 Presence of Enterocytozoon bieneusi (identifica-
tion confirmed by PCR) on a fecal smear (Calcofluor
white staining) in a 56-year-old woman 15 days after allo-
HSCT for myelodysplasia. The parasite appears as fluo-
rescent blue bacilliform corpuscles (1 x 3 pm) due to the
presence of chitin in the cell wall. The patient was receiv-
ing cyclosporine and methotrexate for graft-versus-host
disease prevention. The diarrhea lasted only a few days.
Subsequent fecal smears were microscopy negative,
although the qPCR remained positive for 40 days reflect-
ing a decreasing parasitic load. The patient did not receive
specific therapy and died 3 months later of her underlying
disease

microsporidia identified in respiratory specimens
with very few cases reported in HSCT (Kelkar
et al. 1997; Teachey et al. 2004; Orenstein et al.
2005; Meissner et al. 2012; Sivgin et al. 2013).
Microsporidia cannot grow on usual media,
and they are identified by microscopy using spe-
cific stains (Weber chrome, Calcofluor white).
The precise identification of the species needs
electron microscopy and DNA sequencing
(Orenstein et al. 2005; Meissner et al. 2012).
Whereas Enterocytozoon bieneusi is not sus-
ceptible to albendazole (but to fumagillin), alben-
dazole (400 mg twice daily) can be proposed to
treat Encephalitozoon spp. There is no recom-
mendation for the duration of the treatment.
However, this treatment could not be evaluated in
four of the five cases reported since the diagnosis
was made at autopsy (Kelkar et al. 1997; Teachey
et al. 2004; Orenstein et al. 2005; Meissner et al.
2012). The last case mentioned specifically hepa-
totoxicity due to albendazole, not to the microor-
ganism (Sivgin et al. 2013). In the absence of
clear source of contamination, no prevention
guidelines have been established (Table 8.2).

8.10 Babesiosis

Human babesiosis is caused by a protozoan para-
site close to Plasmodium spp. for their morphol-
ogy and the intraerythrocytic localization,
although the vectors are not insects but ticks. The
vast majority of cases in the United States are due
to Babesia microti, transmitted by Ixodes scapu-
laris, also called the deer tick, hence the expan-
sion of deer advocated for explaining the increase
of incidence in some northeastern states of the
United States (Vannier and Krause 2012).
Babesia divergens is rather reported in Europe
and mainly in asplenic patients (Vannier and
Krause 2012). However, babesiosis is present
worldwide, and the diagnosis is probably under-
estimated in malaria-endemic countries because
of diagnostic confusion (Vannier and Krause
2012).

There are very few cases reported in HSCT
patients. The diagnosis was generally unexpected
and made by systematic blood thin-film examina-
tion in patients with unexplained fever and a
mild-to-moderate hemolytic anemia. The rare
cases reported in HSCT were transfusion trans-
mitted (Cirino et al. 2008; Bade and Yared 2016;
LeBel et al. 2017). Another case occurred 3 years
post allo-HSCT for CML and was suspected
therefore to be acquired far after the HSCT pro-
cedure in a Babesia-endemic region of the United
States (Lubin et al. 2011). If screening in endemic
areas using qPCR develops, one can expect more
diagnoses because of the higher sensitivity of
gPCR over microscopic examination (Primus
et al. 2018). Indeed, the issue is to improve the
safety of blood transfusion in endemic areas
(Tonnetti et al. 2019).

Due to the rarity of babesiosis in HSCT, no
systematic guidelines can be provided. Only a
careful history taking to know whether the patient
had lived or traveled in endemic areas can
increase the suspicion index. The history of tick
bites is probably not relevant given their fre-
quency. The most effective way to detect babesi-
osis remains a careful examination of blood
films, which is the rule in hematology (Table 8.2).

The proposed treatment is a combination of
atovaquone and azithromycin, a combination as
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effective as clindamycin and quinine but with
less adverse effects. Immunocompromised
patients are prone to relapse, and the treatment
can require at least 4 weeks of therapy, plus
2 weeks after disappearance of the parasite on
blood film. Preventive measures consist of avoid-
ing woods where ticks and deer thrive (Vannier
and Krause 2012).

8.11 Free-Living Amoebae

Free-living amoebae are ubiquitous in the envi-
ronment and thrive in mud. They are also fre-
quently present in tap water (but also bottled
water) and air-conditioning systems (Thomas
and Ashbolt 2011). They present as a dormant
cyst stage or an active infective trophozoite stage.
In contrast to their counterpart Entamoeba histo-
Iytica, they do not behave as human parasite
(Krél-Turminska and Olender 2017). Several
species are known to be responsible for central
nervous system infections such as granulomatous
amoebic encephalitis, and for acute eye infec-
tions, mainly in contact lens wearers (Krol-
Turminska and Olender 2017).

There are very few cases reported in the set-
ting of hematological diseases, all with
Acanthamoeba spp. After inhalation, the most
probable portal of entry along with damaged
skin, the patients developed encephalitis
(Anderlini et al. 1994; Feingold et al. 1998;
Peman et al. 2008; Kaul et al. 2008; Abd et al.
2009; Akpek et al. 2011; Epperla et al. 2016;
Coven et al. 2017). All the patients died and
mostly diagnosis was established by histopatho-
logical examination of infected tissues at autopsy
only (Abd et al. 2009). There is also a description
of cutaneous infection due to Acanthamoeba cas-
tellanii with secondary dissemination in a patient
treated for lymphoma (Sells et al. 2016). The
patient died 10 weeks later despite different con-
secutive treatment with azoles, clarithromycin,
and liposomal amphotericin B (Sells et al. 2016).
Interestingly, Acanthamoeba was identified in
the humidifier of the continuous positive airway
pressure device used for the patient, underlining
the need of proper maintenance and cleaning pro-

cedures of equipment (Sells et al. 2016). Another
case reported a successful treatment (liposomal
amphotericin 5 mg/kg daily) of Acanthamoeba
sinusitis in a child after allo-HSCT (Juan et al.
2016). Whether identification of Acanthamoeba
in sinuses is frequent in children and whether this
carriage can disappear after treatment is unknown.
Obviously, prevalence studies on the carriage of
free-living amoebae are necessary to understand
the biology of these parasites, the risk of second-
ary invasion, and to propose preventive measures
(Table 8.2).

8.12 Conclusion

The development of immunosuppressive therapy
in hematology raises several concerns about the
risk of parasitic infections. First, when diagnosed
late, they are associated with high morbidity and
mortality. Second, their diagnosis often is
delayed, hence the poor prognosis cited above,
because of the lack of sensitive and specific diag-
nostic tools but also because of the low suspicion
index of clinicians. Third, several of them are
known as case reports or small series only, pre-
cluding strong therapeutic recommendations,
often transferred from other patient populations.

All these reasons underline the need to antici-
pate the diagnosis. To manage parasitic diseases,
one must consider the phases before and after
immunosuppressive therapy. Before treatment,
the main risk is reactivation of latent parasites. A
comprehensive reporting of travel and residency
history, even remote, should be performed to
maintain a high index of suspicion (Table 8.1).
For the parasites for which no efficient treatment
of the latent forms exists (Toxoplasma gondii,
Leishmania infantum, Trypanosoma cruzi), the
best way is to propose prophylaxis against the
active forms (Toxoplasma gondii) or to adopt a
qPCR-driven surveillance (Toxoplasma gondii,
Leishmania spp., Trypanosoma cruzi), or simply
ask for specific research on blood in any doubt
(Plasmodium vivax, Babesia spp.).

After immunosuppressive therapy and until
immune defense recovery, the best way to prevent
infection is by protective measures intervening
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with contamination routes of parasites. This can be
included in travel counseling for patients who
absolutely want to go to tropical endemic areas.
One should reassure comprehension of risks and
adherence to preventive measures. For patients
originating from these endemic areas, the best is to
screen and treat before starting any immunosup-
pressive therapy (Sanchez-Montalva et al. 2016).
However, some parasites are acquired in temperate
climates, such as Toxoplasma gondii, Leishmania
infantum, Trypanosoma cruzi, Babesia spp., or
free-living amoebae. Each of these parasites
requires specific prevention according to their
respective biology (Tables 8.1 and 8.2).
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Check for
updates

Antimicrobial Stewardship

Patricia Munoz and Ana Fernandez-Cruz

9.1 Introduction

Antimicrobial stewardship programs are becom-
ing more common, but the experience specifi-
cally in hematologic neutropenic patients is
scarce. Concerns about poor outcomes due to
immune deficiency, and lack of specific data have
prevented so far a comprehensive implementa-
tion of antimicrobial stewardship in this popula-
tion. Neutropenia is the most important risk
factor for infection and the most frequent reason
for broad-spectrum antimicrobial long-term use
in hematologic malignancy patients. Infections
caused by multidrug-resistant (MDR) microor-
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ganisms are a relevant issue in this scenario. In
the ever-growing emergence of multidrug-
resistant microorganisms which hampers the
early administration of targeted small spectrum
therapy, antimicrobial stewardship is becoming
an urgent necessity. Limited but increasing favor-
able data show that application of antimicrobial
stewardship principles to immunocompromised
hosts is feasible.

Antimicrobial stewardship is a term that does
not have an exact equivalent in many languages,
and may be understood as “responsible use of
antibiotics.” A current broad definition of antimi-
crobial stewardship is the one provided by Dyar
et al. “Antimicrobial stewardship is a coherent set
of actions which promote using antimicrobials in
ways that ensure sustainable access to effective
therapy for all who need them” (Dyar et al. 2017,
Barlam et al. 2016). This definition encompasses
both the individual and the social perspective of
rational use of antimicrobials. Its aim is to opti-
mize antimicrobial use so that the need of an indi-
vidual to get the best possible antimicrobial is
balanced to the preservation of active antimicro-
bials for all who need them.

The alarming increase in resistance to antimi-
crobials has led to the development of antimicro-
bial stewardship in an effort to prevent and
control this epidemic. As stated by the ESGAP
(European Study Group for Antimicrobial
Stewardship) in their “Mission and Objectives,”
the link between antibiotic use and resistance is
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clear and reversal of resistance problems is often
feasible by changing the patterns of antibiotic
use.

In the last 5 years, the rise of citations of anti-
microbial stewardship has been exponential. The
term was first used in 1996, the first guidelines to
include recommendations on antimicrobial stew-
ardship appeared in 1997 (Shlaes et al. 1997) and
the ESGAP (former European Study Group for
Antibiotic Policies) gained official recognition
from the ESCMID Executive Committee in 1999.
From then on, programs on antimicrobial stew-
ardship have been progressively implemented in
hospitals, and outgrowing to the regional and
national level. Intertwined with antimicrobial
stewardship are Infection Control and Public
Health, but differ in that antimicrobial steward-
ship concerns specifically how antimicrobials are
used, while infection control is aimed to limit the
spread of resistant microorganisms. Coordinated
efforts between both are essential for curbing
emergence and dissemination of multidrug-
resistant (MDR) microorganisms (Viale et al.
2015).

Hospital administration must ensure that an
antimicrobial stewardship program (AMS) is
developed and implemented by means of provid-
ing dedicated resources. The antimicrobial stew-
ardship team should be integrated within the
hospital’s quality improvement and patient safety
structure and have clearly defined links with the
drug and therapeutics committee and infection
prevention and control committee.
Multidisciplinary — antimicrobial — stewardship
teams are usually led by specialists in Infectious
Diseases or Clinical Microbiology together with
pharmacists, and ideally include also prescribers,
administrators, infection control experts, and
information systems experts. Team members
should effectively and measurably optimize anti-
microbial use by using interventions customized
to fit the institution; the process and outcome
indicators of antimicrobial stewardship should be
measured and reported to the hospital executive
(http://esgap.escmid.org).

AMS have been successful in different catego-
ries of patient populations (Timbrook et al. 2016;
Katsios et al. 2012). Regarding immunocompro-

mised hosts such as hematologic patients, con-
cerns about poor outcomes due to immune
deficiency and lack of specific data have so far
prevented a comprehensive implementation of
antimicrobial stewardship in this population.
However, infections caused by MDR microor-
ganisms are a relevant and increasing issue in this
scenario (Baker and Satlin 2016; Bow 2013), and
antimicrobial stewardship is becoming an urgent
necessity. Limited but increasing favorable data
show that the application of antimicrobial stew-
ardship principles to immunocompromised hosts
is feasible (Rosa et al. 2014; Robilotti et al. 2017,
Madran et al. 2017; Hennig et al. 2018; Ruiz-
Ramos et al. 2017; Snyder et al. 2017; Aguilar-
Guisado et al. 2017; Abbo and Ariza-Heredia
2014; Gustinetti et al. 2018).

9.1.1 Rationale

9.1.1.1 Antibiotic Stewardship

The collateral damage of broad-spectrum antibi-
otic use is the selection of resistant bacterial
strains, including Clostridium difficile (CD)
(Gyssens et al. 2013), in addition to potential tox-
icity, drug—drug interactions, and potential
adverse events.

Hematologic malignancy patients are more at
risk of acquiring resistant microorganisms
because of the need for repeated courses of often
empiric broad-spectrum antibiotics due to con-
secutive episodes of febrile neutropenia (FN)
induced by chemotherapy (Gyssens et al. 2013)
and also the use of prophylactic antibiotics.
Besides, inappropriate antibiotic therapy is more
common in infections caused by resistant bacte-
ria in the consequences of inappropriate therapy,
are even more severe in these immunosuppressed
hosts.

A recent prospective intercontinental study in
hematopoietic stem cell transplantation (HSCT)
patients (Averbuch et al. 2017) showed a preva-
lence of 32% MDR among Gram-negative bacilli
from bacteremias. Resistance rates were higher
in centers providing fluoroquinolone prophy-
laxis; likewise, in another study, independent risk
factors for the acquisition of MDR pathogens in


http://esgap.escmid.org

9 Antimicrobial Stewardship

127

hematologic malignancy patients were prior anti-
biotic exposure and urinary catheterization
(Gudiol et al. 2011). The possible benefits of flu-
oroquinolones prophylaxis should be weighed
against its impact in terms of changes in local
ecology, according to the ECIL (European
Conference on Infections in Leukemia) critical
appraisal of previous guidelines (Mikulska et al.
2018).

In an Italian study, carbapenem-resistant
Klebsiella pneumoniae colonization was identi-
fied in 1% of autologous hematopoietic stem cell
transplantation (HSCT) recipients and 2.4% of
allogeneic HSCT recipients (Girmenia et al.
2015). According to Cattaneo et al. (Cattaneo
et al. 2018), MDR rectal colonization occurs in
6.5% of hematologic inpatients and predicts a
16% probability of MDR-related BSI (blood-
stream infection), particularly during neutrope-
nia, as well as a higher probability of unfavorable
outcomes in catheter-related BSIs.

Cephalosporins, quinolones, and carbapenems
have been associated with ESBL (extended-
spectrum beta-lactamase) producing enterobacte-
riaceae, MDR Pseudomonas, and are among the
antibiotics with a highest risk for CD (Rodriguez-
Bano et al. 2012). Therefore, one of the courses of
action of AMS programs is the selection of antibi-
otics that do not promote the emergence of MDR
microorganisms. Moreover, number and duration
of prior antibiotics are also risk factors for CD
infection. The increase of MDR infections man-
dates the use of empirical broad-spectrum antibi-
otics such as carbapenems, oftentimes without
any alternative for de-escalation, or without
microbiological documentation that provides sup-
port for subsequent shift to targeted antibiotics (as
bacteriological documentation of the infection in
febrile neutropenia is usually obtained in less than
50% of episodes (Le Clech et al. 2018)). In a set-
ting with high rates of resistance, “carbapenem-
sparing” regimens are difficult to implement
(Viale et al. 2015).

The de-escalation strategy recommended by
ECIL-4 guidelines suggests the best possible
coverage of resistant pathogens at the onset of
infection, followed by subsequent reduction of
antibiotic spectrum, if no resistant bacteria are

isolated (Averbuch et al. 2013). Furthermore,
there is a need for alternatives for treating increas-
ingly resistant microorganisms. The shortage of
effective antibiotics is especially alarming in
Gram-negative infections. While new antibiotics
are developed, some old antibiotics such as
Fosfomycin have been repurposed in new indica-
tions, in order to preserve the broadest spectrum
antibiotics for cases without alternatives
(“‘carbapenem-sparing”). Promising new antibi-
otics are becoming available, though experiences
are limited among hematologic malignancy
patients (Caston et al. 2017; Ferndndez-Cruz
et al. 2018). Nevertheless, their use is appealing
because of the few antibiotic options left to treat
MDR infections, which are often toxic (e.g.,
colistin) and only moderately successful (Mensa
et al. 2018; Baker and Satlin 2016). A judicious
use of these new antibiotics should be made to
avoid further resistance development. The objec-
tive of AMS programs is optimizing antibiotic
use, mainly to avoid the emergence of even
greater resistance, and to foster a more effective
and efficient use of available antibiotics.

9.1.1.2 Antifungal Stewardship
Antifungal stewardship has received less atten-
tion than its antibacterial counterpart. Invasive
fungal infections (IFI) are not as common as bac-
terial infections, but convey a high health burden
and economic cost (des Champs-Bro et al. 2011).
IFI diagnosis is not straightforward.
Diagnostic techniques are suboptimal: cultures
have a low sensitivity and an early diagnosis is
difficult to make, as results are not immediately
available (Bouza et al. 2005; Escribano et al.
2015). In most cases, antifungals are used pre-
emptively, based in serological results that lack
specificity, or empirically in febrile patients with
no evidence of fungal infection, and diagnostic
efforts to rule-in or out the diagnosis are chal-
lenging. This diagnostic uncertainty, together
with the severity of IFI and its high mortality
drives the overuse of antifungals and the lack of
guidelines fulfilment (Mufioz et al. 2012).
Overuse of antifungals involves high eco-
nomic costs, development of resistance, risk of
toxicity and interactions, and delays in chemo-
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therapy administration. Fungal resistance has
been less of a problem compared to bacterial
resistance so far (Escribano et al. 2013), but the
recent emergence of C. auris, the fungal equiva-
lent to carbapenamase-producing bacteria in
terms of antimicrobial resistance, underscores
the importance of appropriate use of antifungals.
Resistance has also developed among Aspergillus
species, and multi or pan-resistant non-
Aspergillus mold infections are emerging among
hematologic patients. Empiric and prophylactic
antifungals are usually effective but apply a
selective pressure that allows the emergence of
resistant species.

Furthermore, antifungal agents are scarce.
Since 2000, no new antifungal class agents have
been released (Miller 2018). Therefore, there is a
particular need to preserve antifungal activity due
to the limited number of agents available.

Prophylaxis encompasses a large proportion
of the antifungal use in high-risk patients (Valerio
et al. 2014; Valerio et al. 2018). In this context,
when breakthrough infections arise, the decision
of how to treat is even more complex, and might
require empirical combined antifungal therapy in
patients with prior exposure to antifungals, due to
fear of acquired resistance or selection of intrin-
sically resistant species.

Although empiric therapy and prophylaxis are
effective, audits show frequent deficiencies in
antifungal prescription with overprescription and
inappropriate use of antifungals. Scores to mea-
sure adequacy of therapy are helpful to detect
opportunities for stewardship (Valerio et al.
2014). There is room for improvement regarding
indication, selection, or duration of antifungal
agents (Valerio et al. 2014). Antifungal use
requires the input of experts who are knowledge-
able of advances in IFI, skilled in the manage-
ment of the complex patients that need antifungals
and aware of local epidemiology and antifungal
susceptibilities. Clinical mycology is a complex
field justifying the necessity to involve specialists
in the clinical management (L6pez-Medrano and
Aguado 2015).

Evidence-based guidelines are used as a
benchmark to assess appropriate antifungal use.
Recent studies analyzing adherence to candidia-

sis management guidelines have found surpris-
ingly low compliance, and a worrisome
association of this lack of inclusion of the recom-
mendations with poor outcome (Cuervo et al.
2018; Mellinghoff et al. 2018a). These results
underline the need for antifungal stewardship
(Valerio et al. 2014). The scores used to measure
adherence to guidelines in these works, such as
the EQUAL Candida score, may be useful to
guide antifungal stewardship (Mellinghoff et al.
2018b).

Specifically in patients with hematologic
malignancy, in a recent retrospective study per-
formed to assess the need for antifungal steward-
ship, up to 46.8% of the antifungal prescriptions
were considered inappropriate, and another
15.6% were considered debatable (Lachenmayr
et al. 2018). The issue of drug—drug interactions
is particularly important in patients receiving
chemotherapy or immunosuppressors, account-

ing for 17% of prescriptions considered
inadequate.
9.1.2 Implementation

of an Antimicrobial
Stewardship Program

9.1.2.1 Institutional Level

Institutional support is required to carry out
antimicrobial stewardship. In order to be feasi-
ble, it should be a priority for the institution.
Hospital administration is key for the accep-
tance of the program and the economic support.
Institutional support from pharmacy and infec-
tion committees plays a central role (Pulcini
et al. 2019).

Creation of a Multidisciplinary Team

The first step is the creation of the antimicrobial
stewardship team that will be in charge of the
program, including the assessment of the epide-
miology of infections, the preventive and thera-
peutic interventions, and the proposition of
standards and local guidelines. Resources should
be provided by the institution to incorporate at
least an infectious diseases physician and a phar-
macist (Valerio et al. 2015a).
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Audit of Antimicrobial Use

and Development of Guidelines

Audit of antimicrobial use should be the next
step. Every hospital and specific departments
should establish their own targets regarding their
critical objectives determined through previous
audits. Comparison of actual use to the guide-
lines provides an accurate vision of areas of
improvement (Lachenmayr et al. 2018) that
would be a guide to select the institutional and
departmental targets of the antimicrobial stew-
ardship program.

National and international guidelines should
be adapted locally and approved by all the stake-
holders in order to increase acceptance and sub-
sequently adherence by the providers. Empirical
antimicrobial therapy and prophylaxis account
for the majority of the antimicrobial prescrip-
tions and should be specifically addressed
in local guidelines. Local guidelines should be
adapted not only to the institutional patterns of
resistance, but also to the hospital-specific tar-
gets (Lépez-Medrano et al. 2013a). To further
improve acceptance, different thought leaders
should collaborate to develop institutional
guidelines.

These institutional guidelines should address
not only the management of confirmed cases of
infection but also specific clinical syndromes that
are often associated with infections, such as
febrile neutropenia or pulmonary nodules. In the
remaining areas of uncertainty, there is also a role
for diagnostic stewardship. Both overuse and
underuse of diagnostic tests can lead to inappro-
priate antimicrobial therapy, the role of the stew-
ard being to translate this diagnostic information
into appropriate treatment (Patel and Fang 2018;
Bouza et al. 2018).

Guidelines and protocols should be regularly
updated, incorporating changes in epidemiology
and newly available diagnostic techniques and
antimicrobial resources.

Formulary restriction and prescription
approval of antimicrobial drugs usually work bet-
ter than non-restrictive measures such as educa-
tion. For practical reasons, antimicrobial
medication should be dispensed pending approval
in order to avoid potentially harmful delays. Then

prescriptions should be reviewed during the first
24-48 h by the members of the antimicrobial
stewardship team that would also give feedback
to the providers (Ananda-Rajah et al. 2012).

Provider Education

Training is the foundation of antimicrobial
stewardship, although relying solely on educa-
tional materials for stewardship is not
recommended.

Regarding antibiotic use, most critical gaps in
knowledge are found about the safety of discon-
tinuing antibiotics in selected febrile neutropenic
patients, de-escalating to targeted therapy when
an etiologic diagnosis is available, unnecessary
combination therapy, inappropriate therapy for
multidrug resistant microorganisms, switching to
oral route, and indications of restricted
antibiotics.

Regarding antifungal therapy, pitfalls include
lack of specific knowledge, difficulties in distin-
guishing colonization from infection, indications
for antifungal prophylaxis or empirical therapy,
ignoring local azole resistance rates, and the cor-
rect dosing of antifungals, among others (Valerio
et al. 2015b). When applying a questionnaire
about the antifungal knowledge to prescribers, it
turned out that lack of awareness of current indi-
cations or evidence-based recommendations led
to overconsumption of antifungal drugs, as many
physicians prescribe antifungal combinations or
inappropriate dosages of liposomal amphotericin
B (L-AmB), and treat for fungal colonization
(Valerio et al. 2015c). Departments with a high
rate of inappropriate use require formalized edu-
cational programs.

Epidemiologic Surveillance

There are geographical variations in the emer-
gence of resistance that are influenced by local
factors. For instance, GNB (Gram negative
bacilli) resistance rates are higher in southeast
versus North-West Europe (Averbuch et al.
2017). In the Netherlands, the increase of resis-
tance in Aspergillus spp. has been associated with
the use of antifungals in agriculture. Likewise, at
the local level, different patterns of use of antimi-
crobials in different hospitals, or even depart-
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ments inside a hospital will yield a distinct
resistance profile.

Epidemiological surveillance is of paramount
importance to adjust empirical therapy to the
expected susceptibility of the local microorgan-
isms. Broad-spectrum antibiotics are necessary
in areas with a prevalence of MDR microorgan-
isms above 10%. As for IFI, in areas with a low
incidence of resistant Aspergillus and non-
Aspergillus molds, the use of combination ther-
apy for suspected IFI is rarely justified.
International guidelines should therefore be
adapted locally implementing local epidemiol-
ogy and antifungal susceptibility patterns.

Digital Support

Clinical decision support systems, combined
with computerized physician order entry can
improve antimicrobial stewardship by generating
individualized recommendations based on com-
bining microbiologic results with patient data on
the electronic medical record (Lépez-Medrano
et al. 2013a). Digital support facilitates the link
between pharmacy and prescribers, and between
pharmacists and Infectious Diseases stewards.
Alerts about interactions, dose adjustment,
reminders for therapeutic drug monitoring or cost
are practical examples. Local guidelines should
ideally be incorporated to computerized clinical
decision support at the time of prescribing, as
recommended by IDSA (Infectious Diseases
Society of America) guidelines (Barlam et al.
2016). “Point-of-prescription” measures such as
the requirement to write an indication for the pre-
scribed antimicrobial can be facilitated by elec-
tronic ordering of antimicrobial agents (Hamilton
et al. 2015).

Another potential application of new technol-
ogies is prospective electronic surveillance. As
for IFI, and in particular mold disease, the
absence of a consistent and easy to obtain labora-
tory marker (equivalent to blood culture for
Candida) complicates surveillance (Ananda-
Rajah et al. 2014). The cumbersome detection of
cases through personal review of many different
results hampers the widespread performance of
prospective surveillance. Digital technologies
can be useful in easily combining different labo-

ratory results to facilitate mold infection surveil-
lance (Ananda-Rajah et al. 2017).

9.1.2.2 Individual Level

Antibacterial Stewardship
Audits of antibiotic use reveal opportunities for
stewardship in the setting of febrile neutropenia.
The role of the antimicrobial steward is to ensure
patients get the optimal coverage while avoiding
the emergence of resistance.

To adjust antibiotic therapy, it is essential to
have an etiologic diagnosis. In many occasions, a
diagnosis is not thoroughly pursued. Empirical
therapy is initiated, and broad-spectrum antibiot-
ics are maintained until resolution, or even
blindly escalated if evolution is poor. To over-
come this generalized usage of broad-spectrum
antibiotics, which in many occasions will prove
unnecessary, the diagnostic-driven approach is
increasingly popular. An important function of
the stewardship program will be to warrant
appropriate samples are obtained, and rapid and
accurate diagnostic tests are ordered, which may
prevent unnecessary initiation and prolonged
administration of antimicrobials. Both positive
and negative microbiological results are of the
utmost importance and will frequently allow de-
escalation to reduced spectrum antimicrobials.
To that end, the performance of diagnostic tests
must be coupled with a stewardship program
intervention (Messacar et al. 2017). A tight con-
nection with the Microbiology lab with rapid
exchange of information and expert advice is
recommended.

When it comes to empirical therapy, it is vital
to get it right from the beginning: knowing the
local epidemiology will be of great help, but
might not be enough, as it is difficult to predict
which patients will develop an infection caused
by a MDR microorganism. Risk factors for resis-
tance, such as prior antibiotic use or bearing a
urinary or intravascular catheter (Gudiol et al.
2011), are common among hematologic malig-
nancy patients.

Recent data suggest that patients with hemato-
logic malignancies who are colonized with MDR
Enterobacteriaceae have a high risk of develop-
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ing subsequent infection due to these organisms,
in particular during episodes of neutropenia
(Cattaneo et al. 2018). The strategy of screening
for targeted empiric therapy allows to identify
hematologic oncology patients at highest risk of
infection with MDR Enterobacteriaceae in order
to tailor empiric therapy for febrile neutropenia
accordingly. This strategy could also spare
administration of the broadest-spectrum antibiot-
ics for the treatment of patients who have not
been colonized. However, the workload and cost
for the laboratory should be considered and
screening should only be put in place if proven
cost-effective.

Incorrect allergy labeling has been associated
with increased inappropriate agent selection and
increased use of broad-spectrum agents (Robilotti
et al. 2017). Several groups are using Penicillin
Skin testing to guide antimicrobial stewardship
and to avoid inappropriate diagnoses of antibiotic
allergies (Trubiano et al. 2017; Blumenthal et al.
2017; Ramsey and Staicu 2018).

Prospective audit and feedback are the corner-
stones of antimicrobial stewardship (Yeo et al.
2012). Based on microbiology results and clini-
cal course, antibiotics will be adjusted to reduce
spectrum or enhance activity. Adjustments will
include not only de-escalation but also dose
adjustments in order to guarantee that the best
antibiotic possible in terms of activity and lack of
toxicity is administered. These adjustments can
be made through a daily restricted antimicrobial
agent review. Antibiotics permitted pending
approval shall be reevaluated the following day
and again after 3-5 days when microbiologic
results are available.

To improve the probability for clinical suc-
cess, dose and schedule of the antimicrobial regi-
mens often need to be optimized (Theuretzbacher
2012). Similar to critically ill patients, hemato-
logic malignancy patients have a low probability
of PK/PD target attainment, as the required mag-
nitude of the PK/PD index increases by 50—100%
in patients with profound neutropenia resulting in
higher required drug exposure.

Bactericidal agents may be critical in neutro-
penic patients, and preferable over bacteriostatic
agents. The applicability of current breakpoints

to these patient groups is unclear. For many anti-
biotics, individualized increased dosages based
on therapeutic drug monitoring may be required.
For p-lactam and aminoglycoside antibiotics,
optimized dosing regimens have been developed
based on their mechanism of action (prolonged
infusion for time-dependent antibiotics, high iso-
lated doses for concentration-dependent antibiot-
ics). Combination therapy could be necessary
when the PK/PD target is beyond clinically
achievable drug exposure. Interactions and the
possibility of added toxicities in these polymedi-
cated patients should always be taken into con-
sideration for antibiotic selection. The source of
the infection should be considered when select-
ing an antimicrobial. Source control is especially
important in patients with impaired immu-
nity and, above all, those infected with MDR that
lack optimal antibiotics against them. Source
control includes catheter withdrawal, collection
draining or surgery. In patients with clinical
improvement, consideration to switching to oral
route should be given (Aguilar-Guisado et al.
2017).

Recent studies support short-term antibiotic
therapy in afebrile or febrile hematologic patients
with fever of unknown origin, irrespective of
their neutrophil count (Le Clech et al. 2018;
Aguilar-Guisado et al. 2017). Traditionally,
broad-spectrum antibiotics are maintained until
neutrophil recovery, even when symptoms sub-
side, and no clinical or microbiological definite
infection has been diagnosed. Last, ECIL guide-
lines (ECIL-4) advocate to “stop antibiotics in
patients with fever of unknown origin (FUO)
after apyrexia for 48 h or more, irrespective of
neutrophil count or expected duration of neutro-
penia” (Averbuch et al. 2013; Orasch et al. 2015).
The etiologies of persistent unexplained fever in
this setting, in many cases, appear not to be
related to bacterial infection but caused by malig-
nancy, iatrogenic interventions (drugs — even
antibiotics themselves — transfusions), viral
(Santolaya et al. 2017) or fungal infections, or
others that do not respond to antibiotics (hemor-
rhage, thrombosis, and mucositis) (Le Clech
et al. 2018) so that antibiotics could be safely dis-
continued early, even if patients remain febrile
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and neutropenic, once a bacterial infection has
been excluded. IDSA 2010 guidelines suggest
that stopping intravenous antibiotics after
resolution of fever of unknown origin and before
neutrophil recovery should be combined with
secondary fluoroquinolone prophylaxis (CIII)
(Freifeld et al. 2011). However, more recent
ECIL-4 guideline avoided recommendations on
secondary prophylaxis as a result of the increase
of fluoroquinolone resistance (Mikulska et al.
2018). Careful follow-up must be maintained and
antimicrobial therapy urgently reinitiated when
necessary.

The use of procalcitonin in other settings for
antimicrobial stewardship purposes has demon-
strated utility, but in immunosuppressed hemato-
logic patients, it failed to reduce the antibiotic
duration. Post-transplant physiology and thera-
pies interfere with biomarker levels such as pro-
calcitonin and C- reactive protein.

CD-associated colitis is a consequence of
antibiotic use and misuse, and is especially com-
mon among hematologic malignancy patients
(Callejas-Diaz and Gea-Banacloche 2014). A
number of antecedent antibiotics (other than
those used to treat CD) have been identified as
the most important risk factor for CD recurrence
in allogenic stem cell transplant recipients (Mani
et al. 2016). Stewardship in this area includes dis-
continuation of non-essential antibiotics and
proton-pump inhibitors, and optimizing therapy
to prevent complications and recurrence
(McDonald et al. 2018).

State-of-the Art: Experiences in AB

Stewardship

Several recent studies on AMS in hematologic
malignancy or stem cell transplant recipients
focused on checking the safety and efficacy of
discontinuing antibiotics in selected patients with
febrile neutropenia, regardless of neutrophil
counts. Febrile neutropenia is the main reason for
antimicrobial use in hematologic malignancy
patients, and antibiotics are used empirically in
the majority of cases and maintained until neu-
trophil counts have recovered. A randomized
controlled trial showed that in high-risk febrile
neutropenic patients, empirical antibiotic therapy

can be safely discontinued after 72 h of apyrexia,
together with clinical recovery, irrespective of
neutrophil counts (Aguilar-Guisado et al. 2017).
These results are supported by other retrospective
(Gustinetti et al. 2018; Snyder et al. 2017; Ruiz-
Ramos et al. 2017; So et al. 2018) and prospec-
tive (Madran et al. 2017; Le Clech et al. 2018;
Yeo et al. 2012; la Martire et al. 2018) studies
that demonstrate a reduction in antibiotic con-
sumption (especially broad-spectrum such as car-
bapenems) without increase in mortality, ICU
admission or relapse of infection. Some of the
studies focused specifically on allogenic trans-
plant patients (Snyder et al. 2017; Gustinetti et al.
2018) or critically ill hematologic patients (Ruiz-
Ramos et al. 2017) (Table 9.1).

A study of adherence to an antimicrobial
stewardship protocol for febrile neutropenia
based on the IDSA guidelines showed a decrease
in 28-d mortality (Rosa et al. 2014). However,
compliance with the protocol was only 53%, and
the authors point out the need to develop adher-
ence. In that study, there was no AMS team to
implement adherence to the protocol. AMS
should be based on specific guidelines, such as
ECIL or IDSA guidelines (la Martire et al. 2018).

Antifungal Stewardship

Bedside intervention is the antifungal steward-
ship scaffold. This intervention would be
prompted by the positivity of blood cultures for
fungi, initiation of antifungals, or another
agreed trigger. Several studies have detected
opportunities for improvement in antifungal pre-
scription regarding indication, duration, drug
selection, and dosing (Valerio et al. 2014).
Antifungal stewardship is key to make sure all
these are optimized.

Empirical antifungal use in patients with pro-
longed neutropenic fever leads to toxicity, risk of
antifungal resistance, and increased costs.
Limiting antifungal therapy to selected patients
has been reported as a reasonable alternative that
avoids overtreatment without increasing IFI-
related mortality (Aguilar-Guisado et al. 2012;
Aguilar-Guisado et al. 2010) and reduces costs
(Martin-Pena et al. 2013). The selection of
patients for antifungal therapy should be based
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on risk factors and clinical criteria, and has been
specifically evaluated in hematologic malig-
nancy, including high-risk cases such as
allogeneic HSCT recipients (Aguilar-Guisado
et al. 2012).

Once antifungals have been started, it is
important to do all possible diagnostic efforts to
confirm or exclude fungal infection in order to
adjust antimicrobial therapy accordingly. Trying
to reach an etiologic diagnosis is important
because IFI diagnosis is elusive, and many etiolo-
gies can be confused with fungal disease, whereas
empirical antifungals can safely be discontinued
based on negative diagnostic tests that convey a
very low probability of IFI.

To that end, diagnostic tests for IFI need to be
improved. Biomarker-based preemptive strate-
gies in patients receiving anti-mold prophylaxis
can be misleading and increase inappropriate
antifungal consumption due to a very high pro-
portion of false-positive results (Duarte et al.
2014; Duarte et al. 2017; Vena et al. 2017;
Martin-Rabadan et al. 2012). By contrast, they
are very useful to help de-escalation in cases of
suspected IFI due to their high negative predic-
tive value in this setting, specifically when tested
before initiation of antifungals (Duarte et al.
2014).

Knowledge of the local epidemiology helps
choosing appropriate empirical antifungals. In
settings with a low incidence of azole-resistant
Aspergillus and non-Aspergillus molds, a com-
bined antifungal therapy is rarely required even
while awaiting susceptibility results. On the
contrary, when facing a breakthrough IFI, it
may be reasonable to switch the antifungal class
or even add a second antifungal until suscepti-
bility is confirmed. In this scenario, all the
efforts to get a confirmed diagnosis are war-
ranted. Penetration of the antifungal into the site
of infection needs to be considered. Once a
pathogen is identified, antifungal therapy should
be de-escalated to the optimal, narrower spec-
trum drug, and switched to oral therapy when
there is an agent with good bioavailability, the
patient is stable, and there is no intestinal
impairment impacting absoption of oral antifun-
gal agents (i.e., mucositis). The precise moment

for de-escalation is still a matter of debate
(Vazquez et al. 2014).

Drug—drug interactions should always be con-
sidered, in particular, in patients receiving azoles,
due to their effect on the cytochrome p450 com-
plex. Many immunosuppressors and chemothera-
peutic agents are metabolized through this
pathway. For instance, tacrolimus or vincristine
toxicity may be enhanced by concomitant use of
voriconazole, so these combinations should be
avoided, or dose adjustments made. Apparently,
commonly used drugs such as proton-pump
inhibitors can considerably alter azole bioavail-
ability, increasing or decreasing absorption.
Hematologic malignancy patients usually receive
many drugs simultaneously, and streamlining
therapy while minimizing toxicity and consider-
ing interactions can be challenging.

Dose adjustment has its own pitfalls.
Liposomal amphotericin B can be nephrotoxic,
but does not need dose adjustment in patients
with preexisting renal impairment. In fact, neph-
rotoxicity seems to depend on the accompanying
drugs (Stanzani et al. 2017). Though controver-
sial in some cases, TDM (therapeutic drug moni-
toring) can be very useful to assure adequate
levels for efficacy and safety, in particular for
azoles, and in critical patients with kidney or
liver dysfunction.

Limiting the duration of inappropriate anti-
fungals is one of the main tasks of antifungal
stewardship, but also to guarantee that treatment
courses are completed, for example, to make sure
that candidemia is treated for 14 days after the
first negative blood culture, or appropriately lon-
ger in cases of metastatic infection.

Just like antibiotic stewardship, antifungal
stewardship at the individual level is accom-
plished through postprescription review and
feedback. It requires daily commitment from the
multidisciplinary team and of course provider
involvement. “Point-of-prescription” implication
of the providers documenting indication for anti-
microbial use, expected duration of therapy,
adherence to empiric treatment guidelines, and
reassessment of antimicrobial prescription at
72 hours has shown to improve antimicrobial
stewardship (Hamilton et al. 2015). Cases need to
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be evaluated individually, as there are still uncer-
tainties that need to be addressed in a personal-
ized way. Guidelines are currently very useful to
manage confirmed cases of IFI, but there is still a
lack of evidence regarding how and when to de-
escalate in cases in which IFI is reasonably
excluded.

State-of-the Art: Experiences in AF

Stewardship (Table 9.2)

Most antifungal stewardship programs have
focused on candidiasis (Whitney et al. 2019;
Rautemaa-Richardson et al. 2018; Molina et al.
2017), however some include also mold infec-
tions. Only a few are centered specifically in
hematologic patients (Alfandari et al. 2014),
though most of them include them in different
proportions (Lépez-Medrano et al. 2013b;
Valerio et al. 2015a; Ramos et al. 2015; Mondain
et al. 2013), as the hematology department is usu-
ally one of the areas with a higher consumption
of antifungals.

Antifungal stewardship programs usually
achieved a reduction-or at least containment- in
cost without reducing the quality of care.
Antifungal consumption was reduced, and in par-
ticular, the number of inappropriate initiations of
antifungals decreased importantly (up to 90%
(Rautemaa-Richardson et al. 2018)), and so did
the use of antifungal combinations (Mondain
et al. 2013). In some cases, candidemia incidence
(Valerio et al. 2015a; Molina et al. 2017) and
even mortality (Valerio et al. 2015a; Ramos et al.
2015) were diminished. Authors remark that rec-
ommendations were non-compulsory, and still,
compliance with them was as high as 74-88%
(Mondain et al. 2013; Valerio et al. 2015a;
Whitney et al. 2019).

In the study focused on hematologic patients
(Alfandari et al. 2014), antifungal recommenda-
tions were integrated in the decision trees for
febrile neutropenia management. A large propor-
tion of the recommendations fall on diagnostic
aspects, in particular, related to mold infection
suspicion. The implementation of antifungal
stewardship in the protected hematology unit
resulted in a 40% decrease in costs, in spite of a
stable incidence of IFI during the study period.

The authors underline the need for commitment
and realistic objectives on the ID side, as well as
involvement of the prescribing physicians.
Recommendations should be based on acknowl-
edged scientific data to favor acceptance among
providers.

9.1.3 Guideline Resources

IDSA (Barlam et al. 2016) guidelines point out a
series of recommendations to implement an anti-
microbial stewardship program. Recent ESCMID
guidelines on global hospital antimicrobial stew-
ardship programs have been developed (Pulcini
et al. 2018) that offer a set of core elements and
related checklist items for AMS programs. Those
are meant to be present in all hospitals, regardless
of resources. National guidelines have been
developed in different countries (Rodriguez-
Baiio et al. 2012; de With et al. 2016; Morley and
Wacogne 2017).

Online resources to help develop antimicro-
bial stewardship programs are listed in Pafio-
Pardo et al. (Pafo-Pardo et al. 2013).

9.1.3.1 Other Resources Based
on Guidelines

To help tracking of process and outcome mea-
sures in order to determine the impact of inter-
ventions, several scores of adherence to guidelines
have been developed, such as EQUAL score for
candidiasis, aspergillosis, cryptococcosis, and
others (Mellinghoff et al. 2018b; Cornely et al.
2018; Spec et al. 2018; Cuervo et al. 2018).
Interestingly, best scores have been associated
with a decrease in mortality (Mellinghoff et al.
2018a; Cuervo et al. 2018).

9.1.4 Next Research Questions

There are still several areas of uncertainty, regard-
ing both diagnosis and therapy. The applicability
to immunocompromised hosts of measures such
as ruling out nasal colonization by MR S. aureus
that have proved to be useful in ICU setting to
adjust treatment need to be tested in hematologic
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patients. The utility of new diagnostic techniques
in helping antimicrobial stewardship and their
effect on outcome must be checked. Issues such
as the cost-effectiveness of surveillance cultures
to guide empirical therapy have to be confirmed.
Knowledge on microbiota and its influence in
infection development needs be integrated into
antimicrobial stewardship programs.

More translational studies focused specifically
in hematologic malignancy patients are needed to
establish guidelines on de-escalation and define
the safety of de-escalation in different popula-
tions, considering different risks: repeated neutro-
penia episodes versus first, new therapies such as
targeted therapies, immunotherapy, CAR-T-cell
therapy. There is a need to consider the role of
combination therapy in the face of more resistant
microorganisms and the role of new antiinfective
therapies such as CTL (cytotoxic T lymphocytes)
or therapeutic vaccines.

Digital support use needs to be expanded and
integrated in everyday care with expert systems
that help identify better patients at risk for MDR
infections, and help individualize and optimize
antibiotic dosing regimens in neutropenic
patients. Apps in mobile devices might prove
helpful to remind providers reconsidering antimi-
crobial therapy after a stabilized period.

Furthermore, antimicrobial stewardship pro-
grams face the challenge to actively be main-
tained for long periods of time (Lépez-Medrano
et al. 2013a).
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Patients with hematological malignancy are very
likely to be in need of intensive care either due to
complications of treatment or due to factors
related directly to the severity of their disease or
their susceptibility to infection. Although the
prognosis of such patients was not at all favorable
in the beginning, there has been a notable
improvement during the last decades due to
advances in hematology, oncology, and intensive
care. According to a recent meta-analysis
(Darmon et al. 2019), there has been a steady
decrease in mortality over time in critically ill
hematological patients, with the exception of
allogeneic stem cell transplant recipients. Thus,
there has been a shift from a rather nihilistic
approach of no admission to the ICU to a short
ICU admission period depending on the severity.
In another recent single-center study (Kondakci
et al. 2019) comparing ICU survival in hemato-
logical patients over two subsequent periods, a
distinct increase in survival was noted from
45.2% to 66.7%. This increase was considered to
be the result of treatment improvements, but most
importantly, to changes of admittance policy,
namely timelier admission to the ICU.

Further studies seem to acknowledge this find-
ing. In a recent single-center study (Sauer et al.
2019), the proportion of cancer patients in the ICU
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increased steadily. However, although 28-day and
I-year mortality were strongly associated with
hematological cancers, they both decreased over the
10-year study period. Hematologic patients, com-
pared to solid cancer patients, showed the strongest
annual adjusted decrease. In another time trend
analysis of long-term outcome in patients with
hematological malignancies, an annual decrease in
1-year mortality of 7% was found (de Vries et al.
2018). It should also be noted that, according to this
study, the Acute Physiology, Chronic Health
Evaluation (APACHE) II score was found to over-
estimate mortality in this patient population.
This chapter focuses on the following:
(a) When should a patient with hematological
malignancy be admitted in the ICU?
(b) What is the prognosis of these patients?
(c) How long should a patient with hematologi-
cal malignancy be treated in the ICU?
(d) How should a patient with hematological
malignancy be treated in the ICU?

10.1 When Should a Patient
with Hematological
Malignancy Be Admitted

in the ICU?

The main reasons for admission of a patient with
hematological malignancy in the ICU are compli-
cations of treatment for the malignancy or critical
illness due to the disease and sepsis, as such patients
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are more susceptible to infectious complications
and respiratory failure. The decision of admission
to the ICU should be the result of close cooperation
between hematologists and intensivists, as there are
ethical issues related to end-of-life care for these
patients. Thus, a concise decision-making process
should be followed (Malak et al. 2014).

First, it is important to assess the hematological
status of the patient. Patients with hematological
malignancies that have either complete remission
after first-line treatment or a good response will
mostly benefit from being admitted. In this case,
the clinical severity of the patient’s condition
should be no reason to avoid admission.

However, the deterioration of the hematologi-
cal status necessitates a careful approach on
whether such a patient may benefit from admis-
sion. This group includes patients who have
either partial response to chemotherapy or
relapsed but are still chemosensitive. In this case,
other factors should be also taken under consider-
ation including the performance status of the
patient, comorbidities, the severity of the disease,
age of the patient, as well as the prognosis of the
malignancy per se. Also patients with allogeneic
bone marrow transplantation as well as patients’
high-risk morbidities related to treatment belong
to this group. The former have increased mortal-
ity compared to overall patient population, while
the latter face several ethical issues regarding the
potential clinical benefit of treatment contrary to
the risks it may pose. In both cases, prognosis
assessment may have a crucial role on whether
such patients should be transferred in the ICU.

When the underlying disease is irreversible
and thus in a palliative stage, then admission to
the ICU is futile. The decision not to admit should
be clearly explained to the patient and family of
the patient, as well as documented in the patient
file. In this context, all necessary palliative care
should be provided to the patient.

10.2 What s the Prognosis
of These Patients?

Prognosis in patients with hematological malig-
nancies is worse than the general population.
There are a number of factors that have been

Table 10.1 Factors associated with mortality in patients
with hematological malignancy

Clinical factors Hematological factors

Neutropenia

Simplified acute
physiology score II
Charlson comorbidity
index

Performance status (ECOG
score > 2)
Malignant lymphoma

Sequential organ
failure assessment
score

Invasive mechanical
ventilation

Hematopoetic stem cell
transplantation (HCT-CI
score > 2)
Hematological relapse

Use of vasopressors

Hemodialysis
Prolonged ICU
treatment

Delay in ICU
admission

associated with unfavorable outcomes in patients
with hematological malignancy admitted in the
ICU, which are either clinical or hematological
(Table 10.1.)

Clinical factors include multi-organ failure,
high APACHE 1II or Sequential Organ Failure
Assessment  (SOFA) or Simplified Acute
Physiology Score (SAPS) II score, mechanical
ventilation, use of vasopressors, and hemodialy-
sis. Hematological factors include allogeneic
hematopoietic stem cell transplantation, perfor-
mance status>2 as measured by Eastern
Cooperative Oncology Group (ECOG) (Zubrod)
score, relapse of the disease, malignant lym-
phoma, and neutropenia.(Al-Zubaidi et al. 2018;
Camou et al. 2019; Cornish et al. 2016; Georges
et al. 2018; Scheich et al. 2018; Irie et al. 2017;
Schuitemaker et al. 2017).

Regarding the use of severity scores in predict-
ing mortality, modifications of the original
Sequential Organ Failure Assessment Score
(SOFA) have been proposed. The prognostic
value of hematological SOFA (SOFAhem), which
was defined as the original SOFA score omitting
the coagulation and neurological parameters, has
been assessed compared to original SOFA score
as predictors of mortality in hematological
patients (Demandt et al. 2017). Increasing trends
in SOFAhem score were independently associ-
ated with mortality. Furthermore, it was found to
have a stronger relation to mortality compared to
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the original SOFA score, as it presented higher
odds ratios and lower P-values. In another recent
study (Greenberg et al. 2016), the prognostic
value of a modified SOFA score to account for
infection was assessed. The modified score was
compared with the original SOFA score, as well
as APACHE II score. The modified score had a
wider area under the receiver operator character-
istic curve. Furthermore, it served as a better dis-
criminator of survivors from non-survivors.

Another very important factor associated with
mortality is the increased time from the onset of
symptoms to the ICU admission, especially when
the patient was admitted more than 24 hours after
the onset of symptoms. It was found that in such
cases, there was increased use of mechanical
ventilation, use of vasopressors, a subsequent
prolongation of ICU stay, and increased mortality
(Mokart et al. 2013).

The role of bloodstream infections due to
multidrug-resistant (MDR)) Gram-negative bacte-
ria, especially non-fermenters, as predictor of
mortality should be noted. In a recent retrospec-
tive single-center study (Scheich et al. 2018), the
impact of such infections was assessed. Mortality
of patients with MDR Gram-negative blood-
stream infection was significantly higher com-
pared to patients with susceptible Gram-negative
bloodstream infection. Bloodstream infection
due to MDR non-fermentative Gram-negative
bacteria and admission in the ICU was indepen-
dently associated with an increased 30-day
mortality.

10.3 How Long Should a Patient
with Hematological
Malignancy Be Treated

in the ICU?

The optimal treatment duration in the ICU in
these patients remains unclear. It should be
decided depending on patient severity and dis-
ease prognosis. In a recent study (Shrime et al.
2016) comparing time-unlimited versus time-
limited trials of intensive care assessing 30-day
all-cause mortality and mean survival duration,
patients with hematological malignancies or less
severe illness seemed to benefit from 8 to 12 days

of intensive care. However, regular reassessment
every 4-5 days is necessary to decide whether
further treatment is beneficial or futile.

Especially for allogeneic stem cell transplan-
tation recipients, early ICU admission should
happen as soon as they develop organ failure, as
this is associated with decreased mortality. A
recent study (Orvain et al. 2018) assessing a
score combining the number of organ injuries
prior to ICU admission with the time from first
organ injury to ICU admission found a signifi-
cantly higher in-hospital mortality rate even after
adjustment for refractory acute graft-versus-host
disease (GVHD) and the SOFA score.

How Should a Patient
with Hematological
Malignancy Be Treated
in the ICU?
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A hematologic patient is not essentially different
from other patients admitted in the ICU when it
comes to infection, with the exception of certain
aspects of sepsis management, as well as of
respiratory failure. These aspects are the ones
this chapter is focusing on, but not in detail, as
they are explicitly covered in other chapters.

10.4.1 Respiratory Failure

A major question regarding the respiratory sup-
port of such patients is whether non-invasive or
invasive ventilation should be used. The etiology
is variable including pneumonia, non-infectious
diagnoses, and other opportunistic infections.
However, in a considerable proportion of around
15%, the etiology of acute respiratory failure
may be undetermined and have the higher mor-
tality (Contejean et al. 2016).

It is interesting that non-invasive ventilation at
an early stage seems to be associated with lower
mortality. However, a high percentage receiving
non-invasive ventilation ultimately deteriorate
and proceed to intubation (Amado-Rodriguez
et al. 2016). A recent study compared non-
invasive versus invasive ventilation for acute
respiratory failure in patients with hematologic
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malignancies (Gristina et al. 2011). Although
only 20% of the included patients initially
received non-invasive mechanical ventilation,
almost half of them needed to switch to invasive
mechanical ventilation. It is important to note
that when non-invasive ventilation was success-
ful, it was associated with improved outcomes,
especially in patients with acute lung injury or
adult respiratory distress syndrome.

In a recent study (Lee et al. 2015) assessing
high-flow nasal cannula oxygen (HFNO) therapy
for acute respiratory failure in patients with
hematological malignancies, 67% of the recipi-
ents failed and needed to change to invasive ven-
tilation. Although no difference was found
regarding the severity of the underlying comor-
bidities, patients who failed with HFNO treat-
ment had a significantly higher percentage of
bacterial pneumonia.

Generally, studies report failure of non-invasive
ventilation ranging from 40% to over 60%. Even
worse patients who switch to invasive ventilation
have an increased mortality of up to 80% (Molina
et al. 2012). Thus, hematological patients receiving
non-invasive ventilation should be very carefully, if
at all, selected. Even then, they should be closely
monitored and switched to invasive mechanical
ventilation as soon as they deteriorate (Schnell
et al. 2016; Kusadasi et al. 2017).

A retrospective analysis assessed factors asso-
ciated with the successful extubation of patients
who received invasive mechanical ventilation
(Fujiwara et al. 2016). Several factors were identi-
fied including respiratory management in an ICU,
remission of the hematological disease, female
gender, low levels of accompanying non-
respiratory organ failure, and the non-use of extra-
corporeal circulation. However, the only factor
independently associated with successful extuba-
tion was the respiratory management in an ICU.

The timing of intubation is also an important
factor regarding outcome. In a study assessing
early predictors of mortality in patients with can-
cer and acute respiratory failure who were intu-
bated after their admission in the ICU, mortality
at day 28 was more than 30%. Factors indepen-
dently associated with mortality were age, more
than one line of chemotherapy, time between

respiratory symptoms onset and ICU admission
>2 days, oxygen flow at admission, and extra-
respiratory symptoms. However, after adjustment
for the logistic organ dysfunction score, only time
between respiratory symptoms onset and ICU
admission more than 2 days and logistic organ
dysfunction score were independently associated
with mortality (Mokart et al. 2013). These results
show the necessity for timely intubation of such
patients with acute respiratory failure.

10.4.2 Sepsis/Neutropenia

Sepsis is a very common cause of admission of
hematological patients in the ICU. It should be
kept in mind that this population may manifest
very subtle, if any, signs and symptoms of infec-
tion. Such patients are at risk of infection due to
conventional as well as opportunistic pathogens.
Increased vigilance is necessary for timely inter-
vention. Treatment bundles according to the
Surviving Sepsis Campaign (Rhodes et al. 2017)
should be followed and the special characteristics
of this patient population be taken into account.

Regarding antibiotics, combination therapy
should not be used for the routine treatment of
sepsis in presence of neutropenia when the etio-
logic agent is documented. However, combina-
tion therapy including aminoglycosides as
empirical treatment can be used when the patho-
gen is unknown and broadening of antimicrobial
activity is necessary. It may include antibiotics
with activity against Gram-negative pathogens,
including anti-pseudomonal agents, as well
antibiotics with activity against Gram-positive
cocci, especially in suspicion of a catheter-related
infection, skin or soft tissue infection or severe
mucositis. The presence of opportunistic patho-
gens, such as yeasts, aspergillus and other molds,
and varicella or cytomegalovirus (CMV) should
also be actively sought and covered, especially
when there is persistent, recurrent fever despite
the presence of broad-spectrum antibiotic cover-
age (Kiehl et al. 2018; Wise et al. 2015; Schnell
et al. 2016).

Source control is important. All indwelling
catheters should be removed and substituted
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including central vascular catheters, tunneled
catheters, and urinary catheters. Especially for
tunneled catheters, if their removal is not possi-
ble, prolonged antimicrobial therapy may be
administered, when fungemia and septic shock
are absent. However, intra-tracheal intubation
should not be delayed when neutropenia is pres-
ent (Schnell et al. 2016; Kiehl et al. 2018; Beed
et al. 2010).

Treatment duration may vary. Although anti-
biotic therapy should be as short as possible to
avoid the selection of resistant strains, de-
escalation of treatment should not be considered
unless the patient is stable with a documented
infection due to a pathogen susceptible to the
administered antibiotic treatment and neutrope-
nia has remitted. In cases of slow clinical
response, undrainable foci of infection, and per-
sistent neutropenia, longer antibiotic courses
should be administered (Schnell et al. 2016).

Selective oral decontamination or selective
digestive decontamination should be adminis-
tered upon admission. It is of particular impor-
tance in high risk-patients who manifest
mucositis, such as recipients of chemotherapy or
myeloablation (Schuitemaker et al. 2017).

It is not clear whether granulocyte colony-
stimulating factor (G-CSF) is of benefit during
neutropenia in the ICU. Prophylactic use may
decrease the duration of neutropenia. However,
G-CSF administration is of limited benefit in
neutropenic patients with sepsis. Furthermore,
G-CSF administration is associated with side
effects and worsening of the respiratory status.
Thus, close monitoring is necessary and G-CSF
should be stopped when respiratory deterioration
is suspected. The decision of G-CSF administra-
tion should be done on a case-by-case-basis, in
cooperation with the hematologist (Wise et al.
2015).

10.5 Summary

Patients with hematological malignancy can be in
need of intensive care due to various reasons.
There has been a steady decrease in mortality,
which reflects advances in hematology and inten-

sive care. The decision of admission to the ICU
should be the result of a close cooperation
between hematologists and intensivists, aiming at
addressing various ethical issues, and should be
based on a decision-making process. Several fac-
tors have been associated with unfavorable out-
comes in such patients, which are either clinical
or hematological. Hematological patients seem
to benefit from 8 to 12 days of intensive care, but
regular reassessment every 4 to 5 days is neces-
sary if treatment is to be continued. Regarding
treatment, there are certain aspects of sepsis and
respiratory support that necessitate a different
approach for the hematological patient compared
to others. Non-invasive ventilation should be
generally avoided, unless patients are carefully
selected. Timely intubation is of paramount
importance. Sepsis should be treated according to
the bundles proposed by Surviving Sepsis
Campaign keeping in mind the special character-
istics of this patient population.
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11.1 Epidemiology and Risk

Factors

Despite remarkable improvements achieved in
the management of patients with malignant
hematologic disorders, infectious complications
persist as a leading cause of morbidity and mor-
tality, particularly during the neutropenic phase
subsequent to chemotherapy treatment.
Bloodstream infection (BSI) affects 11% to
40% of neutropenic patients with an associated
mortality ranging from 5% up to 60% in cases of
multi-drug resistant (MDR) BSI (Gudiol et al.
2011; Gaytan-Martinez et al. 2000; CI et al.
2012). The epidemiology of BSI has been chang-
ing during the years: during the 1990s, Gram-
positive BSI emerged as a leading cause of BSI
following the increased use of intravascular
devices and the extensive use of prophylaxis with
fluoroquinolones (FQ). Subsequently, this trend
was followed by a gradual rise of Gram-negative
bacteria and more recently MDR Gram-negative
extended spectrum p-lactamase (ESBL) or
carbapenem-resistant  enterobacteriaceae  are
becoming a critical issue in the daily clinical
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practice (Mikulska et al. 2009; Cattaneo et al.
2008; Tumbarello et al. 2012). Despite the shift
in the epidemiology of BSI in hematologic
patients, Gram-positive bacteria are still the dom-
inating cause of BSI in many studies. A recent
review by the ECIL group showed a reduction of
Gram-positive to Gram-negative ratio from
60%:40% to 55%:45% reported by the studies
published between 2005 and 2011 (Mikulka et al.
2014). The most frequent Gram-positive patho-
gens were coagulase-negative staphylococci
(CoNS) (24%) followed by enterococci (8%),
viridans streptococci (6%), and Staphylococcus
aureus (5%). Several risk factors have been asso-
ciated with the emergence of Gram-positive BSI
(Table 11.1). In this respect, a scoring system for
predicting Gram-positive coccal infections in
neutropenic patients has been developed, based
on four risk factors, namely, the use of high-dose
cytarabine, proton pump inhibitors, gut decon-
tamination with colimycin without aminoglyco-
sides, and the presence of chills at the onset of
fever (Cordonnier et al. 2003).

11.2 Etiology

Staphylococci are the most frequent pathogen
isolated in BSI (Balletto and Mikulska 2015).
CoNS are responsible for approximately a quar-
ter of BSL. S. aureus, even if more aggressive, is
found in 5% of cases (Mikulska et al. 2014).
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Table 11.1 Risk factors for Gram positive bloodstream
infections

Risk factors for gram positive bloodstream infections
Central venous catheter.

Fluoroquinolone prophylaxis.
High-dose cytarabine.
Gut decontamination.

Toxic enterocolitis.

High-grade mucositis.
Use of proton pump inhibitors.

Disease or therapy-related changes of human gut
microbiota.

Among CoNS, the prevalent pathogen is S. epi-
dermidis, which dwells in skin and mucous mem-
branes, followed by S. hominis, S. saprophyticus,
S. lugdunensis, and S. haemolyticus. More fre-
quent risk factors associated with CoNS infec-
tions are oral mucositis, central venous lines,
previous use of cephalosporins, and fluoroquino-
lone prophylaxis. CoNS infection is easily
derived from central venous catheter (CVC) local
infections and surgical wounds (Bowden et al.
2010). Overall, they have low-grade virulence
with poor propensity to invade, but they have the
peculiar ability to generate a biofilm. Mortality is
rare even if methicillin-resistant strains are rising
(Becker et al. 2014).

S. aureus is more virulent than CoNS, in par-
ticular if methicillin resistance occurs, mortality
can increase. Risk factor for methicillin-resistant
Staphylococcus aureus (MRSA) is previous nasal
colonization. Usually, S. aureus infections are
attributed to CVC sites. Graft-versus-host disease
(GvHD) can be confused with staphylococcal-
scalded skin syndrome. GvHD itself through
lengthening the hospitalization can promote S.
aureus infections.

Enterococci are Gram-positive facultative
anaerobes. They are commensals of the gastroin-
testinal tract and can affect 10-12% of hematopoi-
etic stem cell transplant (HSCT) recipients
(Cappellano et al. 2007). Enterococcus faecalis is
the main strain encountered even if in some centers
E. faecium is replacing it. For both strains, vanco-
mycin resistance is causing mortality rate increases
(DiazGranados and Jernigan 2005). Co-morbidities,
enteric mucositis, and previous antibiotic use are

risk factors for enterococcal infection. Generally,
they occur during the late post-transplant period
and are often catheter related.

Viridans streptococci cause approximately 5%
of BSI. Main strain is S. mitis, followed by S.
sanguis, and S. viridans. They are facultative
anaerobic, Gram-positive cocci. They usually are
part of the flora of the oral cavity, upper respira-
tory tract, gastrointestine (GI), and female genital
tract. BSI infections appear mostly in neutrope-
nic patients. Main risk factors are oral mucositis,
antibiotic prophylaxis with fluoroquinolones, and
p-lactam exposure. Viridans streptococci can
cause not only BSI but also acute respiratory syn-
drome (ARDS) (Freifeld and Razonable 2014a)
resulting with high mortality. This frequently
leads to a higher use of vancomycin in empiric
therapy, causing a high pharmacological pressure
and risk of selection of more resistant pathogens,
with no clear advantage (Freifeld and Razonable
2014b).

Streptococcal infections can also lead to strep-
tococcal toxic shock-like syndrome due to pyro-
genic exotoxins A, B, and C produced by group A
beta-hemolytic streptococci (S. pyogenes).
Patients present with fever, rash, desquamation,
hypotension, and multi-organ-system dysfunc-
tion. In HSCT recipients, S. pneumoniae can be
responsible for invasive infections like bactere-
mia and meningitis and obviously respiratory
infection. Of note, these diseases may occur even
months or years following the transplantation,
more rarely they can also happen in the neutrope-
nic period. Main risk factors are GvHD and
immunoglobulin deficiency, usually in subclasses
IgG2 and IgG4 (Sheridan et al. 1990).

Clostridium difficile is one of the most fre-
quent causes of diarrhea in hematologic patients
and HSCT recipients; however, it rarely causes
the potentially fatal complication of pseudomem-
branous colitis. It can affect up to 24.7% HSCT
recipients within 1 year after transplant
(Bruminhent et al. 2014). Risk factors are not
entirely clear as hematologic patients may present
all characteristics of frailty that predispose to C.
difficile infections, including immunocompromise,
broad-spectrum antibiotics, damaged intestinal
mucosa, and prolonged hospital stay.
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11.3 Resistance Mechanisms

Resistance mechanisms are usually transmitted
by mobile genetic elements (MGEs) like plas-
mids, transposons, bacteriophages, pathogenicity
islands, and cassette chromosomes (for staphylo-
cocci). Plasmids and staphylococcal cassette
chromosomes have been particularly convenient
for conferring resistance to f-lactam antibiotics
and vancomycin.

Others mechanisms include biofilm produc-
tion (S. aureus and S. epidermidis). CoNS and S.
aureus can also be ingested by human host cells,
non-professional phagocytes, to escape patient
immune defense and antibiotic exposure (Becker
et al. 2014). Nowadays, nosocomial CoNS are
frequently methicillin resistant and this has to be
considered in the therapeutic choice.
Glycopeptides and daptomycin resistance imply
bacterial cell wall alterations, oxazolidinone, tet-
racycline, and glycylcycline derivatives cause
ribosomal changes.

S. aureus vancomycin-resistant strains are
increasing. Vancomycin intermediate-resistant S.
aureus [VISA, minimum inhibitory concentra-
tion (MIC) 4-8 png/mL], has a polygenic involve-
ment and is poorly understood, probably genes
conditioning cell envelop biosynthesis are
involved. VISA are more frequent than S. aureus
with complete resistance to vancomycin (MIC
>16 pg/mL) and influence treatment failure and
worse clinical outcome (McGuinness et al. 2017).

Viridans streptococci resistance to the macro-
lide class is associated with the frequent use of
these drugs (Ardanuy et al. 2005). Most strains
are susceptible to penicillin; if resistance is pres-
ent, it is usually caused by penicillin-binding pro-
tein (PBP). Quinolone resistance is often found
in patients who received antibiotic prophylaxis.
Pneumococci also are frequently resistant to
macrolides; moreover, penicillin-resistant strains
show resistance to other classes of antimicrobi-
als, too, in particular fluoroquinolones, through
alteration in topoisomerase IV and DNA gyrase
and drug efflux mechanisms (Akova 2016).

Enterococci are intrinsically resistant to many
antimicrobials and easily develop mutations. E.
faecium is resistant to aminopenicillins in 90% of

nosocomial strains. Moreover, the increase of E.
faecium in particular in hematological cancer
patients is a major problem for vancomycin-
resistant infections. Enterococci are usually sen-
sitive to linezolid, daptomycin, and tigecycline,
these are the remaining options as enterococci
are often resistant to aminoglycosides and quino-
lones too (Bender et al. 2018). The mechanisms
involved in daptomycin resistance temper with
membrane homeostasis, including structural
alterations to the cell envelope and reduction in
cell membrane fluidity.

C. difficile resistance to metronidazole and
vancomycin are still sporadic, even if observed
MIC is rising. Mechanisms are still not clear
(Spigaglia et al. 2011; Baines and Wilcox 2015).
Usually, recrudescences are caused by how badly
antibiotic therapy affected gut microflora, IgG
antitoxin response, and C. difficile spores con-
centration remaining in the colon. Some hyper-
virulent C. difficile strains are associated with
recurrence; the more frequent is PCR-ribotype
(RT) 027, which can carry a multidrug resistance
(MDR) phenotype.

Specific resistance mechanisms are listed in
Table 11.2.

11.4 Empiric Treatment

Therapeutic options are conditioned by resis-
tance frequencies, which can change along the
setting, and patient’s characteristics, frailties,
comorbidities, previous antibiotic use, and pres-
ence of venous lines. In this respect, it is worth-
while recalling that local epidemiology of
bacterial isolates and resistance patterns are cru-
cially important in determining the first-choice
empirical therapy.

When fever occurs in neutropenic patients, it
is mandatory to start an antibiotic treatment
including an agent for Gram-negative bacteria,
considering local frequencies of MDR bacteria,
in particular ESBL; regarding Gram-positive
BSI, the risk for MRSA has to be considered. As
already mentioned, patients with central venous
lines, history of MRSA colonization, cutaneous
infections, pneumonia, or shock have a greater
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Table 11.2 Resistance mechanisms of Gram-positive pathogens

Bacteria Drugs

Mechanism of resistance

CoNS and S. aureus
(Becker et al. 2014)

Penicillin

Penicillinases staphylococcal
B-lactamase: Hydrolysis of the B-lactam
ring

Penicillins, most cephalosporins, and
carbapenems (except cephalosporins
with MRSA activity, such as
ceftobiprole and ceftaroline)

Additional penicillin-binding protein
(PBP), PBP2a: Cell-wall biosynthesis
can continue

Glycopeptides

Cell wall alterations

Daptomycin

Cell membrane phenotypic changes
occur in addition to other perturbations of
the cell membrane

Increased cell wall teichoic acid
production, progressive cell wall
thickening

Oxazolidinones

Ribosomal alterations

Tetracyclines and glycylcyclines

Ribosomal protection through
dissociation of tetracyclines from their
ribosomal binding sites

Drug efflux

Fusidic acid

Altered ribosomal translocase

Fosfomycin Development of covalent bond between
fosfomycin and a sulthydryl group in
glutathione

Viridans streptococci and S. | Penicillins Penicillin-binding protein (PBP)
pneumoniae (Ardanuy et al. | Macrolides Ribosomal alterations
2005; Chancey et al. 2012) Drug efflux

Tetracycline Ribosomal alterations

Glycopeptide Bacterial cell wall synthesis

Fluoroquinolones Alteration in topoisomerase IV and DNA
gyrase
Active FQ efflux

Enterococci (Bender et al. Ampicillin Cell wall alterations
2018; Gagetti et al. 2018) Vancomycin Cell wall alterations

Oxazolidinone Ribosomal alterations

Tigecycline Ribosomal alterations and efflux pumps

Daptomycin Structural alterations to the cell envelope

Reduction in cell membrane fluidity

possibility of MRSA infection; based on these
considerations vancomycin, teicoplanin, or dap-
tomycin, if lungs are not involved, can be a good
choice. In localized infections where blood
stream is not involved, for example, pneumonia
or soft tissue infection, linezolid, sulfamethoxa-
zole/trimethoprim, new cephalosporins with
MRSA activity, or tigecycline may be considered
as a good alternative (Olson et al. 2002). In case
of S. aureus BSI, endocarditis should be excluded
and blood cultures should be repeated until nega-
tive result.

De-escalation is recommended once a suscep-
tible strain is isolated, choosing the drug with
lower genetic barrier; beta-lactams, fluoroquino-
lones, tetracycline derivatives, and clindamycin
are possible choices. For VISA or VRA strains,
linezolid, daptomycin, or telavancin can be
considered.

In catheter-related CoNS blood stream infec-
tion, device removal may be sufficient, and in
case of prolonged fever, a short course of antibi-
otic (5-7 days) is suggested. When a catheter
cannot be removed, antibiotics should be contin-
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ued up to 14 days and an antibiotic lock approach
should be added (Mermel et al. 2009).

Therapy for viridans streptococci should fol-
low local resistance prevalence to methicillin. As
these infections are usually not aggressive, a first
step therapy with a beta-lactam should be consid-
ered in order to preserve glycopeptide suscepti-
bility, evaluating risk factors like central venous
lines, which should be removed as soon as pos-
sible in case of positive blood cultures, or other
patient conditions. In case of the presence of
additional risk factors, vancomycin should be
considered (Bowden et al. 2010), and in case of
drug-sensitive strains any cephalosporin, amoxi-
cillin, or carbapenems are suitable.

For enterococcal infections, considering the
increasing diffusion, E. faecium prevalence, and
subsequent resistance, vancomycin has to be con-
sidered as first choice for hematologic patients
until the pattern of susceptibility is available.

Alternatives can be daptomycin, tigecycline,
or linezolid. Tigecycline and linezolid are prefer-
ably not used in blood stream infections because
of their great volume of distribution, while dapto-
mycin should be avoided if lungs are involved. It
is still not clear whether empiric treatment of
VRE strains is associated with a true advantage
in clinical outcomes (Kamboj et al. 2018). For
sensitive strains, ampicillin, oxacillin, piperacil-
lin/tazobactam, or carbapenems may be consid-
ered as alternative therapies (Cunha and Cunha
2017).

C. difficile guidelines have been modified
recently. Main recommendation remains to dis-
continue therapy with the inciting antibiotic(s) as
soon as possible; as for drug choice either vanco-
mycin (125 mg QID p.o. for 10 days) or fidax-
omicin are recommended, and thus preferred
over metronidazole (400 mg TID for 10 days) for
an initial episode of Clostridium difficile infec-
tion (CDI). Metronidazole can be considered for
an initial episode of non-severe CDI, if at all, and
prolonged courses should be avoided due to risk
of cumulative neurotoxicity (McDonald et al.
2018). Fidaxomicin is also recommended for
recurrent episodes. It is a macrocyclic narrow
spectrum, bactericidal antimicrobial agent,
poorly absorbed after oral administration.

Another new possibility is bezlotoxumab, a
human monoclonal antibody approved to reduce
the recurrence of this bacterial infection as it
binds to C. difficile toxin B. Bezlotoxumab is not
an antibacterial drug so it is not indicated for the
treatment of CDI but to reduce recurrences
(Baines and Wilcox 2015). In patients with
underlying congestive heart failure, special atten-
tion should be raised, as an unexplained increased
risk of heart failure was noted (Lee et al. 2017).
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12.1 Epidemiology of Gram-
Negative Bacterial Infections

in Haematology Patients

During the last 50 years, two major shifts could
be noticed in the epidemiology of bacteria caus-
ative for infections and particularly bloodstream
infections in febrile neutropenic cancer patients.
Until the mid-1980s, gram-negative bacteria, par-
ticularly Escherichia coli and Pseudomonas
aeruginosa, were the main infectious agents in
these patients. Then, presumably due to the
increased use of high-intensity chemotherapeutic
regimens leading to a higher incidence of severe
mucositis, the frequent use of fluoroquinolone
(FQ) prophylaxis and indwelling long-term vas-
cular catheters, gram-positive bacteria, particu-
larly coagulase-negative staphylococci and
viridans streptococci, became the dominant
infecting agents.
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Since the turn of the twenty-first century,
gram-negative bacteria have re-emerged in many
haematology centres throughout the world
(Gustinetti and Mikulska 2016). However, the
main difference between gram-negative bacteria
in 2000s and those in 1970s and 1980s is the sig-
nificant antimicrobial resistance in the former,
which causes a severe compromise in patients
with acute leukaemia (AL) and other haemato-
logical malignancies and in those undergoing
haematopoietic stem cell transplantation (HSCT)
(Akova 2016). Currently, enteric gram negatives
(particularly E. coli and Klebsiella pneumoniae)
and non-fermentative bacteria (P. aeruginosa,
Acinetobacter baumannii and Stenotrophomonas
maltophilia) are primarily responsible for gram-
negative bloodstream infections (BSIs) in febrile
neutropenic cancer patients (Alp and Akova
2013; Kara et al. 2015). Since multidrug resis-
tance (MDR) is a common problem among these
pathogens, empirical therapy in febrile neutrope-
nic cancer patients may need to be devised
accordingly. However, most of the current guide-
lines do not recommend empirical regimens for
these highly resistant bacteria. This may delay
antibiotic therapy (Freifeld et al. 2010; Averbuch
et al. 2013). Current standard microbiological
techniques do not allow identification of both
bacteria and antimicrobial resistance earlier than
within 3648 h, thus delaying appropriate antibi-
otic therapy (Kirn and Weinstein 2013).

161

0. A. Cornely, M. Hoenigl (eds.), Infection Management in Hematology, Hematologic
Malignancies, https://doi.org/10.1007/978-3-030-57317-1_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-57317-1_12&domain=pdf
https://doi.org/10.1007/978-3-030-57317-1_12#DOI

162

M. Bassetti et al.

12.1.1 Mechanisms of Emerging
Antimicrobial Resistance
in Gram-Negative Bacteria

The main resistance mechanism of MDR in
gram-negative bacilli is the production of various
beta-lactamase enzymes including extended-
spectrum beta-lactamases (ESBLs) and car-
bapenemases (Alp and Akova 2017). The latter
enzymes are encoded by multicopy plasmids in
these bacteria. These plasmids often also carry
resistance determinants for other antibiotics, thus
leading to multi- or extended-drug resistance
(MDR, XDR phenotypes) (Magiorakos et al.
2012). Other mechanisms contributing to resis-
tant phenotypes are porin mutations, efflux
pumps and target modifications. Usually, two or
more of these mechanisms can be found simulta-
neously in the same strain (Eichenberger and
Thaden 2019).

12.1.2 Carbapenem and Extended-
Spectrum Cephalosporin-
Resistant Enterobacteriaceae

Extended-spectrum beta-lactamases, especially
the CTX-M type, confer resistance against broad-
spectrum cephalosporins and penicillins, particu-
larly in E. coli, but also in other members of
Enterobacteriaceae. ESBL-encoding plasmids
may also encode resistance to aminoglycosides,
tetracyclines, sulphonamides and trimethoprim.
These plasmids frequently encode an inhibitor-
resistant beta-lactamase, namely OXA-1, which
provides resistance to beta-lactamase inhibitors
including amoxicillin/clavulanate and piperacil-
lin/tazobactam (Livermore 2012). One of the new
beta-lactamase inhibitor combinations, namely
ceftolozane/tazobactam, may overcome this
resistance, since ceftolozane is resistant to hydro-
lysis by OXA-1 (Zhanel et al. 2014). Escherichia
coli sequence type ST131 with CTX-M-15 ESBL
production is emerging worldwide and has a high
epidemic potential.

Carbapenem resistance (CR) may occur due
to the production of various carbapenemases,
expression of efflux pumps, porin mutations, or

combination of these mechanisms (Eichenberger
and Thaden 2019). Three different types of car-
bapenemases are usually accounted for CR in
most of the carbapenem-resistant
Enterobacteriaceae (CRE): Klebsiella pneu-
moniae carbapenemase (KPC), an Ambler Class
A enzyme (Ambler 1980), is highly prevalent in
the United States, Western Europe and South
East Asia. The KPC gene is located on a plasmid
that can be transferred between species. KPC can
hydrolyse and thereby inactivate almost all peni-
cillins, cephalosporins and aztreonam along with
carbapenems, but most of the new beta-lactam/
beta-lactamase inhibitor combinations can inhibit
KPC. The most common Class D beta-lactamases
in Enterobacteriaceae are OXA-48-like enzymes
(Mairi et al. 2018). These enzymes are weak car-
bapenemases; thus, the bacteria usually remain
susceptible to broad-spectrum cephalosporins.
However, Enterobacteriaceae harbouring these
enzymes often additionally carry an ESBL gene
that provides resistance to cephalosporins. OXA-
48-producing K. pneumoniae was first described
in Turkey in 2001 and has been spread to Europe,
North Africa, the Middle East and India. These
enzymes are rarely encountered in the United
States and South East Asia. Metallo-beta-
lactamases (MBLs) are Class B carbapenemases
and can hydrolyse all beta-lactams except aztreo-
nam. Unfortunately, none of the new beta-
lactamase inhibitors is active against the new
classes of carbapenemases. Two new agents,
namely aztreonam/avibactam and cefiderocol,
which are currently being evaluated in Phase 3
trials, show a strong in vitro activity and
may be wuseful against MBL-producing
Enterobacteriaceae (Theuretzbacher et al. 2019).
New Delhi metallo (NDM-type) enzymes are the
most prevalent enzymes in this group and are
endemic in the Indian subcontinent. They have
also been found in the European continent, but
are less frequent in Americas (Eichenberger and
Thaden  2019). Verona integron-encoded
metallo-beta-lactamase (VIM) is another metal-
loenzyme that has chemical characteristics simi-
lar to those of NDM enzymes. VIM is frequently
reported in non-enteric gram-negative bacteria.
Enterobacteriaceae with VIM production are
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usually found in Southern European countries
(Matsumura et al. 2017).

When compared with K. pneumoniae, the pro-
duction of carbapenemases and CR are lower in
E. coli (Poirel et al. 2018). Like ESBL-producing
strains, carbapenem-resistant  strains of
Enterobacteriaceae frequently acquire resistance
to other classes of antibiotics, including amino-
glycosides, FQs, tetracyclines and trimethoprim—
sulfamethoxazole (TMP-SMX) by various
mechanisms.

Although polymyxins have usually been
active against these XDR pathogens, the emer-
gence of colistin resistance has become wide-
spread in certain locations (Jeannot et al. 2017).
Resistance to polymyxins typically results from
chromosomally determined lipopolysaccharide
modifications; however, a plasmid-mediated
resistance has also been described. The latter
type of resistance was recently reported in E. coli
from faecal samples collected from three patients
with acute leukaemia (Lalaoui et al. 2019).

Extensively drug-resistant (XDR)
Pseudomonas aeruginosa: Loss of porins and
presence of efflux pumps (such as MexA-MexB-
OprM) can cause intrinsic resistance to several
antibiotics, including rifampin plus TMP-SMX,
tetracycline and most beta-lactam antibiotics,
including carbapenems, in P aeruginosa
(Eichenberger and Thaden 2019). The porin pro-
tein OprD allows carbapenem uptake through the
outer membrane. Loss of this protein confers
resistance to imipenem and reduced susceptibil-
ity to meropenem. When OprD loss is combined
with upregulated MexA-MexB-OprM, P. aerugi-
nosa gains an XDR phenotype that is resistant to
almost all beta-lactams, quinolones and
tetracyclines.

P. aeruginosa intrinsically possesses Class C
chromosomal beta-lactamases (AmpC).
Mutations can lead to hyperproduction (dere-
pressed state) of these enzymes which results in
resistance to all broad-spectrum cephalosporins,
penicillins and aztreonam. Additional acquisition
of plasmid-mediated broad-spectrum beta-
lactamases (such as PER-1, VEB-1, GES-1 and
some OXA-type enzymes) enhances resistance to
all beta-lactams except carbapenems. The latter

can be hydrolysed by acquired MBLs including
VIM, IMP, SMP and GIM.
Aminoglycoside-modifying enzymes are
also encoded on transferable plasmids and con-
fer resistance to aminoglycosides. Mutations in
FQ targets such as parC and gyrA can lead and
augment quinolone resistance in addition to
that conferred by efflux pumps. Several clones
exert an XDR phenotype, and the globally
most frequent clone is ST235, which may have
39 different beta-lactamases from Class A
(PER-1, GES), Class B (VIM) and Class D

(OXA type) enzymes (Eichenberger and
Thaden 2019).
Extensively drug-resistant (XDR)

Acinetobacter baumannii: This microorganism
has similar mechanisms of antibiotic resistance
as described for P. aeruginosa. CR is the hall-
mark of an XDR phenotype. EARS-Net surveil-
lance by ECDC reported prevalence of CR in A.
baumannii in the EU at 49% (European Centre
for Disease Prevention and Control 2019). This
figure may be up to >90% in South East Asia and
South America. A hyperexpressed ade ABC efflux
pump combined with OXA-type carbapenemases
(OXA-23, 40 and 58-like enzymes) leads to high-
level CR (Akova 2016).

12.1.3 Current Epidemiological
Figures and Emerging Threat
of Resistant Gram-Negative
Bacilli

Since the turn of the twenty-first century, gram-
negative bacteria with various antibiotic resis-
tance patterns have become the dominating
life-threatening microorganisms in patients with
haematological malignancies. A multicentre sur-
vey by the European Conference on Infections in
Acute Leukaemia (ECIL-4) from 39 centres in 18
countries from Europe and Near East in 2011
revealed a reduction of the gram-positive to gram-
negative ratio when compared with previously
published literature (55%:45% vs. 60%:40%,
respectively) (Mikulska et al. 2014). The rate of
Enterobacteriaceae has increased (30% vs. 24%,
respectively), whereas the rates of P. aeruginosa
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has declined (5% vs. 14%). One particular finding
in this survey is that, although overall resistance
rates were lower than those already published,
South-Eastern European countries have a signifi-
cantly higher frequency of resistance compared to
those in North-Western Europe. The north to the
south shift in Europe in antimicrobial resistance
has been significant over the years, and recently, a
complex scheme of contributing factors has been
described that goes beyond antimicrobial usage
(Collignon et al. 2018).

Similar observations were reported in a recent
European Society for Blood and Marrow
Transplantation (EBMT) survey with HSCT
recipients (Averbuch et al. 2017). Sixty-five
HSCT centres from Europe, Asia and Australia
reported data on 591 patients with 655 gram-
negative BSI episodes caused by 704 pathogens.
Enterobacteriaceae accounted for 73% of all epi-
sodes and non-fermentative bacteria for 24%. FQ
resistance was present in 50.4% of all isolates,
non-carbapenem beta-lactam resistance in
50.9%, CR in 18.5% and MDR in 35.2%.
Klebsiella pneumoniae isolates had the highest
rate of CR (25%), whereas this figure was low in
non-Klebsiella Enterobacteriaceae (2.3% in E.
coli, 7.3% in Enterobacter spp.). Acinetobacter
baumannii was resistant to carbapenems in
63.6% of the isolates and P. aeruginosa in 37.9%.
In centres where FQ prophylaxis was provided,
higher rates of FQ resistance in gram negatives
were observed (79% vs. 50%, p = 0.001). Patients
with allogeneic HSCT (allo-HSCT) showed
higher resistance rates, and similar to the previ-
ous report by Mikulska et al. (Mikulska et al.
2014), higher resistance rates were shown in
South East vs. North East Europe.

A sevenfold increase in carbapenem-resistant
K. pneumoniae isolates from BSIs among HSCT
recipients was reported between 2010 and
2013 in 52 Italian centres (Girmenia et al. 2015).
Another prospective Italian study with 2743
HSCT patients reported a cumulative incidence
for gram-negative BSIs of 17.3% and 9% in the
pre-engraftment period of allo- and auto-HSCT
(Girmenia et al. 2017). Escherichia coli was the
most frequent pathogen, followed by K. pneu-

moniae and P. aeruginosa in both allo- and
auto-HSCT.

A total of 2388 HSCT patients with neutrope-
nia (61.6% with allo-HSCT) were analysed in a
prospective, multicentre study in 20 HSCT cen-
tres from Germany, Austria and Switzerland
between 2002 and 2014. The incidence of BSIs
did not change over the study period (15.8%).
Although gram-positive bacteria were predomi-
nating agents of BSIs (63.9%), the incidence of
gram-negative BSIs increased in both allo-HSCT
patients (1.4% in 2002 vs. 6.4% in 2014,
p < 0.001) and auto-HSCT patients (3.6% in
2002 vs. 7.4% in 2014, p = 0.001). Escherichia
coli was the leading pathogen (19.9% of all BSIs)
for which the incidence increased threefold in
allo-HSCT  patients.  Overall, 11%  of
Enterobacteriaceae from BSIs produced ESBL,
and no significant increase in this pattern occurred
during the study period.

A recent systematic review and meta-analysis
of 22 studies between 1998 and 2014 with 5650
BSI patients with cancer reported a pooled preva-
lence of 11% of ESBL production among
Enterobacteriaceae in patients with haematologi-
cal malignancy (Alevizakos et al. 2017).
Stratification according to geographic region
indicated pooled prevalence figures of 7% in
Europe (Turkey, Italy, Germany, Sweden and
Spain), Eastern Mediterranean region (Saudi
Arabia, Jordan) and South America (Brazil); 10%
in Western Pacific region (China, Malaysia,
South Korea, Hong Kong); and 30% in South
East Asia (India). In addition, an annual increase
of 7.1% in the production of ESBL in enteric
gram negatives was observed.

Beyond multicentre analysis, single-centre
data have shown greater variations both in epide-
miology and in antibacterial resistance. Bodro
et al. (Bodro et al. 2014) reported on 1148 bacter-
aemia episodes in adult cancer patients (58% with
haematological malignancies) between 2006 and
2011. ESKAPE pathogens (Enterococcus fae-
cium, Staphylococcus aureus, K. pneumoniae,
and P. aeruginosa and Enterobacter spp.) caused
bacteraemia in 392 episodes (34%). In 54 epi-
sodes (4.7%), resistant ESKAPE pathogens were
isolated: 33.3% carbapenem- and quinolone-
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resistant P. aeruginosa, 22.2% stably derepressed
and ESBL-producing Enterobacter cloacae, 13%
ESBL-producing K. pneumoniae and 7.4% car-
bapenem-resistant A. baumannii.

Between 2005 and 2009, 3703 neutropenic
episodes in 2098 patients with haematological
malignancies were analysed in a large tertiary
care centre in Turkey (Kara et al. 2015). The fre-
quency of BSIs was 14.5%. Among them, gram-
negative pathogens were the predominant bacteria
(52.6%). Escherichia coli (17.3%), Klebsiella
spp. (11%), Acinetobacter spp. (7.1%) and P.
aeruginosa (6.7%) were the most frequently iso-
lated bacteria. Extended-spectrum beta-lactamase
production was 45% in E. coli and 23% in
Klebsiella spp. and did not change much during
the study period. Overall FQ resistance was
33.3% in gram-negative bacteria, ceftazidime
resistance was 28% in P. aeruginosa, and MDR
pattern was found 87% in A. baumannii.
Meropenem resistance was observed in 11.5% of
all gram-negative bacteria in high-risk haematol-
ogy patients (i.e. acute leukaemia and HSCT
recipients), 10% in K. pneumoniae, 20% in P.
aeruginosa and 35.3% in Acinetobacter spp. No
CR was in found in E. coli. A follow-up surveil-
lance in 153 patients with 254 BSI isolates
revealed ESBL production in 41.9% of E. coli and
42.6% of K. pneumoniae and CR was present in
5.1% of E. coli and in 44.2% of K. pneumoniae
(a > fourfold increase over the previous period)
and in all A. baumannii isolates (Ayaz et al. 2018).

A total of 2083 patients with haematological
malignancy were retrospectively evaluated in a
Taiwanese hospital between 2008 and 2013 (Chen
et al. 2017). Lymphoma was the most common
underlying disease (38.1%), closely followed by
acute myeloid leukaemia (30.9%). Gram-negative
bacteria were the leading cause (53.7%) of bacte-
raemia among 1310 non-duplicate isolates in neu-
tropenic patients. The isolates included E. coli
(13.8%), K. pneumoniae (9.5%), A. calcoaceti-
cus—baumannii (ACB) complex (5.7%) and P.
aeruginosa (4.0%). MDR was detected in 21.8%
of the ACB complex isolates. Comparing the dis-
tribution of resistant bacteria in three different
periods (1995-2011, 2002-2006 and 2008-2013),
the investigators detected significant increases in

rates of cefotaxime-resistant E. coli, and CR rates
in E. coli, P. aeruginosa and ACB complex
isolates.

Varying incidences up to 32% of polymicro-
bial BSIs have been reported for all episodes of
BSIs (Rolston et al. 2007). However, more
recent series noted an incidence of around 10%
with a dominance of resistant gram-negative
bacteria as the causative agents (Royo-Cebrecos
et al. 2017).

Analysis of the so-called blood microbiome
by high-throughput sequencing (HTS) method in
neutropenic cancer patients can lead to the iden-
tification of non-culturable microorganisms
(Gyarmati et al. 2015; Gyarmati et al. 2016;
Horiba et al. 2018). In a study with 130 blood
samples in 33 patients, 98% of the identified
reads by HTS were known human pathogens and
65% of them belonged to the normal human gut
microbiota, confirming that a translocation from
the gut has a critical role in the pathogenesis of
BSIs in neutropenic patients (Gyarmati et al.
2015; Song and Peter 2019). While only bacteria
belonging to Firmicutes phylum were isolated
with blood cultures, 5 phyla and 30 genera mostly
belonging to anaerobic and facultative genera
were identified with HTS. Although the impor-
tance of this finding is yet to be determined in
larger series, one point deserves to be mentioned:
The Shewanella genus (formerly classified as
Pseudomonas) was detected in over 80% of the
samples analysed by HTS. The authors suggested
that its relevance might have been underesti-
mated since these bacteria are not routinely diag-
nosed. Although preliminary, these findings may
explain why most neutropenic patients with fever
of unknown origin (i.e. those with negative blood
cultures) respond to initial empirical antibacterial
therapy.

12.1.4 Risk Factors for Gram-
Negative Infections
and Related Mortality

Several risk factors have been described for severe,
antibiotic-resistant gram-negative bacterial sepsis
and the related mortality in neutropenic, haemato-
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Table 12.1 Factors facilitating gram-negative bacterial
sepsis in HSCT recipients

Age of the recipient
Severity of immunosuppression and neutropenia

Comorbidities and organ dysfunctions

Type of HSCT transplantation (Allo- vs.
auto-transplantation)

Degree of stem cell match (full matched, mismatched,
haploidentical)

Mucosal injury

Central venous catheter

Previous exposure to antimicrobials (such as
fluoroquinolone prophylaxis)

Change in host microbiota
Previous colonisation by resistant gram negatives

Presence of acute or chronic graft versus host disease
(GVHD)

logical cancer patients. In HSCT transplant
patients, a complex interplay between various host
and graft factors may predispose patients to have
serious gram-negative infections. Table 12.1 sum-
marises the most important predisposing factors to
gram-negative bacteraemia and related mortality
in haematological cancer patients.

The relationship between severity and longev-
ity of neutropenia and gram-negative bacterae-
mia has long been known (Gustinetti and
Mikulska 2016; Akova 2016). Previous antibiotic
exposure may lead to gram-negative colonisa-
tion. Then, these bacteria can translocate from
the gut through the chemotherapy-disrupted
mucosa, leading to bacteraemia (Song and Peter
2019). However, a recent literature review of FQ
prophylaxis in neutropenic patients and a large
surveillance study identified conflicting results
on colonisation or infection with MDR strains
after prophylaxis (Mikulska et al. 2018a; Kern
et al. 2018).

In a multicentre, prospective observational
study with 2226 admissions in 18 haematological
institutions in Italy revealed that 144 patients
(6.5%) were colonised with MDR gram negatives
at admission (Cattaneo et al. 2018). ESBL-
producing bacteria were found in 44% of the
colonised patients and CRE was found in 59%.
Overall, 25.7% of the colonised patients devel-
oped at least one episode of BSI. In 62.2% of the
BSIs, previously colonised bacteria were the

responsible agents. Overall survival at 3 months
was significantly lower in CRE-colonised
patients (83.6%) as compared with ESBL colo-
nisers (96.8%). In another multicentre trial, a
total of 278 episodes of K. pneumoniae BSI was
analysed between 2010 and 2014 (Trecarichi
et al. 2016). CR was present in 57.9% of the iso-
lates. Overall 21-day mortality was 36.3%.
Factors related to mortality were septic shock,
acute respiratory failure, inadequate antimicro-
bial therapy and CR (Trecarichi et al. 2016). In a
retrospective survey involving 52 centres in Italy,
carbapenem-resistant K. pneumoniae (CRKp)
colonisation before or after transplant was fol-
lowed by infection in 25.8% and 39.2% of auto-
and allo-HSCT recipients, respectively (Girmenia
et al. 2015). The infection-related mortality rates
were 16% and 64.4% in respective recipients.
Multivariate analyses revealed that CRKp infec-
tion before transplantation and subsequent
CRKp-targeted first-line antibiotic therapy were
significantly related with mortality due to infec-
tion after allo-HSCT. A global prevalence study
and systematic review also indicated that CR in
gram negatives infecting neutropenic patients is
correlated with mortality and previous exposure
to carbapenems (Righi et al. 2017).

MDR P. aeruginosa was identified in 7% of
589 episodes of BSIs in 357 acute leukaemia
cases. The related factors for MDR phenotype
were found to be prior anti-pseudomonal cepha-
losporin and current beta-lactam use, shock and
pulmonary source of infection. Inappropriate
treatment of BSIs caused by this pathogen was
significantly associated with mortality in patients
(Garcia-Vidal et al. 2018).

The type of HSCT may affect the frequency
and severity of gram-negative BSIs. Due to the
higher intensity of immunosuppression, allo-
HSCT recipients are more prone to severe
infections and increased mortality than auto-
HSCT recipients. In a single-centre study in
China, 1847 patients undergoing haploidentical
or human leukocyte antigen (HLA)-identical sib-
ling HSCTs between 2013 and 2016 were anal-
ysed (Yan et al. 2018). Haploidentical transplant
recipients had more and earlier BSIs than HLA-
identical transplant recipients. A multivariate
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analysis revealed that diagnosis of myelodysplas-
tic syndrome, interval from diagnosis to HSCT
>190 days, carbapenem therapy and grade 3—4
mucositis were related with the occurrence of
BSI, mostly by E. coli and K. pneumoniae as
gram-negative pathogens. BSI was an indepen-
dent risk factor for an increased all-cause mortal-
ity in haploidentical recipients at 3 months.

12.2 Emerging Issues
in the Diagnosis of Gram-
Negative Infections

Blood cultures are still considered the gold stan-
dard for diagnosing BSIs (Kirn and Weinstein
2013). However, only 10-30% of blood cultures
are positive in febrile neutropenic patients
(Gyarmati et al. 2015). With modern automated
systems, time-to-culture positivity could be less
than 24 h for most of the MDR pathogens (Puerta-
Alcalde et al. 2019), but antibiotic susceptibility
test results may take another 7-24 h even with the
most advanced automatisation (Marschal 2017).
When one considers the consequences of inap-
propriate empirical antimicrobial therapy in neu-
tropenic cancer patients, this lag time is too long.
Thus, the current interest in developing point-of-
care tests for bedside identification of the caus-
ative microorganisms and their resistance
mechanisms is very high. Multiplex polymerase
chain reaction (PCR) methodology can identify
multiple bacterial species simultaneously, and
several commercial tests are available (Lebovitz
and Burbelo 2013). However, with these tests,
only a limited of number of bacteria can be iden-
tified. Species identification with matrix-assisted
laser desorption ionisation—time of flight
(MALDI-TOF) mass spectrometry and molecu-
lar techniques have been used in combination to
shorten the time to diagnosis, aiming for earlier
appropriate antimicrobial therapy (Egli et al.
2015; de Souza et al. 2018). Combining MALDI-
TOF identification with real-time antimicrobial
stewardship intervention has been shown to
shorten the time to appropriate antibiotic therapy
(Beganovic et al. 2017). The 16S metagenomics
sequencing library can be used to detect bacteria

simultaneously in blood samples. It is based on
PCR amplification of the 16S ribosomal RNA
gene and subsequent sequencing of the ampli-
cons. This gene is highly conserved in prokary-
otes but not present in humans (Rutanga et al.
2018). By combining these methods, not only
bacterial pathogens can be identified but also
information about their antimicrobial resistance
mechanisms can be obtained. In a few small-
scale trials, several uncultured bacteria could be
identified in blood samples from neutropenic
patients. However, these techniques still require
ample time for positive results and are no point-
of-care tests. Nonetheless, identifying several
bacterial phyla in a patient with neutropenia
without fever may help to predict future bacterae-
mia episodes and may lead to a tailored empirical
antimicrobial therapy. An extensive review on the
diagnosis of BSIs from positive blood cultures
and directly from blood samples was recently
published (Peker et al. 2018).

12.3 Current Approaches
for Empirical Therapy
of Gram-Negative Bacteria:
Escalation and De-Escalation
Therapy

The choice of effective antimicrobial therapy
among haematological patients is hampered by
an increased number of gram-negative bacteria
(GNB) that re-emerged as the most common
pathogen isolated from blood cultures along
with high resistance rates to broad-spectrum
antibiotics (Montassier et al., 2013; Gudiol
et al., 2013; Rolston, 2005). Most commonly
isolated GNBs include Enterobacteriaceae such
as Escherichia coli and Klebsiella pneumoniae,
Pseudomonas aeruginosa and, less frequently,
Acinetobacter spp. (Klastersky et al., 2007). In
areas where antimicrobial resistance in GNB is
common, the correct choice of empirical ther-
apy is particularly challenging, especially
among patients with severe infections that
require prompt treatment. MDR pathogens
responsible for life-threatening infections
among haematological patients include
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extended-spectrum beta-lactamase (ESBL)-
producing Enterobacteriaceae and carbapenem-
resistant bacteria (e.g. A. baumannii, K.
pneumoniae and P. aeruginosa) (Satlin et al.,
2013). Among neutropenic patients, infections
caused by carbapenem-resistant bacteria have
been associated with increased mortality (Righi
et al., 2017). Various risk factors have been
associated with the development of MDR GNB
infection, including advanced underlying dis-
ease with severe clinical presentation, prolonged
hospital stay, colonisation or previous infections
with resistant bacteria, exposure to broad-spec-
trum antibiotics and urinary catheter placement
(Sahin et al., 2009; Gudiol et al., 2011; Gudiol
et al., 2010; Kang et al., 2012). The use of inad-
equate antimicrobial regimens due to the pres-
ence of MDR bacteria is a frequent cause of
delayed initiation of appropriate treatment and
represents one of the main causes for adverse
outcomes in patients with severe infections,
especially among those with profound immuno-
suppression (Cosgrove, 2006; Ramphal, 2004).
The correct approach to severe infections in
haematological patients is based on the assess-
ment of various factors, including patient’s
characteristics (e.g. age, duration of ap