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“Now inflammation as understood in man and the higher animals is a phe-
nomenon that almost always results from the intervention of some pathogenic 
microbe. So it is held that the afflux of mobile cells towards points of lesion 
shows the organism’s reaction against foreign bodies in general and against 
infectious microbes in particular. On this hypothesis, disease would be a fight 
between the morbid agent, the microbe from outside, and the mobile cells of 
the organism itself. Cure would come from the victory of the cells and immu-
nity would be the sign of their acting sufficiently to prevent the microbial 
onslaught” (Ilya Mechnikov, Nobel lecture, 1908). Mechnikov’s conclusions 
were based on his seminal experiments involving the application of splinters 
to larvae of the starfish, Bipinnaria, that led to the discovery of phagocytosis 
as a critical factor in host defense. In the same lecture, Mechnikov noted that 
individuals have different susceptibility to infections: “It is often seen that in 
households where all members are exposed to the same danger, or again in 
schools or troops where everyone lives the same life, disease does not strike 
everyone indifferently.”

The overriding theme of this textbook  – that our immune system must 
sense pathogens, migrate to sites of infection, and kill pathogens or at least 
limit their growth to avoid disease, and that disorders of the immune system 
predispose to infection – is echoed in Mechnikov’s prescient statements made 
110 years ago. The progress made in our understanding of the immune sys-
tem and development of novel immunotherapies for infectious diseases, can-
cer, autoimmunity, and other disorders has been extraordinary. The challenge 
of this textbook is to link knowledge about host defense to assist clinicians in 
a practical fashion in the care of patients with suspected or known immuno-
deficiencies and infectious diseases. In addition to practical knowledge 
applied at the bedside, we also aim to provide an understanding of gaps in 
knowledge, cutting-edge technology in immunotherapy, and future directions 
of research.

Because of the importance in understanding the normal immune system as 
a prerequisite for understanding immunodeficiencies, this textbook provides 
detailed overviews of phagocyte biology, complement, cytokines, and other 
soluble mediators of immunity, mucosal immunity, and T-cell and B-cell 
immunity. The next section of the textbook is focused on primary immunode-
ficiencies. Indeed, hundreds of primary immunodeficiencies have been 
described, the majority resulting from defects in single genes. From these 
patients, we learn that our immune system has redundant pathways for host 
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defense, and deficits in specific genes lead to susceptibility to specific 
pathogens.

The majority of immunodeficiencies are acquired rather than inherited. 
The major acquired immunodeficiencies include HIV infection, cancer, trans-
plantation, and immunosuppressive therapy for autoimmune diseases. Among 
this large group of patients with acquired immunodeficiencies, important dif-
ferences in infection risk are observed, and even within these patient groups, 
substantial heterogeneity exists regarding the underlying disease and inten-
sity of immunosuppressive therapy. Severely immunocompromised patients 
can have substantial exposure to antibacterial, antifungal, and antiviral agents, 
both as prophylaxis and as treatment. In addition, these patients are frequently 
hospitalized and are at risk for nosocomial infections. It is therefore impor-
tant to understand the growing trends in antimicrobial resistance and judi-
cious use of antibacterial, antifungal, and antiviral agents to guide appropriate 
therapy. Chapters written by expert clinicians provide practical evidence-
based approaches to prevention, diagnosis, and treatment of infectious com-
plications in these patient populations.

The last chapters address standard and novel approaches for enhancing 
host defense in immunocompromised patients. They include vaccination of 
patients and household members and immunoglobulin therapy. Finally, dedi-
cated chapters on stem cell transplantation for patients with primary immuno-
deficiencies, adoptive cellular immunotherapy, and gene therapy will provide 
readers with insight into these rapidly evolving and cutting-edge therapies.

I hope that this textbook will be of value to a broad readership, from train-
ees to clinicians and scientists interested in the fields of infectious diseases 
and immunology. I want to extend my gratitude to the expert authors who 
contributed chapters to this textbook. Needless to say, the success of this 
textbook is a direct result of their knowledge and effort. I also want to thank 
the staff at Springer for their helpful suggestions, efficiency, and commitment 
to the project.

Buffalo, NY, USA Brahm H. Segal
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 Origin and Development 
of Phagocytes

Phagocytic leukocytes are important for innate 
and acquired immunity. These cells are also 
involved in the initiation and resolution of the 
inflammatory response, and they maintain tissue 
homeostasis in the steady state. There are multi-
ple types of phagocytes, and each can contribute 
uniquely to the maintenance of human health and 
the defense against microorganisms. Phagocytes 
originate from self-renewing and multipotent 
hematopoietic stem cells in bone marrow or dur-
ing embryogenesis from yolk sac and/or fetal 
liver stem cells [1–3]. In the traditional model of 
hematopoiesis, multipotent progenitor (MPP) 
cells differentiate into common lymphoid pro-
genitor (CLP) and common myeloid progenitor 

(CMP) cells (Fig.  1.1). CLPs differentiate ulti-
mately into B cells, T cells, and natural killer 
cells. The CMPs give rise to granulocyte- 
macrophage progenitors (GMPs), which can then 
differentiate ultimately into phagocytes, includ-
ing granulocytic phagocytes (neutrophils, eosin-
ophils, and mast cells), and mononuclear 
phagocytes (monocytes, macrophages, and den-
dritic cells) [1].

Recent findings indicate that MPPs can differ-
entiate into a lymphoid-myeloid multipotent pro-
genitor cell (rather than a direct differentiation of 
MPPs to CLPs as described above), which in turn 
gives rise to GMPs, CLPs, or early thymic pre-
cursors (Fig.  1.1) [4]. Differentiation to phago-
cytes from GMPs in this model is similar to that 
in the traditional model. It is also noteworthy that 
dendritic cells and monocytes/macrophages can 

Fig. 1.1 Hematopoiesis and production of phagocytes. 
Leukocytes originate from embryonic progenitor cells in 
the fetal yolk sac, multipotent hematopoietic stem cells in 
bone marrow, and/or fetal liver stem cells. BMCP baso-
phil/mast cell progenitor, CDP common dendritic cell, 
CLP common lymphoid progenitor, CMP common 

myeloid progenitor, DC dendritic cell, EPC embryonic 
progenitor cell, GMP granulocyte-macrophage progeni-
tor, HSC hematopoietic stem cell, LMPP lymphoid- 
primed multipotent progenitor, MDP macrophage-dendritic 
cell progenitor, MEP megakaryocyte-erythrocyte progeni-
tor, MPP multipotent progenitor

T. Nygaard et al.
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be derived from reprogramming of CLPs by spe-
cific cytokines [1, 5]. Therefore, the current 
model of hematopoiesis is not absolute and will 
need revision and updating as new discoveries 
are made.

Not all phagocytic leukocytes are produced 
during hematopoiesis in bone marrow. Based on 
studies in mice, a significant proportion of tissue- 
resident macrophages are now known to origi-
nate from stem cells during embryogenesis 
(Fig.  1.1) [2, 3]. These tissue macrophages 
develop from embryonic progenitor cells in the 
yolk sac or fetal liver and then self-renew and are 
thus maintained independent of blood monocytes 
[2, 6]. This is a major deviation from the tradi-
tional model of bone marrow hematopoiesis and 
the process of myeloid cell differentiation, from 
which all mononuclear phagocytes were thought 
to be derived [7]. A detailed review of hemato-
poiesis and phagocyte development is beyond the 
scope of this chapter, and we refer the reader to 
relevant articles on the topic [1–4, 8–15]. Instead, 
we highlight a few features of phagocyte devel-
opment that are important for our understanding 
of the function of each cell type.

 Mononuclear Phagocytes

Monocytes, macrophages, and dendritic cells 
(DCs) comprise cells of the mononuclear phago-
cyte system [16]. These cells are important for 
innate and adaptive immunity, and they play a 
key role as antigen-presenting cells and in main-
taining immune system homeostasis. In humans, 
monocytes comprise ~10% of all leukocytes in 
blood (considerable variability between individu-
als exists), and production (as determined by 
turnover) is on the order of 7 × 106 cells/h/kg 
body weight [17–19]. There are ~3 times more 
monocytes in the marginal pool than in circula-
tion in blood (~2 × 105 cells/ml) [17, 18]. The 
half-life for monocytes in human blood is 
~1–2  days, although there is considerable vari-
ance among individuals [17, 19]. Hematopoiesis 
maintains steady-state production of monocytes 
that originate initially from a CMP and, then 
more proximally, from a recently described pro-
genitor cell known as a macrophage-dendritic 

cell progenitor (MDP) [20, 21]. MDPs can dif-
ferentiate to monocytes or to classical or plasma-
cytoid DCs via an intermediate known as a 
common DC progenitor cell (CDP) (Fig.  1.1) 
[22]. Human monocytes are characterized by 
cytochemistry, nuclear morphology, and surface 
expression of selected receptors. For example, 
monocyte subsets can have high, intermediate, 
and low surface expression of CD14. Those with 
comparatively high levels of CD14 on the cell 
surface represent the vast majority of monocytes 
in healthy humans and are known as classical 
monocytes [22]. More recent studies have shown 
that monocytes can be segregated further into 
distinct subsets based on high or low surface 
expression of CD16 [23], or those with high or 
low expression of CX3CR1, the fractalkine 
receptor [24]. Fractalkine (CX3CL1) has a num-
ber of functions, including stimulation of adhe-
sion of leukocytes to activated endothelial cells. 
Depending on the stimulus or condition, a subset 
of monocytes can differentiate further to 
monocyte- derived dendritic cells or monocyte- 
derived macrophages in tissues (Fig. 1.1) [3]. For 
example, during severe inflammation or 
inflammation- related injuries, macrophages are 
replenished by blood-derived monocytes [3]. In 
mice, monocytes with high expression of 
CX3CR1 differentiate into long-term persisting 
tissue-resident phagocytes, whereas those with 
comparatively low CX3CR1 expression are 
inflammatory monocytes that serve as precursors 
for antigen-presenting cells [24]. Importantly, 
monocytes are innate immune effector cells that 
phagocytose (ingest) and kill a wide range of 
microbes, such as bacteria and fungi.

Tissue-resident mononuclear phagocytes are 
diverse and include macrophages (e.g., microg-
lia, osteoclasts, Kupffer cells, Langerhans cells, 
and monocyte-derived macrophages) and DCs 
(classical DCs, plasmacytoid DCs, and monocyte- 
derived DCs) [3, 9, 25]. Like monocytes, these 
cells are defined by morphology, phenotype (cell 
surface markers), and function. Macrophages 
maintain steady-state tissue homeostasis by 
phagocytosing and removing dead cells and 
debris. During infection, they ingest and kill 
microbes and produce many different chemo-
kines and cytokines that contribute to the acute 

1 Phagocytes
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inflammatory response. Tissue-resident macro-
phages are well-known for their ability to func-
tion as antigen-presenting cells and thus serve as 
a bridge between innate and acquired immunity. 
Historically, activated macrophages have been 
categorized as classic (M1) and alternative (M2), 
so named to reflect the prototypical Th1 and Th2 
mouse strains from which they were isolated [26, 
27]. In accordance with this nomenclature, M1 
macrophages are those activated by interferon 
gamma and Toll-like receptor ligands (e.g., lipo-
polysaccharide) or tumor necrosis factor (TNF- 
α), whereas M2 macrophages are activated by 
IL-4, IL-10, IL-13, or IL-33 [26–29]. M1 macro-
phages are proinflammatory and produce reactive 
nitrogen or reactive oxygen intermediates and 
cytokines such as IL-1, IL-6, and TNF-α [28, 29]. 
By comparison, M2 macrophages have been 
characterized by production of polyamines and 
IL-10 and IL-12, regulate wound healing, and in 
general suppress immune responses [28, 29]. 
Inasmuch as macrophage activation is complex 
and varied among mammals, and there is incon-
sistent use of defining features for macrophage 
activation, the M1-M2 macrophage nomencla-
ture has been brought into question recently, and 
new guidelines have been proposed [30]. 
Although it is widely acknowledged that a pri-
mary purpose of macrophages is to kill ingested 
microbes, these phagocytes are readily parasit-
ized by a number of bacterial pathogens [31]. For 
example, Brucella spp., Chlamydia pneumoniae, 
Coxiella burnetii, Francisella tularensis, 
Legionella pneumophila, Listeria monocyto-
genes, Mycobacterium tuberculosis, and 
Salmonella enterica can replicate in macro-
phages [31]. This interesting topic has been 
reviewed recently by Price and Vance, and they 
suggest several factors contribute to the ability of 
bacteria to survive and replicate within macro-
phages [31]. These factors include intracellular 
access by phagocytosis, extended host cell lifes-
pan, and nutrient availability [31]. It is also note-
worthy that macrophages have limited 
bactericidal activity compared with neutrophils, 
which are infrequently parasitized by bacteria. 
Tissue-resident macrophages are maintained in 
steady state by self-renewal, and it is only under 

immune system duress, as with acute inflamma-
tory processes, that monocytes are recruited to 
tissues to replenish tissue macrophages.

DCs have the capacity to phagocytose 
microbes and produce high levels of cytokines 
(depending on the type of DC), but their primary 
function is largely as antigen-presenting cells 
that activate naive T cells [8, 9, 32]. There are 
three or four subsets of DCs, depending on 
whether Langerhans cells are classified as macro-
phages or DCs. Langerhans cells were tradition-
ally classified as DCs, but recent gene expression 
data and their origin from fetal liver precursor 
cells are more in line with characteristics of tis-
sue macrophages [33, 34]. Regardless, 
Langerhans cells are abundant resident phago-
cytes in human skin and serve as sentinels of the 
immune system [35]. Classical DCs (cDCs; orig-
inally identified by Steinman and Cohn [36]) 
present antigen to T cells in the context of major 
histocompatibility complex (MHC) I and MHC 
II [37] molecules. These cells are present in many 
types of tissues and organs, and ultimately 
migrate (if necessary) to areas that promote inter-
action with T cells, such as the spleen or lymph 
nodes [37]. The lifespan of cDCs is relatively 
short (~1  week), and they are replenished by 
hematopoiesis from blood-borne CDPs [9]. 
Plasmacytoid DCs (pDCs) also originate from a 
CDP, but unlike cDCs, pDCs have a long lifespan 
and are involved in the response to viral infec-
tions [9]. Monocyte-derived or inflammatory 
DCs, such as TNF and iNOS-producing DCs, 
originate from monocytes during the inflamma-
tory response [9, 38]. A more detailed discussion 
of DC subsets is outside the scope of this chapter, 
but there are several recent articles on this topic 
[35, 39].

 Granulocytes

Polymorphonuclear leukocytes (PMNs or neutro-
phils) are the most numerous circulating leuko-
cytes in humans and are the most prominent 
cellular defense against bacterial and fungal 
infections. Indeed, 60% of the cells in bone mar-
row are granulocytes or granulocyte precursors, 

T. Nygaard et al.
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and ~60% of white cells in human blood are neu-
trophils [40]. Neutrophils and eosinophils are 
identified readily by cytochemistry and pheno-
type (e.g., nuclear morphology). Under steady- 
state conditions, neutrophils develop in bone 
marrow for ~14 days (5–6 days excluding mitotic 
precursors), circulate in blood for a day, and then 
enter tissues, where they remain for another 
1–2 days before undergoing apoptosis [40, 41]. 
Compared to mononuclear phagocytes, espe-
cially macrophages, the lifespan of mature neu-
trophils is short. They are terminally differentiated 
end cells. However, this short lifespan is offset by 
the tremendous number of cells produced during 
hematopoiesis. Neutrophil turnover in humans is 
approximately 1011 cells per day in an average 
healthy adult [41, 42]. Such turnover is remark-
able, and a mechanism dependent on the mono-
nuclear phagocyte system is in place to remove 
dead and dying neutrophils from tissues, thereby 
maintaining immune system homeostasis.

The myeloblast is an early neutrophil precursor 
cell and is followed in sequence by the promyelo-
cyte, myelocyte, metamyelocyte, band cell, and 
mature neutrophil [40]. As neutrophils mature in 
bone marrow, they develop protein machinery and 
specialized organelles known as granules that are 
necessary for microbicidal activity. Azurophilic or 
primary granules (peroxidase- positive granules) 
appear first during granulopoiesis and contain 
numerous antimicrobial peptides and proteins, 
including myeloperoxidase, alpha defensins, elas-
tase, cathepsin G, proteinase 3, and azurocidin [43, 
44]. Azurophilic granules are synthesized largely 
during the promyelocyte stage of cell develop-
ment. Specific granules, gelatinase granules, and 
secretory vesicles, which are peroxidase-negative, 
appear after azurophilic granules during neutro-
phil development in bone marrow [40]. The mem-
branes of the specific and gelatinase granules and 
those of the secretory vesicles contain receptors 
and other membrane-bound proteins important for 
virtually all neutrophil functions. For example, at 
least 90% of neutrophil gp91phox/p22phox het-
erodimer (flavocytochrome b558), which forms the 
nidus of the superoxide-generating NADPH oxi-
dase in neutrophils, is located in the membranes of 
these granules [45, 46]. These organelles serve as 

storage compartments for the molecules required 
for neutrophil microbicidal activity, which is dis-
cussed below. Although mature neutrophils are 
fully equipped with the molecules required for 
PMN microbicidal activity, they retain some bio-
synthetic capacity [45]. Importantly, neutrophil 
production can be rapidly increased as needed, as, 
for example, during severe systemic bacterial or 
fungal infections. This process is known as emer-
gency granulopoiesis [14, 47].

Basophils, eosinophils, and mast cells are granu-
locytes that participate in innate and acquired 
immunity. They are key cells in the response to 
allergens and function as antigen- presenting cells 
[29, 48, 49]. Basophils are not typically considered 
as phagocytes and will not be discussed further 
[48]. Eosinophils and mast cells can phagocytose 
microbes, but phagocytic capacity is either signifi-
cantly less than that of other phagocytes or incom-
pletely characterized and the role in vivo not fully 
understood [29, 49, 50]. The ability of eosinophils 
to kill bacteria has also been linked to extracellular 
release of cytotoxic molecules [51, 52]. These leu-
kocytes, like basophils, are known historically for 
their role in the host defense against parasites, espe-
cially helminths [49, 53]. Mast cell precursors 
develop in bone marrow and then migrate to tissues, 
where they differentiate and mature (Fig. 1.1) [29, 
54]. Mast cells are long-lived cells that have been 
reported to phagocytose and kill multiple  bacterial 
species [55]. However, the in vivo significance of 
this direct bactericidal activity remains unknown, 
and these cells are more characterized for their abil-
ity to coordinate immune and allergic responses. 
For simplicity, much of the discussion of phagocyte 
function is based on studies with mononuclear 
phagocytes and neutrophils. For those interested in 
a more detailed review of basophils, eosinophils, 
and mast cells, we recommend specific articles on 
these cell types [29, 48–50, 53, 56, 57].

 Recruitment, Chemotaxis, 
and Priming

The rapid recruitment of phagocytes to damaged 
tissue is critical for an effective inflammatory 
response. Circulating phagocytes must quickly 
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recognize danger signals emanating from dis-
tressed host cells, efficiently breach the postcap-
illary venule wall, and immigrate to the site of 
tissue damage to successfully resolve host injury. 
Phagocyte extravasation, namely, the migration 
from circulation into extravascular tissue, follows 
a process referred to as the leukocyte adhesion 
cascade that can be divided into four primary 
events: rolling, priming, adhesion, and transend-
othelial cell migration (TEM) (Fig. 1.2) [58, 59]. 
These events are largely coordinated by a hierar-
chical chemokine gradient and through direct 
interactions with activated host cells that act in 
concert to sequentially recruit specific phagocyte 
subsets to the site of host insult [60–62]. 
Following extravasation, phagocytes are trans-
formed from patrolling sentinel cells in circula-
tion to fully activated effector cells that play 
critical roles in orchestrating subsequent immune 
responses, destroying pathogens, and removing 
unwanted debris.

 Rolling

Circulating phagocytes appear to roll along the 
wall of postcapillary venules as they near the 
site of host tissue distress. This rolling motion is 
primarily mediated by the transient on and off 
binding of cell surface molecules called selec-

tins under the shear-force conditions encoun-
tered in postcapillary venules [63]. There are 
three members of the selectin family, with the 
nomenclature of these molecules indicating the 
cell type in which they were first identified (E 
for endothelia, L for leukocytes, and P for plate-
lets). Selectins bind to glycosylated proteins on 
the surface of adjacent host cells. Although 
P-selectin glycoprotein ligand 1 (PSGL1) was 
first identified as a ligand for P-selectin, this 
molecule is now known to be a primary ligand 
for all three selectins. E-selectin on endothelial 
cells also binds to E-selectin ligand 1 (ESL1) 
and glycosylated CD44 on the surface of phago-
cytes. Surface expression of selectins is varied 
among cell types and is dependent on the activa-
tion state of the cell. These expression attributes 
facilitate efficient targeting of phagocytes to 
specific sites of host tissue inflammation. The 
constitutive expression of L-selectin by circulat-
ing phagocytes largely mediates rolling at high 
velocities. In contrast, E-selectin is only 
expressed by activated endothelial cells early 
during the inflammatory response and acts to 
decrease the velocity of phagocytes as they near 
injured tissue. As the velocity of rolling phago-
cytes decreases, signals localized near the site 
of compromised host tissue enhance the activa-
tion state of these cells in a process referred to 
as priming.

Fig. 1.2 Neutrophil chemotaxis and transmigration. 
Migration of neutrophils from blood to infected or injured 
tissues is characterized by four distinct stages: rolling, 
priming, adhesion, and transendothelial cell migration. 
Chemokines and other chemoattractants promote neutro-

phil rolling and priming, which in turn leads to integrin- 
dependent interactions. Selectins and integrins present on 
the endothelium and neutrophils promote neutrophil 
adhesion and transendothelial migration
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 Priming

Phagocytes in circulation detect relatively low 
concentrations of host- and/or microbe-derived 
signaling molecules, such as chemokines, cyto-
kines, and bacterial N-formylated peptides, as 
they near the site of damaged tissue or infection. 
These molecules can “prime” phagocytes for 
enhanced function, and this phenomenon has 
been investigated extensively in neutrophils [64]. 
Priming of neutrophils was described originally 
as the ability of a primary agonist (at sub- 
stimulatory concentrations) to enhance or influ-
ence production of superoxide in response to a 
second stimulus [65, 66]. It is now known that 
priming enhances multiple neutrophil functions, 
including adhesion, phagocytosis, superoxide 
production, and degranulation [64, 67]. In gen-
eral, neutrophil priming promotes the timely 
recruitment of these leukocytes to damaged and 
infected tissues and enhances capacity to destroy 
infectious microbes.

Many molecules that promote phagocyte 
priming contain molecular moieties that are nor-
mally absent or concealed in the healthy host but 
are exposed during infection and injury. For 
example, infectious agents generate structurally 
conserved molecules that display pathogen- 
associated molecular patterns (PAMPs) [68]. 
These molecules include lipopolysaccharide 
(LPS) or muramyl dipeptide specific to bacteria, 
double-stranded RNA that comprises the genome 
of certain viruses, or β-glucan located on the sur-
face of fungi. Alternatively, sterile injury induces 
the release of damage-associated molecular pat-
terns (DAMPs) that are normally confined within 
the cytosol of host cells [69]. High-mobility 
group box 1 (HMGB1) and cytosolic heat-shock 
proteins are examples of DAMPs released by 
necrotic cells [69]. PAMPs and DAMPs are rec-
ognized by a number of cell surface and cytosolic 
receptors that are collectively referred to as pat-
tern recognition receptors (PRRs) [69]. These 
molecules include the Toll-like receptors, scaven-
ger receptors [70], and C-type lectin receptors 
(e.g., the mannose receptor and Dectin-1) located 
on the cell surface or within endolysosomes, as 

well as the NOD-like receptors and RIG-like 
receptors that are only found within the cytosol 
and act to recognize infection by intracellular 
pathogens. Phagocytes generally express a large 
number of PRRs, and they play a major role in 
recognizing host injury, immune surveillance, 
and directing subsequent immune responses. 
Other resident tissue cells, such as endothelial 
cells and keratinocytes, express PRRs to a lesser 
degree and can also alert the immune system to 
tissue insult [71].

In addition to priming of recruited phagocytes, 
engagement of PRRs with corresponding ligands 
activates pathways that increase local cytokine 
concentrations. These molecules contribute to the 
ongoing inflammatory process, which includes 
continued recruitment of phagocytes and other 
leukocytes toward the site of tissue damage. In 
humans, CXC-chemokine ligand 8 (CXCL8 or 
IL-8) is a major cytokine that influences neutro-
phil recruitment and activation [60], while 
CC-chemokine ligand 2 (CCL2) plays an impor-
tant role during monocyte recruitment to inflamed 
tissue [72]. Cytokines released by stimulated 
host cells bind to glycosaminoglycans (GAGs) 
such as heparin sulfate that are located on the sur-
face of endothelial cells and attached to the extra-
cellular matrix [59, 61]. As phagocytes travel 
through circulation, they encounter increasing 
concentrations of chemokines that are presented 
on the surface of vascular endothelium as they 
approach distressed tissue. These chemokines 
bind to cognate G-coupled-protein receptors on 
the surface of rolling phagocytes and induce very 
rapid cellular changes that result in arrest and 
firm adhesion to the postcapillary venule wall 
near the site of host injury.

 Adhesion

The arrest and firm adhesion of circulating phago-
cytes in response to chemokines expressed at the 
site of distressed host tissue is mediated by the 
activation and binding of integrins. Integrins are a 
class of heterodimeric cell surface proteins con-
sisting of α and β subunits. In mammals, 18 α sub-
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units and 8 β subunits have been identified that 
give rise to at least 24 different types of integrins 
[73]. The binding of activated integrins expressed 
by phagocytes to immunoglobulin superfamily 
members on the surface of activated endothelial 
cells is imperative for firm adhesion of phago-
cytes to the vascular endothelium. Integrins and 
ligands that are important during this process 
include integrins αMβ2 (CD11b/CD18 or Mac-1) 
and αLβ2 (CD11a/CD18, also known as leukocyte 
function-associated antigen 1 or LFA-1), which 
bind to intercellular adhesion molecule 1 (ICAM-
1) on endothelial cells, and α4β1 (also known as 
very late antigen 4 or VLA- 4) which binds vascu-
lar intercellular adhesion molecule 1 (VCAM-1) 
[73, 74]. In general, the integrins of unprimed cir-
culating phagocytes are not in an active state. In a 
process termed inside- out signaling, the recogni-
tion of chemokines by G protein-coupled recep-
tors on rolling phagocytes rapidly increases the 
avidity of integrins, resulting in almost immediate 
cell arrest via adhesion to adjacent activated endo-
thelial cells [75].

The avidity of integrin-mediated adhesion is 
dependent upon the affinity of individual integrin 
molecules for their ligands and by the distribu-
tion of integrins on the cell surface [76]. Inactive 
integrins are diffusely spread on the cell mem-
brane and hold a bent conformation with the 
binding region tightly pressed against the mem-
brane surface, resulting in a low affinity for cor-
responding ligands. Inside-out signaling through 
activated G protein-coupled chemokine receptors 
quickly opens this bent conformation, exposing 
the integrin-binding domain to allow high- affinity 
interactions with ligands. Inside-out signaling 
also induces integrin clustering, further increas-
ing the overall avidity of these molecules for 
ligands on the surface of endothelial cells.

When clustered integrins bind to correspond-
ing ligands, changes are induced in the cytoplas-
mic domain of these molecules that activate 
intercellular tyrosine kinase-dependent signaling 
pathways in a process referred to as outside-in 
signaling [77]. Activation of these pathways 
leads to rearrangement of the phagocyte actin 
cytoskeleton that flattens the cell against the ves-
sel wall, increasing surface area contact with the 

vascular endothelium and enabling sustained 
adherence under sheer-flow conditions. In addi-
tion, outside-in signaling further primes phago-
cytes by mobilizing factors that are important for 
antimicrobial activity and TEM into the extravas-
cular space.

 Transendothelial Cell Migration

Primed phagocytes that are firmly adhered to 
activated vasculature endothelium must exit the 
capillary lumen to reach compromised host tissue 
and perform effector immune functions. As with 
previous steps in the leukocyte adhesion cascade, 
this process is largely directed by increasing con-
centrations of different chemotactic factors in 
conjunction with signals derived from direct 
interactions with activated host cells [78]. 
Collectively these cues orchestrate the migration 
of phagocytes between or even through activated 
endothelial cells lining the postcapillary venule 
wall, across the underlying endothelial basement 
membrane, and through the extravascular space 
to the site of distressed tissue.

Once phagocytes rolling through circulation 
have become firmly adhered to activated endo-
thelium, they will often crawl in an amoeba-like 
fashion along the capillary lumen wall in search 
of suitable extravasation sites. Neutrophil and 
monocyte crawling requires interactions between 
integrin αMβ2 (Mac-1) with ICAM-1 on the sur-
face of activated endothelium [59]. Forward cell 
displacement during crawling is dependent upon 
the reorganization of the phagocyte actin cyto-
skeleton and the polarization of intracellular sig-
naling proteins, surface receptors, and adhesion 
molecules across the cell. On the leading edge of 
crawling phagocytes, new bonds are formed with 
adhesive molecules on the surface of activated 
vascular endothelium, while bonds at the trailing 
end are simultaneously broken. As phagocytes 
crawl, they extend pseudopods that probe the 
vessel wall for chemotactic factors and signals 
from underlying activated endothelial cells that 
indicate optimum sites for TEM.

The majority of phagocytes crossing the endo-
thelial layer pass through the junctions between 
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vascular endothelial cells in a process termed 
paracellular TEM [61]. A number of adhesion 
molecules expressed by both phagocytes and 
endothelial cells are important for paracellular 
TEM.  These include platelet-endothelial cell 
adhesion molecule-1 (PECAM-1 or CD31), junc-
tional adhesion molecules A and C (JAM-A and 
JAM-C), and CD99 [79]. VE-cadherin expressed 
by endothelial cells plays an important role in 
maintaining tight junctions between adjacent 
cells, and the expression of this molecule deters 
paracellular TEM [80]. Phagocytes can also pass 
directly through endothelial cells in a process 
referred to as transcellular TEM.  In some 
instances recruited phagocytes prefer the trans-
cellular path, such as TEM across brain vascula-
ture endothelium that maintain very tight 
junctions between adjacent cells [61].

Migrating phagocytes that have crossed the 
vascular endothelium encounter the next major 
barrier during extravasation—the underlying 
basement membrane that ensheathes postcapil-
lary venules. The basement membrane is com-
posed of elongated mural cells termed venular 
pericytes imbedded in a complex layer of extra-
cellular matrix proteins that include collagen IV, 
various laminins, and glycoproteins such as nido-
gens and perlecan [78]. Immigrating phagocytes 
preferentially breach the basement membrane 
between venular pericytes at areas where the den-
sity of extracellular matrix proteins is low. The 
expression of integrin ligands such as ICAM-1 
by venular pericytes allows migrating phagocytes 
to use these cells as an adhesive substrate for tra-
versing the basement membrane toward these 
extravasation hot spots [61]. Perivascular macro-
phages residing in the extravascular region adja-
cent to the basement membrane are thought to 
guide migrating phagocytes toward areas of opti-
mal extravasation via the expression of chemo-
kines such as CXCL1 and CXCL2 [78].

Once migrating phagocytes have breached the 
basement membrane, they crawl through the 
interstitial space toward increasing concentra-
tions of so-called end-stage chemotactic factors 
[78, 80]. These molecules, which include for-
mylated peptides and complement protein C5a, 
take precedence over other chemotactic factors 

and play a dominant role guiding phagocytes 
through the interstitial space directly to the site of 
host tissue injury.

 Phagocytosis and Microbicidal 
Activity

The ability of phagocytes to ingest and subse-
quently kill invading microbial pathogens is par-
amount to maintenance of host health. 
Phagocytosis is functionally defined as the intra-
cellular uptake of particles greater than 0.5 μm in 
diameter and is primarily executed by neutrophils 
and mononuclear phagocytes (monocytes, mac-
rophages, and dendritic cells). Phagocytes have 
an enormous capacity for ingestion, and surface 
area can increase up to 300% for neutrophils and 
600% for macrophages [81]. The process of 
phagocytosis is highly complex and can be con-
ceptually divided into two different phases: rec-
ognition and binding and internalization.

 Phagocytosis

Phagocyte recognition of invading microbial 
pathogens is mediated by receptors present on 
the outer surface of the host cell membrane. 
There are two primary types of receptors that are 
used to recognize microorganisms: (1) PRRs, 
which directly recognize microbial-derived struc-
tures, and (2) opsonic receptors, which recognize 
host proteins that are deposited on the microbial 
surface. Ligation of PRRs initiates a complex 
series of signal transduction cascades that modu-
late phagocyte effector functions such as 
enhanced phagocytosis, killing, and regulation of 
inflammation via cytokine production. Ligation 
of PRRs is generally insufficient to promote 
phagocytosis directly, but there are exceptions 
(e.g., Dectin-1 is a PRR that binds fungal 
β-glucans and promotes ingestion of bound 
fungi) [82–84]. Phagocytosis is most efficient in 
the presence of opsonins—soluble host mole-
cules that promote uptake—of which specific 
IgG and complement are the major constituents 
and phagocyte recognition of these molecules 
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directly mediates uptake (Fig. 1.3). IgG bound to 
the microbial surface activates the classical com-
plement pathway and leads to deposition of com-
plement C3 and derivatives. In addition, C3 can 
be deposited on the microbial surface following 
activation of the alternative pathway or the 
mannose- binding lectin pathway. Neutrophils 
and mononuclear phagocytes express distinct 
receptors for IgG (FcγRI, FcγRII, and FcγRIII) 
[85] and opsonic complement molecules C3b and 
C3bi (CR1, CR3, and CR4). Receptors that con-
tribute to phagocytosis have varied affinities for 
target ligands. For example, FcγRI is a high- 
affinity receptor, whereas FcγRII and FcγRIII are 
constitutively expressed low- to moderate- affinity 
receptors. Integrins such as αMβ2 (CR3, CD11b/
CD18, Mac-1), by contrast, dynamically equili-
brate between conformational states on the cell 
surface—a closed conformation with low affinity 
and an open conformation with high affinity [86]. 

CR3 ligand affinity can increase following cell 
activation by inflammatory mediators such as 
tumor necrosis factor-α, LPS, and 
 platelet- activating factor [87]. Efficient particle 
binding is enhanced by the engagement (simulta-
neous or sequential) of multiple receptors (of 
similar or differing types) on the phagocyte sur-
face. In addition, elaboration of cellular exten-
sions such as membrane ruffles [88] and 
macrophage filopodia [89] facilitate target bind-
ing by an actin- dependent mechanism [90], and 
membrane protrusions can be enhanced by stim-
ulation of PRRs [88, 91].

Engagement of phagocyte receptors initiates a 
complex series of molecular signals that contrib-
ute to internalization of microbes or some other 
target object (e.g., debris) and is followed by 
complete activation of antimicrobial systems. 
There is inherent diversity in signaling between 
phagocyte receptors, and the variability in signals 

Fig. 1.3 Neutrophil 
phagocytosis and 
microbicidal processes. 
Binding and ingestion of 
microbes (phagocytosis) 
are mediated optimally 
by host opsonins such as 
serum complement and 
antibody. Phagocytosis 
triggers fusion of 
cytoplasmic granules 
with the newly formed 
phagosome, thereby 
enriching the phagocytic 
vacuole with 
antimicrobial agents. 
Granule-phagosome 
fusion is followed by 
assembly and activation 
of NADPH oxidase. The 
NADPH oxidase 
produces superoxide 
(O2•−), which in turn 
leads to the production 
of hypochlorous acid 
(HOCl) and other 
reactive oxygen species 
(ROS)
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transduced extends to cell type-specific differ-
ences elicited by the same receptor. Although a 
detailed compendium on phagocyte receptor sig-
nal transduction is beyond the scope of this sec-
tion (for reviews on the topic, see [92, 93]), we 
highlight features of FcR-mediated signaling 
elicited by a prototypical phagocytosis receptor. 
The complex signals govern cellular processes 
such as membrane reorganization and cytoskele-
tal remodeling that are required for phagocytosis. 
The cytosolic domain of the Fc receptor contains 
a region known as the immunoreceptor tyrosine- 
based activation motif (ITAM), which serves as a 
substrate for phosphorylation by tyrosine kinases 
of the Src family such as Lyn and Hck [94]. The 
signaling cascade is amplified by spleen tyrosine 
kinase (Syk), a cytosolic kinase essential for 
phagocytosis [95], and is followed by recruit-
ment of adapter proteins and activation of lipid- 
modifying enzymes such as phosphatidylinositol 
3-kinase and small GTPases [96]. Actin polymer-
ization is requisite for phagocytosis and is facili-
tated by the Arp2/3 nucleator complex, a 
seven-protein complex that nucleates branched 
actin filaments. Actin polymerization, in con-
junction with progressive FcR binding, provides 
the cytoskeletal framework to advance the phago-
cyte plasma membrane over the particle. Actin is 
concentrated at the tips of the advancing mem-
brane cup during particle internalization, and 
depolymerization of actin occurs at the base of 
the cup. In addition, several classes of myosin, 
including myosin X, have been implicated in 
execution of FcR-mediated phagocytosis [97]. 
Although the final stage of particle internaliza-
tion requires sealing of the opposing membrane 
leaflets to complete formation of the nascent vac-
uole, little is known about the mechanism of 
closure.

 Maturation of Phagosomes

The newly formed phagosome lacks quintessen-
tial antimicrobial properties, and its lumen 
resembles the extracellular environment. To 
assemble microbicidal machinery and acquire 
antimicrobial properties, the nascent phagosome 

undergoes a dynamic process of maturation. In 
macrophages, this process starts immediately 
after the phagosome is sealed and is dependent 
on the endocytic pathway. In mononuclear 
phagocytes, nascent phagosomes fuse with early 
endosomes, followed by fusion with late endo-
somes and lysosomes, to yield a hybrid vacuole 
called phagolysosome. For simplicity, the terms 
phagosome and phagolysosome will be used 
interchangeably. Sequential early and late 
endosome- phagosome fusion events progres-
sively acidify the lumen of the macrophage 
phagosome largely by incorporating vacuolar 
ATPase complexes (V-ATPases) [98]. This is fol-
lowed by fusion of phagosomes with lysosomes, 
which, in turn, enrich the vacuole lumen with 
lysosomal proteases and other hydrolytic 
enzymes. The pH of the mature macrophage 
phagosome is ~5–6 [99–101], which is optimal 
for lysosomal protease activity [102]. In contrast 
to macrophages, the pH of the DC phagosome is 
near neutral, if not slightly alkaline (pH 7.0–7.6). 
This attribute of DCs is due to the comparatively 
limited phagosomal V-ATPase activity and sus-
tained intraphagosomal production of superoxide 
by NADPH oxidase, a process that consumes 
protons [100]. More recent studies suggest 
NADPH oxidase alters the redox capacity of DC 
phagosomes and thereby controls proteolysis (of 
antigens) mediated by cysteine proteases [103]. 
In addition, DC lysosomes have reduced levels of 
proteases and associated proteolytic activity 
compared with those of macrophages [104]. 
From a functional standpoint, DC antigen pro-
cessing and presentation are optimal in phago-
somes that maintain near neutral/slightly basic 
pH and have limited lysosomal protease activity 
[100, 104, 105]. It is noteworthy that not all stud-
ies agree about the pH of the DC phagosome or 
the mechanism by which proteolysis is regulated 
[100, 103]. This may be a reflection of differ-
ences in DC subsets.

In contrast to mononuclear phagocytes [106], 
in which phagosome maturation involves the 
endocytic pathway to a significant extent, matu-
ration of neutrophil phagosomes is based largely 
on fusion with specialized granules. Neutrophils 
can undergo granule exocytosis (also called 
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degranulation), whereby the granules mobilize to 
and fuse with the plasma membrane, and release 
their contents into the extracellular space. 
Alternatively, granules fuse with forming phago-
somes, and the lumen and membrane are enriched 
with granule proteins. In the resting state, human 
neutrophils in circulation have limited capacity to 
interface with the external environment, as there 
are relatively few proinflammatory receptors 
present on the cell surface. However, this attri-
bute changes rapidly upon exposure to very low 
levels of host or microbe-derived proinflamma-
tory molecules, such as chemokines or PAMPs. 
The cytoplasmic granules and secretory vesicles 
fuse with membranes in a hierarchy that is stimu-
lus and calcium threshold dependent: secretory 
vesicles are mobilized first, followed by tertiary 
granules (gelatinase granules), secondary gran-
ules (specific or beta granules), and ultimately 
primary granules (azurophilic or alpha granules) 
[43]. Consistent with their ability to mobilize 
readily, secretory vesicles enrich the cell surface 
with receptors and other molecules needed for 
chemotaxis, transmigration, and microbicidal 
activity. The primary and secondary granules 
were known traditionally as peroxidase-positive 
and peroxidase-negative granules, respectively, 
nomenclature that reflects the presence and 
absence of myeloperoxidase (MPO). As indi-
cated above, these granules contain antimicrobial 
peptides and enzymes required for oxygen- 
dependent and oxygen-independent killing of 
microbes by neutrophils. For a more comprehen-
sive review of neutrophil granule synthesis, con-
tent, and mobilization, we refer the reader to 
excellent articles on the topic [43, 44, 107].

Compared with macrophages, there are fewer 
V-ATPase channels in neutrophil phagosome 
membranes early after ingestion, and the activity 
of these molecules is inhibited by reactive oxy-
gen species [108, 109]. Notably, the pH of neu-
trophil phagosomes is near neutral (pH ~7.2) 
[99]. Although not all findings concur about the 
initial pH of neutrophil phagosomes, neutral pH 
in the phagocytic vacuole is needed for optimal 
bactericidal activity, and proton channel activity 
is required to offset charge differential caused by 
production of superoxide by NADPH oxidase 

(see below) [99, 109–112]. Moreover, charge 
compensation in neutrophils is essential for opti-
mal NADPH oxidase activity, and protons are 
needed for subsequent formation of hydrogen 
peroxide (H2O2) and hypochlorous acid (HOCl), 
each of which is important for oxygen-dependent 
killing of microbes [110]. In the end, multiple 
factors contribute to regulation of phagosome pH 
and function, including vesicle fusion events, 
production of superoxide, redox potential, 
recruitment of V-ATPases, and proton channel 
activity, each of which appears specific to phago-
cyte function and type [113].

 Production of Reactive Oxygen 
Species

Professional phagocytes use oxygen-dependent 
and oxygen-independent processes to eliminate 
ingested microorganisms. Phagocytes have two 
main oxygen-dependent antimicrobial systems: 
NADPH oxidase and inducible nitric oxide syn-
thase (iNOS). NADPH oxidase is a multicompo-
nent enzyme complex that produces superoxide in 
activated cells. In unactivated cells, NADPH oxi-
dase components are segregated in membrane and 
cytosolic compartments. Flavocytochrome b558 is a 
heterodimeric transmembrane protein comprised 
of gp91phox (NOX2) and p22phox subunits; it 
contains the electron transport machinery for the 
enzyme complex and forms the nidus of the 
assembling oxidase at the plasma or phagosome 
membrane. p47phox, p67phox, p40phox, and the 
small GTPase Rac (Rac1 or Rac2) are oxidase 
components located in the cytosol of resting cells. 
Upon phagocyte activation, p47phox, p67phox, 
and p40phox translocate to the plasma or phago-
some membrane en bloc and interact directly with 
flavocytochrome b558. Rac translocates to the 
membrane independent of the other cytosolic 
components and, in turn, associates with compo-
nents (p67phox and flavocytochrome b558) of the 
assembling enzyme complex [113]. NADPH oxi-
dase catalyzes the transfer of electrons from cyto-
solic NADPH to molecular oxygen, thereby 
producing O2•−. Although O2•− is weakly microbi-
cidal, it is rapidly converted to other, more effec-
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tive reactive oxygen species, including H2O2, 
hydroxyl radical, and HOCl (for more details see 
refs [45, 114]). For example, MPO catalyzes a 
reaction with H2O2 and chloride to generate HOCl, 
the main active ingredient in household bleach 
[115–117]. The high consumption of oxygen fol-
lowed by generation of ROS is often termed 
“respiratory burst” [118, 119]. ROS cause damage 
to proteins, membrane lipids, and nucleic acids 
and are thus highly cytotoxic. Inasmuch as these 
ROS can cause non-specific damage to host tis-
sues, production of ROS must be tightly regulated 
and contained within the confines of the phago-
some. The NADPH oxidase is essential for com-
petent host defense against bacterial and fungal 
infections. Chronic granulomatous disease is 
inherited defects in components of this enzyme 
system that predispose individuals to severe and/or 
fatal bacterial and fungal infections.

 Production of Reactive Nitrogen 
Species

Compared with neutrophils, mononuclear phago-
cytes produce less NADPH oxidase-derived 
ROS. However, mononuclear phagocytes have the 
capacity to produce relatively high levels of reac-
tive nitrogen species (RNS), which are generated 
by iNOS (NOS2). iNOS is one of the three iso-
forms of NOS present in mammalian cells (the 
other two isoforms are neural NOS and endothe-
lial NOS). Unlike NADPH oxidase, which is 
assembled immediately upon appropriate signal 
transduction, proteins of the iNOS complex are 
synthesized de novo in phagocytes. Synthesis of 
iNOS requires signaling from pattern recognition 
receptors or stimulation from proinflammatory 
cytokines. iNOS catalyzes a two-step reaction in 
which L-arginine is transformed to NO• and citrul-
line in the presence of oxygen and NADPH [120, 
121]. Nitric oxide and its derivatives (e.g., nitrogen 
dioxide, nitrosothiol, or nitrite) can inhibit bacte-
rial DNA replication and bacterial respiration, and 
it additionally potentiates ROS- mediated killing 
[122]. The iNOS system is important for host 
defense against intracellular pathogens, such as 
mycobacteria and Salmonella [123, 124].

 Oxygen-Independent Antimicrobial 
Systems

Oxygen-independent antimicrobial systems uti-
lize antimicrobial peptides and enzymes to facili-
tate killing and degradation of ingested microbes. 
In neutrophils, antimicrobial peptides and pro-
teins are stored largely in azurophilic granules 
(primary granules) and specific granules (second-
ary granules) [45]. For example, alpha defensins 
[125–127], bactericidal/permeability-increasing 
protein (BPI), azurocidin, cathepsin G, elastase, 
and proteinase 3 are contained within the azuro-
philic granules [128, 129], whereas lactoferrin, 
phospholipase A2, and the cathelicidin hCAP-18 
[130] are stored in the specific granules [43]. 
Lysozyme, an antimicrobial enzyme well-known 
for its ability to degrade bacterial peptidoglycan, 
is contained within each of these granule sub-
types. We discuss a few signature molecules that 
contribute to microbicidal functions of 
neutrophils.

Mature, processed human neutrophil alpha 
defensins are cationic peptides 30–33 amino acid 
residues in length (and 3–4  kDa) [131]. These 
peptides were originally named human neutro-
phil peptides 1–4 (HNP1–4), and HNP1–3 
 constitute up to 50% of the protein in azurophilic 
granules and 5–7% of protein in human neutro-
phils [131, 132]. It is estimated that the average 
adult produces 250 mg of alpha defensins each 
day to accommodate normal neutrophil turnover. 
Thus, they are abundant molecules. It is well- 
known that cationic peptides—including alpha 
defensins—disrupt bacterial membranes, which 
in turn kills the target microbe. In the context of 
bacteria, HNPs bind negatively charged compo-
nents of the membrane, such as anionic phospho-
lipids. That said, HNPs kill microbes by virtue of 
both cationic and hydrophobic properties, 
although the mechanism is varied depending on 
the specific microorganism [131]. It is worth not-
ing that mouse neutrophils lack alpha defensins, 
thus underscoring differences between human 
and murine innate immune systems.

BPI is a cationic protein (~55 kDa) that binds 
LPS with high affinity, kills Gram-negative bac-
teria, and can opsonize bacteria for enhanced 
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phagocytosis [128, 133, 134]. The interaction of 
BPI with the lipid A moiety of LPS ultimately 
causes membrane destruction, which in turn 
leads to bacterial death [133]. Moreover, LPS 
with bound BPI is not recognized by the innate 
immune system, and therefore, BPI neutralizes 
the host responses to LPS [133]. Functions of 
BPI extend beyond a role in innate immunity and 
are reviewed elsewhere [135].

Azurocidin, cathepsin G, elastase, and pro-
teinase 3 are cationic serine proteases collectively 
known as serprocidins. They have microbicidal 
activity in  vitro, contribute to host defense 
in vivo, and, except for azurocidin (also known as 
CAP37), have serine protease activity [136–142]. 
Serine protease activity is optimum at neutral or 
slightly basic pH, and the traditional view is that 
these molecules are kept inactive by the nega-
tively charged proteoglycan matrix of the azuro-
phil granule lumen [143]. This idea has been 
challenged recently, but no alternative regulatory 
mechanism has been reported [144]. Importantly, 
the serine proteases become active when they are 
released into the extracellular environment (and/
or bound to the leukocyte surface) or the neutro-
phil phagosome following granule exocytosis or 
granule-phagosome fusion, respectively [137, 
145]. Serine protease activity can contribute to 
breakdown of microbial proteins, such as the 
degradation of Escherichia coli outer membrane 
protein A by elastase, which kills the bacterium 
[136, 146]. These proteases are also important for 
the proteolytic processing of host molecules 
involved in host defense [145, 147–149]. For 
example, proteinase 3 enzymatically cleaves 
hCAP18, which is released from the lumen of 
specific granules, to generate the LL-37, a potent 
antimicrobial peptide [150]. In addition, IL-1β 
and IL-18 can be activated by neutrophil protein-
ase 3, processes previously ascribed uniquely to 
caspase-1 [151].

The antimicrobial activity of cathepsin G and 
elastase was originally reported as independent 
of serine protease activity [139, 152–154]. For 
example, Neisseria gonorrhoeae is readily killed 
by cathepsin G that has been rendered enzymati-
cally inactive by diisopropyl fluorophosphate, a 
potent serine protease inhibitor [154]. The highly 

cationic nature of neutrophil serine proteases 
likely explains at least in part their ability to kill 
microbes independent of enzymatic activity 
[155].

Although neutrophil serine proteases contrib-
ute prominently to host defense, they can readily 
degrade host proteins and facilitate the break-
down of tissues and thereby play an important 
role in the pathogenesis of inflammatory diseases 
[145, 156]. This attribute highlights the need to 
have mechanisms in place to regulate neutrophil 
turnover and removal.

 Extracellular Traps (ETs)

Extracellular traps (ETs) are decondensed strands 
of DNA that are extruded from leukocytes into 
the extracellular environment. These weblike 
structures were first identified with neutrophils 
and were therefore named neutrophil extracellu-
lar traps (NETs) [157]. More recently, mast cells 
[158], monocytes/macrophages [159, 160], DCs 
[161], basophils [162, 163], and eosinophils [51] 
have been shown to release ETs. ETs can be elic-
ited by microbial products and/or a wide variety 
of microorganisms, including bacteria, fungi, 
protozoa, and viruses (Fig.  1.4). Host-derived 
molecules or pharmacological agents can also 
induce ETs. Inasmuch as there is a relatively 
large base of published works on the topic of 
NETs, here we use that information for the pur-
pose of elaborating the role of ETs in host defense 
and disease.

NETs constitute a three-dimensional scaffold 
containing histones and antimicrobial proteins 
from granules and the cytoplasm. In general, 
NETs (and other ETs) ensnare microbes and 
thereby contribute to host defense [157, 164]. 
Whether there is significant killing of microbes 
by ETs versus binding/entrapping alone remains 
a topic of debate [165–167]. The bactericidal 
activity of ETs appears to be microbe-specific, 
and some microbes produce molecules that facil-
itate evasion of killing by these structures [157, 
168–191]. In addition, formation of NETs is dic-
tated by size of the microbe; i.e., microbes too 
large for phagocytosis elicit NETs [192]. NETs 
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were initially reported to form during a unique 
type of cell death named NETosis [193, 194]. 
During NETosis, neutrophil chromatin decon-
denses, and the nuclear membrane disintegrates 
[195], which, in turn, promotes association of 
cytosolic and granule proteins with DNA [193]. 
During this cell death process, neutrophil elastase 
translocates to the nucleus, where it facilitates 
proteolytic cleavage of specific histones, includ-
ing core histone H4. This phenomenon leads 
directly to chromatin decondensation [194]. The 
chromatin decondensation process is enhanced 
by MPO and deimination of the histone H3 argi-
nine residue to citrulline, which is catalyzed by 
peptidyl arginine deiminase type 4 (PAD4) [194, 
196, 197]. It is important to note that NETs can 
also form from viable cells [198, 199], or alterna-
tively, during non-specific osmotic lysis of neu-
trophils [200]. The mechanisms underlying these 
phenomena remain incompletely determined.

Although ETs can contribute to host defense, 
they are also associated with—or directly pro-
mote—host pathology [165, 201–204]. This is 
especially true for NETs, since lysis of neutro-
phils and release of cytotoxic molecules is known 
to cause non-specific host tissue damage. For 
example, NETs are associated with airway 
obstruction during inflammatory lung diseases 
and respiratory tract infections [205–208]. In 
addition, NETs have been implicated in the 
pathogenesis of Alzheimer’s disease [209], ath-
erosclerosis [210], rheumatoid arthritis [211, 

212], cancer progression [213, 214], sickle-cell 
disease [215], thrombosis [216–218], and sys-
temic lupus erythematosus [219–222]. Therefore, 
it is not surprising that precise mechanisms are in 
place to facilitate clearance of effete neutrophils 
and maintain immune system homeostasis, and 
these processes likely prevent or moderate NET- 
associated pathology.

 Antigen Presentation

In addition to functions that are imperative for 
innate immunity, phagocytes play key roles in 
generating an effective adaptive immune 
response. In particular, the process of antigen 
presentation by DCs is critical for T cell activa-
tion and the initiation of adaptive immunity 
[223]. This process requires the capture and pro-
cessing of antigen from insulted host tissue, 
migration through lymphatic vessels to second-
ary lymph tissue, and presentation of antigen to 
resting T cells via major histocompatibility com-
plexes (MHCs). Additionally, DCs convey the 
nature of host insult corresponding to the antigen 
that is presented to T cells during the generation 
of an appropriate adaptive immune response 
[224–226].

Macrophages, DCs, and B cells are all consid-
ered professional antigen-presenting cells 
(APCs). However, DCs are the most potent APCs 
and are a major source of T cell activation. 

Fig. 1.4 Formation of NETs. Microorganisms and/or 
other stimuli or conditions can trigger formation of neu-
trophil extracellular traps (NETs). Formation of NETs has 
been associated with activation of NADPH oxidase, 

decondensation of chromatin, mixing of neutrophil gran-
ule proteins with nuclear DNA, and lysis of neutrophils. 
This process releases the DNA that forms NETs
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Immature DCs are constantly examining the 
peripheral tissue lining the host-environment 
interface, such as the skin, gastrointestinal tract, 
and lung, for signals indicating a compromise of 
host integrity. These immune sentinels express 
high levels of PRRs that are used to identify a 
variety PAMPs and DAMPs present in impaired 
host tissue. The binding of specific PRRs and 
detection of cytokines that are associated with 
particular types of host tissue insult induce imma-
ture DCs to take specialized avenues of matura-
tion. Antigen that is associated with the stimulus 
that caused DC activation is processed and pre-
pared for presentation. Different types of host tis-
sue distress drive corresponding DC maturation 
programs that direct appropriate T cell activation 
during antigen presentation.

The internalization of microbial antigens by 
DCs is accomplished through phagocytosis-, 
macropinocytosis-, and receptor-mediated endo-
cytosis [227, 228]. As opposed to the highly pro-
teolytic phagosome of neutrophils or macrophage, 
the antigen-processing compartments of acti-
vated DCs are optimized to generate partially 
digested peptides that are suitable for presenta-
tion to T cells (see above) [228, 229]. APCs pres-
ent antigen-derived peptides on both MHC class 
I and MHC class II molecules that activate 
antigen- specific CD4+T cells and CD8+ T cells, 
respectively [230]. In general, processed antigen 
acquired from endogenous sources is presented 
on MHC class II molecules, while MHC class I 
molecules present antigen derived from intercel-
lular sources that have undergone proteasome 
processing. However, peptides captured from the 
extracellular environment can also be loaded 
onto MHC class I molecules in a phenomenon 
known as cross-presentation [227, 231–234]. The 
CD8+ subset of DCs are particularly adept at 
cross-presentation of exogenous antigens on 
MHC class I molecules relative to CD8− DCs 
[232, 235].

Activated DCs migrate from peripheral tissue 
to secondary lymph tissue, transporting their 
antigen-derived peptide cargo to T cells for pre-
sentation. The mechanisms by which DCs exit 
peripheral tissue and migrate through afferent 
lymph vessels to the draining lymph node are not 

entirely understood [236]. However, it is known 
that the expression of chemokine receptor CCR7 
by activated DCs is required for efficient migra-
tion and the expression of integrins such as αMβ2 
(LFA-1) by DCs also play important roles in this 
process [237]. Mature DCs that have arrived in 
secondary lymph tissue present antigen-derived 
peptide loaded onto cell surface MHC molecules 
to naïve T cells. T cells with an antigen-specific T 
cell receptor (TCR) that recognizes presented 
antigen directly associate with these DCs and 
form what is termed the immunological synapse 
at the interface between these cells.

The association of the TCR with peptide pre-
sented by MHC molecules alone is insufficient 
for T cell activation. The binding of some T cell 
co-receptors with molecules on the surface of 
APCs can promote T cell activation, such as the 
association of the T cell co-receptor CD28 with 
CD80 expressed by DCs, while other T cell co- 
receptors can act to inhibit T cell activation [238]. 
The type of T cell activation program initiated by 
DCs largely depends upon stimulation from cyto-
kines released at the immunological synapse. The 
DC maturation program initiated in response to 
specific host damage cues determines which 
cytokines these cells secrete during T cell antigen 
presentation. These cytokines induce different 
types of T cell maturation, directing an appropri-
ate adaptive immune response for resolution of 
host tissue distress. The additional requirement 
of cytokine stimulation for T cell activation not 
only acts as a checkpoint to prevent immune dys-
function but also guides the T cell activation pro-
gram to generate an appropriate adaptive immune 
response that will effectively target a specific 
microorganism.

 Concluding Comments

Inasmuch as phagocytic leukocytes are essential 
for host defense against microorganisms, it is not 
surprising that defects in phagocyte production 
and function predispose individuals to a wide 
range of bacterial and fungal infections. These 
defects, such as reduced production of neutro-
phils, impaired leukocyte chemotaxis, or the 
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inability of phagocytes to generate ROS, can be 
genetic or acquired. Significant progress has been 
made toward understanding the molecular and 
genetic basis of phagocyte defects and, in turn, 
the development of therapies for infections in 
patients with such defects.

Recent advances in genomics approaches and 
bioinformatics capabilities have enhanced the 
ability to identify complex polygenic defects and 
gene networks that impact phagocyte function 
and underlie susceptibility to infection. Indeed, 
recent whole-exome profiling studies of 
Alzheimer’s patients identified rare coding vari-
ants in genes that are highly expressed in brain 
microglia cells [239]. These findings provide fur-
ther support to the idea that microglia contribute 
to late-onset Alzheimer’s disease. Single-cell 
genomics is a relatively new technology that has 
the ability to identify cells and cell states that 
would otherwise be missed using standard assays 
that analyze cells as a population [240]. For 
example, single-cell RNA sequencing has been 
used to reveal heterogeneity among pre- 
hematopoietic stems cells [241] and elucidate 
changes in the human macrophage transcriptome 
during interaction with bacteria (Mycobacterium 
tuberculosis) [242]. Notably, the latter studies 
used a high-throughput method to analyze tran-
scriptomes from thousands of human macro-
phages individually. Although these approaches 
are still in varied stages of development, they 
serve as a springboard for future studies that will 
be directed to gain a better understanding of 
phagocytes and phagocyte responses during spe-
cific disease states.
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Abbreviations

AIDS Acquired immunodeficiency syndrome
APC Antigen-presenting cell
BCR B cell receptor
CD Cluster of differentiation
CTL Cytotoxic T lymphocyte
CTLA-4 Cytotoxic lymphocyte-associated 

molecule-4
DC Dendritic cell
DN Double negative
GC Galactosylceramide
HIV Human immunodeficiency virus
ICOS Inducible costimulatory signal
IEL Intraepithelial lymphocytes
IFNγ Interferon gamma
IL Interleukin
IPEX Immune dysregulation, polyendocri-

nopathy, enteropathy X-linked
MAIT Mucosa-associated invariant T
MHC Major histocompatibility complex
NK Natural killer
NKT Natural killer T
PD Programmed death
pMHC Peptide-MHC complex
Tc T cytotoxic cell
TCR T cell receptor

Tfh Follicular helper T cell
TGFβ Transforming growth factor β
Th T helper cell
Treg T regulatory cell

 Introduction

T cells are a remarkably complex and diverse 
class of lymphocytes that play a central role in 
many functions of the mammalian immune sys-
tem. They are at the core of adaptive immunity 
that is required for effective resistance to many 
types of pathogens, in particular viruses and 
many more complex microbes that are able to 
evade the more primitive mechanisms of innate 
immunity. Because of their ability to differentiate 
into long-lived memory cells, T cells are a major 
component of acquired resistance to infections 
and a principal target for most types of vaccines 
[1]. In the absence of T cells, a severe immunode-
ficiency state occurs with an inability to control 
infections by common as well as opportunistic 
microbes. This situation has been strongly 
emphasized by the consequences of human 
immunodeficiency virus (HIV) infection, which 
results in a frequently fatal acquired immunodefi-
ciency syndrome (AIDS) mainly through deple-
tion of T cells. When functioning normally, T 
cells provide effective control of a wide range of 
potential infectious agents and also contribute to 
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suppression of neoplastic diseases by recogniz-
ing and eliminating cancerous cells. A complex 
process for maintaining self-tolerance of T cells 
normally prevents recognition of self-antigens, 
but in rare cases this may fail and result in auto-
immunity and a variety of inflammatory diseases. 
In addition, T cells have a strong tendency to rec-
ognize antigens of foreign tissue transplants, 
even between quite closely related individuals. 
Thus, they play an important role in many cases 
of transplant rejection and are a major focus of 
current efforts to overcome histocompatibility 
barriers in transplantation.

 Origin and Development of T Cells

Like B lymphocytes, T cells also originate from 
lymphoid progenitors derived from the bone mar-
row. These progenitor cells migrate to the thymus 
gland, where they differentiate into mature T 
cells that populate the peripheral lymphoid tis-
sues and recirculate through the blood and lymph. 
This process of development is especially active 
from birth until puberty, after which the produc-
tion of new T cells is greatly reduced due to invo-
lution of the thymus. Like the other major 
population of lymphocytes, the antibody- 
producing B cells, T cells express a family of 
structurally diverse cell surface proteins that 
serve as receptors for foreign antigens. These T 
cell receptors (TCRs) are clonally distributed, 
which means that each T cell generates a unique 
TCR structure as it develops through a complex 
process of somatic gene rearrangement. This 
results in a very large repertoire of specific recep-
tors, each expressed by a different T cell.

The complex process of T cell development in 
the thymus has been extensively studied, and a 
sequence of critically important steps has been 
identified [2]. The process begins with the migra-
tion of lymphoid progenitor cells from the fetal 
liver or the bone marrow into the outer layer or 
cortex of the thymus. Once in the thymus, these 
progenitors begin differentiating into thymocytes 
which are fully committed to progressing along 
the T cell lineage. Thymocyte development and 
differentiation is controlled by specific signals 

that are unique to the microenvironments of the 
thymus, initially in the cortex and subsequently 
in the inner layer or medulla of the organ. Both of 
these zones of thymic tissue contain a variety of 
cell types in addition to the thymocytes them-
selves, including thymic stromal fibroblasts, cor-
tical thymic epithelial cells, medullary thymic 
epithelial cells, and thymic DCs. A stepwise pro-
cess has been described by which thymocytes 
initiate the expression of number of T cell surface 
markers, most notably the co-receptor molecules 
CD4 and CD8 and their clonally variable TCRs 
(Fig.  2.1). This process involves a number of 
gene rearrangement events as well as both posi-
tive and negative selection steps to insure that the 
TCRs expressed by developing thymocytes are 
functional but not dangerously autoreactive. 
Most thymocytes fail to pass the quality control 
checkpoints of this process, resulting in the vast 
majority of them undergoing programmed cell 
death (apoptosis) and being destroyed within the 
thymus by macrophages. As a result, only a very 
small fraction, perhaps 0.1% or less, of thymo-
cytes eventually survive to exit the thymic 
medulla into the circulation as mature, naïve T 
cells. Encounters with specific antigens that 
engage the TCRs of these resting, naïve T cells 
lead to activation and clonal expansion. This is 
followed by differentiation into effector T cells 
with a variety of critical functions such as cyto-
kine production or direct cytotoxic activity [3] or 
conversion into stable memory T cell populations 
that persist for many years [4]. These stable 
memory T cells provide improved protection 
against subsequent exposure to the same or 
related infections and also form the basis for all 
vaccine-mediated protection.

 Antigen Presentation of Specific T 
Cell Antigens

The great majority of T cells in humans and most 
other mammals are specific for peptide fragments 
of foreign proteins. The complex process of deg-
radation of proteins into small peptides, loading 
of these peptides onto MHC class I and class II 
molecules, and their transfer to the surface of 
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antigen-presenting cells for probing by T cells is 
called antigen processing and presentation [5, 6]. 
Most peptides presented in a healthy individual 
are of self-origin and pose no danger and elicit no 
T cell response. However, during infections by 
viruses or other pathogens, a very large fraction 
of peptides bound to MHC molecules may be 
derived from foreign proteins and are recognized 
by T cells for induction of immune responses [7]. 
The complexes of peptides bound to MHC mol-
ecules (pMHC complexes) are assembled by the 
exogenous and endogenous antigen processing 
and presentation pathways [8].

The exogenous pathway for antigen process-
ing and presentation is the principal mechanism 
by which peptides derived from proteins of extra-
cellular origin become bound to MHC class II 
molecules for presentation to CD4+ T cells [9]. 
This pathway is essential for responses of CD4+ 
T cells against proteins that are internalized by 
professional antigen-presenting cells (APCs) via 
phagocytosis or receptor-mediated endocytosis 
and transferred to the endosomal compartments 
for degradation. The protease-containing endo-
somes are highly acidic and degrade the proteins 

to yield peptides of varying length. A subset of 
endosomes, often referred to as MHC class II 
compartments (MIICs), are enriched for MHC 
class II molecules as well as other accessory pro-
teins that facilitate the formation of pMHC com-
plexes [10]. The exogenous pathway is most 
prominently active in professional APCs such as 
DCs, macrophages, and B cells, which can effi-
ciently take up antigens and express high levels 
of MHC II molecules. The pMHC II complexes 
formed in MIICs are packaged into vesicles 
which are transported to the plasma membrane of 
the APCs. Fusion of these vesicles with the 
plasma membrane results in surface expression 
of pMHC II complexes for surface presentation 
and recognition by CD4+ T helper cells.

In contrast to the exogenous pathway that is 
restricted mainly to professional APCs, the 
endogenous antigen processing pathway, which 
generates peptides for presentation by MHC 
class I molecules, is active in all nucleated cells. 
The endogenous pathway enables the degrada-
tion of intracellular proteins by the cytoplasmic 
proteasome complex into peptides of eight to ten 
amino acids in length [11]. These are transported 

Fig. 2.1 T cell development pathways. The common 
lymphoid progenitor cell produced in the bone marrow 
gives rise to the NK/T cell precursor that migrates to the 
thymus and differentiates into thymocytes. While pro-
gressing through a series of “double negative” stages 
(DN1, DN2, DN3), the developing thymocytes undergo 
TCRβ gene rearrangements followed by rearrangements 
of other TCR loci. Thymocytes that successfully assemble 
a functional TCR progress past the pre-TCR checkpoint. 
The majority of these cells express TCRαβ and enter into 
the αβ pathway, whereas a small population expresses 
TCRγδ and progresses down an alternative γδ pathway. 

Cells in the αβ pathway then turn on expression of both 
CD4 and CD8 to become “double positive” (DP) thymo-
cytes. These cells undergo positive and negative selection 
based on their TCR interactions with molecules expressed 
on a variety of cells within the thymus. A minor fraction 
of DP thymocytes enter an alternative selection pathway 
that generates CD1-restricted T cells including NKT cells. 
The majority of DP cells downregulate either CD4 or CD8 
expression to become “single positive” (SP) thymocytes, 
a small fraction of which become mature CD4+ or CD8+ T 
cells that survive and exit the thymus
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into the endoplasmic reticulum (ER) by a spe-
cialized transporter complex called TAP. Once in 
the ER lumen, the peptides associate with newly 
synthesized MHC class I molecules, which are 
released into the secretory pathway and trans-
ported to the cell surface. Complexes of antigenic 
peptides and MHC class I molecules formed in 
this way provide the major targets on the cell sur-
face for recognition by CD8+ T cells.

Notably, it has been shown in some cases that 
mature DCs are also capable of presenting pep-
tides derived from proteins of extracellular ori-
gin on MHC I molecules to induce CD8+ T cell 
responses. This process is called cross- 
presentation and is believed to be extremely 
important for the initial activation and expansion 
of naïve CD8+ T cells during the initiation of 
cell- mediated immune responses [12]. This 
pathway for presentation of exogenously 
acquired antigens on MHC I molecules has been 
found to be facilitated by internalization of par-
ticulate forms of antigen, particularly apoptotic 
debris of virally infected cells. The precise intra-
cellular compartments and mechanisms by 
which endocytosed antigens undergo processing 
into peptides and loading onto MHC I proteins 
for cross- presentation to CD8+ T cells remain 
controversial [13].

In addition to the classical MHC I- and MHC 
II-dependent antigen-presenting pathways for 
peptide presentation, it has also been shown that 
at least three alternative pathways exist for the 
presentation of nonpeptide antigens (Fig.  2.2) 
[14]. Among these, the most extensively studied 
and currently best understood is the CD1- 
dependent pathway for presentation of lipid and 
glycolipid antigens. The CD1 molecules that 
mediate this pathway are structurally related to 
the classical MHC I molecules but have evolved 
specialized features to adapt them for the binding 
and presentation of a variety of highly hydropho-
bic lipids of microbial or self-origin [15]. Another 
MHC I-like molecule called MR1 has recently 
been demonstrated to bind vitamin B metabolites 
produced by bacteria and present these to a 
unique population of T cells known as mucosa- 
associated invariant T (MAIT) cells [16]. In addi-
tion, a member of the butyrophilin family of cell 

surface proteins, BTN3A1, has been shown to 
serve as the presenting molecule for phosphory-
lated metabolites of the isoprenoid biosynthesis 
pathway present in most bacteria and parasites 
[17]. These alternative antigen presentation path-
ways, and the unconventional T cell populations 
that respond through them, are discussed in 
greater detail in subsequent sections of this 
chapter.

 T Cell Antigen Receptors

The expression of T cell antigen receptors (TCRs) 
is a phenotypic hallmark of all mature T cells. 
These are cell surface protein complexes that 
mediate the specific recognition of antigens. 
These proteins are induced early in the process of 
T cell development and mediate both positive and 
negative selection steps in the thymus [2]. The 
TCR complex consists of several invariant poly-
peptide chains comprising the CD3 complex 
which are noncovalently associated with either 
TCRαβ or TCRγδ heterodimers [18]. Whereas 
the invariant CD3 subunits of the complex are 
principally responsible for signal transduction, 
the structurally variable TCRαβ or TCRγδ com-
ponents are responsible for antigen recognition. 
In humans and most other mammals, the great 
majority of T cells in the circulation and in lym-
phoid tissues express TCRαβ, while TCRγδ is 
often abundant on certain populations of T cells 
residing in nonlymphoid tissues (e.g., in skin or 
intestine). In general, both types of TCRs share 
substantial structural similarities with immuno-
globulins and have an analogous domain struc-
ture including constant (C) region and variable 
(V) region domains along with their transmem-
brane regions and short cytoplasmic tails. 
However, unlike immunoglobulins which com-
prise the B cell receptors (BCRs) or secreted anti-
bodies which have two antigen-binding sites, 
TCRs have only one antigen-binding site and are 
not secreted. The structural diversity of TCRs is 
generated through a process of somatic recombi-
nation of multiple variable (V) region genes with 
one of a variety of short diversity (D) and joining 
(J) gene segments. This process is similar in 

S. S. Kharkwal and S. A. Porcelli



31

many respects to the mechanism for generation 
of diversity in BCRs and antibodies, with the 
notable difference that TCR genes do not undergo 
somatic hypermutation. The process of random 
joining of V, D, and J segments generates a vast 
repertoire of distinct receptors, enabling T cell 
recognition of an enormous range of antigens.

The TCRαβ and TCRγδ heterodimers have 
very short cytoplasmic tails that are not capable 
of transducing signals upon engagement by anti-
gen and therefore rely on the associated CD3 
subunits to carry out this function. Five distinct 
CD3 polypeptides (CD3γ, CD3δ, CD3ε, CD3ζ, 
CD3η) are physically associated with the TCRs 
on the cell surface (Fig. 2.3). After TCRs interact 
with their cognate antigens, intracellular signal-
ing kinases such as Lck phosphorylate the tyro-
sine residues in specific cytoplasmic sequences 
known as immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) of several CD3 subunits. 
This leads to the recruitment of additional kinases 

to the CD3 complex to initiate the signaling cas-
cade. Another function of CD3 is to promote the 
stable assembly and intracellular transport of 
newly synthesized TCRs to the cell surface. Thus, 
surface expression of TCR is ablated in mice 
lacking individual CD3 chains due to the require-
ment for the TCRαβ or TCRγδ heterodimer to 
become associated with CD3 in the ER prior to 
its transport to the Golgi apparatus for glycosyl-
ation and transfer to the T cell surface. The extra-
cellular immunoglobulin-like domains of CD3γ, 
CD3δ, and CD3ε interact with the TCR to keep 
the entire complex intact during intracellular 
transport and on the cell surface [19]. Conversely, 
the CD3ζ chain and its alternatively spliced form 
known as CD3η are minimally exposed on the 
cell surface but play a major role in signal trans-
duction through their intracellular domains.

Fig. 2.2 Pathways for antigen presentation to T cells. 
The four known pathways for antigen presentation are 
illustrated. In the dominant or “classical” MHC-restricted 
pathway, peptide antigens derived by processing of larger 
proteins are presented by MHC class I or class II mole-
cules to the major populations of CD4+ and CD8+ T cells 
expressing classical TCRαβ antigen receptors. The MHC- 
dependent peptide presentation pathway is the predomi-
nant mode of T cell recognition in both humans and rodent 
models. The other three known pathways present nonpep-
tide antigens to T cell subsets that use either TCRαβ 

receptors with limited diversity or TCRγδ receptors. 
These alternative pathways are more prominent in humans 
than in mice, and their roles in host immunity and disease 
remain largely undefined. While the MHC-restricted pep-
tide presentation pathways generate adaptive immunity 
with memory T cells that give enhanced responses upon 
subsequent re-exposure to previously encountered anti-
gens, the alternative pathways appear to function more as 
“hardwired” innate recognition pathways and have less 
capacity to generate immunological memory
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 CD4 and CD8 Co-receptors

The CD4 and CD8 molecules are called co- 
receptors because they assist TCR in establish-
ing interactions with specific pMHC complexes 
and strengthen the signals resulting from these 
interactions [20]. Approximately two thirds of 
mature T cells expressing TCRαβ also express 
CD4, whereas most of the remaining one third 
express CD8. Neither CD4 nor CD8 is expressed 
by the majority of T cells bearing TCRγδ, and 
these cells are often referred to as double nega-
tive (DN). On mature T cells, the expression of 
CD4 or CD8 is virtually always mutually exclu-
sive and correlates strongly with different func-
tions. Thus, T helper (Th) cells express CD4, 
which interacts with the MHC II molecule on 
APCs and stabilizes TCR recognition of pMHC 
II complexes. Conversely, CD8 is expressed 
predominantly by cytotoxic T cells (Tc) and 
assists in TCR recognition of pMHC I com-
plexes (Fig. 2.3). Despite the striking basic sim-
ilarity in their functions, CD4 and CD8 are 
structurally very different. CD4 is a single-chain 
polypeptide with four extracellular immuno-
globulin (Ig)-like domains and a cytoplasmic 

tail. The most membrane distal extracellular 
domains of CD4 interact with the membrane 
proximal domains of MHC class II molecules, 
and the cytosolic tail binds the intracellular sig-
naling kinase Lck to initiate early steps in T cell 
activation. In contrast, CD8 molecules are most 
commonly heterodimers composed of similar 
CD8α and CD8β polypeptides, each having only 
one Ig-like extracellular domain. The CD8 
extracellular domains bind to the membrane 
proximal domain of MHC class I molecules, 
and the cytoplasmic tail of the CD8α chain also 
recruits Lck to the TCR complex. Although the 
interaction of TCRs with cognate pMHC com-
plexes does not necessarily require CD4 or 
CD8, the participation of these co-receptors 
strengthens the interaction and greatly amplifies 
the signals that result from it.

 Costimulatory and Co-inhibitory 
Receptors

Activation of a resting T cell triggers its prolifer-
ation and clonal expansion, followed by its dif-
ferentiation into effector or memory T cells. The 

Fig. 2.3 T cell receptor and co-receptor recognition of 
pMHC complexes. The TCRαβ heterodimer mediates 
direct recognition of peptides bound to MHC class II in 
the case of CD4+ T cells (left) or MHC class I in the case 
of CD8+ T cells (right). The TCRαβ dimers are bound 

noncovalently to the subunits of the CD3 complex on the 
T cell surface. The CD4 and CD8 co-receptors recruit the 
tyrosine kinase Lck, which contributes to T cell activation 
by phosphorylating the cytoplasmic domains of the CD3 
proteins, particularly the CD3ζ chains
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process of T cell activation is tightly controlled 
and regulated to prevent autoimmunity or exces-
sive inflammation and involves a series of inte-
grated activating signals as well as inhibitory 
“checkpoints.” Although the number of specific 
molecular interactions or signals involved in T 
cell activation is large, these can be separated into 
three types, generally referred to as signals 1, 2, 
and 3 (Fig.  2.4). Signal 1 is emitted when the 
TCR makes contact with its specific cognate anti-
gen presented on the surface of an APC. Signal 2 
involves interaction of one or more costimulatory 
receptor molecules on T cells with their 
membrane- bound ligands on the APC surface. 
Signal 3 is delivered by cytokines, particularly 
interleukin-2 (IL-2) which is a major T cell 
growth factor.

Costimulation (signal 2) is critically important 
for activation of naïve T cells, especially in the 
case of naïve CD4+ T cells. The most potent and 
best studied of the costimulatory receptors on T 
cells is CD28, a sparsely expressed T cell mem-
brane protein that binds to B7.1 (CD80) and B7.2 
(CD86) proteins on APCs during antigen recog-
nition [21]. Delivery of signal 1 by the TCR with-
out engagement of CD28 to provide signal 2 does 
not result in productive T cell responses but 
instead leads to a prolonged unresponsive state 
called anergy. Thus, the requirement for this sec-
ond signal is likely to represent a mechanism that 
contributes to the maintenance of self-tolerance 
[21]. On the other hand, when CD28 engagement 
by either of its ligands occurs concurrently with 
signal 1, a cascade of further events is initiated 
leading to T cell proliferation and expression of 
effector functions. These include increased 
expression of CD40L on the T cell, which 
engages its receptor CD40 on DCs to further 
amplify their expression of stimulatory surface 
proteins and cytokines, a process referred to as 
“licensing” of DCs. CD28 engagement on T cells 
together with signal 1 also induces the secretion 
of IL-2 and expression of the high-affinity recep-
tor for this cytokine on the cell surface. The bind-
ing of IL-2 to its receptor, along with the binding 
of other cytokines to their specific receptors, pro-
vides signal 3 to further drive proliferation and 

differentiation of the antigen-specific T cell 
clones.

In addition to these central costimulatory 
pathways, there are multiple secondary mecha-
nisms that further amplify or influence the qual-
ity of T cell responses. For example, following 
initial activation, many T cells express an induc-
ible T cell costimulatory molecule (ICOS, also 
known as CD278). This receptor is structurally 
homologous to CD28 and binds to a specific 
ligand (ICOS-L or B7-H2) to provide further 
amplification and differentiation of the respond-
ing T cells [22]. Other important costimulatory 
molecules that make significant contributions to 
T cell activation include members of the TNF 
receptor superfamily such as the 4-1BB protein 
(CD137) [23].

After T cell activation has occurred, a series of 
molecules known as co-inhibitory receptors are 
upregulated and engaged to control and eventu-
ally shut down the T cell response. One of the 
most important of these is the protein CTLA-4 
(CD152), which binds with high affinity to the 
same ligands that engage the CD28 co-receptor. 
By competing effectively for these ligands with 
CD28, the engagement of CTLA-4 delivers a 
potent inhibitory signal that shuts down T cell 
responses [24]. Similarly, the co-inhibitory 
receptor PD-1 (CD279), a related member of the 
CTLA-4 family, is a major immunoregulatory 
molecule. This receptor is expressed by T cells as 
well as B cells and macrophages, implying a 
broad role in the control of immune responses. 
The two ligands of PD-1, PD-L1 (CD274) and 
PD-L2 (CD273), are expressed on leukocytes as 
well as nonhematopoietic cell types and can be 
upregulated by inflammatory cytokines such as 
interferon-γ (IFNγ). Inhibitory signaling by 
CTLA-4 and PD-1 receptors represents impor-
tant inhibitory “checkpoints” in the control of 
normal T cell responses [25], and without them a 
marked tendency toward autoimmunity or 
chronic inflammation is observed. However, in 
some situations these molecules may be associ-
ated with unwanted suppression of beneficial 
immune responses, and favorable clinical effects 
can be achieved by temporarily blocking these 
co-inhibitory pathways. Thus, antibodies that 
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block signaling by CTLA-4 and PD-1 are now 
well established as effective agents for treatment 

of multiple types of cancers [24, 26, 27] and also 
have the ability to restore antiviral activities of T 

Fig. 2.4 Three distinct signals involved in activation of 
naïve T cells. Activation of naïve CD4+ T cells (left) is 
initiated when the TCR interacts with cognate pMHC II 
complexes on a dendritic cell, thus delivering signal 1 to 
the T cell. Other factors in the local priming environment, 
principally signals from innate immune recognition recep-
tors that respond directly to pathogens or inflammation, 
induce upregulation of B7 molecules on the DC.  This 
engages CD28 on the T cell, providing costimulation as 
signal 2. Costimulation greatly augments production of 
IL-2 and other cytokines, which interact with their recep-
tors in an autocrine fashion to deliver signal 3. Together, 
this sequential signaling cascade induces proliferation and 

maturation of CD4+ T cells into effector Th cells. In addi-
tion, the interaction of CD40L on the T cell with its recep-
tor CD40 on the DCs enhances their antigen processing 
and presentation functions, converting them from a rest-
ing state to a licensed DC. These licensed DCs are highly 
efficient at initiating a similar cascade of signals for acti-
vation of naïve CD8+ T cells (right). They receive signal 1 
through engagement of their TCRs by pMHC I complexes 
on licensed DCs and signal 2 through CD28 engagement. 
Signal 3 is delivered primarily by paracrine IL-2 or other 
cytokines provided by Th effector cells. The result is acti-
vation and proliferation of Tc resulting in armed CTLs 
that mediate potent perforin/granzyme or Fas-mediated 
cytotoxicity
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cells [28]. While cancer immunotherapy target-
ing immune checkpoints has significantly 
improved patient outcomes, it has also been asso-
ciated with immune-related adverse effects such 
as hypophysitis and primary thyroid dysfunction 
in the case of CTLA4-targeted immunotherapy 
and with type 1 diabetes and primary thyroid dys-
function with PD1-targeted immunotherapy [27].

 Functional Specialization of T Cell 
Subsets

Although all T cells share certain canonical fea-
tures, such as the expression of a CD3-TCR com-
plex, many different functionally and 
phenotypically distinct subsets of T cells have 
been defined. Early studies of T cell subsets rec-
ognized three distinct functional types, desig-
nated helper, cytotoxic, and suppressor T cells. 
More recent work has largely supported and fur-
ther refined this classification.

 Helper T Cells

T cells that express CD4 and recognize peptide 
antigens presented by MHC class II are generally 
classified as helper T cells (Th) because of their 
ability to differentiate into cells that provide help 
to B cells for augmenting antibody production. 
This designation is an oversimplification, as 
naïve CD4+ T cells have the potential to differen-
tiate into a complex variety of different functional 
subsets with different roles in the immune 
response (Fig. 2.5) [29]. The significance of the 
range of effector functions of differentiated and 
activated CD4+ T cells is evident from diseases 
that are caused by either loss or perturbation of 
these functions [30]. Upon initial encounter with 
antigen and subsequent activation, naïve Th cells 
initially give rise to IL-2-secreting effectors that 
are referred to as Th0 cells. These then go on to 
differentiate into specialized effector cells com-
prising a number of different specific subsets, 
depending upon the type of cytokines present in 
the microenvironment [31]. In general, the pres-
ence of the cytokine IL-12, along with the 

absence of certain other factors such as IL-4, 
leads to the generation of Th1 cells that produce 
IFNγ and mediate critical roles in immune 
responses against intracellular infections caused 
by viruses and certain bacteria [31]. In contrast, 
initial antigen encounter in a milieu rich in IL-4 
produced by mast cells, basophils, or other cell 
types leads to differentiation into Th2 cells. 
These produce IL-4 and a range of other cyto-
kines associated with humoral and cellular 
responses primarily to parasitic infections and 
environmental allergens [32, 33]. The differentia-
tion of naïve Th cells into Th1 and Th2 subsets is 
controlled to a great extent by the induction of 
specific transcription factors, T-bet in the case of 
Th1 cells and Gata-3 for Th2 cells [34].

In addition to the well-established Th1 and 
Th2 subsets, a number of additional functional 
subsets of Th cells have been more recently 
defined, greatly extending the complexity of Th 
cell differentiation and specialization of function. 
In general, these subsets are each defined by 
secretion of one or more specific signature cyto-
kines and by expression of a characteristic master 
transcriptional regulator. For example, Th17 cells 
are characterized by their secretion of cytokines 
of the IL-17 family and by expression of the tran-
scription factor RORγt [35]. These cells localize 
most prominently to nonlymphoid tissues, such 
as the skin and gastrointestinal tract. The differ-
entiation of naïve Th cells into Th17 cells is also 
dependent on the cytokine milieu in which they 
initially encounter antigen and appears to be 
driven predominantly by IL-6 and TGF-β. Th17 
cells also upregulate the receptor for IL-23, and 
their proliferation is strongly amplified by that 
cytokine. Th17 cells are important for recruit-
ment of neutrophils and other effector cells to 
sites of infection and play a significant part in 
immunity to many types of extracellular bacteria 
and fungal pathogens. They are also implicated in 
the pathogenesis of autoimmune disorders such 
as multiple sclerosis and rheumatoid arthritis [36, 
37]. Another novel subset defined by secretion of 
IL-9 has been described and classified as Th9 
cells [38]. Originally described as a T cell and 
mast cell growth factor, IL-9 is a multifunctional 
cytokine secreted by many cell types including T 
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cells, eosinophils, mast cells, and neutrophils. 
Th9 cells are believed to have important roles in 
mediating immunity against helminths and may 
participate in chronic and acute allergic inflam-
mation. They also have unique requirements for 
their development that distinguish them from 
other Th subsets [39–42].

Another distinct subset of differentiated Th 
cells is designated follicular helper T cells (Tfh). 
These cells appear to arise from naïve CD4+ T 
cells during activation by antigens in the paracor-
tical regions of lymph nodes and then migrate to 
the B cell-rich follicles. Tfh cells express the che-
mokine receptor CXCR5, which is involved in 
their attraction to the follicles [43]. They secrete 
the cytokines IL-21 and B and T lymphocyte 
attenuator (BTLA) and express the costimulatory 
molecule ICOS, all of which are important in 
driving the germinal center reaction that is cru-
cial for triggering B cells to undergo antibody 
class switching, maturation, and differentiation 
into antibody-secreting plasma cells and memory 
B cells [44]. Dysregulation of Tfh cells or genetic 
defects that affect Tfh cell differentiation are 
known to cause autoimmunity and primary 
immune deficiency diseases [44, 45].

 Cytotoxic T Cells

Cytotoxic T cells (Tc) as classically defined are 
CD8+ and recognize peptide antigens presented 
by MHC class I molecules. Naïve Tc that receive 
the appropriate combinations of antigenic, 
costimulatory, and inflammatory cytokine signals 
differentiate into mature cytolytic T cells (CTLs) 
that are “armed” with cytolytic granules in their 
cytoplasm. By recognizing and lysing infected 
target cells, CTLs play a critically important role 
in immune defense against intracellular infec-
tions such as viruses and certain types of bacteria 
[46, 47]. In addition to antimicrobial defense, 
CTLs mediate antitumor immunity. Armed CTLs 
patrol the body and are attracted to inflamed sites 
where they independently carry out target killing 
by forming transient conjugates with infected 
host cells. Following recognition of an infected 
cell, CTLs mediate killing of the target cell by 
several potential mechanisms, the most important 
of which is probably the exocytosis of granules 
containing perforin (a pore-forming protein) and 
proteases (known as granzymes). Other mecha-
nisms for target cell killing involve engagement 
of the death receptor Fas on the target cell by Fas 
ligand on the membrane of the armed CTL and 
production of soluble cytotoxic cytokines such as 
TNF-α. All of these mechanisms induce 

Fig. 2.5 Differentiation of naïve CD4+ T cells into func-
tional Th subsets. Naïve CD4+ T cells have the capacity to 
differentiate into at least six well-recognized, distinct 
functional subsets. This process is driven largely by the 
cytokines that are most abundant in the environment 
where the naïve T cell first encounters antigen. The key 

cytokine signals drive the induction of at least one master 
transcription factor, which programs the activated Th cell 
to become one of the functional subsets indicated. These 
subsets differ with respect to their cytokine secretion sig-
natures and with regard to their principal immunological 
functions
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 programmed cell death (apoptosis) of the target 
cell, causing it to degenerate into debris that is 
rapidly scavenged by tissue macrophages.

 Regulatory T Cells

Originally described as suppressor T cells (Ts), it 
has now become standard to refer to T cells that 
inhibit immune responses as regulatory T cells 
(Treg). The best described and characterized Treg 
cells are a subpopulation of CD4+ T cells that 
maintain tolerance to self-antigens to control 
autoimmunity, suppress allergic disease, and 
contribute to feto-maternal tolerance by immune 
modulation [48]. Current classification divides 
these into so-called natural Tregs (nTregs), which 
differentiate from naïve CD4+ T cells before exit-
ing the thymus, and induced Tregs (iTregs) which 
are derived from mature CD4+ T cells outside of 
the thymus. The nuclear protein FoxP3 is the 
major transcriptional regulator that drives differ-
entiation of developing or mature naïve T cells 
into Tregs [49]. This is associated with expres-
sion of a characteristic pattern of several cell sur-
face markers such as CD25, CTLA-4, GITR, and 
LAG-3. However, these markers are not specific 
for Tregs as they are also expressed by activated 
Th cells. Although most Tregs as currently 
described are CD4+ and recognize antigens pre-
sented by MHC class II, a small population of 
FoxP3+ Tregs has also been found to be MHC 
class I restricted and CD8+ [50]. In general, Tregs 
need to be activated by TCR engagement to be 
able to suppress the activation of other T cells, 
implying that the suppressive activity is antigen- 
dependent as well as antigen-specific [50]. 
However, there is evidence suggesting that Tregs 
can suppress Th cells that do not share the same 
antigen specificity but perhaps with less effi-
ciency. Tregs can recognize self- as well as 
nonself- antigens, as evident from their protective 
roles in autoimmune diseases such as type I dia-
betes as well as in chronic inflammation caused 
by infections [51–53]. It appears that Treg activ-
ity is downregulated either directly or indirectly 
by other immune cells during active immune 
responses to most infections to allow pathogen 

elimination, although some pathogens such as 
HIV, Mycobacterium tuberculosis, and 
Leishmania species are able to manipulate Tregs 
to suppress host immunity and maintain chronic 
infection [54, 55]. An increased number of CD4+ 
Tregs are often associated with malignant tumors 
and correlate with poor prognosis. Modulating 
the Treg function in such conditions may restore 
an effective adaptive immune response and is 
thus a potential therapeutic strategy for cancer 
and certain types of persistent infections [56]. A 
deficiency of Tregs due to mutation in Foxp3 in 
humans has been identified as the cause of a 
severe and fatal autoimmune disorder known as 
the IPEX (immune dysregulation, polyendocri-
nopathy, enteropathy X-linked) syndrome [57].

 Nonconventional T Cells

A number of distinct subsets of T cells have been 
recognized that do not adhere to the general rules 
of antigen recognition that apply to the classical 
Th, Tc, and Treg subsets described above. These 
nonconventional T cells are characterized by 
TCR-mediated recognition of nonpeptide anti-
gens, which are presented by molecules distinct 
from the classical MHC class I or MHC class II 
molecules (Fig. 2.2). The nonconventional T cell 
subsets appear to have a more restricted reper-
toire of antigen receptors and play specialized 
but possibly important roles in host immunity. 
The three best characterized groups of noncon-
ventional T cells currently recognized are CD1- 
restricted T cells, γδ T cells, and 
mucosa-associated invariant T (MAIT) cells.

 CD1-Restricted T Cells

A relatively small subset of T cells in humans 
recognizes lipid antigens presented by proteins of 
the CD1 family, which are structurally similar to 
MHC class I molecules. CD1 exists in five differ-
ent forms in humans (CD1a, CD1b, CD1c, CD1d, 
and CD1e), and all are known to function in the 
binding and presentation of lipid antigens to T 
cells [15, 58, 59]. The developmental pathways, 
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specificities, and specific immune functions of 
most CD1-restricted T cells are not currently 
known. However, it has been established that a 
subpopulation of these T cells recognizes specific 
lipid antigens produced by Mycobacterium tuber-
culosis and other related organisms [60, 61]. 
CD1-restricted T cells possess many of the effec-
tor functions associated with conventional T 
cells, including cytotoxic activity, cytokine secre-
tion, and the ability to provide help to B cells for 
antibody production. One specific population of 
T cells recognizing lipids presented by the CD1d 
molecule (the only form of CD1 that is present in 
rodents) has been extensively studied in both 
mice and humans. These are called natural killer 
T (NKT) cells, and they represent by far the best 
characterized population of CD1-restricted T 
cells. Most of these cells express an unusual 
TCRαβ with an invariant TCRα chain and also 
express a number of C-type lectin receptors that 
are more typically found on NK cells [62]. Many 
features of NKT cells are highly conserved 
between mice and humans, although the fre-
quency of these cells is much lower in humans 
suggesting a less prominent role in the overall 
immune response than in rodents. NKT cells are 
known to recognize a range of glycolipids, such 
as various α-glycosylceramides or diacylglycer-
ols produced by bacteria [63], and the availability 
of synthetic forms of α-galactosylceramide 
(α-GC) that potently activate NKT cells in vitro 
and in vivo has greatly facilitated research on this 
T cell subset [64]. NKT cells have been shown in 
mouse models to participate in immune responses 
against many types of pathogens and also con-
tribute to anticancer immunity. Deletion of CD4+ 
NKT cells early during HIV infection is associ-
ated with subsequent destruction of immune 
function [65]. Under certain conditions, they also 
can function as regulatory T cells and have the 
ability to suppress autoimmune or inflammatory 
diseases [66, 67].

 γδ T Cells

A relatively small subset of T cells expresses 
TCRs that lack the heterodimer of α and β chains 

that are found in conventional MHC class I- and 
II-restricted T cells and instead expresses a 
related but distinct heterodimer called TCRγδ. 
These T cells are most abundant in the gut mucosa 
where they comprise a substantial portion of the 
intraepithelial lymphocyte (IEL) population [68, 
69]. They are also found prominently in the skin 
in some species (e.g., mice, but not humans) and 
are present in the circulation and lymphoid 
organs in low numbers. There are multiple sub-
types of γδ T cells which are classified according 
to the particular variable region genes expressed 
in their TCRs. The specificities and functions of 
most of these subtypes remain unknown. 
However, one population in humans, known as 
the Vγ9/Vδ2 subset based on its TCR variable 
region gene usage, has been shown to specifically 
respond to a class of microbial metabolites which 
are mainly small phosphorylated molecules [70]. 
Remarkably, these appear to be presented by a 
member of the butyrophilin family of cell surface 
proteins, which are unrelated to MHC class I or II 
or CD1 molecules [17]. The antigens and antigen- 
presenting molecules recognized by other subsets 
of γδ T cells are less well defined, although mul-
tiple studies suggest a range of different specifici-
ties related to cellular stress and invading 
pathogens [71]. However, it has also been shown 
that human Vδ1+ γδ T cells demonstrate reactiv-
ity that is dependent on several members of the 
CD1 family and most likely recognize lipid 
ligands presented by these molecules [72]. γδ T 
cells have been reported to demonstrate a wide 
range of effector functions and have been fre-
quently characterized as innate-like lymphocytes 
that may bridge the gap between innate and adap-
tive components of the immune system [68, 71].

 MAIT Cells

Mucosa-associated invariant T (MAIT) cells are 
another population of innate-like lymphocytes 
that respond to a limited number of antigens that 
are mainly pathogen-derived riboflavin metabo-
lites presented by an MHC class I-related mole-
cule called MR1 [73]. MAIT cells reside mainly 
in the gut lamina propria and are also found at 
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low frequency in other tissues such as the liver 
and blood. They have unique developmental 
requirements which depend on the presence of 
the gut commensal microbiota and B cells [74]. 
MAIT cells express an unusual αβ TCR with a 
nearly invariant α chain, similar in principle but 
distinct from that expressed by NKT cells. A 
wide variety of bacteria can activate MAIT cells 
in vitro; however their role in protection against 
pathogenic bacteria remains largely unclear. The 
frequency of MAIT cells has been observed to 
decline significantly during early stages of HIV 
infection, although residual persisting cells 
remain functional and may help to control bacte-
rial infections [75]. Activated MAIT cells have 
cytotoxic activity and may play a role in immu-
nity against intracellular as well as extracellular 
bacteria [76, 77].

 Summary

The paramount importance of T cells in adaptive 
immunity is a well-established central dogma of 
immunology, although the variety of ways in 
which these cells operate remains an area of 
intensive study. Basic discoveries on the effector 
functions of T cells and their mechanisms of anti-
gen recognition continue to accumulate and 
improve our ability to manipulate this crucial arm 
of the immune system. Ultimately, a thorough 
understanding of T cell biology will provide a 
route to rational design of many improved vac-
cines and immunotherapies.
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B Cell Immunity

Lee Ann Garrett-Sinha

 General Information on B Cells

B lymphocytes or B cells are immune cells that 
produce immunoglobulins (antibodies) that are 
directly involved in countering infection. B cells 
and the antibodies they secrete comprise the 
humoral arm of the immune system. However, it 
has become clear that B cells play other roles in 
the immune system, beyond their ability to gen-
erate antibodies [1–6]. For instance, B cells can 
internalize antigens and process them for presen-
tation to T cells on MHC class II, thereby induc-
ing T cell activation. B cells also secrete a number 
of bioactive cytokines that help to modulate the 
activity of other immune cell subsets. B cells 
develop from hematopoietic stem cells in the 
bone marrow via a series of intermediate progen-
itor stages during which the immunoglobulin 
light and heavy chains are rearranged by the pro-
cess of VDJ recombination to yield functional in- 
frame antibody encoding genes [7–9]. The 
majority of B cells express only one functional 
immunoglobulin heavy and light chain and there-
fore have a defined specificity. Some B cells may 
recognize more than one antigen if the antibody 
genes they express are poly-reactive.

The earliest immunoglobulin heavy chain 
expressed in developing B cells is of the IgM iso-
type [10, 11]. Later in development when B cells 
leave the bone marrow, they express both IgM 
and IgD isotypes, which differ in the C-terminal 
domain of the heavy chain (the heavy chain con-
stant region) and are derived from the same 
mRNA transcript by alternate splicing [12]. Upon 
activation in the peripheral lymphoid organs, B 
cells can undergo an isotype switch in which they 
delete DNA sequences encoding the constant 
regions of IgM and IgD and bring the antigen- 
binding domain of the gene close to alternate 
C-terminal exons to generate antibodies of differ-
ent isotypes – IgG, IgA, or IgE – each of which 
has specific effector functions [13–16].

B cells can alter the specificity of the antigen- 
binding region of the antibody heavy and light 
chain genes by undergoing somatic hypermuta-
tion and affinity maturation in germinal centers 
[17], a process described in more detail below. 
The ability to change antigen specificity allows B 
cells that are weakly reactive with an antigen to 
yield progeny cells that have much higher anti-
gen specificity than the original clone of B cells 
activated.

Two copies of the immunoglobulin heavy 
chain protein associate with two copies of the 
immunoglobulin light chain protein to form a 
functional antibody. B cells can express both 
membrane-bound forms of antibodies and 
secreted forms, which differ based on alternate 
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C-terminal exon usage [18]. There appears to be 
better processing of the secreted form of the 
heavy chain mRNA leading to more immuno-
globulin produced per transcript [19], allowing a 
high level of antibody secretion. The membrane- 
bound forms of the antibodies are displayed on 
the cell surface along with accessory proteins to 
form the B cell receptor (BCR) [20]. Antigen 
binding to the BCR triggers an intracellular sig-
naling cascade that results in B cell activation and 
proliferation. B cells activated appropriately can 
further differentiate into antibody-secreting cells 
(ASCs) also known as plasmablasts (if still pro-
liferating) or plasma cells (if nonproliferative). B 
cells can become ASCs and secrete antibody in 
either a T cell-dependent or T cell-independent 
fashion. T cell-dependent responses and germinal 
center are described in more detail below. T cell- 
independent responses of B cells can be subdi-
vided into two categories, type I and type II. Type 
I T cell-independent responses occur when B 
cells bind an antigen containing a Toll-like recep-
tor (TLR) ligand, such as LPS or DNA contain-
ing unmethylated CpG residues, that can act as a 
polyclonal activator of the cells. Type II T cell- 
independent responses occur when B cells bind 
to antigens with highly repetitive carbohydrate 
structures, similar to the capsules of encapsulated 
bacteria, which strongly cross-links the 
BCR.  Both of these stimuli can induce B cell 
activation and the expression of transcription fac-
tors that drive an ASC phenotype.

B cell maintenance in the spleen and lymph 
nodes is dependent on the presence of the cyto-
kine BAFF (B cell-activating factor belonging to 
the TNF family) [21, 22]. BAFF is a heterotri-
meric protein of the TNF family that binds to the 
BAFF receptor expressed on B cells, triggering 
survival signals. BAFF is produced mainly by 
myeloid-derived cells such as neutrophils, mac-
rophages, and dendritic cells (DCs) [23–25]. 
Limited amounts of BAFF are available in vivo, 
thus limiting the number of B cells that can be 
supported. Excess BAFF can lead to increased 
survival of autoreactive B cells that would nor-

mally be eliminated and can therefore promote 
autoimmune disease [26].

 Types of Mature B Cells

 Mouse

Once B cells exit the bone marrow, they travel to 
the spleen and become transitional, immature B 
cells [27]. They continue maturation to become 
mature B-2 cells, which can be subdivided into 
follicular (FO) B cells or marginal zone (MZ) 
types [28]. FO B cells are found in the B cell fol-
licles of the spleen and lymph nodes but are not 
static and recirculate through the body via the 
bloodstream and lymphatic system. FO B cells 
can be further divided into two subsets, FO-I and 
FO-II B cells [29]. FO-II B cells, unlike FO-I B 
cells, do not require antigen binding or the kinase 
Btk for their development. It remains unclear 
whether FO-I and FO-II B cells have different 
functions in vivo.

MZ B cells are localized in the marginal zone 
of the spleen, a region that surrounds the B cell 
follicle and is closely adjacent to blood flowing 
through the marginal sinus [30]. Unlike FO B 
cells, MZ B cells do not circulate through the 
body but remain localized in the marginal zone of 
the spleen. They are specialized to fight blood- 
borne infections [31]. In addition to FO and MZ 
B cells, mice possess a separate set of mature B 
cells known as B-1 cells, which are enriched in 
the peritoneal and pleural cavities and arise from 
fetal liver progenitors [32]. They are maintained 
throughout life by self-renewal [33] and can be 
further subdivided into B-1a and B-1b B cells, 
based on expression of CD5 on the B-1a subset. 
B-1 cells secrete IgM antibody in the absence of 
overt stimulation and thus generate what is 
known as “natural” antibodies, which are 
involved in early antibacterial antibody responses 
[34, 35]. B-1 cells can contribute to gut IgA 
responses to pathogens by undergoing isotype 
switching to IgA [36]. Like MZ B cells, B-1 B 

L. A. Garrett-Sinha



45

cells also do not generally circulate in the body 
and can respond rapidly to infections [37, 38]. 
B-1 and MZ B cell subsets are enriched for B 
cells that harbor self-reactivity and are partially 
pre-activated, while FO B cells have lower levels 
of self-reactivity [34].

FO B cells respond most strongly to protein- 
containing antigens, which are internalized, pro-
cessed, and presented on MHC class II to T cells. 
T cell help to FO B cells allows them to generate 
germinal centers, where they undergo somatic 
hypermutation, affinity maturation, and class 
switching. MZ and B-1 B cells on the other hand 
respond strongly to nonprotein antigens in a T 
cell-independent fashion to generate early 
immune responses prior to development of ger-
minal centers. The T cell-independent responses 
of MZ and B-1 B cells are often dependent on 
stimulation of Toll-like receptors (TLRs) by bac-
terial and viral components [39]. Because B-1 
and MZ B cells can respond rapidly to pathogens 
in a T cell-independent fashion, they are referred 
to as innate-like B lymphocytes.

A more recently described subset of B cells 
are the regulatory B cells or Breg. Breg cells pro-
duce the immunosuppressive cytokines IL-10, 
IL-35, and/or TGFβ to limit immune responses in 
the contexts of infection and autoimmunity [40–
44]. The subset of these regulatory B cells that 
produces IL-10 is also known as B10 cells. 
Several other immunosuppressive mechanisms 
are proposed for Breg cells including promoting 
the proliferation, development, and function of 
regulatory T cells (Treg cells), expression of Fas 
ligand triggering apoptosis of immune effector 
populations, and production of extracellular ade-
nosine that regulates activity of various immune 
cells [45, 46]. Regulatory B cells have been 
shown to have various cell surface phenotypes, 
depending on the study. Using in vitro stimula-
tion assays, IL-10-producing B cells have been 
identified among the transitional or marginal 
zone precursor subsets in the spleen or in 
CD5+CD1dhigh B cells [47, 48]. The surface pro-
tein Tim1 has also been reported to be expressed 

on a large fraction of IL-10-secreting B cells 
[49]. More recent studies have indicated that the 
majority of in  vivo IL-10-producing B cells in 
autoimmune disease may actually be CD138+ 
plasmablasts [40, 50, 51].

 Human

Analysis of human B cell subsets is most often 
done using peripheral blood, because of the ease 
in obtaining this tissue. B cell phenotypes have 
also been analyzed fairly extensively in tonsils 
and less frequently in lymph nodes, spleens, and 
other organs. B cell subsets in peripheral blood 
include immature transitional B cells, mature 
naïve B cells, germinal center B cells, memory B 
cells, plasmablasts, and plasma cells, and these 
subsets can be distinguished based on analysis of 
markers such as CD10, CD20, CD24, CD27, 
CD38, CD138, and the surface BCR isotype [52, 
53]. Most of these human peripheral blood B 
cells seem to share characteristics of mouse FO B 
cells. However, there is evidence that humans 
also have B cell subsets similar to mouse MZ and 
B-1 cells. Human B cells that express markers 
similar to those of mouse MZ B cells (IgMhigh, 
IgDlow, CD21high) are found in peripheral blood, 
but these cells also typically express markers of 
memory B cells such as CD27, have mutated 
immunoglobulin variable regions, and recirculate 
through the body [54–56]. This has led to some 
confusion about whether human MZ phenotype 
B cells are the equivalent of mouse MZ B cells or 
not. Supporting a close relationship between the 
MZ subsets in these two species, humans MZ B 
cells are dependent on Notch2 signaling, a path-
way which is also known to be crucial for devel-
opment of murine MZ B cells [57, 58].

Some evidence also suggests that humans 
may have an equivalent of mouse B-1 cells. 
CD5 cannot be used as a B-1 cell marker in 
humans because it is expressed in immature, 
transitional B cells of humans [59]. In 2011, a 
report was published identifying human B-1 
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cells in umbilical cord blood as CD20+ CD27+ 
CD43+ CD70- B cells [60], but this study has 
remained controversial [61–63]. Supporting the 
possible existence of B-1 cells in humans are 
observations with nonhuman primates, where cells 
similar to B-1 B cells have been described [64].

Human B cells producing IL-10 have also 
been described [65], suggesting that Bregs exist 
in humans as they do in mice. These cells are 
capable of limiting the activation of human 
monocytes in an IL-10-dependent fashion [65]. 
The numbers of IL-10-secreting B cells are often 
altered in autoimmune patients as compared to 
normal controls [66–68].

 B Cell Participation in Immune 
Responses

Naïve B cells are those that have not previously 
encountered antigen. When antigen binds to the 
BCR of the naïve B cells, they become activated 
and divide. The presence of a specific antigen 
results in activation of only a small number of B 
cells, whose BCRs specifically recognize that 
particular antigen. However, antigen binding 
alone is not typically sufficient to trigger B cells 
to secrete antibody. Additional signals can coor-
dinate with BCR cross-linking to induce B cells 
to differentiate into antibody-secreting cells 
(ASCs), also known as plasma cells. Development 
of ASCs can be triggered by signals derived from 
T cells (cytokines and CD40 ligand) or by signals 
derived from pathogens (Toll-like receptor 
ligands) [69].

B cells are part of the adaptive immune 
response and thus contribute to immunological 
memory, the process whereby immune cells 
respond more quickly and efficiently to an anti-
gen that they have encountered previously. 
Immunological memory of B cells depends on 
the development of memory B cells mostly pro-
duced from germinal center B cells that have 
typically undergone isotype switching and affin-
ity maturation. These memory B cells remain 
quiescent in the body until they are stimulated by 
encounter with antigen at which time they rapidly 
divide and produce antibodies.

 Germinal Centers

B cells that receive antigenic stimulation via the 
BCR and subsequently interact with primed 
CD4+ T cells can form a germinal center reac-
tion. Germinal center B cells in mice can be 
detected by their expression of the markers GL7 
and Fas and their ability to bind peanut agglutinin 
(PNA) [70, 71]. In humans, germinal center B 
cells are usually detected as B cells that are 
IgDnegative and express high levels of CD38 [72]. 
The germinal center can be subdivided into two 
main zones, the dark zone and light zone whose 
regions are organized by differential expression 
of chemokines [73]. B lineage cells known as 
centroblasts are attracted to the dark zone by 
local expression of CXCL12. They are rapidly 
proliferating and are also undergoing a process 
termed somatic hypermutation in which the vari-
able regions of the antibody genes undergo ran-
dom mutagenesis dependent on the activity of the 
enzyme activation-induced cytidine deaminase 
(AID) [74]. Centroblasts migrate to the light zone 
of the germinal center in response to a chemokine 
attraction by CXCL13, where they become cen-
trocytes and cease proliferation and somatic 
hypermutation [73]. The mutated BCRs on cen-
trocytes can bind to antigen presented on follicu-
lar dendritic cells (FDC) [75]. If the mutation 
results in higher affinity of the BCR for antigen, 
then that particular B cell will compete efficiently 
for limited amounts of antigen present on the 
FDC.  If the mutation in the BCR abrogates or 
lowers the affinity for cognate antigen, the 
mutated B cell will fail to compete efficiently for 
antigen presented on FDC.

After binding antigen on the FDC, centrocytes 
internalize some of the antigen and process it for 
presentation on MHC II molecules. These centro-
cytes subsequently interact with a subclass of 
CD4+ T cells known as T follicular helper cells 
(TFH) that provide CD40 ligand and cytokine help 
to the B cells [76]. Interaction of centrocytes with 
TFH promotes B cell survival and class switching 
from IgM to IgG or other isotypes. Like somatic 
hypermutation, class switching also depends on 
the activity of the AID enzyme [74]. Germinal 
center B cells with higher-affinity BCRs that 

L. A. Garrett-Sinha



47

have competed more effectively for antigen 
bound to FDC are able to preferentially form 
cognate interactions with TFH and receive T cell 
help [77]. This results in positive selection of 
those B cells whose BCRs are mutated to the 
highest affinity for antigen, a process termed 
affinity maturation. Within 1 week of the initia-
tion of a germinal center reaction, some germinal 
B cells begin to differentiate into high-affinity 
class-switched plasma cells and memory B cells.

 B Cell Memory

Memory B cells are those that have previously 
encountered antigen and been activated. They are 
long-lived cells and characterized by the rapid 
response to second encounter with antigen [78]. 
Classically, these cells were thought to be derived 
from germinal center B cells that had undergone 
isotype switching and affinity maturation, but 
evidence indicates that some memory B cells can 
also be generated outside of germinal centers and 
can be generated in a T cell-independent fashion 
[79–84]. Previously, T cell-independent B cell 
responses were thought not to generate memory 
B cells, because antigen-specific B cells did not 
respond more strongly upon second encounter 
with the same T cell-independent antigen. 
However, it was later realized that this was due to 
the formation of antigen-specific IgG in the pri-
mary response, which subsequently binds to anti-
gen in secondary exposures and prevents it from 
interacting with antigen-specific B cells [83].

In humans, memory B cells can be identified 
because of their expression of the cell surface 
marker CD27 [55, 85]. Many of these cells are 
isotype-switched, but non-switched IgM+ mem-
ory B cells are also found. As discussed above, 
these non-switched CD27+ memory B cells in 
humans may be functionally equivalent to mouse 
marginal zone B cells [54–56]. Detection of 
memory B cells in mice is not as easy as it is in 
humans, because CD27 is not a marker of mem-
ory B cells in mice [79, 86]. Mouse memory B 
cells have been identified as antigen-specific, 
isotype-switched cells present after germinal 
center responses have ceased, but some memory 

B cells do not switch and therefore this is not an 
effective way to identify all memory B cells in 
mice. Using transgenic BCR systems, where 
antigen specificity is known, it is possible to track 
memory B cell responses. More recently, CD80, 
PD-L2, and CD73 have been shown to be 
enriched in mouse memory B cells, and expres-
sion of these proteins at different levels can dis-
tinguish multiple subsets of memory B cells, with 
cells expressing all three markers having 
increased levels of isotype switching and somatic 
hypermutation [87, 88]. Memory B cells express-
ing both CD80 and PDL2 differentiate rapidly to 
antibody-secreting cells upon encountering anti-
gen, while memory B cells lacking these markers 
instead gave rise to few early antibody-secreting 
cells but seeded germinal centers [89]. Other evi-
dence has suggested that IgM+ memory B cells 
preferentially seed new germinal centers when 
they encounter an antigen the second time, while 
IgG+ memory B cells preferentially generate 
plasma cells [90]. Recent evidence has suggested 
production of memory B cells peaks during the 
early and middle stages of germinal center reac-
tions [91].

 Antibody-Secreting Cells

Antibody-secreting cells (ASCs) or plasma cells 
are terminally-differentiated effector cells of the 
B cell lineage, specialized to secrete large 
amounts of antigen-specific antibody. ASCs are 
larger than B cells and have an expanded endo-
plasmic reticulum allowing them to produce 
large quantities of antibody [92]. Initially it was 
thought that the affinity of the BCR for antigen 
could modulate whether B cells become ASCs or 
not, with higher-affinity BCRs promoting an 
ASC fate [93, 94]. However, more recent data 
have instead shown that early stages of the germi-
nal center reaction give rise to mostly memory B 
cells, while late stages of the germinal center 
reaction preferentially give rise to ASCs [91]. 
ASCs can either be short-lived, surviving for 
days to weeks, or long-lived, surviving for years 
to decades. Short-lived ASCs are mainly found in 
lymphoid tissues (spleen or lymph node) or in 
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sites of inflammation [95]. These cells typically 
are generated outside of germinal centers and are 
undergoing proliferation (therefore they are 
known as plasmablasts). Short-lived ASCs pro-
vide early antibody to control initial infection. In 
contrast, long-lived ASCs are typically derived 
from germinal centers, although they can also be 
derived from T cell-independent, non-germinal 
center responses [96]. They are mainly found in 
the bone marrow and no longer proliferate [95]. 
These long-lived ASCs contribute to immuno-
logical memory by secreting high-affinity 
antigen- specific antibodies against pathogens the 
body has already been exposed to previously.

Most long-lived ASCs home to the bone mar-
row in response to CXCL12, where they enter 
specific niches that support their long-term sur-
vival [97]. These niches provide the tumor necro-
sis family ligands APRIL (a proliferation-inducing 
ligand) and BAFF, which are crucial for ASC sur-
vival [98, 99]. APRIL and BAFF bind to the 
receptor BCMA (B cell maturation antigen) 
expressed on bone marrow plasma cells. BCMA 
is  also crucial for the survival of long-lived 
plasma cells [100]. In addition to BAFF and 
APRIL, the plasma cell niche provides other sig-
nals that help ASC survival including cytokines 
and cell-cell contacts. Several such signals have 
been shown to play a role, including CXCL12, 
IL-6, and CD44-mediated adhesion [101]. More 
recently, it has been appreciated that ASCs 
express CD28 and that they require signaling via 
CD28 for their survival in the bone marrow [102, 
103]. Non-B cells in the ASC niche provide 
CD80 and/or CD86 that bind the CD28 receptor 
on ASCs and promote their survival.

 Transcriptional Programs 
Regulating B Cell Differentiation

B cell development from hematopoietic progeni-
tors, maturation, and functional responses all 
depend on the expression of certain key tran-
scription factors that control target genes required 
for these processes. There are several dozen tran-
scription factors known to regulate various 
aspects of these processes, so they cannot be cov-

ered in detail in this space. Here we provide a 
brief overview of some of the key transcription 
factors known to regulate peripheral B cell 
responses.

The transcription factors involved in B cell 
responses can be subdivided based on their func-
tional roles into several classes: those that main-
tain naïve B cell phenotype and quiescence, those 
that are activated upon signaling by cell surface 
receptors, those that control germinal center 
kinetics, and those that are important for ASC 
generation. Among the factors known to be cru-
cial for maintaining mature B cell phenotypes are 
Pax5, Ets1, Ebf1, and PU.1 [104–107]. Deletion 
of these factors leads to improper B cell differen-
tiation or to a failure to maintain quiescence. In 
addition, the transcription factor Notch2 is 
required for marginal zone B cell development 
[58]. Among the transcription factors activated 
by BCR, TLR, or cytokine signaling pathways 
are NFκB, Stat family members, and IRF pro-
teins [108–114]. Among the transcription factors 
important for germinal center responses are Bcl6, 
Bach2, Irf4, E2A, SpiB, c-Rel, and Irf8 [112, 
115–119]. The transcription factor Abf1 seems to 
play an important role in generation of memory B 
cells [120]. Among those transcription factors 
needed for ASC generation are RelA, Blimp1, 
Xbp1, Irf4, and Zbtb20 [112, 121–124]. The 
above list should not be taken as a complete list-
ing of all transcription factors that control stages 
of B cell differentiation but rather as a summary 
of some of the important ones that have been 
identified.

 Immunodeficiency in the Absence 
of B Cells

Several human diseases are associated with a 
lack of B cells or with their secreted product, 
immunoglobulins. Such patients show varying 
susceptibility to infections, depending on the par-
ticular immune responses that are impaired. In 
severe combined immunodeficiency (SCID), 
there are genetic defects that impair the functions 
of both B and T cells. SCID can be caused by a 
variety of genetic defects, including inactivating 

L. A. Garrett-Sinha



49

mutations in cytokine signaling pathways 
(IL2RG, IL2RA, JAK3), in T cell receptor sig-
naling (CD3D, CD3E, CD45, CD247), in the 
VDJ recombination machinery (RAG1, RAG2, 
DCLRE1C, NHEJ1, LIG4), or in T cell metabo-
lism (ADA) [125]. Various forms of SCID can 
lead to either a near absence of B cells or impair-
ment in their functions. In either case, antibody 
levels are very low and SCID patients are 
extremely susceptible to severe and life- 
threatening infections. Patients with X-linked 
agammaglobulinemia (XLA) specifically lack B 
cells and the antibodies they produce. XLA is 
caused by genetic defects in the gene encoding 
the kinase Btk [126]. XLA patients are very sus-
ceptible to recurrent and/or severe ear, sinus, or 
pulmonary infections, particularly those caused 
by encapsulated bacteria such as Streptococcus 
pneumoniae and Haemophilus influenzae.

Other types of immunodeficiencies can have 
normal numbers of B cells but altered antibody 
production. For instance, in common variable 
immunodeficiency (CVID), patients have 
decreased serum IgG in combination with 
decreased IgA or IgM [127]. They also show 
poor antibody responses to vaccines. In selective 
IgA deficiency or IgG subclass deficiencies 
(IgG2, IgG3, IgG4), patients lack one class of 
antibody but produce the other classes normally. 
Some people with selective IgA deficiency 
develop recurrent sinus, pulmonary, or gastroin-
testinal infections, although others are asymp-
tomatic [128]. IgG subclass deficiency can be 
asymptomatic and clinically insignificant, 
although some patients may also have recurrent 
respiratory infections or poor antibody responses 
to certain vaccines [129].

Additional genetic syndromes can result in 
aberrations in one or more antibody types. Hyper 
IgM syndrome (HIGM) has a deficiency in 
switching antibody isotype from IgM to IgG or 
other classes. HIGM is most frequently caused 
by mutations in the CD40 gene or its ligand 
CD40L [130]. HIGM patients are susceptible to a 
variety of bacterial and viral infections. Hyper 
IgE syndrome (HIES or Job’s syndrome) is a 
condition in which the levels of IgE antibodies 
are much higher than normal. These patients are 

susceptible to recurrent infections of the skin and 
lungs caused by bacteria. They also have eczema. 
Most HIES patients have mutations in the Stat3 
gene that impair its activity [131]. Wiskott- 
Aldrich syndrome (WAS) is a genetic disease 
caused by mutations in the WAS gene, which 
leads to immunodeficiency, autoimmunity, and 
bleeding disorders [132]. It results in reduced 
antibody production and reduced specific anti-
body responses to vaccines. The immune system 
changes in WAS lead to susceptibility to a variety 
of bacterial and viral pathogens. Ataxia- 
telangiectasia (AT) is caused by mutations in the 
ATM gene [133]. ATM is involved in VDJ recom-
bination, so patients with AT have immune sys-
tem abnormalities including reduced numbers of 
lymphocytes and reduced antibody production. 
These defects cause immunodeficiency. WHIM 
syndrome (warts, hypogammaglobulinemia, 
infections, and myelokathexis syndrome) is 
another genetic disease that leads to reduced anti-
body production. It is caused by mutations in the 
CXCR4 gene that make it hyperactive [134]. This 
results in impaired B cell production of antibod-
ies and susceptibility to bacterial infections.

 Summary

In the discussion above, we have listed the main 
phenotypes and functional responses of mouse 
and human B cells. These functional responses 
are absolutely crucial in generating protective 
immunity to certain bacterial pathogens, as loss 
of B cells or antibodies leads to susceptibility to 
bacterial infections. Future studies will continue 
to reveal details of how B cell responses are 
mechanistically regulated, which will be impor-
tant in stimulating B cell responses to infection or 
to vaccines.
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Complement

Srinjoy Chakraborti and Sanjay Ram

 The Complement System

 Historical Aspects

The bactericidal activity of normal serum was 
described as early as the 1880s by von Fodor [1], 
Nutall [2], and Buchner [3]. Nutall described 
bactericidal activity of sheep blood against 
Bacillus anthracis, which was lost when blood 
was heated to 55  °C.  Buchner coined the term 
alexin to describe the heat-labile factor responsi-
ble for bacterial killing. Pfeiffer and Issaef [4] 
demonstrated that whole blood from guinea pigs 
that survived the challenge with Vibrio cholerae 
could protect naïve animals from developing dis-
ease. The following year, Jules Bordet showed 
that the bactericidal activity of heated immune 
serum was restored by fresh serum that itself had 
no intrinsic bactericidal activity [5]. Thus, the 
bactericidal activity of immune serum was 
dependent on a heat-stable factor as well as a 
heat-labile factor (alexin). The combination of 
heat-stable antibody and alexin was shown to 

cause hemolysis [6, 7]. Bordet and Gengou 
described complement fixation and showed the 
loss of complement activity from serum in the 
presence of antigen-antibody complexes [8]. 
Ehrlich, who coined the term “complement,” ini-
tially believed that each antigen-specific antibody 
(which he called “amboceptors”) had its own 
complement, while Bordet posited that there was 
only one type of complement for all antibodies. 
Bordet was awarded the Nobel Prize in 1919 for 
his discovery of complement activity.

Ferrata, working in Ehrlich’s laboratory, dem-
onstrated that the euglobulin and pseudoglobulin 
fractions in serum were both required for com-
plement activity, leading to the initial nomencla-
ture of C′1 and C′2 (the “prime” was omitted 
following the WHO nomenclature proposed in 
1968), and also proved that complement was not 
a single protein [9]. Loss of a heat-stable compo-
nent of complement by treatment of serum with 
cobra venom and absorption of this activity by 
yeast led to the discovery of the third component 
(C3). C4 was discovered as the result of loss of 
complement activity following ammonia extrac-
tion of serum; the destroyed component was dis-
tinct from C3. Loss of complement activity 
following methylamine and ammonia treatment 
predicted the presence of the thioester of C3 and 
C4. In the 1940s, Manfred Mayer and colleagues 
developed a standardized method of hemolytic 
titration. Mayer proposed the “one-hit” theory, 
whereby only one complete sequence of 
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 complement proteins was required to lyse an 
erythrocyte. This method provided a method to 
titrate the hemolytic activity of sera. However, 
the “one- hit” theory provided estimates of com-
plement concentrations that were about three 
orders of magnitude too low (at least for mole-
cules such as C3 and C4). The perception that 
complement components were trace serum com-
ponents, coupled with the lack of more advanced 
protein purification methods, led to stagnation in 
efforts to characterize complement proteins for 
almost 20  years. The identification of C3 as a 
β1c- globulin – a major component of serum that 
was present at concentration of ~1 mg/ml – by 
Muller- Eberhard [10] paved the way for further 
characterization of complement proteins.

Although not appreciated at the time, the exis-
tence of the alternative pathway was suggested 
by experiments where cobra venom factor and 
zymosan consumed complement activity without 
affecting the classical heat-labile components 
[11, 12]. Pillemer and his coworkers first charac-
terized the properdin pathway [13], but his critics 
ascribed the observations to the presence of small 
amounts of contaminating antibody [14]. 
Following Pillemer’s untimely suicide in 1957, 
his work was carried on by Irwin Lepow. Highly 
competitive work by several groups led to the 
characterization of the alternative pathway by the 
early 1970s.

Over the past three decades, the advent of 
molecular biology, the development of knockout 
and transgenic animals, and the elucidation of the 
crystal structures of several complement compo-
nents have yielded invaluable insights into the 
intricate functioning of complement. It is now 
clear that the functions of complement extend 
well beyond its originally described function, 
that of combating infections, to include crosstalk 
with other arms of the immune system (e.g., 
inflammasome activation) and coagulation sys-
tem, bridging innate and adaptive immunity, 
embryogenesis, neural pruning, and modulat-
ing tumor growth.

 Evolution of the Complement System

The complement system is one of the most 
ancient arms of innate immunity and developed 
long before the adaptive arm of immunity. 
Acquired immunity appears to have arisen early 
in vertebrate evolution, between the divergence 
of cyclostomes (lampreys) and cartilaginous fish 
(sharks). Genes encoding molecules that com-
prise the acquired immune system, including 
immunoglobulin (Ig), T-cell receptor (TCR), 
major histocompatibility complex (MHC) classes 
I and II, and recombination-activating gene 
(RAG), have been identified only in sharks and 
higher vertebrates [15]. The alternative and the 
lectin pathways are phylogenetically older than 
the classical pathway. C3, the central molecule of 
the complement system, C4, and C5 are all 
derived phylogenetically from a serum protease 
inhibitor called α2-macroglobulin [16]. Only a 
single C3/C4/C5 gene that is distinct from the 
α2-macroglobulin was identified in the lamprey 
[17], the ascidian [18], and the sea urchin [19], 
which suggested that the gene duplication that 
gave rise to distinct C3, C4, and C5 molecules 
took place later in evolution, around the time of 
the appearance of jawed vertebrates. It is believed 
that the classical and terminal complement path-
ways emerged around the same time as the adap-
tive immune system, which coincided with the 
appearance of cartilaginous fish [20].

Insects also possess C3-like molecules. One 
such protein, called thioester-containing protein 
1 (TEP1), possesses ~25% sequence identity 
with C3 and 31% identity within the thioester 
domain of C3 (discussed below). Analogous to 
C3, TEP1 also binds to bacteria covalently 
through the thioester bond [21].

 Synthesis, Distribution, 
and Catabolism of Complement

Following orthotopic liver transplantation, the 
“genetic type” (as determined by agarose gel 
electrophoresis or isoelectric focusing) of com-
plement proteins C3, C6, C8, and factor B (FB) 
in the serum of the organ recipient was noted to 
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have switched to the phenotype of the liver donor 
[22]. This observation established the liver as a 
major site of complement protein synthesis. 
Several other cell types, such as neutrophils, 
monocytes, macrophages, adipocytes, microglia, 
astrocytes, fibroblasts, cervical epithelial cells, 
and endothelial cells, are also important sites of 
local complement production [23–25]. Studies in 
humans using radiolabeled complement compo-
nents C3, C4, C5, and FB revealed that these 
molecules have high fractional catabolic rates 
and are more rapidly metabolized compared to 
most serum proteins [26]. Several  complement 
components are  acute-phase reactants, and 
their synthesis is modulated by cytokines such as 
IFN-γ, IL-1, and TNF and by endotoxin [27]. 
Monocytes and macrophages can synthesize 
complement in amounts sufficient to opsonize 
microbes [27]; therefore upregulation of comple-
ment production by proinflammatory signals 
enhances antimicrobial activity locally at sites of 
infection. Further, the role of locally synthesized 
complement in several physiologic processes, 
such as the shaping of adaptive immune responses 
and neural remodeling, is now apparent.

While most complement is found in plasma, it 
is also found in almost every mucosal site and 
body fluid. Complement concentrations at muco-
sal sites approach 5–10% that seen in serum [28]. 
An increase in complement concentrations at 
sites such as the cerebrospinal fluid occurs 
because of increased vascular permeability and 
also because of increased production locally as a 
result of inflammation. Complement levels in the 
female genital tract are profoundly affected by 
hormonal regulation [29–31].

Several studies have examined complement 
levels and activity among neonates and preterm 
infants. Both preterm and full-term newborns 
have lower complement function compared to 
adults [32]. Complement activity and levels of 
several complement components appear to cor-
relate inversely with the age of gestation [33–39]. 
Complement activity approaches adult levels at 
about 6 months of age [40, 41].

 Activation of Complement

Complement activation has traditionally been 
considered as occurring through one of the three 
pathways  – the classical, lectin, or alternative 
pathways (Fig. 4.1). In most instances, activation 
of complement often occurs through more than 
one pathway simultaneously. As an example, C3 
deposited through the classical or lectin path-
ways may recruit the alternative pathway. Here, 
we will discuss complement activation using a 
reductionist approach where each pathway is 
considered separately. Characteristics of each of 
the components of complement in the fluid phase 
are listed in Table 4.1. We have used the terminol-
ogy proposed in 2014 jointly by the International 
Complement Society (ICS) and the European 
Complement Network (ECN) [42].

 The Classical Pathway
The classical pathway is usually initiated by 
binding of antibodies to their target antigens. 
Binding of an antibody to its target exposes a 
binding site for C1q in the trimolecular C1 com-
plex that comprises a hexameric C1q molecule 
and two molecules each of C1r and C1s. A single 
globular head of C1q and Fc interact with very 
low affinity (Kd ≈  10−4  M) [43, 44]. Recently, 
Diebolder and colleagues showed that binding of 
antibody molecules to a surface is followed by 
specific noncovalent interactions between Fc 
regions of proximate IgG molecules, which 
results in the formation of ordered hexamers. 
These hexamers engage each of the six globular 
heads of C1q, thereby resulting in high-avidity 
interactions between IgG and C1q [45]. 
Therefore, to initiate complement activation, it is 
important for IgG molecules to achieve a critical 
density on a surface. Certain amino acid point 
mutations in the Fc portion of IgG – for example, 
replacing Glu at position 430 with Gly – enhance 
Fc hexamer formation following binding of anti-
body to antigen. Such Fc mutations could be 
employed to enhance the efficacy of therapeutic 
monoclonal antibodies that rely on complement- 
dependent cytotoxicity for their activity [45]. C1r 
and C1s are arranged as a tetramer (C1s-C1r- 
C1r-C1s) and form a Ca2+-dependent catalytic 
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subunit [46, 47]. Binding of C1q generates a con-
formational signal that results in autoactivation 
of C1r, which in turn activates C1s. C1r and C1s 
are both activated through cleavage of an Arg-Ile 
bond.

Human IgG subclasses differ in their ability to 
activate complement; in general, IgG1, IgG2, and 
IgG3 activate complement in the order 
IgG3>IgG1>IgG2, while IgG4 does not activate 
complement. In contrast to IgG, where the coop-
eration between several molecules is required to 
activate complement, a single IgM molecule can 
activate complement. This is because IgM is 
polymer (pentameric or hexameric in the pres-
ence or absence of the J chain, respectively) and 
each target-bound IgM can bind to the C1 com-

plex [48, 49]. Thus, on a molar basis, IgM is the 
most potent activator of the classical pathway.

The classical pathway can also be activated 
when members of the pentraxin family (includes 
C-reactive protein (CRP), serum amyloid P com-
ponent (SAP), and pentraxin 3 (PTX3)) bind to 
surfaces and engage C1q [50–52]. A novel mech-
anism of classical pathway activation described 
in mice is initiated by the binding of certain 
pneumococcal polysaccharides to the specific 
intracellular adhesion molecule (ICAM)-
grabbing nonintegrin R1 (SIGN-R1), which was 
one of five receptors that was discovered during 
efforts to identify the murine homologue of a 
human C-type lectin called dendritic cell-specific 
ICAM-3-grabbing nonintegrin (DC-SIGN) [53].

Fig. 4.1 Schematic representing the activation of the 
complement cascade. The fragments released into solu-
tion are indicated in blue font. The key fluid-phase regula-
tors are indicated in green font. CRP C-reactive protein, 

SAP serum amyloid P component, PTX3 pentraxins 3, C1 
inh C1 inhibitor, α2-M α2-macroglobulin, C4BP C4b- 
binding protein, FHL-1 factor H-like protein-1 (From 
Ram et al. [319]. (American Society of Microbiology))
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Table 4.1 Characteristics of soluble proteins of the complement cascade

Component

Approx. 
serum conc. 
(μg/ml)

Mol. mass 
(kD) Structure

No. of 
genetic 
loci

Chromosomal 
assignment

Proteins that activate complement
Classical pathway proteins
C1q 70 459 18 polypeptide chains; 6A, 

6B, 6C; A-B and C-C linked 
by disulfides

3 (A, 
B, C)

1p34-1p36.3

C1r 34 173 Comprises a CUB (C1r/C1s, 
uEGF, bone morphogenetic 
protein) module, an epidermal 
growth factor (EGF)-like 
module, a second CUB 
module, two complement 
control protein (CCP) modules 
and a C-terminal 
chymotrypsin-like serine 
protease domain; dimer (A 
and B chains linked by 
disulfide bond)

1 12p13

C1s 31 80 Dimer (A and B chains linked 
by disulfide bond); modular 
structure s described for C1r

1 12p13

C4 600 206 β-α-γ; 1 β-α and 2 α-γ 
disulfide bonds

2 
(C4A, 
C4B)

6p21.3

C2 11–35 100 1 chain 1 6p21.3
Alternative pathway proteins
Factor B (FB) 200 90 1 chain 1 6p21.3
Factor D (FD; adipsin) 1–2 25 1 chain 1 19p13.3
Properdin 5–10 55 Cyclic polymers in head-to- 

tail orientation; dimers/
trimers/tetramers in 26:54:20 
ratio; each monomer 
comprises 6 thrombospondin- 
like repeats (TSRs) and has 14 
sites of C-mannosylation

1 Xp11.4-p11.23

Lectin pathway
Mannan-binding lectin 
(MBL)

1–5 ~25 (subunit 
monomer)

Subunit – trimers of identical 
polypeptides; subunits 
organized into larger 
oligomers (n ~ 2 for variant 
(B, C, and D) alleles and 4–6 
for wild-type (A) allele)

1 10q11.2-q21

Ficolin-1 (M-ficolin; 
ficolin/P35-related 
protein)

0.04–0.1 
(monocytes 
and PMNs 
main source)

~32 (subunit 
monomer)

Subunit – trimers of identical 
polypeptides; subunits 
organized into larger 
oligomers

1 9q34

Ficolin-2 (L-ficolin; 
hucolin; EBP-37; 
ficolin/P35)

3–4 34 (subunit 
monomer)

As with ficolin-1 1 9q34

(continued)
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Table 4.1 (continued)

Component

Approx. 
serum conc. 
(μg/ml)

Mol. mass 
(kD) Structure

No. of 
genetic 
loci

Chromosomal 
assignment

Ficolin-3 (H-ficolin; 
Hakata antigen; 
thermolabile β-2 
macroglycoprotein; 
thermolabile 
substance)

18 35 (subunit 
monomer)

As with ficolin-1 1 Chr 1

MASP-1 6 97 Active form consists of heavy 
and light chains linked by 
disulfide bond

1 3q27-28

MASP-2 0.02–0.8 83 Active form consists of A and 
B chains linked by disulfide 
bond

1 1p36.3-p36.2

MASP-3 2–12.9 105 Activation splits 105 kD 
disulfide-linked dimer into A 
(58 kD) and B (42 kD); B 
chain is serine protease 
domain

1 3q27-28

MAp19 ? 19 Alternatively spliced version 
of MASP-2 – contains first 2 
domains and 4 additional 
C-terminal aa’s; head-to-tail 
homodimer

1 1p36.3-p36.2

C3
C3 1000–1500 190 β-α, linked by disulfide bond. 

Crystal structure shows 
organization into 13 domains; 
8 macroglobulin domains, and 
1 CUB, thioester (TED), 
anaphylatoxin, linker, and 
C345c domain

1 19p13.3-p13.2

Terminal complement components
C5 75 190 β-α, linked by disulfide bond 1 9q34.1

C6 45 100 1 chain 1 5p13
C7 90 95 1 chain 1 5p13
C8 55–80 151 α-γ dimer linked by disulfide, 

noncovalently associated with 
β

3 (α,β)1p32; (γ) 
9q34.3

C9 60 71 1 chain 1 5p13
Complement inhibitory proteins
C1 inhibitor (C1-INH) 150 104 1 chain; highly glycosylated 1 11q11-q13.1
C4b-binding protein 
(C4BP)

150–300 ~550 7 disulfide-linked α-chains (8 
SCRs) linked to β-chain (3 
SCRs) via disulfide (major 
isoform; α7/β1); minor 
isoforms α7/β0 and α6/β1. 
β-chain associated with 
protein S of the 
anticoagulation system 
(C4BP-protein S)

2 (α,β) 1q32

(continued)

S. Chakraborti and S. Ram



61

Activated C1s cleaves the 77-amino-acid C4a 
fragment from the N-terminus of the α-chain of 
C4 to form the metastable C4b molecule. This 
exposes the internal thioester bond of C4b [54] 
that can react readily with nucleophilic (i.e., 
electron- donating groups) groups such as –OH or 
−NH2 on surfaces to form covalent ester or amide 
bonds, respectively [55]. If the nascent carbonyl 
group in the thioester moiety does not interact 
with a surface, it reacts with water and remains in 
solution. There are two isoforms of C4 expressed 
by most humans, called C4A and C4B [56], 
which dictate the type of bond formed by C4b 
(note that C4a and C4b represent activation prod-
ucts of C4 and are distinct from the C4A and C4B 
isoforms of intact C4). C4B possesses a His resi-
due at position 1106 in the α-chain, which imparts 
to C4B the ability to form ester linkages, while an 
Asp residue at position 1106 results in “C4A- 
like” functionality and preferential amide bond 
formation [57]. Differences in the binding prop-
erties of C4A (amide) and C4B (ester) may have 
important functional consequences. C4B is 
believed to possess greater hemolytic activity 
than C4A [57]. On the other hand, C4A binds to 
complement receptor 1 (CR1) more efficiently 

[58] and may play a key role in clearing immune 
complexes from the bloodstream, which could 
explain the association between C4A deficiency 
and autoimmune diseases [59, 60]. In addition to 
the fact that C4 exists as distinct isoforms, the 
number of copies of the C4A and C4B genes var-
ies across individuals. Deletions or duplications 
of C4 genes occur frequently [61–63] and affect 
plasma levels of C4. The frequency of C4 gene 
dosages of 2, 3, 4, 5, and 6 in the Caucasian pop-
ulation is 2%, 25.3%, 52%, 17.3%, and 3.3%, 
respectively [64]. As a result, complete C4 defi-
ciency is extremely rare [65–67]. Conversely, 
heterozygous C4 deficiency is very common and 
occurs in approximately 25% of the general pop-
ulation. A complete deficiency of either of the 
isoforms of C4, C4A, or C4B is also relatively 
common and occurs in about 6% of the popula-
tion [64, 67–69].

In the next step in classical pathway activa-
tion, C2 binds to C4b deposited on a surface. C2 
is also cleaved by activated C1s into the C2a frag-
ment, which remains attached noncovalently to 
C4b and C2b, which is released into solution. 
C4bC2a forms the C3 convertase (C3-cleaving 
enzyme) of the classical pathway. In this manner, 

Table 4.1 (continued)

Component

Approx. 
serum conc. 
(μg/ml)

Mol. mass 
(kD) Structure

No. of 
genetic 
loci

Chromosomal 
assignment

Factor H (FH)a 500 155 1 chain (20 SCRs) 1 1q32
Factor I (FI) 34 90 1 chain; comprises FI-MAC 

domain, scavenger receptor 
cysteine-rich or CD5 domain, 
two low-density lipoprotein 
receptor (LDLr) domains and 
a serine protease domain

1 4q

FHL-1 (factor H-like 
protein 1)

25 43 1 chain (7 SCRs; identical to 7 
N-terminal SCRs of factor H, 
plus 4 unique C-terminal aa’s)

1 1q32

Vitronectin (Vn; 
S-protein)

500 75 (65 kD 
proteolytic 
fragment 
also seen)

1 chain 1 17q11

Clusterin (Cn; 
SP-40,40; 
apolipoprotein J)

100–300 60 
(predicted); 
80 
(observed)

Heterodimer linked by 
5-disulfide bond motif

1 8p21-p12

aThe FH family of proteins includes five FH-related molecules called FHR1, 2, 3, 4, and 5. The function of these pro-
teins remains to be fully elucidated. See text for details
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a single C1 complex can cleave several substrate 
molecules and augment complement activation.

 The Lectin Pathway
Activation of complement through the lectin 
pathway is also important in generating classical 
pathway C3 convertase, C4b2a. To date, five lec-
tin molecules that can bind to a variety of termi-
nal monosaccharides and initiate complement 
activation have been described. These include the 
collectins (collagen-containing C-type [calcium- 
dependent] lectins), mannan-binding lectin 
(MBL) [70–73] and collectin 11 [74], and ficolin-
 1, ficolin-2, and ficolin-3 (also called M-, L-, and 
H-ficolin, respectively) [75, 76]. Ficolins contain 
a fibrinogen-like domain combined with a 
collagen- like domain and thus are not classified 
as collectins.

The recognition molecules of the lectin path-
way are trimers that comprise three identical 
polypeptide subunits, each terminating in a 
calcium- dependent carbohydrate recognition 
domain. These trimers are organized into higher- 
order oligomers that resemble a bouquet. MBL 
shares structural and functional homology with 
C1q [77]. Similar to C1q, MBL is complexed 
with serine proteases, termed MBL-associated 
serum proteases (MASPs). Four such mole-
cules – MASP-1, MASP-2, MASP-3, and MBL- 
associated plasma protein of 19 kD (MAp19) – are 
the products of two genes arising from a common 
ancestor shared with C1r and C1s [78]. MASP-1 
and MASP-3 are alternatively spliced products of 
MASP1, while MASP-2 and MAp19 are alterna-
tively spliced products of MASP2. MASP-2 
cleaves C4 and C2 to generate the classical path-
way C3 convertase, as described earlier [77, 78]. 
A role for MASP-1  in complement activation 
was revealed by a nonfunctional lectin pathway 
in an individual with a nonsense mutation in 
MASP1 (and therefore lacking both MASP-1 and 
MASP-3) [79]. Reconstitution of the subject’s 
serum with MASP-1 resulted in MASP-2 cleav-
age and full restoration of lectin pathway activity. 
Further, MASP-1 and MASP-2 exist as a co- 
complex with MBL, supporting a model in which 
MASP-1 trans-activates MASP-2, analogous to 
C1r and C1s activation.

Levels of MBL are influenced by mutations in 
the first exon of MBL2 that encodes the signal 
peptide and the collagen-like region of the mole-
cule. Three known mutations that result in MBL 
deficiency are G→D at position 54, G→E at posi-
tion 57, and R→C at position 57, which are 
termed the B, C, and D alleles, respectively. 
These mutant alleles are collectively referred to 
as the “O” alleles, while the wild-type protein is 
designated as the “A” allele. Each of these point 
mutations (O alleles) interferes with oligomeriza-
tion of the three single chains that form the 
mature protein and are associated with low levels 
of MBL. In addition to the mutations in the cod-
ing region of the gene, three polymorphic sites 
are found in the 5′ untranslated promoter region 
of mbl2: H/L, X/Y, and P/Q [80, 81]. The pro-
moter alleles are found in linkage disequilibrium 
with the exon 1 SNPs, which results in a limited 
number (seven) of described haplotypes: HYPA, 
LYPA, LYQA, LXPA, HYPD, LYPB, and LYQC 
[82]. When the A or wild-type alleles are in cis 
with promoter −550/−221 haplotypes HY, LY, 
and LX, the MBL concentrations are high, inter-
mediate, and low, respectively. Studies that use 
only genotyping to infer MBL levels should be 
interpreted with caution because individuals with 
the identical genotype for all MBL variants may 
have MBL levels that differ by as much as tenfold 
[83].

MBL binds to a variety of terminal monosac-
charides, including mannose, 
N-acetylmannosamine, N-acetyl-d-glucosamine, 
fucose, and glucose [84]. Collectin 11 binds pref-
erentially to L-fucose and d-mannose [85]. The 
ficolins appear to bind preferentially to acety-
lated sugars such as N-acetyl-D-glucosamine 
[75]. In addition, ficolin-1 (M-ficolin) binds to 
N-acetyl-D-galactosamine and selects sialogly-
cans, such as those present in the capsule of 
Streptococcus agalactiae. Ligands reported for 
ficolin-2 (L-ficolin) include β-(1→3)-D-glucan, 
N-acetylneuraminic acid, lipoteichoic acid, 
C-reactive protein, fibrinogen, DNA, and certain 
corticosteroids, while H-ficolin binds to fucose 
[75, 86]. These sugars frequently decorate micro-
bial surfaces but rarely appear as the terminal 
unit of oligosaccharides or glycoconjugates on 
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human cells, which enables “self-nonself” dis-
crimination and targets complement activation to 
foreign surfaces. In these respects, the lectins 
share several critical features with IgM (“natural 
antibodies”): both are polyreactive, bind to sur-
face carbohydrates, and require binding of just a 
single molecule activate complement [77, 87].

Extrinsic proteases such as Hageman factor 
(factor XII in the clotting cascade) can also acti-
vate the classical pathway [88, 89]. Other prote-
ases such as thrombin and kallikrein may activate 
C5 [90, 91] and FB [92, 93], respectively, 
although their clinical significance remains to be 
clarified.

 The Alternative Pathway
Similar to the lectin pathway, the alternative 
pathway does not rely on initiation by antibodies 
and thus protects the host from pathogens prior to 
the development of specific immune responses. 
Activation of the alternative pathway of comple-
ment is characterized by a unique positive feed-
back loop that permits self-amplification of the 
pathway. The principal component of this feed-
back loop is C3b, which may be generated by 
“tickover” of C3, which generates a molecule 
that is functionally similar to C3b as discussed 
below, or by alternative or classical pathway C3 
convertases. Given its central role in complement 
activation, the structure of C3 is discussed next.

C3: The Central Component 
of Complement
All complement pathways converge at the level 
of C3. C3 is the most abundant complement com-
ponent (plasma concentrations range from 1.0 to 
1.5 mg/ml), and its fragments serve a variety of 
functions. C3 fragments deposited on surfaces 
are opsonins for phagocytes, and the anaphyla-
toxin C3a modulates inflammation, lipid metabo-
lism (C3a-des-Arg, which is generated by 
cleavage of the C-terminal Arg by carboxypepti-
dase N, is also called acylation-stimulating pro-
tein), and tissue regeneration.

Removal of four Arg residues from the C3 
precursor yields a mature C3 molecule, com-
posed of an α- and a β-chain linked by a disulfide 

bond (Fig. 4.2a). Similar to C4, the α-chain of C3 
also possesses an internal thioester moiety that 
forms covalent bonds with target surfaces. The 
crystal structure of C3 reveals organization into 
13 domains (Fig. 4.2c) [94]. Cleavage of the C3a 
fragment from C3 results in activation of C3, 
which is accompanied by marked structural rear-
rangements among its various domains 
(Fig.  4.2c). Most notably, the thioester domain 
that is tucked away in the native molecule moves 
about 85 Ǻ and becomes completely exposed and 
capable of reacting with nucleophiles [95]. The 
thioester forms a highly reactive acyl-imidazole 
intermediate with an extremely short calculated 
half-life of ≈30  μs [96]. If this reactive group 
does not bind to a surface –OH (or, in some 
instances, a –NH2 group) within this short period, 
it reacts with a water molecule and remain in 
solution (Fig. 4.2b). The high reactivity and short 
life  of the nascent thioester domain restrict C3 
deposition to structures proximate to the site of 
C3 activation while sparing more distant (and 
possibly normal) tissue from unwanted damage.

Activation of the Alternative Pathway
Since the discovery of the alternative pathway by 
Pillemer over 60 years ago [13], “tickover” of C3 
(described below) was the traditionally accepted 
model for the initiation of alternative pathway 
activation. More recently, properdin binding to 
select surfaces was proposed as the initiating 
event for alternative pathway activation.

The “Tickover” Model
As discussed above, the internal thioester bond 
mediates covalent attachment of C3 to surfaces. 
Although well concealed in the native C3 mole-
cule, the thioester undergoes spontaneous low- 
rate hydrolysis at a rate of 0.2–0.4%/h under 
physiologic conditions [97, 98]. The generated 
molecule, called C3(H2O), has functional activi-
ties and binding properties that are similar to C3b 
but differs from C3b in that it still possesses the 
C3a fragment. Similar to C3b, C3(H2O) also can 
bind to factor B (FB), properdin, and C5, can be 
further cleaved by the combined action of factor 
H (FH; cofactor) and factor I (FI; enzyme), and 
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can bind to cellular receptors for C3. In the brief 
period before its degradation by FH and FI, 
C3(H2O) can bind to FB to form C3(H2O)B, 

which in the presence of FD and Mg2+ forms 
C3(H2O)Bb (the Ba fragment is released from 
FB). Akin to C3bBb, C3(H2O)Bb has C3 conver-

Fig. 4.2 C3 structure and activation. (a) The C3 mole-
cule represented as its α and β chains and its degradation 
products. Arrows indicate physiologic cleavage sites. The 
location of the thioester bond is indicated by the inverted 
white triangle. Sites of N-linked glycosylation are shown 
by the “inverted lollipop” symbol. Locations of disulfide 
bridges are also shown. Colors of the amino acid stretches 
of the α- and β-chains correspond to domain colors in C. 
(b) The internal thioester bond of C3. (c) The domain 
organization of C3 and its degradation products. C3 is 
organized into 13 domains. During activation, C3a is 
released from the amino terminus of the 〈-chain of C3. 
The exposed internal thioester bond becomes accessible 
to nucleophilic attack and can react with water or avail-

able hydroxyl or amine groups on cell surfaces (b). 
Analogous reactions occur with C4. Together, these reac-
tions involving C3 and C4 are responsible for covalently 
linking complement deposition to the cell surface. Asn 
asparagine, Cys cysteine, Glu glutamic acid, Gly glycine, 
Met methionine. Activation of C3 is accompanied by an 
~85  Å displacement of the thioester domain, and the 
resulting C3b molecule can form covalent bonds with tar-
gets (c). Cleavage of C3b to iC3b also results in confor-
mational changes that contribute to ligand specificity. MG 
macroglobulin, LNK linker, ANA anaphylatoxin, CUB 
complement C1r/C1s, uEGF Bmp1, TED thioester- 
containing domain; α′NT (From Janssen et  al. [94], 
Janssen et al. [95])
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tase activity and generates more metastable C3b 
molecules capable of forming covalent bonds 
with surfaces. Each C3(H2O)Bb produces on 
average three to five metastable C3b molecules 
before being inactivated by FH [97]. 
 Surface- bound C3b then recruits FB and FD to 
generate surface-bound C3 convertase (C3bBb) 
and set into motion the positive feedback loop of 
the alternative pathway. The sequence of events 
that generate C3 convertases through the “tick-
over” of C3 are illustrated in Fig. 4.3a. C3bBb is 
inherently unstable and dissociates into its com-
ponents with a t1/2 of about 90 s [99]. The binding 
of properdin – the only known positive regulator 
of complement  – to C3bBb stabilizes the com-
plex and prolongs its half-life five- to tenfold, 
thereby promoting amplification [99].

The Properdin-Directed Model
The properdin-directed model was put forth by 
Hourcade et  al. [100] and lent support to 
Pillemer’s original proposal of alternative path-
way activation made over six decades ago. 
Properdin is highlypositively charged. Each pro-
perin monomer is composed of thrombospondin 
type 1 repeat (TSR) subunits; subunits oligomer-
ize in a head-to-tail manner to form dimers, tri-
mers, and tetramers at a ratio of 26:54:20, 
respectively [101]. Phagocytes, in particular neu-
trophils, are the main site of properdin synthesis 
and storage [102, 103]. Release of properdin 
from these cells may increase alternative path-
way activation locally at sites of inflammation. 
Properdin multimers may bind to a select cell 
surface sulfated glycoconjugates and initiate the 
alternative pathway [104, 105]. Surface-bound 
properdin can then recruit C3b or C3(H2O) that 

Fig. 4.3 Initiation of alternative pathway activation. (a) 
The “tickover” model. C3 undergoes slow, spontaneous 
hydrolysis, where the internal thioester bond (indicated 
by a star) that is normally tucked away becomes exposed 
and reacts with a water molecule to form C3(H2O). 
Subsequent Mg2+-dependent reactions with FB and FD 
result in the formation of fluid-phase C3 convertase, 

C3(H2O)Bb, which then activates more native C3 mole-
cules and enables them to bind covalently to surfaces 
and further activate the alternative pathway. (b) The 
properdin- directed model. Properdin binding to activator 
surfaces can recruit fluid-phase C3b or C3(H2O) and 
serves as a platform for formation of C3 convertases on 
the surface
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then binds FB, to form a platform for further 
alternative pathway activation (Fig. 4.3b).

Studies using purified properdin should be 
interpreted with caution because properdin forms 
higher-order oligomers and aggregates upon 
freeze-thawing or with prolonged storage [101], 
which may result in artifactual binding to sur-
faces. Carefully performed studies by Ferreira 
and colleagues have shown that freshly isolated 
properdin in its physiological conformations can 
initiate alternative pathway activation on 
Chlamydia pneumoniae and activated human 
platelets [106, 107]. The properdin-directed 
model provides yet another mechanism whereby 
complement activation is restricted to sites of tis-
sue injury or on foreign surfaces (i.e., another 
mechanism of “self-nonself” discrimination).

 The Terminal Complement Pathway: 
Assembly of the Membrane Attack 
Complex
Binding of an additional C3b molecule to C4b 
and C3b present in classical and alternative path-
way C3 convertases, respectively, generates C5 
convertases (C4bC2aC3b and C3bBbC3b) that 
can cleave C5 and initiate the assembly of mem-
brane attack complex (MAC). C5 bears structural 
homology with C3 and C4 but lacks a thioester 
domain. The addition of C3b to C3 convertases 
alters the Km for C5 >1000-fold, from far above 
the physiological concentration of C5 to far 
below it [108–110]. Therefore, situations that 
favor complement activation and rapid C3b gen-
eration also facilitate the generation of cytolytic 
MAC. Cleavage of C5 results in the release of the 
≈11  kDa C5a fragment, an anaphylatoxin with 
diverse functions that are discussed below. 
Removal of the C-terminal Arg residue from C5a 
by carboxypeptidase N results in formation of 
C5a-des-Arg, which retains only 1–10% of the 
inflammatory activity of C5a [111].

Binding of C5b to hydrophobic sites on cell 
surfaces exposes binding sites for C6 and C7 to 
form the C5b-7 complex. Incorporation of C7 
confers amphiphilic properties to the assembling 
MAC and permits insertion into cell membranes. 
C8 then binds to the β-chain of C5b, followed by 

the addition of one or more C9 molecules. C6, 
C7, C8, and C9 all belong to the MACPF/CDC 
(MAC-perforin/cholesterol-dependent cytolysin) 
superfamily of proteins [112, 113], which con-
tain a common set of four core domains, from the 
N- to C-terminus, a thrombospondin-1 (TSP1) 
domain, a low-density lipoprotein receptor- 
associated (LDLRA) domain, a MACPF domain, 
and an epidermal growth factor (EGF) domain. In 
its fully assembled state, MAC comprises 
one molecule each of C5b, C6, C7, and C8 and 
up to 18 molecules of C9. The ringlike membrane 
configuration of MAC is dependent on C9 polym-
erization. C9  in its free monomeric native state 
has a globular conformation [114]. Upon polym-
erization, C9 adopts a tubular structure, where 
the external aspect of the tubule is hydrophobic 
and intercalates into membranes, while the inner 
aspect of the pore is hydrophilic and permits pas-
sage of water and ions. While most other pore- 
forming proteins rely on interactions solely 
between their MACPF domains, structural stud-
ies of poly-C9 revealed unexpected interactions 
between the TSP1 domain and the MACPF 
domain of adjacent monomers [115]. The TSP1- 
MACPF interactions permit recruitment of C9 
molecules from solution into the nascent 
membrane- associated MAC complex. Cryo- 
electron microscopy analysis of the entire C5b-9 
complex revealed a “split-washer” configuration, 
as opposed to a symmetric closed-ring conforma-
tion seen with perforin and other cholesterol- 
dependent cytolysins [116]. Disruption of the 
membrane proton-motive force during pore for-
mation and osmotic damage mediated by the 
channel may both contribute to the cytolytic 
action of MAC.

 The Intracellular Complement System

Complement has long been considered to func-
tion mainly in the extracellular milieu. Recent 
work has shown the presence of intracellular 
stores of C3 and C5, which can be cleaved by 
intracellular proteases to release their C3a and 
C5a fragments, respectively [117]. Activation of 
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the intracellular stores of complement, some-
times referred to as the “complosome” [118], 
plays an important role in the homeostasis, 
effector response, and contraction of T 
cell responses [117, 119]. C3 may be expressed 
by T cells themselves, or C3(H2O), the C3b-like 
hydrolyzed form of C3, may be taken up from 
the circulation by cells [120] and cleaved to C3a 
and C3b by the intracellular protease, cathepsin 
L.  Intracellular C3a-C3aR interactions induce 
low levels of mammalian target of rapamycin 
(mTOR) activation to facilitate T-cell survival 
(homoeostasis). The effector phase of T-cell 
activation is triggered by activation of the T-cell 
receptor (TCR), which results in translocation 
of C3a and C3b to the cell surface, where they 
engage C3aR and CD46, respectively. Activation 
of CD46 results in increased expression of the 
CD46 isoform that bears the Cyt-1 intracyto-
plasmic tail. Cleavage of Cyt-1 by γ-secretase 
leads to translocation of Cyt-1 to the nucleus 
which drives the expression of glucose and 
amino acid transporters, resulting in increased 
nutrient influx and glycolysis and oxidative 
phosphorylation [121]. CD46 stimulation also 
drives expression of NLRP3 and IL-1β to stimu-
late the NLRP3 inflammasome. Stimulation 
of CD46 also activates intracellular C5 to gener-
ate C5a; C5a-C5aR1 interactions amplify ROS 
production, which activates the NLRP3 inflam-
masome [122] and promotes Th1 induction. The 
contraction phase of the Th1 response is accom-
panied by dominance of the CD46 isoform with 
the Cyt-2 tail, which, in conjunction with the 
IL-2R signaling, produces IL-10. A role for the 
“complosome” in nonimmune cells was sug-
gested by Satyam et al., who showed that intra-
cellular C3 levels increased during mesenteric 
ischemia; ischemic damage was limited by 
treatment with a cathepsin inhibitor or in cathep-
sin B-deficient mice [123]. These exciting find-
ings have underscored a key role for intracellular 
complement in diverse cellular processes and 
merit further study.

 Inhibition of Complement Activation

Tight regulation of the cascade is essential to per-
mit complement activation only at sites of tissue 
injury or on invading microbes and to avoid col-
lateral damage to normal host cells. Targeted 
activation is achieved by binding of antibody or 
lectin to specific ligands on microbes. Once com-
plement activation is initiated, amplification 
occurs through the alternative pathway positive 
feedback loop, which is facilitated by the positive 
regulatory action of properdin. However, exces-
sive and uncontrolled activation is limited by the 
inherently short half-lives of convertases and 
anaphylatoxins. Several fluid-phase inhibitory 
proteins that act at various levels of complement 
activation, including C1, C4b, C3b, and MAC, 
have been well characterized. It is worth noting 
that these inhibitory proteins all are present at 
concentrations far higher than most activators of 
complement, highlighting their importance in 
minimizing complement activation during physi-
ological states. Several membrane-associated 
complement inhibitors also dampen complement 
activation on cell surfaces. Absence or dysfunc-
tion of complement inhibitors is associated with 
disease entities such as atypical hemolytic ure-
mic syndrome (aHUS), C3 glomerulopathy, and 
age-related macular degeneration, further under-
scoring their physiological importance.

 Fluid-Phase Complement Inhibitors
In physiological conditions, complement activa-
tion in the fluid phase is tightly controlled by C1 
inhibitor (C1-INH), C4b-binding protein (C4BP), 
factor H (FH), FI, vitronectin (Vn), and clusterin 
(Cn). C1-INH and FI are enzymes, FH and C4BP 
act as cofactors for FI, while Vn and Cn associate 
with one or more components of assembling 
MAC to prevent further pore formation.

C1 Inhibitor (C1-INH)
C1-INH belongs to the family of protease inhibi-
tors called serpins (serine protease inhibitors) 
[124]. Protease inactivation by serpins depends 
on a unique “trapping” mechanism, whereby the 
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enzyme cleaves the inhibitor at its reactive center 
(between Arg 444 and Thr 445  in C1-INH), 
which is followed by formation of a covalent 
complex between the enzyme and the inhibitor. 
Thus, serpins inhibit enzymes by serving as their 
“suicide substrates.” A unique feature of C1-INH 
is that N- and O-linked glycans contribute to 
about a third of its molecular mass, making it one 
of the most heavily glycosylated serum protein 
[125]. C1-INH directly inactivates both C1r and 
C1s [126, 127]. Binding of C1-INH to C1r also 
dissociates C1r and C1s from the activated C1 
macromolecule [128, 129], as well as the entire 
activated C1 complex (C1q-C1r2-C1s2) from 
immobilized human IgG [130]. In addition to its 
well-recognized role as a classical pathway 
inhibitor, Jiang and colleagues showed that 
C1-INH also inhibited the alternative pathway by 
binding to C3b, thereby preventing binding of FB 
and formation of C3 convertase [131].

Although its name suggests specificity for C1, 
C1-INH acts on a variety of substrates including 
the contact system proteases (factor XII, plasma 
kallikrein), an intrinsic coagulation protease (fac-
tor XI), and the fibrinolytic proteases (plasmin, 
tissue plasminogen activator) [132]. C1-INH 
deficiency results in hereditary angioneurotic 
edema, characterized by excessive bradykinin 
production and increased vascular permeability.

Factor I
Factor I (FI) is a serine protease that controls the 
classical and alternative pathways of comple-
ment. It cleaves the α′ chains of C4b and C3b in 
the presence of cofactors – C4BP for C4b, FH for 
C3b and membrane cofactor protein (MCP), and 
complement receptor 1 (CR1) for both C3b and 
C4b  – to their hemolytically inactive forms. 
Cleavage of C3b yields iC3b, while cleavage of 
C4b on either side of the thioester bond yields 
C4c and C4d. The primary site of FI synthesis is 
the liver [133] but is also synthesized by other 
cells including fibroblasts [134], monocytes 
[135], keratinocytes [136], endothelial cells 
[137], myoblasts, and primary cervical epithelial 
cells [23]. FI is an acute-phase protein and is 
upregulated by LPS and IFN-γ in endothelial 
cells, hepatocytes, and fibroblasts [134, 138]. The 

complete absence of FI is rare and is associated 
with uninhibited complement activation and con-
sumption of complement. Such individuals are 
functionally deficient in complement and are pre-
disposed to infections, in particular invasive 
meningococcal disease. Loss of function muta-
tions in FI lead to alternative pathway overactiv-
ity and result in aHUS or a form of C3 
glomerulopathy characterized by isolated mesan-
gial C3 deposits in the absence of mesangial pro-
liferation [139]. Polymorphisms in FI are 
associated with an increased risk of AMD [140].

C4b-Binding Protein (C4BP)
C4b-binding protein (C4BP) inhibits the classical 
pathway by two major mechanisms: (i) acts a 
cofactor in the factor I (FI)-mediated cleavage of 
C4b to C4c and C4d and (ii) accelerates dissocia-
tion of C2a from the classical pathway C3 con-
vertase (C4bC2a), a property called 
“decay-accelerating” activity [141–144]. C4BP 
is composed entirely of short consensus repeat 
(SCR) domains, also called complement control 
protein (CCP) domains. Each SCR is comprised 
of ≈60 amino acids, characterized by four highly 
invariant cysteine residues and by many con-
served amino acids, folded into a compact unit. 
Several other complement proteins contain SCR 
domains, including FH, DAF, MCP, CR1, CR2, 
FB, and C2 [145, 146]. It is worth noting that 
most SCR-containing complement proteins inter-
act with C3b and/or C4b [145]. A patch of posi-
tively charged residues at the interface between 
the first and second NH2-terminal SCRs plays an 
important role in the interaction between C4BP 
and C4b [147].

Factor H (FH) and the FH Family of Proteins
Analogous to inhibition of the classical pathway 
by C4BP, FH is a cofactor for FI-mediated cleav-
age of C3b to iC3b and accelerates the decay of 
C3bBb. FH also prevents binding FB to C3b to 
prevent formation of the alternative pathway C3 
convertase [148–152]. FH contains 20 SCR 
domains organized as a single chain [153]; only 
the first four N-terminal SCRs are necessary and 
sufficient for complement inhibition [154]. In 
addition to its role as an inhibitor of the alterna-
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tive pathway in the fluid phase, FH plays a key 
role in the homeostasis of complement on host 
cell surfaces. This property stems from the ability 
of FH to interact simultaneously with C3 frag-
ments deposited on host cells and specific host 
glycosaminoglycans (including sialic acid in cer-
tain configurations) through domains 19 and 20, 
respectively [155, 156]. The interaction between 
FH and “self-polyanions” on cells increases the 
affinity of FH for C3b [157, 158], which simulta-
neously decreases FB-C3b interactions [151, 
152, 157, 158], thus preventing C3 convertase 
formation. The balance between the affinities of 
FH and FB for C3b on a surface determines 
whether the surface is an activator (affinity of FB 
for C3b greater) or non-activator (affinity of FH 
for C3b greater) of complement. Similar to com-
plete deficiency of FI, loss of FH is associated 
with complement consumption and predisposi-
tion to meningococcal infections and with renal 
disease (dense deposit disease). Mutations in FH 
that impair recognition of cell surfaces and C3d – 
most of which reside in domains 19 and 20  – 
result in aHUS. A homozygous polymorphism in 
domain 7 (His instead of Tyr at position 402) sig-
nificantly increases the risk of age-related macu-
lar degeneration (AMD) [159, 160]. Compared to 
FH containing Tyr402, FH with His402 shows 
impaired binding to malondialdehydes that accu-
mulate in “drusen” (the lesions seen in AMD) 
[161]. Reduced FH bound to drusen permits 
more alternative pathway activation and conse-
quently increased uptake of malondialdehyde- 
modified proteins by macrophages, with resulting 
inflammation and ocular damage.

In addition to FH, there exists an alternatively 
spliced variant of factor H called factor H-like 
protein 1 (FHL-1) and five FH-related molecules 
(FHRs 1 through 5) that are the products of sepa-
rate genes [162, 163]. All members of the FH 
family of proteins are arranged in tandem within 
the regulation of complement activation (RCA) 
gene on human chromosome 1q32. FHL-1 con-
tains the first seven N-terminal SCRs of FH and 
therefore possesses cofactor and decay- 
accelerating activity that requires SCRs 1 through 
4. The FHRs also are made up entirely of SCR 
domains, and several of these domains share 

varying levels of homology with FH. None of the 
FHRs have cofactor or decay-accelerating activ-
ity. FHRs 1, 2, and 5 exist in circulation as homo- 
or heterodimers. The function of the other FHRs 
remains to be determined, but they may modulate 
the function of FH by competing with the binding 
of FH to C3b or to surfaces. As an example, 
CFHR3, competes with FH for binding to menin-
gococci and promotes complement activation 
[164]. The homology and proximity of the FH 
family of genes result in gene deletions, duplica-
tions, and rearrangements that result in the 
expression of hybrid proteins that are associated 
with renal disorders, such as atypical hemolytic 
uremic syndrome, C3 glomerulonephritis, dense 
deposit disease, and retinal damage in age-related 
macular degeneration [165]. The role of FH and 
the FHRs in disease pathogenesis is complex and 
is the subject of intensive investigation. The 
reader is referred to several meritorious reviews 
for a detailed description of their structure, func-
tion, and disease associations [165–174].

Vitronectin (Vn)
Vitronectin (Vn; also known as S-protein) can 
inhibit the terminal complement complex at vari-
ous stages. The first stage in the formation of the 
membrane attack complex that can insert into 
membrane is C5b-7. Vn can occupy the metasta-
ble membrane-binding site of the nascent C5b-7 
complex [175] to form sC5b-7. Although the 
sC5b-7 complex can take up further C8 and C9 
molecules to form sC5b-8 and sC5b-9, respec-
tively [176], these latter complexes lack hemo-
lytic activity. The wedge-shaped ultrastructure of 
Vn-containing membrane attack complexes dif-
fers from the circular complement lesions that 
mediate hemolytic activity [177]. In addition, Vn 
blocks C9 polymerization [178], which limits the 
number of C9 molecules in the complex to three. 
Vn also blocks pore formation by perforin, a 
product of cytotoxic T lymphocytes and natural 
killer (NK) cells [179]. Vn is a multifunctional 
protein with several distinct ligands – in addition 
to complement regulation, it plays roles in coagu-
lation, fibrinolysis, pericellular proteolysis, vas-
cular remodeling, cell attachment, and spreading 
[180, 181].
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Clusterin (Cn)
Clusterin (Cn; also known as apolipoprotein J or 
serum protein 40,40 (SP40-40)) is a heterodimer 
linked by five disulfide bonds. The highest levels 
of Cn occur in semen, which is estimated to con-
tain levels tenfold above the serum concentra-
tions [182]. Although structurally unrelated to 
Vn, Cn shares functional similarity with Vn by 
binding to several sites in the membrane attack 
complex and preventing C9 polymerization [183, 
184].

 Membrane-Associated Complement 
Inhibitors
Inhibition of complement activation on host cell 
surfaces is critical to prevent needless damage to 
“self” structures. Diseases associated with their 
absence or dysfunction highlight their physiolog-
ical importance  – as examples, loss of CD46 
function is associated with atypical hemolytic 
uremic syndrome (aHUS) [185] and loss of CD55 
and C59 causes paroxysmal nocturnal hemoglo-
binuria (PNH) [186, 187]. A schematic represen-
tation of the five major membrane-associated 
complement inhibitors discussed in this section is 
shown in Fig. 4.4.

Complement Receptor 1 (CR1; Also Called 
CD35 or the Immune Adherence Receptor)
CR1 is an integral membrane glycoprotein com-
posed of a C-terminal transmembrane region and 
an extracellular region composed of a linear array 
of 30 SCR units [188, 189]. The N-terminal 28 
SCRs are further organized as 4 tandem, long 
homologous repeats (LHRs) of 7 SCR units each 
[188, 189]. CR1 is a receptor for C3b, C4b, C1q, 
and MBL.  CR1 possesses cofactor activity and 
can facilitate FI cleavage of C3b to iC3b and is 
the only molecule that facilitates further cleavage 
of iC3b to C3c and C3d. CR1 also mediates 
decay acceleration of C3 and C5 convertases of 
the classical and alternative pathways [190].

CR1 is found on erythrocytes, neutrophils, 
monocytes, glomerular podocytes, and certain T 
cells. Human erythrocyte CR1 mediates binding 
of complement-opsonized immune complexes or 
microorganisms to the cell, and this forms the 
basis for the phenomenon of immune adherence 
[191]. These bound complexes or organisms are 
carried to the spleen or liver where they are 
removed; in the process CR1 is also lost from the 
RBC surface [192–196]. CR1 is  organized in 
clusters on the RBC surface, which could explain 
the multivalent nature of binding of immune 
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(decay acc.)

Site 2
C3b / C4b
(cofactor)
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Fig. 4.4 Schematic representation of membrane-bound complement inhibitors. SCR short consensus repeat, LHR long 
homologous repeat, GPI glycophosphatidylinositol, STP serine threonine proline
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complexes to RBCs. Furthermore, clustering of 
CR1 enhances the efficiency of RBCs to bind to 
opsonized particles despite the relatively low 
numbers of CR1 molecules per RBC [197–199].

There are four allelic variants of CR1 
described in humans [200]. The number of LHRs 
in these allelic forms varies from three to six and 
is responsible for the differences in the molecular 
masses of each allotype [189, 201–205]. Although 
their frequencies vary across different ethnic 
groups, CR1*1 (or CR1-A) is the most com-
monly encountered allotype and occurs in >80% 
of most populations studied [200]. CR1 copy 
number on erythrocytes constitutes another 
polymorphism.

SCR1 of CR1 interacts with the Plasmodium 
falciparum protein PfRh4 [206]. In addition to 
facilitating the entry of P. falciparum into RBCs, 
CR1 promotes erythrocyte rosetting that is 
believed to contribute to the pathogenesis of cere-
bral malaria [207, 208]. Several epidemiologic 
studies have attempted to correlate CR1 allotypes 
and expression levels with the severity of malaria, 
often with conflicting results [208]. Given its 
importance in clearing immune complexes, CR1 
expression levels on erythrocytes may also mod-
ulate the severity of systemic lupus erythemato-
sus (SLE) [209–211].

CD46 (Membrane Cofactor Protein or 
MCP)
CD46 is a cofactor for FI-mediated cleavage of 
C3b and C4b to iC3b and C4d, respectively 
[212]. It is expressed on most nucleated cells. 
Human erythrocytes lack CD46. CD46 com-
prises 4 SCR domains followed by an 
O-glycosylated serine/threonine/proline-rich 
(STP) domain, 12 residues of unknown function, 
and an intracytoplasmic tail. Alternative splicing 
of the STP region (encoded by the B and C exons; 
the A exon is rarely used) to the B exon and the 
cytoplasmic tail to either Cyt-1 or Cyt-2 gives 
rise to four major isoforms of CD46 called C1, 
C2, BC1, and BC2. N-glycans present in SCRs 2 
and 4 are required for cofactor activity [213]. The 
STP region modulates CD46 function. For exam-

ple, the BC isoform binds C4b more efficiently 
and provides enhanced cytoprotection against the 
classical pathway than the C isoform [214].

 CD55 (Decay-Accelerating Factor [DAF])
CD55 is a single-chain glycoprotein that com-
prises four SCR domains and a heavily glycosyl-
ated STP-rich domain that is anchored to the cell 
membrane through a glycosylphosphatidylinosi-
tol (GPI)  residue anchor. As its name suggests, 
CD55 accelerates the decay of classical and alter-
native pathway C3 and C5 convertases and pro-
tects host cells against autologous 
complement-mediated injury [186]. DAF is pres-
ent on all blood cells and most other cell types. It 
is present at high levels on cells that line extra-
vascular compartments, such as the cornea, con-
junctiva, oral and gastrointestinal mucosa, 
exocrine glands, renal tubules, ureter and blad-
der, cervical and uterine mucosa, and pleural, 
pericardial, and synovial membrane [215].

 CD59 (Homologous Restriction Factor 
20 (HRF-20), Membrane Attack 
Complex Inhibitory Factor (MACIF), or 
Protectin)
CD59 is another GPI-anchored membrane-bound 
complement inhibitor. CD59 binds to C8  in the 
membrane attack complex (MAC) that is being 
formed and prevents incorporation of C9 that is 
necessary for the assembly of the MAC pore 
[216, 217]. CD59 may also bind to C9 in incom-
pletely  assembled MAC complexes. The term 
“homologous restriction factor” is a misnomer 
and implies that complement inhibition by CD59 
is restricted to the host species. Morgan and col-
leagues performed a comprehensive analysis of 
the ability of CD59 derived from various species 
to inhibit complement from heterologous species 
and found considerable evidence for protection 
against “nonhost” complement, albeit to varying 
degrees. Thus, activity may be host-selective 
rather than host-restricted [218–220]. Host- 
selective function also applies to other membrane- 
bound complement inhibitors such as CD46 and 
CD55 [218, 221–225]. The ability of nonhuman 
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membrane complement inhibitors to protect 
against damage by human complement may have 
implications in xenotransplantation.

 Complement Receptor 
of the Immunoglobulin Superfamily 
(CRIg)
Human CRIg, previously known as Z39Ig, was 
cloned from Z39Ig mRNA found in human 
monocytes that were differentiated with M-CSF 
and IL-4 [226]. CRIg is a type 1 transmembrane 
IgG superfamily member and exists as two alter-
natively spliced forms: the longer form, 
huCRIg(L), encodes both V and C2-type terminal 
Ig domains, while the short form, huCRIg(S), 
encodes only an IgV domain. CRIg is expressed 
by Kupffer cells, CD14+ dendritic cells, and non-
inflammatory resident macrophages in various 
tissues, but not on infiltrating macrophages dur-
ing inflammation or on peripheral blood CD14+ 
monocytes, suggesting a role for CRIg in mainte-
nance of homeostasis rather that in inflammation 
processes [227]. CRIg binds to C3b-opsonized 
particles [228] and accelerates the clearance of 
Listeria monocytogenes and Staphylococcus 
aureus in mice, suggesting a role in host defenses 
[229]. CRIg also binds to the C3b component of 
alternative pathway C3 and C5 convertases and 
prevents their interaction with C3 and C5, thereby 
inhibiting the alternative pathway [230].

 Complement Receptors

Complement receptors may be classified into two 
categories: (i) receptors that bind to soluble com-
plement fragments (e.g., C3a and C5a) that are 
released during complement activation and (ii) 
receptors that engage complement components 
(e.g., C1q, C3b, iC3b, C3d, and C4b) deposited 
on surfaces. The characteristics of the membrane- 
associated complement receptors are summa-
rized in Table 4.2.

 Receptors for C5a and C3a
C5aR (CD88; C5aR1) binds to C5a with high 
affinity (Kd ≈ 1 nM) and C5a-des-Arg with rela-
tively lower affinity (Kd ≈ 660 nM) [231, 232] 

and is expressed on myeloid-derived cells and 
nonmyeloid cells including vascular smooth 
muscle, endothelium, epithelium, and glial cells 

Table 4.2 Complement receptors and membrane-bound 
complement inhibitors

Protein Characteristics
Membrane-bound complement inhibitors
CR1 Cofactor for factor I cleavage of C3b to 

iC3b and further to C3d and C4b to 
C4d; binds to MBL and C1q; clearance 
of opsonized pathogens and C3b/C4b 
associated with immune complexes 
(“immune adherence”)

CD46 Cofactor for factor I cleavage of C3b 
and C4b. Ligand for Notch family 
member Jagged1. Roles in T-cell 
differentiation

CD55 Accelerates the decay of C3 convertase 
assembled on cells

CD59 Inhibits the assembly of membrane 
attack complex (C9 polymerization)

CRIg Ligand for the β-chain of C3b/iC3b; 
inhibits alternative pathway C3 and C5 
convertases by binding to C3b and 
preventing interaction of the 
convertases with C3 and C5, 
respectively; role for pathogen 
clearance demonstrated in mouse model

Complement receptors
CR2 Binds primarily to C3d and C3dg; part 

of the CR2/CD19/CD81 complex that 
mediates B-cell responses to antigens 
linked to C3 fragments; receptor for 
Epstein-Barr virus

CR3 Ligand for iC3b; phagocytosis
CR4 Binds for C3d/C3dg; function not 

known
C1q 
receptors 
(cC1qR and 
gC1qR)

cC1qR (calreticulin) binds to the 
collagenous region of C1q; gC1qR 
binds to the globular domain of C1q; 
cC1qR – phagocytosis of apoptotic 
cells, chaperone, Ca2+ homeostasis; 
gC1qR – modulation of complement, 
kallikrein-kinin, and coagulation 
systems

SIGN-R1 Complement receptor identified as a 
murine homologue of DC-SIGN; binds 
select pneumococcal polysaccharides 
and C1q and can activate the classical 
pathway in Ab-independent manner

Receptors for anaphylatoxins
C3aR Binds C3a/C3a-des-Arg; vasodilatation
C5aR Binds C5a/C5a-des-Arg; chemotaxis; 

modulates inflammation and sepsis, 
T-cell differentiation
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[233]. C5aR1 is a G protein-coupled receptor 
[234–237], which interestingly is “pre-coupled” 
to G proteins even in the absence of its ligand, 
C5a [236]. Binding of C5a to C5aR1 lies below 
the level of detection in the absence of the “pre- 
coupling” of C5aR1 to G proteins. Activation of 
C5aR1 results in Ca2+ fluxes from intracellular 
stores as well as extracellular sources. Following 
its activation, β-arrestins 1 and 2 bind to C5aR1 
and promote its internalization via clathrin- 
coated pits [238]. Activation of C5aR1 leads to 
stimulation of several downstream pathways 
including PI3K-γ kinase, phospholipase C β2, 
phospholipase D, and Raf-1/B-Raf-mediated 
activation of MEK1 [239–241].

A second receptor for C5a, called C5a 
receptor- like protein (C5L2; C5aR2), is coex-
pressed with C5aR1 [242]. In addition to its abil-
ity to bind to C5a and C5a-des-Arg, C5L2 can 
also bind to C3a and C3a-des-Arg [243]. Unlike 
C5aR, C5L2 couples poorly to Gi-like G protein- 
mediated signaling pathways and does not 
undergo internalization in response to ligand 
binding [244]. The role of C5L2 remains contro-
versial. Some studies indicate that C5L2 may 
serve as a decoy receptor and act as a functional 
antagonist of C5aR. In support of this hypothesis, 
neutrophils and macrophages from C5L2−/− mice 
produce more IL-6 and TNF-α in response to 
stimulation with C5a and LPS than phagocytes 
from their wild-type counterparts [245]. C5L2−/− 
mice also show a greater inflammatory response 
than wild-type mice in a model of pulmonary 
immune complex injury [246]. In contrast, 
Rittirsch et  al. showed increased survival of 
C5L2−/− mice in the cecal ligation and puncture 
model of “mid-grade” sepsis following  ligation 
of half of the cecum [247]. Chen et  al. showed 
that C5L2 was required for optimal C5a signaling 
in phagocytes and fibroblasts in  vitro and defi-
ciency of C5L2 reduced inflammatory cell infil-
tration to various stimuli in vivo [248].

Similar to C5aR, C3aR is also a G protein- 
coupled receptor. Unlike C5aR, stimulation of 
C3aR initiates Ca2+ flux only from the extracel-
lular pool and therefore does not activate PI3K-γ. 
C3aR activation results in activation of protein 
kinase C by phospholipase C or mitogen- 

activated protein (MAP) kinases [249, 250]. C3a- 
C3aR induces cytokine expression through ERK 
and Akt phosphorylation [251]. C3aR is present 
on B lymphocytes, vascular endothelium, adipo-
cytes, and mast cells.

A variety of functions have been ascribed to 
the anaphylatoxins and their receptors. Their role 
in sepsis to increase chemotaxis and vascular per-
meability has been studied extensively. High lev-
els of C3a and C5a have been observed in patients 
with sepsis, and higher levels often are associated 
with a poor outcome [252–256]. C3a and C5a 
may play key roles in guiding T-cell responses 
[257–263]. Recent work has postulated crosstalk 
between macrophage FcγRs and C5aR [264, 
265]. Treatment of macrophages with C5a upreg-
ulates the activating FcγRIII (possess an immu-
noreceptor tyrosine-based activation motif 
(ITAM)) and downregulates the inhibiting 
FcγRIIb (possesses an immunoreceptor tyrosine- 
based inhibition motif (ITIM)), thereby reducing 
the threshold for FcγR-mediated stimulation of 
macrophages [266]. Macrophage activation 
releases C5, from which C5a is liberated through 
the activity of proteases, further upregulating 
activating FcγRs. Engagement of FcγRIIb, on the 
other hand, inhibits signaling through C5aR 
[267]. Karsten et al. showed that immune com-
plexes, containing IgG whose Fc contained 
N-glycans with a high amount of galactose, 
linked Dectin-1 with FcγRIIb, which eventually 
blocked C5aR-mediated downstream responses 
[265].

 Receptors for C1q
Two cellular receptors for C1q have been 
described: cC1qR (calreticulin (CR); cC1q/CR) 
that binds to the collagen domain of C1q and 
gC1qR (also known as hyaluronic acid-binding 
protein 1, or p33) that recognizes the globular 
domain of C1q. In addition to binding C1q, 
cC1qR also binds to the collectin surfactant pro-
tein A (SP-A) and MBL [268]. cC1qR is 
expressed in most cell types, except erythrocytes. 
Calreticulin expressed on the cell surface plays a 
role in the clearance of C1q-coated apoptotic 
cells [269]. Calreticulin is predominantly local-
ized in the storage compartments of the endo-
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plasmic reticulum. Intracellular calreticulin, 
along with calnexin, is a molecular chaperone 
that regulates glycoprotein folding [270]. By vir-
tue of being a high-affinity Ca2+ storage protein, 
calreticulin regulates Ca2+ homeostasis [271].

Ghebrehiwet and colleagues first isolated 
gC1qR from Raji cells [272]. In addition to bind-
ing C1q, gC1qR is part of the receptor complex 
for high-molecular-weight kininogen (HK) on 
endothelial cells [273, 274] and may also bind 
certain microbes [275, 276]. gC1qR modulates 
the activity of the kallikrein-kinin and coagula-
tion systems [277]. Soluble gC1qR released by 
endothelial cells acts as an autocrine signal to 
induce expression of the bradykinin receptor 1 on 
endothelial cells [278]. Engagement of gC1qR on 
CD4+ T cell by HIV-1 glycoprotein 41 (gp41) 
induces expression of a stress molecule called 
NKp44L, which targets destruction of these 
CD4+ cells by NK cells and may contribute to 
CD4+ T-cell depletion in HIV infection [279]. 
Expressions of gC1qR and cC1qR are both 
upregulated in almost all types of malignant cells. 
They appear to have opposing roles in carcino-
genesis; cC1qR provides an “eat-me” signal to 
phagocytes, which targets tumor destruction, 
while gC1qR promotes tumor growth by enhanc-
ing angiogenesis and metastasis [280].

 CR2 (CD21)
CR2 (or CD21) is a glycosylated transmembrane 
protein that is composed of a series 15 or 16 
SCRs [281]. C-terminal to the SCRs is a 
22–24-amino-acid transmembrane domain fol-
lowed by a 34-amino-acid intracellular domain 
[281]. CR2 is found on mature B lymphocytes 
[282], follicular dendritic cells [283], thymocytes 
[284], a subpopulation of CD4+ and CD8+ T cells 
[285], basophils [286], keratinocytes [287], 
astrocytes [288], and lacrimal and ocular epithe-
lial cells [289]. CR2 is the principal ligand for 
C3d, but can also bind to iC3b. CR2 is also the 
receptor for the Epstein-Barr virus glycoprotein 
350/220 [290–292]. CR2 plays a key role in cou-
pling the innate recognition of microbial antigens 
to B-cell activation. Activation of complement 
results in deposition of C3 fragments on foreign 
antigens or microbes; the interaction of C3-tagged 

antigens with CR2 (CD21) results in formation 
of the CD21/CD19/CD81 complex and B-cell 
activation, as discussed below.

 CR3 (Mac-1, CD11b/CD18, or 
αMβ2-Integrin)
CR3 is one of the four members of the β2-integrin 
family that share a common β-subunit (CD18) 
that is linked noncovalently to one of the four 
α-subunits forming a glycoprotein heterodimer; 
the α-subunit of CR3 is CD11b. CR3 mediates 
binding of neutrophils to endothelial cells and 
is  required for neutrophil recruitment to sites of 
infection. In addition, CR3 is an important phago-
cytic receptor for iC3b-coated microbes and plays 
a key role in extravasation of leukocytes from the 
circulation to sites of injury or infection and in the 
homing of lymphocytes to tissues. The three-
amino-acid sequence, arginine- glycine- aspartic 
acid (Arg-Gly-Asp, or the “RGD motif”), which 
is present in C3 and other CR3 ligands, represents 
an important binding motif for CR3. The 
C-terminal domain of CD11b contains a lectin 
site that recognizes polysaccharides on microbial 
pathogens such as β-glucan, β-oligomannan, and 
GlcNAc [293]. Engagement of the lectin site of 
CD11b plays a critical role in the ability of phago-
cytes or natural killer (NK) cells to mediate cyto-
toxicity. When presented with iC3b-coated cells 
or pathogens that lack ligands for the lectin-bind-
ing site on CR3, only adhesion occurs; CR3-
dependent cytotoxicity requires engagement of 
the lectin domain [294]. The lectin site of CR3 
also promotes cell surface transmembrane signal-
ing complexes between CR3 and membrane gly-
coproteins that are attached to cells through GPI 
anchors and therefore cannot signal, such as 
CD16b (FcγRIIIB) and CD87 (also called the 
urokinase plasminogen activator receptor (uPAR)) 
[295]. Several protein tyrosine kinases (PTKs) 
[296–298] play important roles in CR3 priming 
for activation and function of phagocytes, such as 
cytotoxicity, phagocytosis, respiratory burst, and 
adhesion. These protein kinases are found in asso-
ciation with CR3 as part of large complexes that 
include LFA-1 and CD87. CR3 signaling results 
in activation of phospholipase A2 [299, 300] and 
phosphatidylinositol 3-kinase [301].
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 CR4 (CD11c/CD18)
Similar to CR3, CR4 is also an integrin and binds 
to iC3b. In addition, CR4 binds to fibrinogen, 
ICAM-1, LPS, and denatured peptides [302–
306]. CR4 is expressed on myeloid cells, tissue 
macrophages, dendritic cells, activated B cells, 
and lymphoid cells [307–309].

 Functions of Complement

 Innate Immunity and the Elimination 
of Pathogens

As discussed above, the complement system is 
well-adapted to discriminate between self and 
“nonself” structures such as invading pathogens 
and target them for elimination. The amplifica-
tion of C3 and C5 convertases is favored over 
their decay on “nonself” structures. Complement 
activation is accompanied by generation of the 
anaphylatoxins, C3 and C5a, which are proin-
flammatory and promote vascular dilatation, 
endothelial permeability, and neutrophil chemo-
taxis. The deposition of C3 fragments on patho-
gens is termed opsonization and facilitates their 
removal by professional phagocytes through the 
interactions of surface-bound C3b and iC3b with 
CR1 and CR3, respectively. The majority of 
opsonophagocytic activity is mediated through 
iC3b-CR3 interactions in conjunction with IgG 
Fc engagement of Fc receptors, which trigger 
microbicidal responses associated with bacterial 
uptake. Unlike gram-positive bacteria and fungi, 
whose thick cell walls render them resistant to 
killing by complement alone (i.e., in the absence 
of phagocytes), MAC insertion into the mem-
branes of gram-negative bacteria can mediate 
killing. MAC-mediated killing of gram-negatives 
occurs before lysis of the organism and may be 
associated with dissipation of the electrical 
potential across the inner membrane, although 
the mechanisms of killing remain to be fully 
elucidated.

In 1960, Roantree and Rantz showed that 
gram-negative bacteria isolated from the blood 
were almost always resistant to killing by com-
plement, whereas most isolates of the same spe-

cies isolated from mucosal sites were 
complement-sensitive [310]. These data point to 
a central role for complement in host defenses 
against invading pathogens. Over the years, many 
mechanisms used by microbes to subvert killing 
by complement have been elucidated. While a 
detailed discussion of complement evasion 
mechanisms of microbes is beyond the scope of 
this chapter, the reader is referred to several gen-
eral reviews on the subject [311–316]. Further 
evidence role for complement in combating 
infections is supported by the increased incidence 
of infections in individuals who suffer from 
defects in complement activation.

The complement system is critical in combat-
ing meningococcal infections. The incidence of 
invasive meningococcal disease in individuals 
with defects in the alternative (FD and properdin) 
or terminal complement (C5 through C9) path-
ways is increased about 1000- to 2000-fold over 
rates observed in the general population [317–
319]. Pharmacologic blockade of C5 by the ther-
apeutic monoclonal antibody eculizumab, which 
is approved by the FDA for the treatment of par-
oxysmal nocturnal hemoglobinuria (PNH) and 
aHUS, is also associated with a rate of meningo-
coccal disease similar to that seen in hereditary 
terminal pathway defects. Of concern is the 
observation that vaccination of individuals prior 
to receiving eculizumab did not fully protect 
against disease – 16 cases of meningococcal dis-
ease, of which 11 were caused by nongroupable 
(i.e., unencapsulated) strains, were  reported in 
individuals on eculizumab [320], for a rate of 
~340/100,000 person years, which is similar to 
that seen in hereditary complement deficiency. 
The frequent occurrence of disease caused by 
rare serogroups and nongroupable strains in 
patients on eculizumab is consistent with strains 
isolated from individuals with hereditary termi-
nal complement deficiencies [321–325].

Paradoxically, persons with terminal comple-
ment defects and meningococcal infection expe-
rience a lower mortality than individuals with an 
intact complement system. Seminal studies by 
Brandtzaeg, Mollnes, and colleagues have shown 
a direct correlation between complement activa-
tion, endotoxin levels, and the severity of menin-
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gococcal disease [326, 327]. Studies in vitro have 
shown that an intact terminal pathway is associ-
ated with greater lipopolysaccharide release from 
the surface of E. coli strain J5 [328, 329]. This 
mechanism was illustrated in a C6-deficient 
woman with meningococcal disease [330]. 
Shortly receiving fresh frozen plasma (FFP) to 
correct a coagulopathy, which concomitantly 
corrected the C6 deficiency, her plasma  endotoxin 
levels increased dramatically and were associ-
ated with a transient worsening of hemodynamic 
parameters. While plasma obtained from the 
patient prior to FFP treatment did not release 
endotoxin (LPS) from E. coli J5 in vitro, plasma 
obtained following FFP treatment restored the 
ability to release E. coli LPS.  Taken together, 
these findings suggest that LPS release mediated 
by membrane attack insertion into gram-negative 
membranes may contribute to the severity of 
meningococcal sepsis.

 Modulation of the Adaptive Immune 
Response

 B Cells and Humoral Immunity
Complement plays an important role in shaping 
adaptive immune responses [331, 332]. Evidence 
suggesting a role of complement in adaptive 
immunity was provided over 40 years ago, when 
C3b and C3d were shown to bind to B lympho-
cytes [333] and follicular dendritic cells (FDCs) 
[334]. Covalent binding of C3b to an antigen 
marks the antigen for uptake by phagocytic cells 
or retention by FDCs for recognition by cognate 
B cells. CD21, which binds iC3b and C3d, and 
CD35, which binds to C3b and C4b on B cells, 
play central roles in enhancing B-cell immunity. 
Studies of B cells in mice have shown that CD21 
(in mice, CD21 and CD35 represent splice prod-
ucts of a single locus called Cr2 [335, 336]) 
forms a receptor complex with CD19 and CD81. 
CD19 is a transmembrane protein that serves as a 
signaling/adaptor molecule. The CD19/CD21/
CD81 complex enhances B-cell antigen receptor 
(BCR) signaling in part by prolonging the asso-
ciation of the BCR with lipid rafts [337], which 
selectively concentrate activating membrane pro-

teins, including the Src family protein tyrosine 
kinase Lyn, while excluding negative regulators 
of BCR signaling, such as CD45 and CD22. 
When coligated to BCR through the binding of 
complement-tagged antigens, the CD19/CD21/
CD81 complex functions to enhance BCR signal-
ing, thus lowering the threshold for B-cell activa-
tion [338, 339]. As an example, hen egg 
lysozymes bearing two and three copies of C3d 
were 1000- and 10,000-fold more immunogenic, 
respectively, than hen egg lysozyme alone [340]. 
This “adjuvant-like” role for C3d is important to 
enhance the response to antigens that have a low 
affinity for the B-cell receptor.

A second mechanism whereby complement 
enhances B-cell immunity is by localization of 
antigen to follicular dendritic cells (FDCs) within 
lymphoid follicles. FDCs are specialized stromal 
cells that secrete CXCL13, a B-lymphocyte che-
moattractant [341], and are important in organiz-
ing germinal centers within B-cell follicles [342]. 
High expression of CD21 and CD35 on FDCs 
facilitates efficient trapping of immune com-
plexes bound to C3 fragments within the lym-
phoid compartment. An intact classical pathway, 
CD21 and CD35 are all necessary for the uptake 
of immune complexes by FDCs [343].

Studies using C1q-, C4- or C3-, or CD21/
CD35-knockout mice have all demonstrated the 
importance of complement at several stages of 
B-cell differentiation [344–347]. B cells first 
express the CD19/CD21/CD81 complex as they 
migrate from the bone marrow to the periphery 
[348]. Cross-linking of the BCR at this stage in 
their development results in cell death or anergy 
rather than activation and eliminates self-reactive 
B cells.

B1 cells are the main source of natural anti-
body and are positively selected during early 
development. Complement plays a role in the 
selection or maintenance of B1 cells, because 
Cr2 (CD21/CD35)-knockout mice have an 
altered natural antibody repertoire [349, 350]. 
Optimum activation of B cells requires an intact 
classical pathway and ligands for C3 and C4 
fragments, evidenced by the observation that 
mice deficient in C1q, C4, or C3 or mice lacking 
CD21/CD35 have impaired humoral responses to 
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thymus-dependent and thymus-independent anti-
gens [338, 344, 347].

 Regulation of T Cells
C3-deficient mice are highly susceptible to pri-
mary infection with influenza virus. C3-knockout 
mice show delayed viral clearance and increased 
viral titers in the lung, which is the result of 
reduced priming of T-helper cells and cytotoxic T 
lymphocytes (CTLs) in lymph nodes draining the 
lung and the impaired recruitment into the lung 
of virus-specific CD4+ and CD8+ effector T cells 
that produce IFN-γ. Accordingly, T-helper cell- 
dependent IgG responses are also reduced in 
C3-knockout mice [351]. Although the mecha-
nism of the role of C3 in T-cell responses to influ-
enza remains unclear, one possibility is that viral 
particles coated with C3 are taken up by antigen- 
presenting cells (APCs) through receptors such 
as CR3 (CD11b/CD18) and CR4 (CD11c/CD18) 
and results in T-cell priming. Lack of C3 would 
result in reduced APC function and limited T-cell 
priming. Separate from a defect in APC function, 
lack of C3 prevents C3a and C5a generation. 
Engagement of C3aR and C5aR by these ana-
phylatoxins may also be important in the pulmo-
nary response to influenza virus.

Cross-linking of CD46 (which is also a recep-
tor for the measles virus) with an anti-CD46 anti-
body or with C3b (a ligand for CD46) inhibits 
monocyte IL-12 production, which could con-
tribute to the immunosuppression associated with 
measles infection [352]. Co-engagement of CD3 
and CD46  in the presence of IL-2 induces a 
T-regulatory 1 (Tr1)-specific cytokine phenotype 
in CD4+ T cells, which produce IL-10 and thus 
inhibit the activation of bystander T cells [353]. 
Recently, CD46 was noted bind to Jagged1, a 
member of the Notch family of proteins [354]. 
Loss of CD46-Notch crosstalk resulted in failure 
to mount appropriate TH1 responses [354].

Local production and activation of comple-
ment and signaling through C3aR and C5aR also 
determine the outcome of T-cell responses [261]. 
Engagement of Toll-like receptors on dendritic 
cells (DCs) results in secretion of alternative path-
way components, which upregulates the expres-
sion of C3aR and C5aR. C3a and C5a act on their 

cognate receptors on the DCs and induce secre-
tion of IL-6, IL-12, or IL-23. Stimulation of CD28 
on T cells induces expression of C3aR and C5aR; 
engagement of the latter by C3a and C5a gener-
ated by DCs induces IL-12R expression and a 
series of signaling events that result in IFN-γ and 
IL-2 production. The interleukins secreted by the 
DCs then determine whether responses are 
skewed toward TH1 or TH17. In the absence of 
activation of DCs through pattern recognition 
receptors, local complement production ceases, 
and the lack of signaling through C3aR and C5aR 
is associated with increased production of TGF-β 
and induction of suppressive Foxp3+ Treg cells 
[262]. During this process, upregulation of C5L2 
sequesters any locally produced C5a ensuring that 
C5aR is not activated. These events depend on the 
production of complement locally – not on sys-
temically circulating complement.

 Autoimmunity: The Disposal 
of Immune Complexes and Apoptotic 
Cells

Complement plays an important role in clearing 
immune complexes [355]. Immune complex for-
mation is favored under conditions of antibody 
excess or antigen-antibody equivalence. Fc-Fc 
interactions that occur under these circumstances 
lead to precipitation of immune complexes. C1q 
binding to Fc interferes with Fc-fc interactions 
and prevents immune complex precipitation. 
Subsequent C3b deposition, aided by alternative 
pathway amplification, disrupts forces within the 
antigen-antibody complex and prevents further 
lattice formation. Separation of smaller com-
plexes from the lattice results in solubilization of 
immune complexes [356]. Thus, the classical 
pathway is important to prevent immune com-
plex precipitation, while C3b deposition facili-
tates immune complex solubilization. 
Complement is about ten times more efficient in 
preventing immune complex precipitation than in 
solubilizing them. This property of complement 
may explain the strong association between defi-
ciencies of classical pathway components and 
lupus [59, 65, 357–366].
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Immune complexes bearing C3b are targeted 
for removal by CR1. Erythrocytes express about 
1000 CR1 molecules per cell, while neutrophils 
express about 60,000 CR1 molecules on their 
surface [198]. However, because erythrocytes 
outnumber neutrophils in circulation by a factor 
of about 1000, over 95% of the CR1 in the circu-
lation is found on erythrocytes. Immune complex 
removal from the circulation occurs as  erythro-
cytes pass through the liver and spleen, where tis-
sue macrophages lining the sinusoids of these 
organs remove both CR1and immune complexes 
adherent to it [197, 198, 367].

Complement also plays a key role in clearance 
of apoptotic cells. The surface of apoptotic cells 
often contains unique phospholipids and proteins 
that have translocated from the inner to the outer 
leaflet. Some of these molecules, such as phos-
phatidylserine [368], annexin 2, and annexin 5 
[369], are ligands for C1q, which activates com-
plement. The marked cell is then eliminated 
through engagement of complement receptors 
such as C1qR and CR3 on macrophages and den-
dritic cells. The importance of CR3 in eliminat-
ing apoptotic cells is supported by the observation 
that the R77H variant allele in CD11b (the 
α-chain of CR3) that results in impaired phago-
cytosis is a strong risk factor for SLE [370–373]. 
Complement activation on apoptotic cells is lim-
ited because these cells bind to complement 
inhibitors such as FH and C4BP [374, 375]. 
Further, elimination through complement recep-
tors such as CR3 may contribute to the minimal 
inflammation associated with apoptosis 
[376–378].

 Metabolism

Metabolic syndrome is associated with increased 
systemic inflammation, including activation of 
complement [379]. Insulin resistance and obesity 
are associated with increased concentrations of 
C3. Fat cells are the main source of FD, which is 
also known as adipsin, as well as FB and C3. 
Activation of C3 locally results in generation of 
C3a, which is rapidly converted to C3a-des-Arg 

by carboxypeptidase N.  C3a-des-Arg is also 
known as acylation-stimulating protein and pro-
motes triglyceride synthesis in fat cells by 
increasing the activity of diacylglycerol acyl-
transferase [380, 381].

 Complement and Cancer

Complement may play a role in immune surveil-
lance against malignant cells by promoting 
antibody- dependent cellular cytotoxicity and 
also by lysis through the terminal complement 
complex. However, several reports have eluci-
dated mechanisms whereby various cancer cells 
have developed mechanisms to limit comple-
ment activation on their surfaces. These include 
expression of high levels of membrane comple-
ment inhibitors, such as CD46, CD59, and DAF, 
and increased recruitment of fluid-phase com-
plement inhibitors such as FH and FHL-1 [382]. 
The anaphylatoxins C3a and C5a induce the 
secretion of vascular endothelial growth factor 
(VEGF), which may promote neovasculariza-
tion. A similar phenomenon may contribute to 
retinal neovascularization in the wet form of 
age-related macular degeneration, where VEGF 
inhibitors have therapeutic value. Complement 
can degrade the extracellular matrix, which may 
facilitate tumor invasion and migration. C5a also 
attracts myeloid-derived neutrophil- and mono-
cyte-like suppressor cells to tumors, which gen-
erate reactive oxygen and nitrogen species that 
interfere with the ability of T cells to respond to 
tumor antigens [383]. Signaling through C5aR 
inhibits apoptosis in neutrophils and T cells 
[241, 384] and increases proliferation of endo-
thelial and colon cancer cell lines [385, 386]. 
Activation of C3aR guides cell migration that 
may promote metastasis [387]. Insertion of sub-
lytic amounts of MAC in cell membranes pro-
motes cell proliferation, inhibits apoptosis, and 
enhances their resistance to complement-medi-
ated lysis [388–391]. The reader is referred to an 
excellent review by Afshar-Kharghan for a more 
detailed discussion of the role of complement in 
cancer [392].
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 Tissue Regeneration, Organogenesis, 
and Synaptic Remodeling

Accumulating experimental evidence suggests a 
role for complement in tissue growth and regen-
eration [393]. Certain amphibians such as newts 
have the capacity to regenerate their limbs and 
lens, a process that is associated with increased 
local production of C3 and C5. C3- and 
C5-knockout mice showed an impaired capacity 
for liver regeneration [394].

Complement may also be critical in refine-
ment of neural circuits. Studies in mice showed 
that the classical pathway of complement plays a 
crucial role in formation of mature neural circuits 
by eliminating inappropriate or unwanted syn-
apses [395]. A recent study showed an associa-
tion between higher levels of C4A expression in 
the brain and the development of schizophrenia 
[396]. It was postulated that excessive synaptic 
pruning during adolescence contributes to devel-
opment of schizophrenia. Consistent with this 
theory and previous work by Stevens et al. [395], 
C4-knockout mice also showed defects in synap-
tic refinement [396].

The C3a-C3aR interaction guides neural 
crest migration in Xenopus embryos [387, 397]. 
A role for the lectin pathway in development is 
suggested by the association of collectin 11 
(CL-K1) and MASP-1 with the 3MC syndrome 
[398], a term used to unify four rare autosomal 
recessive disorders with overlapping clinical 
features: Mingarelli, Malpuech, Michels, and 
Carnevale syndromes [399]. The 3MC syn-
drome is characterized by developmental abnor-
malities including characteristic facial 
dysmorphism (high-arched eyebrows, ptosis, 
cranial synostosis leading to an asymmetric 
skull, cleft lip, and/or palate and down-turned 
mouth), learning disability, and genital, limb, 
and vesicorenal anomalies. Gene-knockdown 
studies in zebra fish embryos showed that col-
lectin 11 and MASP-1 both played roles in guid-
ing the migration of neural crest cells during 
development [398].

The context and the extent of complement 
activation may be important in determining the 
outcome to the host. Controlled complement acti-
vation is important in eliminating apoptotic cells, 
facilitating adaptive immune responses, aiding 
tissue regeneration and in organogenesis, while 
unregulated complement activation may contrib-
ute to the pathology of acute myocardial infarc-
tion, stroke, hyperacute rejection of organ 
transplants, and tissue injury in conditions such 
as hepatic, pulmonary, and renal fibrosis, 
Alzheimer’s disease, Parkinson’s disease, and 
multiple sclerosis.

 Concluding Remarks

Complement plays critical roles in protecting 
hosts from invading pathogens. The past two 
decades have greatly expanded our understanding 
of the roles of complement beyond fighting infec-
tions. The structure of several proteins has been 
solved, and structure-function relationships have 
been elucidated. Several diseases have been asso-
ciated with complement dysfunction. An under-
standing of how polymorphisms in complement 
protein affect their function and how altered func-
tion is linked with diseases, coupled with the 
decreasing costs of gene sequencing, has led to 
characterizing “complotypes” [400], which may 
prove useful to define or predict imbalances in 
complement activity that may contribute to 
pathology. A deeper appreciation of the various 
functions of complement proteins in disease states 
makes them attractive targets for pharmacological 
intervention. In addition to the C5 inhibitor eculi-
zumab, which has been approved for the treat-
ment of PNH and aHUS, several new candidate 
molecules that target various arms of the comple-
ment system are currently in clinical trials or in 
various stages of preclinical development. We 
have only begun to scratch the surface; several 
more functions for complement will undoubtedly 
be uncovered, and lead to  the development of 
numerous complement-based therapeutics.
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Antimicrobial Peptides

Srinjoy Chakraborti and Sanjay Ram

 Introduction

In 1922, Alexander Fleming isolated lysozyme, 
the first identified antimicrobial peptide from 
nasal mucus. Subsequently, several antimicrobial 
proteins and peptides have been identified in 
organisms from each of the six kingdoms of life. 
Interest in antimicrobial proteins and peptides 
surged in the 1960s when antibiotic-resistant 
bacteria began  to emerge. These antimicrobial 
molecules vary greatly in size and structure. In 
some instances, antimicrobial functions have 
been discovered for molecules that have tradi-
tionally been associated with other physiological 
functions  – examples include laminin and his-
tones. A comprehensive catalog of over 2600 
naturally occurring antimicrobial molecules, 
including 112 human host defense peptides, can 
be found on the antimicrobial peptide database 
(http://aps.unmc.edu/AP/main.php; [1]).

This review focuses mainly on antimicrobial 
peptides (AMPs), which are small (in most 
instances, fewer than 50 amino acids) soluble 

peptides with effector functions similar to the 
complement proteins. Like complement proteins, 
most AMPs are activated posttranslationally from 
precursor peptides on specific surfaces (most 
commonly of microbial origin), and neutralize 
their targets. Similar to membrane attack com-
plex, the terminal pore-forming step of the com-
plement cascade, some AMPs form barrel-stave 
pores on their target membranes. Other functions 
shared by complement and antimicrobial pep-
tides include phagocyte chemotaxis, induction of 
chemokines and cytokines, and regulation of 
inflammation [2].

In addition to protecting the host against a 
broad spectrum of microbial pathogens, AMPs 
maintain the normal microbiome, modulate 
innate and adaptive immune responses, and may 
participate in tissue remodeling. Most AMPs are 
amphipathic or cationic, although anionic pep-
tides have also been described. AMPs are usually 
synthesized as precursor peptides, which include 
a signal sequence, and subsequently undergo 
post-translational modifications such as proteo-
lytic cleavage, glycosylation, C-terminal amida-
tion, amino acid isomerization, or cyclization 
[3–6].

It is believed that AMPs have evolved sepa-
rately on multiple occasions. Thus, it has been 
difficult to study their evolution even within the 
same gene families. For example, in humans a 
cluster of three β-defensin genes can exist in 
copy numbers of 2–12 per haploid genome 
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because of duplication events [7]. It is believed 
that gene duplication followed by adaptive evolu-
tion could yield peptides with enhanced antimi-
crobial properties, or in some instances novel 
functions, while still retaining the function of the 
original peptide [5].

 Synthesis of Human AMPs

Most canonical AMPs are synthesized by leuko-
cytes, which transport them to sites of infection, 
or by epithelial cells and then released into the 
interstitial milieu [3]. For instance, cathelicidin, 
the precursor form of LL-37, is expressed in the 
epithelial cells of the eye, skin, and gastrointesti-
nal, genitourinary, and respiratory tracts and also 
by neutrophils, natural killer, and mast cells [8]. 
Histatin (Hst) 1 is synthesized by the ocular epi-
thelium, while Hst5 is produced by epithelial sur-
faces in the oral cavity. Human α-defensins like 
human neutrophil peptides (HNPs) 1, 3, 4 and 
human defensin (HD) 6 were originally described 
in neutrophils but are also found in Paneth cells, 
tracheal epithelium, oral mucosa, and salivary 
glands. HD5 is found at female reproductive 
mucosal surfaces and airway and digestive epi-
thelium and in neutrophils. Human β-defensins 
(HBDs) 1, 2, 3, and 4 are secreted at gastrointes-
tinal surfaces (small intestine, colon), pancreas, 
parotid glands, mammary glands, thymus, both 
male and female reproductive tracts (prostate, 
vagina, cervix, uterus, oviduct, and placenta), tra-
cheobronchial epithelium, keratinocytes, skin, as 
well as by leukocytes such as macrophages and 
neutrophils [3]. Bactericidal/permeability- 
increasing protein (BPI), which bears structural 
homology with lipopolysaccharide (LPS)-
binding protein (LBP), is expressed in neutro-
phils and eosinophils and by some epithelial 
cells. Certain proteins with physiological “nonin-
fective” functions, which upon processing may 
assume AMP-like properties, are more widely 
distributed. For example, the matrix protein lam-
inin is widely distributed in the musculoskeletal, 
vascular, nervous, endocrine, respiratory, and 
reproductive systems [9]. Histone H2A is synthe-
sized in excess of what is required for DNA pack-

aging at the gastric mucosa and is stored in the 
secretory vesicles of cells at the site [3].

 Functions of AMPs

Although AMPs have traditionally been con-
strued as antimicrobial defense effectors, it is 
now evident that they participate in diverse pro-
cesses, such as wound healing, distinguishing 
self from nonself, and maintenance of a healthy 
and normal microbiome. HBDs and the cathelici-
din LL-37 facilitate tissue remodeling and wound 
healing through EGFR-mediated chemotaxis of 
epithelial cells and production of metalloprotein-
ases [10]. TGF-β and insulin-like growth factor 1 
(IGF-1)  in wounds lead to LL-37 production, 
which stimulates angiogenesis and granulation 
tissue formation by activating fibroblasts. HNP1 
upregulates procollagen mRNA transcripts and 
protein from fibroblasts, while HBD-1, 2, and 3 
cause keratinocyte proliferation [11]. LL-37 also 
regulates genes responsible for autophagy, apop-
tosis, and pyroptosis in neutrophils and macro-
phages, thereby controlling inflammation [10].

Dysregulation of AMP homeostasis has been 
associated with autoimmune disorders. AMPs 
may also contribute to inflammation and the 
pathogenesis of autoimmune diseases [12]. For 
example, LL-37 can bind to self-DNA and self- 
RNA, facilitating their recognition by Toll-like 
receptors (TLR) 9 and 7 or 8, respectively. 
Enhanced stimulation of TLR9 on plasmacytoid 
dendritic cells leading to upregulation of IFN-α 
(type I IFN) may lead to autoimmune T-cell acti-
vation and exacerbation of the skin lesions of 
psoriasis [13]. LL-37 may also modulate activa-
tion of TLR4 by LPS [14, 15]. Downregulation of 
LL-37 and HBDs 2 and 3 that is observed in 
atopic dermatitis can predispose such individuals 
to infections with Staphylococcus aureus [6]. 
Enhanced proteolysis of cathelicidin to LL-37 by 
cutaneous serine proteases is thought to contrib-
ute to the pathology of rosacea [16]; direct inhibi-
tion of serine proteases by topical azelaic acid 
reduced cathelicidin levels and alleviated symp-
toms [8]. Dysregulation of AMPs has also been 
associated with inflammatory bowel disease. 
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Significantly diminished mRNA levels of 
α-defensins (HDs 5 and 6) were seen in Paneth 
cells of patients with ileal Crohn’s disease [17]. 
On the other hand, these patients had elevated 
levels of β-defensins (HBDs 2 and 3) in their 
serum and terminal ileum, respectively [12].
Therefore, while AMP-mediated innate immune 
signaling cascades can on the one hand control 
infection and inflammation, on the other hand 
they can also precipitate immune dysregulation 
[6].

Thus, given their diverse mechanisms of 
action, and increasing repertoire of functions, 
AMPs are now being evaluated for potential ther-
apeutic applications not only in control of infec-
tions but also in wound healing and immune 
regulation and for treatment of cancer.

 Classification of AMPs

AMPs are diverse in structure, function, and ori-
gin, and thus there is no clear consensus on their 
classification scheme. They may be classified 
based on their biological source (e.g., bacterial, 
plant, animal), function (e.g., antibacterial, anti-
viral, insecticidal, chemotactic), peptide proper-
ties (charge or hydrophobicity), molecular targets 
(cell surface targeting properties or intracellular 
targeting peptides), and covalent bonding pattern 
(also called the universal classification (UC) 
scheme, proposed by Wang) [18]. Some authors 
have proposed the classification of AMPs based 
on their structure (Fig. 5.1), which is discussed 
below.

 α-Helical AMPs

Linear α-helical peptides are the most widely 
studied class of AMPs. Notable examples of this 
class of AMPs include the cathelicidin LL-37 and 
magainin-2 (pexiganan). Cathelicidins share a 
highly conserved N-terminal “cathelin” domain, 
but highly variable antimicrobial sequences, 
ranging from proline- and arginine-rich peptides 
to helical peptides to disulfide-linked peptides 
[19]. LL-37 is released following cleavage of the 

cathelin domain from the only known human cat-
helicidin, hCAP-18 (human cationic peptide of 
18  kDa). The term cathelicidin was originally 
used to refer to the entire precursor protein but 
now is often used interchangeably to refer to the 
antimicrobial peptide. α-Helical AMPs are 
amphipathic and often 30–40 amino acids in 
length, and some are rich in lysine and arginine 
residues. A few peptides in this class have a kink 
or a bend at the center, which is essential for their 
ability to disrupt membranes. While some of 
these peptides might be disordered in solution, all 
of them undergo an α-helical conformation when 
inserted into biological membranes [20, 21].

 β-Sheet AMPs

A second class of AMPs comprise β-sheets. 
Gramicidins, hepcidins, and α- and β-defensins 
belong to this class of peptides. Some of these 
AMPs have two or more antiparallel β-sheets sta-
bilized by disulfide bridges, while others such as 
the human hepcidins contain β-sheets with 
smaller intervening α-helices [4, 6, 20, 22].

All defensins are cationic and have six con-
served cysteine residues linked by three intramo-
lecular disulfide bridges; coupling of the Cys 
residues defines the three subfamilies, α, β, and θ 
(Fig. 5.1) [23, 24]. θ-Defensins are macrocyclic 
peptides with 18 amino acid residues formed by 
head-to-tail splicing of two separate 9-mer pre-
cursors linked by three intramolecular disulfide 
bridges. These are not found in humans because 
of a premature stop codon in sequence of one of 
the precursors. They are however abundant in 
rhesus macaques and one of them called retrocy-
clin- 1 inhibits cellular entry of HIV-1, HSV, and 
influenza A virus and protects against Bacillus 
anthracis spores. Their unique characteristics 
make them attractive therapeutic candidates [24].

 Extended AMPs

These peptides contain an abundance of amino 
acids such as proline, glycine, histidine, arginine, 
and tryptophan, which prevent formation of 
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 specific structural motifs. Unlike other AMPs, 
the structures they assume do not result from 
inter- residue hydrogen bonds but occur through 
hydrogen bonds and van der Waals interactions 
with membrane lipids. Human histatins are repre-
sentative of this class of AMPs [4, 6].

 Mechanisms of Action

While some AMPs exert direct bactericidal 
effects, others may kill microorganisms and 
cause damage to eukaryotic cells through modu-
lation of the immune system. In this light, it is 
reasonable to conclude that their functions can-
not be generalized, but are contextual and spe-
cific to the infection or the inflammatory process 
in question. AMPs may target extracellular mem-
branes or intracellular processes to mediate 

microbial or cellular damage. Table 5.1 summa-
rizes their mechanisms of action.

 Extracellular Targets of AMPs

 Membrane Damage by Pore 
Formation

The initial interaction between the negatively 
charged microbial membrane and AMPs is driven 
by electrostatic forces. Thus membrane-active 
AMPs are often cationic or complexed to a metal 
cation, such as zinc. Subsequent to initial mem-
brane targeting, α-helical peptides, which are 
relatively disordered in solution, undergo a phase 
transition. Upon interaction with phospholipid 
bilayers and LPS or lipid A, they quickly assume 
an amphipathic α-helical structure. β-Sheets 

Antimicrobial peptides (AMPs)

α-helical AMPs β-sheet AMPs

θ-defensins

Extended structure AMPs

Cathelicidins (e.g., LL-37)
Magainin-2

Gramicidin S
Hepcidins
Defensins

Histatins

Defensins
(contain 6 Cys residues)

α-defensins β-defensins

Human Neutrophilic Peptides (HNPs) 1 – 4 
Human defensins 5 and 6

Human beta defensins (HBDs) 1 – 3 Retrocyclin-1
Rhesus θ-defensin-1

Disulfide bridges link Cys
1 – 6, 2 – 4 and 3 – 5

Disulfide bridges link Cys
1 – 5, 2 – 4 and 3 – 6

Two distinct nonapeptides
linked by 3 disulfide bonds

Fig. 5.1 Classification of antimicrobial peptides based 
on their structure. Structures of representative molecules 
are shown: α-helical peptides, LL-37 (https://doi.
org/10.2210/pdb2k6o/pdb); β-sheet peptides, human neu-
trophil peptide (HNP) 1 (https://doi.org/10.2210/pdb3hjd/

pdb), human beta-defensin (HBD) 1 (https://doi.
org/10.2210/pdb1iju/pdb), and rhesus theta defensin-1 
(https://doi.org/10.2210/pdb2lyf/pdb); extended structure 
AMPs, indolicidin (https://doi.org/10.2210/pdb1g8c/pdb)
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which are more structured in solution may 
undergo multimer disassembly and form quater-
nary structures. Once the concentration of AMPs 
on the membrane reaches a critical threshold, the 
peptides undergo an amphipathicity-dependent 
second structural reorganization that leads to for-
mation of pores in membranes. Their hydropho-
bicity enables these peptides to partition into the 
membrane lipid bilayer. Additionally, membrane 
damage is often brought about either by cationic 
AMPs or anionic AMPs complexed with a metal 
cation like zinc, which enables them to target 

anionic microbial membranes. Upon formation 
of pores, critical cellular functions such as main-
tenance of electrochemical gradients, selective 
permeability, respiration, and scaffolding of 
essential microbial proteins are perturbed, lead-
ing to rapid cell death [21, 25]. Multiple models 
of pore formation have been proposed (Fig. 5.2) 
and are discussed below.

 A. Barrel-Stave Model
Alamethicin and gramicidin S are exam-

ples of AMPs that form barrel-stave pores in 
microbial membranes [26]. Upon reaching a 
critical lipid/peptide ratio, the AMPs oligo-
merize and insert perpendicularly into the 
microbial membrane, forming a transmem-
brane pore (internal and external diameters of 
1.8 nm and 4 nm, respectively), akin to the 
staves that form a barrel. The hydrophobic 
regions of the peptide associate with lipid 
head groups, while the hydrophilic regions 
form the lumen. About 3–11 peptides are usu-
ally required to form barrel-stave pores [4, 
21].

 B. Toroidal/Disordered Toroidal Pore Model
Peptides such as magainin and protegrin 

form toroidal pores. Toroidal pores are dis-
tinctive from barrel-stave pores in that the 
lumen of the pore facing the water core is 
lined by polar lipid head groups even when 
peptides are perpendicularly inserted into the 
membrane. Peptides bind to the membrane, 
causing strain such that it leads to progressive 
membrane thinning until the lamellar normal 
finally gives way and peptides get inserted 
perpendicularly and on the inner aspect of the 
membrane, such that a continuous peptide 
lined hole is formed. Such pores are usually 
larger than barrel-stave pores, with an inter-
nal diameter of 3–5 nm and an external diam-
eter of 7–8.4 nm. These pores comprise 4–7 
peptide monomers and about 90 lipid head 
groups. In this model, while most of the pep-
tides line the external opening and a few line 
the internal leaflet, all are parallel to the 
membrane normal. Only a single peptide tilt-
ing inward is usually observed in the water 
core [21, 27, 28].

Table 5.1 Mechanisms of action of AMPs

Mechanism Examples Target
Formation of 
membrane 
pores

Dermacidins, 
BPI

S. epidermidis, E. 
faecalis, S. 
typhimurium, E. 
coli, Candida spp.

Inhibition of 
peptidoglycan 
synthesis

HBD-3, HNP1 S. aureus

Membrane 
splitting and 
blebbing

hRNAse7 P. aeruginosa, P. 
mirabilis, S. 
saprophyticus, E. 
faecalis

Neutralization of virulence factors
Inhibition of 
PAMP 
recognition

H2A, H2B Gram-negatives

Inhibition of 
cellular entry

HNPs1–3, 
HD5, HBD-3, 
and HBD-5

HSV

Inhibition of protein function
Disruption of 
cellular 
energetics

Hst5, BPI Candida, 
Leishmania and 
Salmonella spp., 
E. coli

Inhibition of 
translation

HNP1, tPMP-1 Staphylococci

Inhibition of 
nucleic acid 
functions

L4-L5 peptide 
fragment of 
laminin

E. coli, S. aureus

Chemotaxis HNPs1 and 2, 
LL-37, α- and 
β-defensins

Neutrophils, 
macrophages, 
dendritic cells, T 
cells

Chemokine and 
cytokine 
induction

HNPs 1, 2, 3, 
and 4

Mast cells, 
epithelial cells, 
monocytes, T 
cells, B cells, NK 
cells

Modulation of 
complement

HNPs 1–3 Complement C1q
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 C. Carpet Model
At very high concentrations, cationic pep-

tides lie in-plane with the anionic microbial 
membranes covering it like a carpet and 
finally forming micelles in a detergent-like 
fashion. This leads to increases in membrane 
permeability without actually forming pores 
and is considered an extreme form of the 
toroidal pore. Cercopin derivatives, such as 
HB-50, HP-107, and LL-37, are thought to 
function via this model [4, 21, 25, 27].

 D. Formation of Ion Channels and Membrane 
Depolarization

The anionic antimicrobial peptide found in 
human sweat, dermacidin, is a broad-spec-
trum antimicrobial that is active against 
gram- positives such as Staphylococcus 
aureus, S. epidermidis, Enterococcus faeca-
lis, and Listeria monocytogenes; gram-nega-
tives such as Pseudomonas putida, Salmonella 
typhimurium, and Escherichia coli; and fungi 
such as Candida albicans. The protein is a 

Fig. 5.2 Mechanisms of membrane damage by AMPs. 
AMPs are attracted to biological membranes by electro-
static interactions. When a critical peptide to lipid ratio is 
reached, peptides are inserted and oriented along mem-
branes to form pores. Barrel-stave model: peptides are 
inserted into membrane parallel to each other to form a 
pore lined only with peptides. Toroidal model: peptides 
create a strain on the membrane causing it to thin progres-
sively until the strain creates a water pore lined by both 
peptide as well as lipid head groups. Carpet model: AMPs 

cover the membrane in a carpet like fashion, causing 
strain. The membrane bends over and peptides line the 
cytoplasmic leaflet as well. Micelles are formed from 
intervening lipid bilayers. Ion channel: formed by AMPs 
which have no distinct structure in solution, but when they 
come in contact with bacterial membrane they form an 
α-helical structure and multiple peptides are stabilized by 
cations such Zn2+ to form ion channels that cause mem-
brane depolarization
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random coil stabilized by the low pH and 
Zn2+ ions. However, when in proximity to an 
anionic microbial membrane, the cationic 
N-terminus of the protein interacts electro-
statically with the membrane, assumes an 
α-helical secondary structure, and oligomer-
izes and inserts into the membrane via its 
C-terminus, forming an ion channel stabi-
lized by the Zn2+ ions at its N-terminus. Loss 
of ions through this channel ultimately leads 
to disruption of membrane potential and cell 
death [29].

 Inhibition of Peptidoglycan Cell Wall 
Synthesis

HBD-3 secreted by epithelial cells and neutro-
phils inhibits penicillin-binding protein 
2- mediated transglycosylation of the monomeric 
lipid II pentapeptide molecules into the poly-
meric murein sacculus of S. aureus [30]. Human 
neutrophil defensin (HNP) 1 also interacts with 
lipid II of S. aureus to inhibit peptidoglycan syn-
thesis [31].

 Disruption of Membrane Integrity

Human ribonuclease 7 (hRNAse 7) is a 128 
amino acid cationic protein which is abundant 
in epithelial tissues, skin, and respiratory and 
urogenital tracts. It is active against gram-posi-
tive as well as gram-negative bacteria such as 
Proteus mirabilis, P. aeruginosa, E. coli, 
Klebsiella pneumoniae, S. saprophyticus, and 
E. faecalis. Bacteria exposed to this CAMP 
showed extensive membrane splitting and bleb-
bing ultimately leading to cell death [32]. 
Although the exact mechanism of action of this 
AMP has not been elucidated, evidence sug-
gests that this AMP probably interacts with pro-
teins tethering the bacterial cell membrane to 
underlying structures, thereby causing mem-
brane release. For example, it disrupts the outer 
membrane protein (Opr) I (a homolog of 
Braun’s lipoprotein found in other gram- 
negatives such as E. coli and Klebsiella spp.) in 

Pseudomonas which tethers the outer mem-
brane to the murein sacculus [33].

 Neutralization of Extracellular 
Virulence Factors

Recent work demonstrated that cationic histone 
proteins H2A and H2B are expressed in cytosolic 
compartments, at cell surfaces, as well as in the 
extracellular milieu in the human placenta. In 
fact, the bactericidal effects of the amniotic fluid 
stems from the ability of H2A and H2B to bind 
strongly to the anionic lipid A and core oligosac-
charides of gram-negative pathogens. Although 
not directly microbicidal, binding of these his-
tone proteins to lipid A prevents lipid A signaling 
through TLR4, thereby limiting production of 
IL-1, IL-6, and TNF-α, all of which contribute to 
septic shock [34].

Human α- and β-defensins protect against her-
pes simplex virus (HSV) infections by inhibiting 
the virus from attaching to its cell receptor and 
entering cells. Several HNPs and HDs bind to 
various viral glycoproteins as well as to heparan 
sulfate (the cell surface receptor for HSV), 
thereby preventing viral penetration into host 
cells [35].

 Intracellular Targets of AMPs

 Disruption of Protein Synthesis 
and Function

Hst-5 is a strongly basic α-helical peptide which 
has been demonstrated to be effective against 
fungi such as Candida as well as parasites such 
as Leishmania. This AMP disrupts mitochondrial 
membrane integrity, resulting in malformation of 
cristae and dissipation of membrane potential, 
thereby abrogating ATP synthesis and cellular 
energetics [36, 37]. While this AMP undergoes 
receptor-mediated endocytosis to gain entry into 
Candida, the mechanism of its entry into 
Leishmania remains unclear [38]. Although not 
as conclusively documented as with Hst-5, there 
is some evidence that human  bactericidal/
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permeability- increasing protein (BPI) also inter-
feres with the bacterial NADH, ubiquinone oxi-
doreductase system in E. coli and Salmonella, 
thereby interfering with bacterial respiration and 
energy production [39]. HNP1 and thrombin- 
induced platelet microbicidal protein-1 (tPMP-1) 
are believed to inhibit translation by binding to 
staphylococcal 30s and 50s ribosomal subunits 
[40].

 Inhibition of DNA Function

Laminins are a group of matrix proteins found 
throughout the human body that comprise three 
chains (α, β, and γ) linked by disulfide bridges. 
The globular C-terminus of the α-chain has 5 
laminin G (LG) domain-like modules, two of 
which (LG4 and LG5) are secreted into the fluid 
phase following proteolytic cleavage, and can 
then bind to the DNA of S. aureus and E. coli and 
inhibit bacterial growth [9].

 Immunological Functions of AMP

 Chemotactic Function

AMPs are among the multiple chemotactic sig-
nals responsible for the influx of immune effector 
cells to the site of inflammation following tissue 
injury or infection. Defensins such as HNP1 and 
HNP2 that are released from neutrophil azuro-
philic granules cause the influx of monocytes and 
macrophages [41]. Human α- and β- defensins 
serve as chemoattractants for T cells and imma-
ture dendritic cells [42]; α-defensins attract 
CD45RA+ naïve T cells, while β-defensins attract 
CD45RO+ memory T cells and immature den-
dritic cells. The human cathelicidin LL-37 
induces Ca2+ mobilization that is required for 
vesicle fusion and other cellular functions and 
also attracts neutrophils, monocytes, and T cells 
through the formyl peptide receptor-like 1 
(FPRL1) [43].

 Cytokine and Chemokine Induction

AMPs have also been implicated in chemokine 
and cytokine induction which lead to cellular 
influx and pro-inflammatory processes. For 
example, HNP1 and HNP4 cause mast cell 
degranulation and histamine release [44]. HNPs 
1, 2, and 3 stimulate production of IL-8 by the 
bronchial epithelium and release of TNF-α, and 
IL-1 by monocytes, while simultaneously sup-
pressing anti-inflammatory cytokines such as 
IL-10 [45]. HBD-3 can upregulate expression of 
co-stimulatory molecules such as CD80, CD86, 
and CD40 on monocytes and myeloid dendritic 
cells in a TLR 1- and TLR 2-dependent fashion 
that also involves downstream MyD88 and sig-
naling IRAK-1 phosphorylation [46]. HBDs 2, 3, 
and 4 and LL-37 also induce the production of 
IL-18, IL-20, and IL-8 from human keratino-
cytes; these pro-inflammatory cytokines have 
been implicated in the pathogenesis of skin dis-
eases such as psoriasis. HNPs 1, 2, and 3 stimu-
late IL-1, IL-4, IL-6, TNF-α, and IFN-γ from 
monocytes, and chemokines such as MCP-1 and 
MIP-2 from pulmonary epithelial cells, while the 
cathelicidin LL-37 induces IL-8, MCP-1, and 
MCP-3 production from monocytes and airway 
epithelium [47]. Such cytokine induction may 
subsequently trigger cascades where other 
immune cells like T, B, and NK cells are also 
activated to produce chemokines [42].

Defensins may also modulate activity of the 
complement system, although their role remains 
controversial. HNPs 1–3 immobilized to microti-
ter wells bind C1q and activate the classical path-
way [48]. Although the C1q binding motif on 
defensins has not been localized, they possess 
structural and sequence homology with HIV 
gp41, which also binds C1q. Both gp41 and 
defensins contain charged amino acids arranged 
in a loop-like structure similar to the C1q binding 
motif in IgG (ExKxK) [48]. By contrast, 
Groeneveld and colleagues showed that HNP-1 
binds to the collagen stalk regions of C1q and 
MBL in a Ca2+-independent manner and blocked 
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activation of the classical and lectin pathways, 
respectively [49]. The authors posited that 
 defensins may limit excessive complement acti-
vation at sites of tissue injury.

 Resistance to Antimicrobial 
Peptides

Successful establishment of infection requires 
the pathogen to evade host defenses. While wide-
spread resistance to currently available antibiot-

ics has generated considerable interest in AMPs 
as possible alternatives in the management of 
infectious diseases, it is not surprising that resis-
tance to these agents have been documented 
in several pathogens (summarized in Table 5.2).

 Alteration of Cell Surface Properties

Cationic AMPs attack the negatively charged 
bacterial outer membrane. Bacteria have evolved 
mechanisms to decrease the affinity of their inter-

Table 5.2 Mechanisms of AMP resistance

Mechanism Examples
Reducing cell surface 
electronegativitya

Addition of positively charged residues
  Aminoarabinose to lipid A – Burkholderia, Salmonella enterica, P. mirabilis
  Phosphoethanolamine (PEtn) to lipid A – Neisseriae
  Glycine and diglycine to lipid A – Vibrio cholerae El Tor
  D-alanine to polyteichoic acid – S. aureus, group B streptococci, Listeria 

monocytogenes
  L-lysine to phosphatidylglycerol – S. aureus
Removal of negatively charged resides
  Dephosphorylation of the LPS – Helicobacter pylori, Francisella novicida

Decoy targets and trapping of 
AMPs

Alginate capsule – Pseudomonas aeruginosa traps CAMPs
Polyanionic capsules –several, including Neisseria meningitidis, Haemophilus 
influenzae, Legionella pneumophila, Streptococcus pneumoniae, Bacillus 
anthracis
Staphylokinase – S. aureus (binds HNPs 1, 2)
Streptococcal inhibitor of complement (SIC) – Streptococcus pyogenes (binds 
HNP1, LL-37)

Expression of drug efflux pumps MtrCDE – Neisseria gonorrhoeae
AcrAB – Klebsiella pneumoniae
RosA/B – Yersinia spp.
QacA – S. aureus, coagulase- negative staphylococci
YejA-F – S. typhimurium

Proteolytic degradation of AMPs OmpT – E. coli (C18G)
PgtE – Salmonella enterica (C18G)
Gingipains – P. gingivalis (HBD-3)
Aureolysin – S. aureus (LL-37)
ZmpA, ZmpB – Burkholderia cepacia (LL-37, protamine, HBD-1)

Regulation of host AMP 
production and activity

Shigella spp., cholera toxin, labile toxin of E. coli – transcriptionally represses 
LL-37 and HBD-1 production
P aeruginosa - upregulates host cathepsins, which degrade AMP HBDs 2 and 3
S. pyogenes – represses HBD-2 production by keratinocytes
N. gonorrhoeae – represses LL-37 production

aSee text for genetic control of charge modulation
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action with AMPs by making their cell surfaces 
less electronegative, either by adding positively 
charged residues or by removing negatively 
charged moieties. For instance, members of the 
Burkholderia cepacia complex, S. enterica 
serovar typhimurium, and Proteus mirabilis add a 
4-amino-4-deoxy-T-arabinose group to the lipid 
A moiety of LPS that imparts a positive charge 
that neutralizes the negative charge of the phos-
phate group, thereby conferring resistance to 
polymyxin B. Similarly, the addition of phospho-
ethanolamine (PEtn) residues to the lipid A of 
Neisserial lipooligosaccharides renders them 
resistant to polymyxin, LL-37, and protegrin [50, 
51]. While the classical biotype of Vibrio chol-
erae is susceptible to polymyxin, the O1 El Tor 
biotype is resistant to this AMP because it pos-
sesses glycine and diglycine residues in its lipid 
A [50]. Gram-positive bacteria like S. aureus, 
group B streptococci, and Listeria monocyto-
genes all possess a four-gene operon dltABCD, 
the products of which add D-alanine to the nega-
tively charged polyanionic teichoic acid back-
bone. However, some authors suggest that 
D-alanylation-mediated AMP resistance is not 
because of decreased negative charge of the sur-
face, but the result of enhanced cell wall density, 
which inhibits the interaction with AMPs. The 
addition of L-lysine to the anionic phosphatidyl-
glycerol by the product of mprF of S. aureus ren-
ders it resistant to neutrophil defensins [50]. 
Francisella novicida and Helicobacter pylori 
resist polymyxin B by reducing the negative 
charge of their lipid A through lipid A 
phosphatase- mediated elimination of the 4′ phos-
phate [51].

 Decoy Targets and Trapping of AMPs

Several bacteria and fungi elaborate capsules or 
glycocalyces or other exopolysaccharides that act 
as decoy targets or matrices for AMPs and seques-
ter them such that they cannot reach their target 
membranes. A notable example is the anionic 
alginic acid capsule of Pseudomonas aeruginosa, 
which traps cationic AMPs before they can tra-

verse to the membrane, thereby rendering the 
organism resistant to their bactericidal activity. 
Capsules and slime layers of most pathogens bear 
a negative charge and can be hypothesized to con-
fer resistance against AMPs in a similar fashion 
[52]. Resistance of serogroup B Neisseria menin-
gitidis to polymyxin B, α- and β-defensins, cathe-
licidin, and mCRAMP has been attributed to its 
capsular polysaccharide [51]. Other pathogens 
such as Klebsiella pneumoniae, Haemophilus 
influenzae, Legionella pneumophila, Streptococcus 
pneumoniae, and Bacillus anthracis may also 
employ similar AMP defense mechanisms [52]. 
Staphylokinase released by S. aureus forms com-
plexes with α-defensins such as HNP1 and HNP2 
and protects bacteria from their bactericidal effects 
[53]. Another protein, streptococcal inhibitor of 
complement (SIC), that is produced in copious 
amounts by Streptococcus pyogenes binds to and 
neutralizes the activities of HNP1 and LL-37 [54].

 Active Efflux

Efflux pumps are energy-dependent protein com-
plexes that extrude a variety of toxic molecules 
that may traverse the outer membrane, including 
AMPs. The resistance-nodulation-cell division 
(RND) pumps are driven by proton-motive force 
and anti-port H+ ions into the cell while expelling 
AMPs from the intracellular compartment [55]. 
For example, the MtrCDE pump (encoded by 
multiple transferable resistance genes mtrC, D, 
and E) in Neisseria gonorrhoeae confers resis-
tance to LL-37 and protegrin-1. Similarly, delet-
ing mtrC in Haemophilus ducreyi enhances 
sensitivity to LL-37 and β-defensins [51]. The 
plasmid-encoded quaternary ammonium com-
pounds A (QacA) multidrug efflux pump, a mem-
ber of the major facilitator superfamily (MFS) of 
pumps, found in S. aureus as well as coagulase- 
negative Staphylococci anti-ports an AMP called 
thrombin-induced platelet microbicidal protein 
(tPMP-1) in exchange for H+ ions [56]. Others 
suggest that QacA-dependent alterations in the 
cytoplasmic membrane confer AMP resistance 
[57]. RosA/B, a potassium anti-porter efflux 
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pump of the MFS family driven by proton-motive 
force in Yersinia spp. confers resistance to 
CAMPs such as polymyxin B [58]. Similarly, 
genetic deletion of the AcrAB efflux pump in 
Klebsiella pneumoniae significantly decreased 
bacterial survival in the presence of AMPs includ-
ing polymyxin B, HNP1, HBD-1, and HBD-2 
when compared to the wild-type strains [59]. The 
ATP-binding cassette (ABC) transporters utilize 
energy from ATP hydrolysis to scavenge and 
extrude AMPs from the periplasmic space [60]. 
Mutations of the ATP-binding domains of the 
ABC transporter encoded by yejABCDEF in S. 
typhimurium render it more sensitive to prot-
amine, polymyxin B, melittin, HBD-1, and 
HBD-2 [61]. The action of efflux pumps appears 
to be AMP and bacteria specific because ectopic 
expression of such pumps in other bacteria does 
not confer resistance to AMPs. Further, overex-
pression of pumps that are responsible for resis-
tance against particular AMPs in one genus may 
not confer resistance against the same AMPs in 
other genera [57].

 Proteolytic Degradation

A number of pathogenic bacteria proteolytically 
degrade and inactivate AMPs. For instance, P. 
aeruginosa isolated from cutaneous ulcers 
expresses an elastase that proteolytically degrades 
LL-37, which allows the pathogen to survive in 
the presence of high concentrations of the AMP 
[62]. Burkholderia cepacia produces two zinc 
metalloproteases ZmpA and ZmpB, which 
degrade LL-37 and protamine, and HBD-1, 
respectively [63]. Aureolysin, a metalloprotein-
ase expressed by S. aureus, cleaves LL-37 at 
multiple sites within its antibacterial C-terminal 
region. Bacterial survival in the presence of 
LL-37 correlated inversely with the amount of 
aureolysin expressed [64].The periodontal patho-
gen, Porphyromonas gingivalis elaborates prote-
ases called gingipains, which degrade AMPs 
such as HBD-3 [65]. Omptins, a class of β-barrel 
membrane spanning aspartate proteases that 

hydrolyze proteins, are conserved across multiple 
genera within the Enterobacteriaceae family. 
They have five extracellular loops that determine 
substrate specificity. Both enterohemorrhagic 
and enteropathogenic E. coli (EHEC and EPEC, 
respectively) have an outer membrane omptin 
family protease, OmpT that cleaves α-helical 
AMPs such as LL-37 and C18G.  The rate of 
cleavage is more rapid with EHEC OmpT than 
with EPEC OmpT [66]. PgtE which is a func-
tional homolog of OmpT in Salmonella enterica 
cleaves the AMP C18G [67, 68].

 Regulation of Host AMP Production 
and Activity

Stimulation of pattern recognition receptors 
(PRRs) such as TLRs by pathogen-associated 
molecular patterns (PAMPs) including LPS and 
teichoic acids results in activation of NF-κB, 
which upregulates host AMP production. The pro-
cess is further amplified by chemokines and cyto-
kines such as IL-1, IL-6, and TNF-α [50]. However, 
many pathogens have evolved to limit AMP pro-
duction. For example, Streptococcus pyogenes is a 
poor inducer of HBD-2 production in terminally 
differentiated human epidermal keratinocytes 
[69]. RNA analysis from tissue biopsies from 
infected individuals and from epithelial and mono-
cyte cell lines infected in  vitro revealed that 
Shigella dysenteriae type I and S. flexneri actively 
suppress LL-37 and HBD-1 production during 
early phases of infection through a plasmid DNA-
mediated process [70]. Cholera toxin from the 
Vibrio cholera O139 Bengal strain and labile toxin 
from enterotoxigenic E. coli (ETEC) transcrip-
tionally repress the production of LL-37 and 
HBD-1 by activating several intracellular signal-
ing pathways [71]. N. gonorrhoeae actively 
represses the production of LL-37 by epithelial 
cells [72]. P. aeruginosa that often colonizes the 
airways of individuals with cystic fibrosis upregu-
lates the production of host cysteine proteases 
including cathepsins B, L, and S, which in turn 
degrade AMPs such as HBD-2 and HBD-3 [73].
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 Genetic Regulation of AMP 
Resistance

Bacterial genes that mediate AMP resistance are 
often transcribed only when the bacterium senses 
AMPs using two-component signaling systems 
(TCSSs). TCSSs comprise a homodimeric 
membrane- bound periplasmic sensory protein 
that contains a histidine kinase (HK) domain and 
a cytoplasmic transcriptional response regulator 
(RR) protein, also organized as a homodimer. 
Upon stimulation, the HK domain catalyzes the 
ATP-dependent autophosphorylation of a con-
served His residue within the HK dimerization 
region. The RR domain then catalyzes a phos-
phorelay whereby phosphate from the phospho- 
His in the HK domain is transferred to a conserved 
Asp residue in the RR. This event is followed by 
downstream activation of transcriptional regula-
tors [74, 75].

In the PhoP/Q TCSS of Salmonella, PhoQ (the 
HK) senses low concentrations of divalent cat-
ions such as Mg2+ and Ca2+, or acidic pH within 
phagolysosomes, and phosphorylates PhoP (the 
RR), which in turn upregulates expression of 
pagP that palmitoylates lipid A.  The resulting 
hepta-acylated lipid A alters membrane fluidity 
by enhancing hydrophobic interactions and ren-
ders it impermeable to α-helical AMPs [76, 77]. 
Phosphorylation of PhoP also upregulates PgtE, a 
membrane protease in Salmonella that cleaves 
α-helical AMPs such as C18G [77]. The HK of 
another Salmonella TCSS, PmrB, senses acidic 
pH and phosphorylates PmrA (the RR), which in 
turn regulates the pmrE/pmrF operon that adds 
positively charged moieties such as PEtn and 
aminoarabinose to LPS, thereby decreasing its 
negative charge and conferring resistance to 
polymyxin B as discussed above [77]. A TCSS 
homologous to the PmrA/PmrB is also present in 
P. aeruginosa, which upon stimulation adds ami-
noarabinose to the LPS and makes the organism 
polymyxin B resistant [78]. Additionally, P aeru-
ginosa has two TCSSs called CprRS and ParRS 
that directly sense CAMPs such as CP28, indoli-
cidin, and polymyxin B and activate the arn-
BCADTEF operon, which adds positively 

charged aminoarabinose to LPS, rendering the 
organism AMP resistant [79].

 Clinical Use of Host Antimicrobial 
Peptides

Because of the widespread emergence of resis-
tance to conventional antibiotics, AMPs may 
constitute an attractive alternative for the treat-
ment of infectious diseases. They are effective 
against a broad spectrum of microorganisms, 
have a rapid onset of activity, and are relatively 
protected against development of resistance. 
Currently, only few AMPs, including polymyxin 
B, bacitracin, gramicidin, and glycopeptides such 
as vancomycin and teicoplanin, are licensed for 
clinical use. Some of the AMPs that have under-
gone or are currently undergoing clinical trials 
are discussed below.

 Neuprex

Neuprex or rBPI21 is a 21 kDa recombinant form 
of the first 193 amino acid residues of N-terminal 
region of the 55 kDa bactericidal/permeability- 
increasing protein (BPI), where the cysteine at 
position 132 is replaced by alanine. BPI binds to 
LPS with high affinity, which forms the basis for 
its activity against gram-negative bacteria. Upon 
interaction with negatively charged membranes, 
rBPI21 induces aggregation and causes leakage 
through pores through hemifusion of inner and 
outer membranes enriched in phosphatidylglyc-
erol [80, 81]. A phase 3 clinical trial assessed the 
efficacy of rBPI21 as adjunctive treatment of chil-
dren with meningococcemia. The 60-day mortal-
ity among the 190 children who received rBPI21 
and the 203 children who received placebo was 
7.4% and 9.9%, respectively [82]. The lower 
than expected mortality in the placebo group led 
to the study being underpowered to obtain the 
desired improvement in survival with rBPI21. 
Among subjects who survived to receive the 
complete infusion of the study drug, mortality 
was 6.2% in the placebo group versus 2.2% in 
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the rBPI21 group (P = 0.07). There were trends 
toward reduced requirement for renal replace-
ment therapy, decreased need for blood prod-
ucts, and shorter time on ventilators in children 
who received rBPI21. Administration of rBPI21 
was not associated with any major adverse 
effects. rBPI21 was also used in conjunction with 
conventional antibiotics in intra-abdominal 
infections and lung infection in persons with 
cystic fibrosis because this peptide may render 
otherwise drug-resistant organisms more sensi-
tive to antibiotics. In a phase 2 trial in patients 
with hemorrhagic trauma, patients on Neuprex 
showed significantly better  outcomes versus 
those on placebo [83].

 Omiganan

Omiganan is a 12-amino acid peptide analog of 
indolicidin, an AMP found naturally in bovine 
neutrophil granules, with microbicidal activity 
against gram-positive and gram-negative bacte-
ria, as well as fungi. Although its mechanism of 
action remains unclear, omiganan is hypothe-
sized to cause cell death primarily by membrane 
depolarization and disintegration. It may also 
interact with DNA, thereby inhibiting the activity 
of DNA-binding enzymes and cause filamenta-
tion of genetic material [27]. Clinical trials sug-
gest that topical omiganan gel may be effective 
for the prevention of intravascular catheter- 
related infections and the treatment of papulo-
pustular rosacea. A study of topical omiganan for 
treatment of acne vulgaris is underway.

 Pexiganan/MSI-78

Pexiganan is a synthetic derivative of the 
magainin-2, a naturally occurring AMP in the 
frog Xenopus laevis that has broad-spectrum 
(including anaerobes) bactericidal properties by 
forming toroidal pores in membranes [84]. 
Topical pexiganan is being evaluated for treat-
ment of diabetic foot ulcers.

 Iseganan/IB-367

Iseganan is derived from porcine protegrin-1 and 
also functions by forming pores in bacterial and 
fungal membranes [85]. Although topical isega-
nan reduced microbial colonization of the oro-
pharynx, it failed to decrease the incidence of 
ventilator-associated pneumonia [86]. The drug 
is being evaluated to reduce the severity of oral 
mucositis in patients undergoing radiotherapy for 
head and neck cancer.

 hLF1-11

Human lactoferrin-derived peptide, hLF1-11, is a 
synthetic peptide comprising the first 11 N-terminal 
residues of the native protein. It has activity against 
methicillin-resistant S. aureus, K. pneumoniae, L. 
monocytogenes, A. baumannii, and fluconazole-
resistant C. albicans [87]. This peptide has direct 
microbicidal as well as immunomodulatory modes 
of action. It associates with anionic membranes 
through its positively charged N-terminal region 
and enhances membrane permeability [88, 89]. 
Upon stimulation with hLF1- 11, monocyte differ-
entiation was directed toward a subset of macro-
phages with a TLR 4-, 5-, and 7-mediated 
pro-inflammatory cytokine profile and enhanced 
effector functions against S. aureus and C. albi-
cans [90, 91]. The peptide is currently being evalu-
ated in hematopoietic stem cell transplant recipients 
to treat bacterial and fungal infections [92].

 CZEN-002/8-mer α-Melanocyte- 
Stimulating Hormone (α-MSH) 
Derivative

This α-MSH derivative causes cAMP accumula-
tion in C. albicans, thereby disrupting signaling 
pathways. CZEN-002 is also anti-inflammatory 
and suppresses TNF-α production [87]. CZEN- 
002 is currently in phase 2 trials for treatment of 
vulvovaginal candidiasis [92]. The peptide is also 
effective against C. krusei and C. glabrata, which 
are becoming increasingly drug-resistant.
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 PAC-113/Histatin 5 Derivative

PAC-113 is a derivative of the human salivary 
α-helical peptide histatin 5 (Hst-5) and has been 
granted an Investigational New Drug (IND) sta-
tus by the FDA for treatment of oral candidiasis 
[87, 92]. It is active against several species of 
Candida such as C. albicans, C. glabrata, C. 
parapsilosis, and C. tropicalis, including drug- 
resistant isolates [87]. The mechanism of action 
of Hst-5 is dichotomous. On the one hand, Hst-5 
can bind to the candidial membrane-bound heat 
shock protein (Ssa1/2), undergo receptor- 
mediated endocytosis, and subsequently target 
the mitochondria and intracellular plasma mem-
branes. Alternatively, it can also function as a 
classical α-helical cationic AMP and interact 
with anionic membranes, causing membrane 
damage and cell death [38].

Several other antibacterial peptides are either 
in clinical development or in early stage clinical 
trials. The reader is referred to more detailed 
reviews on this subject [92–94].

Despite their broad spectrum of antimicrobial 
activity, often greater microbicidal efficacy on a 
molar basis when compared with conventional 
antibiotics, and limited evidence of development 
of acquired resistance, there are several consider-
ations which have slowed development of these 
peptides as anti-infectives. Most AMPs are labile 
and susceptible to pH changes and proteolytic 
degradation within the host [87, 92]. This neces-
sitates their use at high concentrations at which 
point they lose specificity for microbial mem-
branes and often damage host cell membranes 
[95]. Toxicity following systemic administration 
often restricts their use to topical formulations. 
Moreover, effective drug delivery to locations 
where drug penetration is characteristically poor, 
or to intracellular sites, is another practical hurdle 
that hinders widespread use of these compounds. 
Finally, the costs of production of AMPs are 
often prohibitive, although engineering shorter 
peptides may help alleviate this problem [87, 92]. 
To overcome some of these obstacles, synthetic 
compounds called “peptidomimetics” are being 
developed. These molecules retain the function 

of AMPs but lack some of the drawbacks of 
AMPs listed above [94, 96].

 Dysregulation of AMPs in Human 
Disease

The role of AMPs in human physiology is becom-
ing increasingly appreciated. While causality 
between dysregulated AMP production and dis-
ease mechanisms is yet to be firmly established, 
associations between certain infections and dis-
eases with presumed immunological origins and 
altered AMP levels have been documented. For 
instance, patients with atopic dermatitis (AD) 
have lower levels of dermicidin (DCD)-derived 
peptides in their sweat compared to healthy vol-
unteers. Moreover, AD patients with histories of 
recurrent bacterial and viral skin infections had 
less DCD and DCD-1L in their sweat in compari-
son to AD patients with no prior history of infec-
tious complications [97]. Skin biopsies of AD 
patients also revealed lower amounts of the cathe-
licidin LL-37 and human β-defensin 2 (HBD- 2) 
compared to patients with psoriasis. These obser-
vations may account for the predisposition of AD 
patients to S. aureus infections [98]. On the other 
hand, enhanced inflammation as suggested by 
increased levels of LL-37 and HBD-2 may play a 
role in the pathogenesis of psoriasis [98] and 
rosacea [16]. Low levels of HBD-2, HBD-3, and 
LL-37 are also associated with atopic eczema 
[99]. The amount of HBD-2  in the intestinal 
mucosa correlates with copy number of the HBD-
2. While normal hosts and individuals with ulcer-
ative colitis or ileal Crohn’s disease (CD) possess 
four copies of the HBD-2 gene, the median copy 
number of the HBD-2 gene in patients with 
colonic CD is three (the difference was statisti-
cally significant), which led the authors to con-
clude that low HBD-2 production might be a 
predisposing factor for colonic CD [100].

Single-nucleotide polymorphisms (SNPs) in 
the DEFB1 gene that encodes for HBD-1 are 
associated with higher levels of oral carriage of 
Candida albicans [101]. Two independent stud-
ies have also associated SNPs in the DEFB1 gene 
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with enhanced risk of perinatal acquisition of 
HIV-1 infections [102, 103].

Recurrent oral bacterial infections, especially 
periodontal infections associated with over-
growth of Actinobacillus actinomycetemcomi-
tans, are a common feature of patients with 
Kostmann syndrome (severe congenital neutro-
penia). The neutrophils of these patients lack 
LL-37 and have diminished levels of HNPs 1–3. 
These individuals also lack LL-37 in their saliva 
and plasma. A patient in this cohort who under-
went bone marrow transplantation, which 
restored normal plasma levels of LL-37, did not 
suffer from periodontal infections. These data 
suggest that LL-37 and HNPs 1–3 protect against 
periodontal infections [104]. Inadequate LL-37 
activity may exacerbate the pathology of cystic 
fibrosis (CF). Under high salt concentrations seen 
in the alveolar surface fluid of persons with CF, 
LL-37 that is present at subinhibitory concentra-
tions crosses the cell walls of P. aeruginosa, 
forms complexes with its DNA, and promotes 
mutations in the mucA gene, which controls algi-
nate capsule production. These events culminate 
in the conversion of P. aeruginosa to a mucoid 
phenotype that produces high amounts of algi-
nate, which promotes resistance to killing by 
LL-37 and correlates with a poor prognosis [105]. 
Other conditions associated with dysregulation of 
neutrophil AMP contents that lead to frequent 
severe bacterial infections are specific granule 
deficiency (SGD) and Chediak-Higashi syn-
drome (CHS). SGD patients have normal levels 
of cathepsins and elastase, but lack defensins, 
while the converse occurs in CHS [106]. In a 
study conducted in Zambia, intestinal biopsy 
specimens from adults who had recently suffered 
from diarrhea but were disease-free for a month 
had tenfold lower mRNA transcripts of 
α-defensins (HD5 and HD6) compared to patients 
with no history of diarrhea. While the authors 
suggested that decreased α-defensins may predis-
pose to diarrhea, it should be noted that the intes-
tinal microbiome itself regulates AMP production, 
which could confound interpretation of the results 
[107]. The examples listed above only associate 
dysregulation of AMPs and disease; further 
research is required to establish causality.

 Concluding Remarks

The widespread emergence of antibiotic resis-
tance has led the scientific community to look 
for newer therapies, which has led to renewed 
interest in AMPs. The role of AMPs in physiol-
ogy is becoming more clearly elucidated. While 
the prevailing view is that AMPs have an impor-
tant role in antimicrobial defenses, some argue 
that this hypothesis is supported mostly by 
in vitro experiments that have used supraphysi-
ologic concentrations of AMPs. They suggest 
that physiologic concentrations AMPs may play 
important roles in immunomodulation and pro-
cesses such as wound healing. Studies have 
associated dysregulation of AMPs with immune-
mediated disorders, normal physiology, and 
infections. While further research is needed to 
establish firm causality between defects in AMPs 
and diseases, the information harnessed so far 
has provided the foundation for development of 
AMP-based therapies. Although AMP-based 
therapies have not yet met with much clinical 
success, increasing knowledge in the field, cou-
pled with advances in protein engineering, could 
witness successful AMP-based therapies in the 
near future.
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Role of Deficits in Pathogen 
Recognition Receptors in Infection 
Susceptibility

Cristina Cunha, Samuel M. Gonçalves, 
and Agostinho Carvalho

 Introduction: A Genetic Perspective 
of the Host-Pathogen Interaction

The determinism of human infectious diseases is 
still vastly misconstrued. Because exposure to a 
pathogen is requisite for infection and disease to 
occur, infectious diseases are often regarded as 
textbook examples of purely environmental dis-
eases. However, a characteristic feature of many 
human infectious diseases is the interindividual 
variability in the development and progression of 
clinical disease. While a significant contribution 
might be credited to virulence traits of the infec-
tious agent, recent evidence has highlighted the 
dominant role of heritable factors in defining sus-
ceptibility to infection [1–6]. Twin studies have 
played a significant part in unraveling host 
genetic factors involved in susceptibility to infec-
tious diseases, although the relative contribution 
of heredity and environment to infection in twins 
remains disputed [7]. Nonetheless, a ground-
breaking study from the late 1980s reported that 
adopted children had a prominently increased 
risk of death from infectious diseases if at least 
one of their biological parents had died prema-

turely from the same infection [8]. Mouse studies 
have also widely illustrated the importance of 
host genetic- driven effects, by showing dispari-
ties between inbred strains concerning pathogen 
loads, cytokine responses, and outcomes follow-
ing infection [9]. Thus, there is considerable evi-
dence supporting the contribution of host genetics 
to infectious disease; a well-known example is 
the protective role of the sickle cell trait against 
the severe forms of malaria caused by Plasmodium 
falciparum [10].

Our current understanding of the genetic sus-
ceptibility to human infectious diseases is derived 
from the study of individuals with rare mono-
genic defects underlying susceptibility to a nar-
row range of pathogens and from population- based 
studies to identify common polymorphisms asso-
ciated with disease. Such landmark discoveries 
have established that predisposition to infection 
segregates in either a Mendelian (monogenic) or 
a polygenic pattern of inheritance. By implicat-
ing these genetic variants in the immune response 
to selected pathogens, these reports have pro-
vided crucial insights into the genetic control of 
antimicrobial host defenses in humans. Extension 
of these genetic approaches to the dissection of 
the associated molecular and cellular mecha-
nisms may further unravel the genetic architec-
ture of susceptibility to infectious diseases and 
support future studies evaluating host-pathogen 
genetic interactions and potentially driving clini-
cal translation. In particular, the analysis of the 
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transcriptional landscape of the host-pathogen 
interaction under conditions of specific immune 
deficiency may contribute to the disclosure of the 
permissive conditions underlying the emergence 
of different infectious diseases. In this chapter, 
we focus on genetic variation in pattern recogni-
tion receptors (PRRs) and its role in susceptibil-
ity to infectious diseases in patients with primary 
and acquired immunodeficiencies. Also dis-
cussed is the impact of genetic variation in these 
receptors on the activation of antimicrobial 
immune responses and how these processes can 
be exploited in personalized medical interven-
tions based on individual host genetic profiles.

 Genetic Principles and Approaches 
for Identifying Susceptibility Genes

Perhaps the most compelling evidence that host 
genetics indeed determines the development of 
infectious disease arises from primary immuno-
deficiencies, first described in the late 1940s and 
early 1950s [1]. Primary immunodeficiencies 
usually present with infections due to common or 
opportunistic pathogens, resulting from a clear-
cut deficit in a single gene. Such immune dys-
function is usually limited to a very small number 
of individuals or families, but the identification of 
the underlying genetic defects is very informative 
on immune defense mechanisms. On the other 
hand, susceptibility to infections in the general 
population can be influenced by polymorphisms 
across multiple genes, with the specific contribu-
tion to the phenotype being typically more diffi-
cult to establish.

The current interest in the role of rare, large- 
effect variants as predisposing factors to 
infectious diseases has prompted the description 
of an increasing number of single-gene defects 
underlying phenotypes associated with a certain 
pathogen selectivity. The identification of 
mutations in individual immune-related genes 
influencing susceptibility to a narrow range of 
different pathogens has led to the evolving 
concept of pathogen-selective immunodeficiency 
[11]. It should be stressed that although these 
immunodeficiency states are widely considered 

to be discriminating, the specificity of pathogen 
susceptibility is not always absolute. Nevertheless, 
the range of pathogen diversity is typically much 
narrower in humans than that observed in the 
corresponding mouse knockout models. One 
difference is that human studies involve naturally 
acquired infection while mouse models generally 
involve administration of pathogens, often at 
high inocula to induce disease.

Early studies of genetic susceptibility to infec-
tious diseases resorted to genome-wide linkage 
analyses and candidate gene approaches and 
identified only a restricted number of strongly 
associated loci that have been independently vali-
dated. Linkage approaches have been employed 
successfully in the study of monogenic diseases 
and were successively applied in attempts to 
define the susceptibility loci underlying common 
diseases. The most commonly used design 
involved the study of affected sibling pairs and 
had some degree of success in identifying loci 
linked to some infectious diseases, in particular 
leprosy [12]. However, a major drawback of link-
age analyses lies in the difficulty in recruiting 
numerous multicase families in which two sib-
lings are affected and by the lack of adequate 
study power [3].

Candidate gene studies comprise the genotyp-
ing of common polymorphisms in biologically 
plausible genes and pathways, typically in unre-
lated case and control individuals. The degree of 
replication between candidate gene studies is 
often poor, most likely due to small sample sizes 
limiting the study power, unrecognized popula-
tion stratification, failure to correct for multiple 
testing during statistical analysis, and missing or 
inaccurate clinical information. Additional 
causes for lack of replication may include differ-
ences across studies in the phenotypic definition 
of cases (e.g., a significant bias might be intro-
duced by the use of different diagnostic proce-
dures) and controls, unidentified variation in 
gene-environment interactions, and actual genetic 
heterogeneity between populations [13]. The 
candidate gene approach is further hampered by 
its reliance on existing and possibly inaccurate 
biological hypotheses to select genes for study. 
Despite these limitations, candidate gene studies 
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have disclosed a number of robust, independently 
replicated associations with infectious diseases.

 Pattern Recognition Receptors 
and Innate Immunity

In 1992, Charles Janeway, Jr., advanced the field 
of innate immunity toward new horizons with his 
concept of selective recognition of conserved 
microbial structures by germline-encoded PRRs 
[14]. Indeed, it is nowadays well established that 
the first step in the development of an innate 
immune response implicates pathogen 
recognition by PRRs in an acute and conserved 
fashion [15]. Although there are substantial 
differences in the ways in which the multiple 
innate cell populations recognize specific 
pathogens, the overall framework is similar and 
involves the binding of conserved pathogen- 
associated molecular patterns (PAMPs) such as 
microbial cell wall constituents, nucleic acids, or 
metabolic products by PRRs. There are five 
major classes of receptors: Toll-like receptors 
(TLRs), C-type lectin receptors (CLRs), 
nucleotide-binding oligomerization domain 
(NOD) leucine-rich repeat containing receptors 
(NLRs), retinoic acid-inducible gene I protein 
(RIG-I) helicase receptors, and absent in 
melanoma 2 (AIM2)-like receptors (ALRs) [6]. 
Generally, by inducing the secretion of 
proinflammatory cytokines and chemokines, 
PRRs not only mediate downstream intracellular 
events related to pathogen clearance but also 
participate in complex and disparate processes of 
immunomodulation and activation of adaptive 
immunity through the coordination of T cell and 
B cell responses [16]. Pathogen recognition by 
the innate immune system is further supported by 
the opsonic activity of soluble PRRs, including 
collectins, ficolins, pentraxins, and complement 
components, which facilitate the interaction with 
phagocytes. On the other hand, PRRs are also 
able to respond to products released from 
damaged host cells during infection and other 
causes of injury (e.g., trauma and ischemia 
reperfusion), including nucleic acids and alarmin 
proteins, collectively known as danger-associated 
molecular patterns.

The role of TLRs in antimicrobial defense was 
first proposed in 1996 by Lemaitre and colleagues, 
following the observation that fruit flies lacking 
the hematocyte receptor Toll – which indirectly 
recognizes pathogens through the cytokine-like 
protein Spätzle  – were highly susceptible to 
infection with fungi and Gram-negative bacteria 
[17]. This study was followed shortly by the 
discovery of TLRs expressed on cells of the 
mammalian immune system, and since then, 13 
TLRs have been discovered. The extracellular 
domains of these receptors contain leucine-rich 
repeats that recognize PAMPs from all major 
classes of pathogens, whereas the amino acid 
sequence of the cytoplasmic domain is highly 
homologous to the sequences in the interleukin 
(IL)-1 and IL-18 receptors [18]. Ligand 
recognition by TLRs and intracellular signaling 
transduction by adaptor molecules that contain 
Toll-IL-1R (TIR) domains activate kinase 
cascades and promote the translocation of 
transcription factors to the nucleus, where they 
induce gene expression and downstream 
production of cytokines [15, 19] (Fig. 6.1).

The large family of CLRs includes members 
such as dectin-1, dectin-2, macrophage mannose 
receptor, dendritic cell-specific intercellular 
adhesion molecule 3-grabbing non-integrin 
(DC-SIGN), macrophage inducible C-type lectin 
(Mincle), macrophage C-type lectin (MCL), and 
dectin-2. These receptors have carbohydrate 
recognition domains and bind microbial 
polysaccharides commonly present in fungi and 
bacteria [20]. Dectin-1 was the first CLR to be 
identified and is currently the best described non- 
TLR receptor able to instruct activation of 
adaptive immunity. Following recognition of 
β-1,3-glucans, dectin-1 triggers different 
intracellular signaling pathways that, 
synergistically and through cross-regulatory 
mechanisms, regulate and fine-tune nuclear 
factor (NF)-κB activation and cytokine gene 
expression [21] (Fig. 6.2).

In addition to the mainly membrane-bound 
TLRs and CLRs, there are cytoplasmic 
receptors  – NLRs and the DNA-sensing RIG-I 
helicase receptors  – that are activated by 
pathogens when they invade a cell. NLRs 
recognize the peptidoglycans of the bacterial cell 
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wall and can activate inflammasomes, multimeric 
protein complexes that convert inactive pro-IL-1β 
and pro-IL-18 into bioactive cytokines [22]. The 
NLR family members NOD-containing receptors 
1 (NOD1) and NOD2 recognize muramyl peptide 

moieties of the peptidoglycans of Gram-negative 
and Gram-positive bacteria, respectively [23, 24]. 
The RIG-I helicase receptors are known to 
recognize mainly viral nucleic acids and to 
activate inflammasome formation [25]. 

Fig. 6.1 Genetic defects affecting Toll-like receptor sig-
naling and their role in susceptibility to infection. Toll- 
like receptors (TLRs) are present on the cell surface and in 
endosomes, where they detect pathogen-associated 
molecular patterns (PAMPs) such as lipopolysaccharide 
(LPS), lipoprotein, flagellin, CpG DNA, and double- 
stranded RNA.  Upon stimulation, TLRs activate two 
disparate pathways that involve myeloid differentiation 
primary response 88 (MyD88) and/or Toll-interleukin 
(IL)-1 receptor (TIR) domain-containing adapter-inducing 
interferon (IFN)-β (TRIF). Crosstalk between TLR 
signaling cascades underlies the activation of different 
cellular processes, including the transcription of 
proinflammatory cytokines and chemokines and type I 

IFN. Major genetic variation in TLR signaling pathways 
implicated in susceptibility to infection is indicated in 
purple (rare), red (common), or green (evidence of both 
rare and common variation). TIRAP Toll-interleukin-1 
receptor (TIR) domain-containing adaptor protein, TRAM 
TRIF-related adaptor molecule, IRAK IL-1 receptor- 
associated kinase, TRAF tumor necrosis factor receptor- 
associated factor, UNC93B1 unc-93 homologue B1, TAK1 
transforming growth factor-β-activated kinase 1, NF-κB 
nuclear factor-κB, NEMO NF-κB essential modulator, 
IKK inhibitor of NF-κB kinase, IκB inhibitor of NF-κB, 
IRF IFN regulatory factor, TBK1 TANK-binding kinase 1, 
PI3K phosphoinositide 3-kinase, dsRNA double-stranded 
RNA
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Ultimately, the coordinated regulation of the 
immune response will depend not only on the 
relative degree of stimulation of the individual 
receptors but also on the level of receptor 
cooperation and cellular localization. For 

example, synergy between TLRs and NOD2 is 
crucial for the activation of host defense against 
mycobacteria and staphylococci [26], and 
crosstalk between TLRs and CLRs is needed for 
optimal antifungal responses [27].

Fig. 6.2 Genetic defects affecting C-type lectin receptor 
signaling and their role in susceptibility to infection. The 
family of C-type lectin receptors (CLRs) recognizes 
microbial polysaccharides commonly present in fungi and 
bacteria. Cord factor is a commonly used term to refer to 
trehalose dimycolate, a glycolipid molecule found in the 
cell wall of M. tuberculosis and similar species. Upon 
stimulation, CLRs activate intracellular signaling 
pathways that, synergistically and through cross- 
regulatory mechanisms, regulate and fine-tune nuclear 
factor (NF)-κB activation and cytokine gene expression. 
Major genetic variation in CLR signaling pathways 
implicated in susceptibility to infection is indicated in 

purple (rare) or red (common). FCγR Fcγ receptor, MCL 
macrophage C-type lectin, SYK spleen tyrosine kinase, 
PKCδ protein kinase C-δ, MyD88 myeloid differentiation 
primary response 88, TIRAP Toll-interleukin-1 receptor 
(TIR) domain-containing adaptor protein, IRAK IL-1 
receptor-associated kinase, TRAF tumor necrosis factor 
receptor-associated factor, CARD9 caspase recruitment 
domain-containing protein 9, BCL10 B cell CLL/
lymphoma 10, MALT1 mucosa-associated lymphoid 
tissue lymphoma translocation protein 1, NF-κB nuclear 
factor-κB, NEMO NF-κB essential modulator, TAK1 
transforming growth factor-β-activated kinase 1, IKK 
inhibitor of NF-κB kinase
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 Genetic Defects in Pattern 
Recognition Receptors 
and Susceptibility to Infection

Genetic variants in the genes encoding PRRs can 
affect susceptibility to many infectious diseases. 
Importantly, genetic defects in these receptors or 
the downstream signaling pathways can cause 
immunodeficiency phenotypes rendering patients 
extremely susceptible to severe, life-threatening 
infections. We know of genetic defects across the 
different classes of PRRs, although in some cases 
(e.g., the NLR family) these have yet to be linked 
with susceptibility to infection. An overview of 
the genetic variants affecting PRRs reported in 
association with susceptibility to specific 
infectious diseases is presented in Table 6.1.

 Genetic Variation in Toll-Like 
Receptor Signaling

Soon after the initial description of TLRs, genetic 
variability in these molecules was proposed to 
underlie differences in susceptibility to infectious 
and inflammatory diseases [28]. The first genetic 
variation to be described was polymorphisms in 
TLR4, specifically two amino acid changes 
reported to decrease the interaction of the receptor 
with lipopolysaccharide [29] and to increase 
susceptibility to Gram-negative bacterial sepsis 
[30]. During the subsequent decade and up until 
now, a multitude of studies described genetic 
variation in practically all TLRs (Fig. 6.1).

Myeloid differentiation primary response 88 
(MyD88) is an adaptor molecule that transduces 
signals from TLRs (with the exception of TLR3 
and the IL-1 and IL-18 receptors) [31]. The sig-
naling involves a cascade of protein kinases 
which include the serine-threonine IL-1R- 
associated kinase 4 (IRAK4) [19]. The activation 
of the MyD88 and IRAK4 pathways has been 
deemed essential for the immune response to 
pyogenic bacteria based on the study of patients 
with rare mutations in these genes that resulted in 
invasive disease by Streptococcus pneumoniae 
and, to a lesser extent, by Staphylococcus aureus, 
Pseudomonas aeruginosa, or Salmonella species 

[32, 33]. Several hypomorphic mutations have 
been identified in MYD88 and IRAK4 genes; two 
of them leading to MyD88 deficiency affecting 
amino acids in key positions for the interaction of 
the adaptor with IRAK4 [34]. Despite the mani-
fest susceptibility to pyogenic bacteria, children 
with MyD88 and IRAK4 deficiency are typically 
resistant to other bacteria, mycobacteria, viruses, 
and fungi, and classically, their immunodefi-
ciency improves with age, with less frequent and 
less severe forms of infection [35]. This may sug-
gest that the development of protective T cell- or 
B cell-mediated immune responses after infancy 
compensates for the defective inflammatory reac-
tion in the absence of proper TLR signaling [36].

Mutations in genes from the NF-κB pathway 
that interrupt multiple innate and adaptive 
pathways that signal to NF-κB, including TLR- 
mediated signaling, have also been identified 
[37–40]. In particular, hypomorphic mutations in 
NF-κB essential modulator (NEMO), which 
encodes the I-κB kinase regulatory subunit IKKγ, 
and IκBα inhibitor of NF-κB (IKBA) have been 
reported to underlie typically severe infections by 
a broad range of pathogens, including 
encapsulated bacteria, atypical mycobacteria, 
fungi, and viruses, and are also associated with 
ectodermal dysplasia [37–40].

In addition to the RIG-I helicase receptors, 
TLR3, TLR7, TLR8, and TLR9 bind to different 
microbial nucleic acids [15, 19]. Genetic defects 
in TLR3 [41] or proteins involved in the TLR3 
pathway such as unc-93 homologue B1 
(UNC93B1) [42] and TIR-domain-containing 
adapter-inducing interferon (IFN)-β (TRIF) [43] 
or tumor necrosis factor (TNF) receptor- 
associated factor 3 (TRAF3) [44] have been 
identified as rare causes of isolated susceptibility 
to recurrent, life-threatening encephalitis caused 
by herpes simplex virus-1 (HSV-1) in otherwise 
healthy children displaying normal resistance to 
other forms of HSV disease and indeed to other 
viruses. Herpes simplex encephalitis (HSE) has 
been linked to defects in the release of type I IFN, 
and importantly, blocking TLR3-dependent 
production of interferons in vitro enhanced viral 
replication leading to cell death, effects that were 
abrogated by recombinant IFN-β [41]. 
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Accordingly, children with HSE have been found 
to carry different heterozygous mutations in 
TRAF family member-associated NF-κB 
activator (TANK)-binding kinase 1 (TBK1), a 
kinase at the crossroads of multiple IFN-inducing 
signaling pathways [45]. Similar to TLR3 
deficiency, fibroblasts from these patients 
displayed enhanced viral replication, whereas 
responses to TLR3-independent viruses were 
instead preserved. These findings were 
substantiated by the identification of a deficiency 
in the signal transducer and activator of 
transcription 1 (STAT1) protein, a signaling 

molecule in the type I IFN pathway, that resulted 
in the production of insufficient levels of type I 
IFN and susceptibility to HSE [46, 47].

A novel genetic etiology of HSE due to hetero-
zygous loss-of-function in the IFN regulatory fac-
tor 3 (IRF3) gene – activated by several TLRs that 
bind viruses [48] – was also identified, providing 
the first description of a defect in an IFN-
regulating transcription factor that confers 
increased susceptibility to viral infection of the 
human central nervous system [49]. Genetic sus-
ceptibility to other viruses, particularly influenza, 
among otherwise healthy children was also 

Table 6.1 Monogenic and polygenic defects in pattern recognition receptors and susceptibility to infectious diseases

PRR deficiency Presumed defect(s) Reported infection(s) Frequency
TLR signaling
MyD88 TLR signaling Pyogenic bacteria Very rare

(Except TLR3)
IRAK4 TLR signaling Pyogenic bacteria Very rare

(Except TLR3)
NEMO TLR signaling Pyogenic bacteria Very rare
IKBA TLR signaling Pyogenic bacteria Very rare
TLR3 dsRNA recognition HSV Very rare

dsRNA recognition Aspergillus Common
UNC93B1 dsRNA recognition HSV Very rare
TRIF TLR3 signaling HSV Very rare
TRAF3 TLR3 signaling HSV Very rare
TBK1 TLR3 signaling HSV Very rare
IRF3 TLR3 signaling HSV Very rare
IRF7 TLR7 and/or RIG-I signaling Influenza virus Very rare
TLR1 Lipopeptide recognition Gram (+) bacteria, Candida Common
TLR4 LPS recognition Gram (−) bacteria, Aspergillus Common

TLR5 Flagellin recognition Legionella Common
TIRAP TLR2 and TLR4 signaling Mycobacterium, gram (−) bacteria Common

CLR signaling
Dectin-1 β-Glucan recognition Candida, Trichophyton, Aspergillus Common

CARD9 CLR signaling Trichophyton, Exophiala Very rare
MCL MCF recognition Mycobacterium Common
Soluble PRRs
MBL Opsonization Neisseria, Streptococcus Common
PTX3 Opsonization and fungicidal activity Aspergillus Common
PLG Opsonization Aspergillus Common

PRR pattern recognition receptor, TLR Toll-like receptor, CLR C-type lectin receptor, MyD88 myeloid differentiation 
primary response 88, IRAK4 interleukin-1 receptor (IL-1R)-associated kinase 4, NEMO nuclear factor-κB (NF-κB) 
essential modulator, IKBA IκBα inhibitor of NF-κB, UNC93B1:unc-93 homologue B1, TRIF Toll-IL-1R (TIR) domain- 
containing adapter-inducing interferon β (IFNβ), TRAF3 tumor necrosis factor receptor-associated factor 3, TBK1 
TRAF family member-associated NF-κB activator-binding kinase 1, IRF IFN regulatory factor, TIRAP TIR domain- 
containing adaptor protein, CARD9 caspase recruitment domain-containing protein 9, MCL macrophage C-type lectin, 
MBL mannose-binding lectin, PTX3 long pentraxin 3, PLG plasminogen, dsRNA double-stranded RNA, RIG-I retinoic 
acid-inducible gene I protein, MCF mycobacterial cord factor, HSV herpes simplex virus
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reported to result from compound heterozygous 
null mutations in IRF7 [50]. In response to influ-
enza virus, cells from these patients produced 
very little type I and III IFN while failing to con-
trol viral replication, suggesting that IRF7-
dependent amplification of type I and III IFN is 
essentially required for protection against primary 
infection by influenza virus in humans.

Although the complete deficiencies in the 
TLR pathways have a large effect size, they are 
generally rare events (with the remarkable 
exception of TLR5 deficiency, discussed below) 
on the scale of an entire population. The genes 
encoding TLRs are however prominently poly-
morphic and encode many variant amino acid 
sites. Before the advent of genome-wide associa-
tion studies (GWAS), polymorphisms in TLRs 
were considered outstanding, biologically plau-
sible candidates for involvement in enhanced 
susceptibility to multiple infectious diseases 
[28]. Common polymorphisms in all TLRs have 
been described and a wealth of studies have 
reported their association with infection suscep-
tibility. Excellent literature has already described 
those association studies in detail; therefore, we 
will focus mainly on discussing the most rele-
vant studies evaluating TLR polymorphisms and 
their functional implications in the immunodefi-
cient host.

As mentioned above, a TLR4 haplotype con-
sisting of the D299G and T399I substitutions has 
been shown to be associated with an increased risk 
of sepsis [30] and is suggested to result in defec-
tive responses to lipopolysaccharide [29]. 
However, several other studies have failed to repli-
cate these data at both genetic and functional lev-
els [51], raising issues related to small sample 
sizes, population stratification, or the definition of 
case status. Interestingly, an enhanced production 
of TNF upon TLR4 stimulation has been demon-
strated in cells from D299G, but not haplotype, 
carriers [52]. Nonetheless, the TLR4 haplotype 
was associated with the occurrence of infectious 
complications in HIV-1-infected patients – espe-
cially those with a history of low nadir CD4 cell 
counts [53] – and both sepsis and pneumonia in 
patients with acute myeloid leukemia following 
induction chemotherapy [54]. In addition, the 

presence of these TLR4 variants in donors of stem 
cell transplantation has been disclosed as an 
important risk factor for developing invasive 
aspergillosis (IA) in the corresponding patients 
[55], a finding that was confirmed in two indepen-
dent populations [56, 57]. Despite that the fungal 
ligand (or the host- derived molecule released in 
response to fungal infection) for TLR4 remains 
debated, the TLR4 haplotype was reported to 
underlie a delayed T cell and natural killer T cell 
immune reconstitution among stem cell transplant 
recipients [57]. The biological implications of 
these studies are further supported by the previous 
links of TLR4 variants with chronic aspergillosis 
in immunocompetent individuals [58] and fungal 
colonization in stem cell transplant recipients [59].

It is noteworthy that, in addition to TLR4, 
common genetic variation in other TLRs has 
also been proposed to influence the risk of 
infectious diseases. For example, genetic varia-
tion in TLR1 has been found to increase sus-
ceptibility to organ dysfunction and 
Gram-positive sepsis [60] and candidemia [61] 
and, most importantly, to impact the inflamma-
tory response to bacterial lipopeptides [62]. On 
the other hand, a regulatory variant decreasing 
the expression of TLR3 was found to impair the 
recognition of fungal nucleic acids by dendritic 
cells and to compromise the efficient priming 
of protective memory CD8+ T cell responses, 
thereby rendering stem cell transplant recipi-
ents more prone to develop IA [63]. Ultimately, 
the evaluation of regulatory variation impacting 
adaptive immunity might help to enhance the 
discriminatory potential of recent immunodiag-
nostic strategies based on the evaluation of fun-
gal-specific adaptive immune responses [64]. 
Specifically, patients suffering from IA display 
an enhanced in  vitro expansion of IL-10-
producing T cells following antigenic stimula-
tion, and this has been proposed as a potential 
diagnostic approach in hematological patients 
[64]. However, we recently found that a regula-
tory variant in IL-10, and that underlies an 
increased risk of IA, regulated the expression of 
IL-10 and coordinated the activation of proin-
flammatory responses to the fungus [65]. This 
observation implies therefore that diagnostic 
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(and immunotherapeutic) approaches are 
required to consider interindividual variability 
in immune function.

Other significant examples of variants affecting 
TLR signaling and associated with enhanced sus-
ceptibility to infectious disease are those in the 
adaptor Mal (encoded by TIRAP), which is part of 
the TLR2- and TLR4-dependent pathways [6]. 
Polymorphisms in TIRAP, particularly the S180L 
substitution, were initially shown to confer resis-
tance to tuberculosis [66, 67] and septic shock 
[68], although a large meta- analysis failed to con-
firm this [69], ultimately reflecting the difficulties 
faced in ascribing host genetics to enhanced sus-
ceptibility to tuberculosis [13]. A similar case is 
also illustrated by the TLR5 deficiency. TLR5 is a 
receptor for flagellin, the PAMP present in the fla-
gellum of flagellated bacteria [70]. Hawn and col-
leagues described a common polymorphism in 
TLR5 leading to the introduction of an early stop 
codon that was described to abrogate recognition 
of flagellin and leading to increased susceptibility 
to Legionella pneumonia [71]. Of note, this sus-
ceptibility phenotype is generally mild and affects 
the control of only certain flagellated pathogens. 
More recently, TLR5 deficiency was associated 
with increased risk of IA following stem cell trans-
plantation [72], but further studies are warranted to 
identify the mechanism(s) by which TLR5 might 
influence susceptibility to fungal disease. In any 
case, the high and variable frequencies of this 
polymorphism, without forcing a severe primary 
immunodeficiency phenotype, suggest that it has a 
redundant role in host defense [73].

 Genetic Variation in C-Type Lectin 
Receptor Signaling

In addition to TLRs, genetic variation in CLRs 
has been implicated in susceptibility to infectious 
diseases, namely, those caused by fungi (Fig. 6.2). 
Dectin-1 is the major PRR for β-1,3-glucan in the 
fungal cell wall [20], and it also recognizes 
components of Mycobacterium tuberculosis [74]. 
Genetic analysis of a family with recurrent 
vulvovaginal candidiasis and onychomycosis 
resulted in the identification of an early stop 

codon in CLEC7A, the gene encoding dectin-1 
[75]. The truncated protein compromised the 
surface expression of dectin-1  in myeloid cells, 
thereby affecting their ability to bind β-glucan. 
This defect impaired the production of cytokines – 
namely, IL-6, TNF, and especially IL-17 – while 
it did not affect the ability of neutrophils to ingest 
and kill Candida albicans yeasts. This indicates 
that the contribution of dectin-1 deficiency to 
mucosal candidiasis likely relies on a defect in 
the activation of Th17-mediated immunity and 
not on activation of dectin-1 expressed on 
neutrophils.

The clinical phenotype of patients with dec-
tin-1 deficiency is relatively mild and less severe 
than that of patients with classic chronic mucocu-
taneous candidiasis [76]. In fact, about 6 to 8% of 
Europeans are heterozygous for a disabling vari-
ant of the gene, and they do not, however, have an 
apparent immunodeficiency [75]. Yet, heterozy-
gous carriers of the dectin-1 stop codon are more 
prone to develop IA [77, 78] and to be colonized 
with C. albicans [79] when undergoing stem cell 
transplantation. The fact that dectin-1 deficiency 
in both transplant donors and recipients syner-
gizes toward risk of infection highlights the piv-
otal contribution of dectin-1 expression in 
multiple cell types to antifungal immunity. Thus, 
dectin-1 deficiency resembles a genetic polymor-
phism, which under specific circumstances (e.g., 
immunosuppression typical of certain clinical 
settings) is associated with susceptibility to fun-
gal infection and/or colonization. Of note, a com-
mon polymorphism in another CLR, namely, 
MCL (encoded by CLECSF8), was recently asso-
ciated with susceptibility to pulmonary tubercu-
losis, and a non-redundant role for this receptor 
in anti- mycobacterial immunity was proposed 
[80].

Several members of a family with mutations in 
caspase recruitment domain-containing protein 9 
(CARD9), the adaptor molecule that mediates sig-
naling induced by dectin-1 and other CLRs, have 
been found to display increased susceptibility to 
mucocutaneous fungal infections [81]. More 
recently, CARD9 deficiency was identified in 
patients suffering from deep dermatophytosis, a 
severe fungal infection caused by dermatophytes 
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and characterized by extensive dermal and subcu-
taneous tissue invasion and by frequent dissemi-
nation to the lymph nodes and, occasionally, the 
central nervous system. Similar to dectin-1, 
patients with CARD9 mutations display a severe 
defect of IL-17 production [81, 82], a finding fur-
ther supporting the pivotal role of the β-glucan 
recognition and Th17-mediated responses in anti-
fungal immunity. Of note, individuals with inher-
ited defects in B cell CLL/lymphoma 10 (BCL10), 
a protein that binds CARD9 to activate NF-κB 
signaling, displayed normal responses to a variety 
of PAMPs but impaired NF-κB-mediated func-
tions [83]. The fact that susceptibility to infec-
tious diseases was not reported highlights the 
selective role of dectin-1-/CARD9-dependent sig-
naling in the immune response to fungal infec-
tion. Because multiple CLRs signal through 
CARD9, one can hypothesize that the more severe 
phenotypes of CARD9 deficiency are most likely 
due to antifungal immunity mechanisms that are 
independent of dectin-1 [84–86].

 Defects of Soluble Pattern 
Recognition Receptors

Some components of the complement system 
have the capacity to interact with and bind to 
microbial polysaccharides without transducing 
intracellular signals, thereby functioning as solu-
ble PRRs. One such molecule is the circulating 
mannose-binding lectin (MBL), which binds car-
bohydrate structures of microorganisms and acti-
vates the complement system [87]. MBL 
deficiency was initially reported in children with 
recurrent bacterial infections (especially 
Neisseria meningitidis), in addition to viral and 
fungal infections [88]. Subsequent studies 
showed however that polymorphisms in MBL 
drive a strong decrease in the levels of functional 
protein in as much as 8% of individuals in a given 
population, and yet, these do not display any 
obvious clinical consequences [89]. There is 
however evidence that MBL deficiency, although 
not being an outright immunodeficiency, acts as a 
risk factor for infection, especially in conditions 
of immunosuppression. For example, genetically 

determined low serum concentrations of MBL 
were detected among immunocompromised 
patients suffering from IA [90], although the 
causal nature for this association remains 
unknown.

Another important molecule with opsonic 
activity is the long pentraxin 3 (PTX3), which 
has been shown to bind microbial moieties from 
a vast range of pathogens, including bacteria, 
viruses, and fungi [87]. Although no classic 
immunodeficiency phenotype related to PTX3 
has been disclosed to date, common 
polymorphisms have been proposed as risk 
factors for multiple infectious diseases, most 
remarkably, urinary tract infections [91] and IA 
following stem cell transplantation [92]. The 
results from the latter study were confirmed by 
the validation of the association in a large, 
independent study [93]. The PTX3 deficiency 
was found to compromise the alveolar availability 
of the protein and, at a cellular level, its expression 
during the developmental programming of 
neutrophil precursors in the bone marrow, leading 
to defective antifungal effector mechanisms of 
mature cells [92]. Importantly, this association 
was recently replicated in recipients of lung 
transplant [94], highlighting a potential 
applicability of these markers in predicting 
fungal infection across patients with intrinsically 
different predisposing conditions. Alveolar levels 
of PTX3 have been demonstrated to discriminate 
microbiologically confirmed pneumonia in 
mechanically ventilated patients [95]. Given that 
these vary individually according to PTX3 
genotypes [92], we can envisage the quantification 
of PTX3 in bronchoalveolar lavage fluids as a 
complementary surveillance measure in addition 
to the currently available diagnostic approaches. 
Finally, the fact that exogenous administration of 
PTX3 is able to revert the genetic defect in vitro, 
namely, by restoring the ability of neutrophils to 
adequately ingest and kill the fungus [92], further 
highlights the potential of PTX3-based 
immunotherapies to treat (or prevent) fungal 
infection [96].

Other relevant examples of genetic defects in 
soluble PRRs include the identification of a 
deleterious variant in plasminogen – a regulatory 
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molecule with opsonic properties  – as an 
important modulator of susceptibility to IA in 
humans using the genetic mapping analysis of 
survival data of animals subjected to experimental 
infection as discovery strategy [97]. Finally, 
microbial polysaccharides are also recognized by 
β2-integrins such as complement receptor 3 
(CD11b-CD18), which is required for neutrophil 
adhesion to endothelial cells and functions as a 
neutrophil β-glucan receptor [98]. The increased 
susceptibility to recurrent bacterial infections 
displayed by patients with leukocyte adhesion 
deficiency I is mainly due to defective processes 
of leukocyte adhesion.

 Opportunities for Clinical 
Translation of Infectious Disease 
Genetics

Recent studies have clearly implicated genetic 
variation in PRRs and downstream signaling 
pathways in the susceptibility to infectious 
diseases. This is particularly true for several 
immunodeficiency syndromes, in which causal 
effects have been clearly defined and measures 
for patient-tailored management are now in place 
or under evaluation. Nevertheless, considerable 
further work is required in many cases to identify 
the causative alleles, their functional 
consequences, and the biological mechanisms by 
which they influence disease pathogenesis. A 
major challenge is to develop strategies for 
translating insights from the genetic basis of 
common infectious disease into improved patient 
outcomes. This objective has been hampered thus 
far by the size of the genotypic effect, which is 
often not sufficiently discriminatory to inform 
clinical decision-making. To enhance the 
predictive value of the genotypic information, 
future studies are expected to integrate it with 
other host and pathogen factors into combined 
predictive models to prospectively evaluate risk 
of and progression of disease, including treatment 
responses and durations, and adverse events.

It is plausible that the considerable genetic 
variation in PRR signaling may influence 
therapeutic strategies aimed at manipulating 

these pathways. Clinical trials that fail to take 
into account human genetic variation may omit 
relevant consequences on subgroups of 
individuals, such as those with extremes of 
inflammatory signaling. Indeed, such effects may 
partly account for the disappointing outcomes of 
clinical trials of anti-inflammatory agents for the 
treatment of sepsis. Thus, there is a need to 
identify the functional genetic variants controlling 
interindividual variation in PRR signaling and to 
stratify clinical trials of immunomodulatory 
agents by host genotypes.

The use of genetic information to predict risk 
of common infectious disease is unlikely to alter 
clinical practice in the near future, and the prog-
nostic significance of genetic tools for risk assess-
ment remains poor, even in more extensively 
studied, noninfectious disease traits. Clinical 
translation is more likely to result from the char-
acterization of the molecular and cellular path-
ways involved in disease and the identification of 
novel targets for immunomodulatory drugs or 
vaccines, especially in the context of monogenic 
defects. Another interesting example regards the 
identification of the gene defect in PTX3 underly-
ing IA, which raises the possibility to use recom-
binant PTX3 treatment to supplement antifungal 
agents, as demonstrated in animal models of 
infection [99, 100]. Furthermore, the application 
of systems biology to integrate genome-wide 
studies, including genomic, transcriptomic, pro-
teomic, or metabolomic profiles, and their inte-
gration with clinical data may be a particularly 
powerful approach for identifying novel therapeu-
tic targets [101]. Indeed, next-generation sequenc-
ing technologies now provide exciting avenues to 
pin down essential steps in host-pathogen interac-
tions at a level of complexity previously unantici-
pated. Several GWAS exploring susceptibility to 
infection have been completed and provide unbi-
ased insights into the genetic defects contributing 
to the development of disease. In this regard, 
recent functional genomics analyses have allowed 
the identification of new important players con-
trolling susceptibility to candidemia in critical ill 
patients [102, 103]. These efforts are however 
centered on the fairly “static” role of the genetic 
variants. Physiological responses to infection 
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require the coordinated regulation of gene expres-
sion, which may vary markedly between individu-
als and influence phenotypes such as protein 
levels, the immune cell morphology and function, 
and ultimately immunity to infection. Thus, 
genetic analysis of molecular traits such as the 
gene expression represents a powerful approach 
enabling insights into the human genomic land-
scape by generating expression maps useful for 
the functional interpretation of noncoding vari-
ants likely to arise from the ongoing genome-
wide initiatives [104].

 Conclusions and Perspectives

The clinical features of defects in PRRs are gen-
erally credited to an impaired cytokine response 
underlying increased susceptibility to infections 
(e.g., TLR3 and MyD88 deficiencies). Although 
genetic defects in NLRP3 are known to lead to an 
overwhelming release of proinflammatory cyto-
kines, particularly IL-1β, these still remain to be 
associated with infectious diseases. Another criti-
cal point that deserves mention regards the clini-
cal range of manifestations of PRR defects that 
range from severe (e.g., MyD88 and IRAK4 defi-
ciencies) to mild (e.g., MBL, TLR5, and PTX3 
deficiencies). In addition, the fact that several 
defects are associated with infection typically 
during infancy suggests that the maturation of 
proper adaptive immune responses may compen-
sate for the innate immunity shortcomings. The 
field of primary immunodeficiencies has been 
shifting from research on rare familial defects in 
the adaptive immune system to studies of spo-
radic and selective disorders of the innate immu-
nity; the defects in PRRs are an enlightening 
example of this change. By unraveling the func-
tional consequences of these “experiments of 
nature,” it has been possible to confer clinical rel-
evance to immunologic pathways, which until 
now have been studied exclusively in the labora-
tory or using experimental models of infection.

The importance of the studies addressing 
polygenic susceptibility to common infectious 
diseases also deserves to be highlighted. Although 
the overall weight of the immune response is 

driven by adding effects of single genetic factors 
with modest effect sizes and their complex 
interactions with clinical immune dysfunctions, 
approaches based on individual genomics may 
warrant important clinical tools allowing 
discrimination of patients that might benefit from 
enhanced surveillance for infection or alternative 
therapies. By overcoming the limitations related 
to the study design discussed above, these 
approaches are expected to define the pathogenetic 
mechanisms at the basis of common infectious 
diseases and lay the foundations for well- 
designed prospective trials ultimately endorsing 
genetic testing in risk stratification approaches 
for infection, particularly among 
immunocompromised hosts. Perhaps more 
importantly, an improved understanding of the 
multiple pathways directly affected by host 
genetic variation will contribute to innovative 
strategies of immunotherapy. As shown for the 
PTX3 deficiency in stem cell transplant recipients 
[92], targeting cell function (e.g., exogenous 
administration of lacking or deficient factors) 
may prove an interesting approach to be validated 
in the future.
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Defects of Innate Immunity

Jana P. Lovell and Steven M. Holland

White blood cells (WBCs) encompass a diversity 
of cells, which can be classified into two broad 
categories: lymphoid (T, B, NK, and NKT) and 
myeloid (neutrophils, eosinophils, basophils, and 
monocytes/macrophages, as well as those derived 
from the same progenitors, erythroid, and mega-
karyocytic). This chapter focuses primarily on 
neutrophils and monocytes and examines the dis-
orders characterized by their quantitative and 
functional defects.

 Neutrophil Disorders

Neutrophils arise from myeloid stem cells in the 
bone marrow over about 14 days. Mature neutro-
phils, containing primary, secondary, and tertiary 
granules, are released into the bloodstream and 
then migrate to infected or damaged tissues by 
chemotaxis. In the tissues, neutrophils function 
as the primary mediators of innate immunity 
against bacterial and fungal pathogens by phago-
cytosis of invaders, generation of toxic metabo-
lites such as superoxide, mobilization of 
antimicrobial proteins, and formation of neutro-
phil extracellular traps (NETs). They also recruit 

other immune cells to sites of infection by the 
release of chemokines and cytokines.

Neutrophil disorders are divided into two 
broad categories: quantitative (neutrophilia or 
neutropenia) and qualitative (defects in motility, 
phagocytosis, granule synthesis and release, and 
killing). Neutrophilia is >7000 neutrophils/mcl in 
adults, while neutropenia is classified as mild 
(<1500 neutrophils per microliter), moderate 
(1500–1000 neutrophils per microliter), and 
severe (<500 neutrophils per microliter). 
Typically, neutrophilias result from extrinsic or 
iatrogenic causes (e.g., steroids, epinephrine, 
acute infections); however, intrinsic disorders 
can also be associated with neutrophilia (e.g., 
chronic idiopathic neutrophilia, leukocyte adhe-
sion deficiencies, myeloproliferative diseases). 
Conversely, the causes of neutropenia are quite 
diverse, frequently due to iatrogenic events, such 
as drug allergies or cytotoxic chemotherapy. 
Intrinsic defects affecting neutrophils or their 
progenitors (Box 12-1) can be classified on the 
basis of decreased production (e.g., severe con-
genital neutropenia, cyclic neutropenia) or 
increased destruction (e.g., myelokathexis, 
immune neutropenias) of neutrophils or a combi-
nation of both processes.

Patients with recurrent, severe bacterial or 
fungal infections, particularly those caused by 
unusual organisms (e.g., Chromobacterium vio-
laceum), should almost always be investigated 
for neutrophil disorders. Severe viral and  parasitic 
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infections are not typical of neutrophil disorders 
and suggest other immune defects. Repeated 
WBC counts with differentials and careful micro-
scopic examination of neutrophils are the requi-
site starting points for evaluation of neutropenias. 
Flow cytometry helps quantify specific leukocyte 
markers (e.g., CD18). Functional assays such as 
for the neutrophil oxidative burst are commer-
cially available, while others, such as phagocyto-
sis, chemotaxis, and NET formation, are only 
available as research tests.

 Neutropenia

 Severe Congenital Neutropenia

Severe congenital neutropenia (SCN) encom-
passes a heterogeneous group of disorders with 
variable inheritance patterns that are all charac-
terized by bone marrow granulocyte maturation 
arrest at the promyelocyte or myelocyte stage, 
severe chronic neutropenia (<200 neutrophils per 
microliter), and increased susceptibility to 
myelodysplastic syndrome (MDS) and acute 
myeloid leukemia (AML).

The clinical manifestations of SCN include 
omphalitis, upper and lower respiratory tract 
infections, and skin and liver abscesses. Patients 
with SCN develop symptoms shortly after birth; 
50% of affected infants are symptomatic within 
the first month of life and 90% within the first 
6 months of life [1].

Single allele mutations in the granulocyte- 
colony stimulating factor (G-CSF) receptor 
(GCSFR, 1p34.3) are associated with the devel-
opment of MDS/AML in patients with SCN [2]. 
However, not all SCN patients develop mutations 
in the G-CSF receptor, suggesting that these 
mutations are somatic epiphenomena that occur 
in the setting of SCN [3].

The mainstay of therapy for most forms of 
SCN is subcutaneous recombinant G-CSF, which 
improves the lives of patients dramatically, reduc-
ing the number of infections and hospital days 
and increasing life expectancy [4]. However, 
given concern for increased risk for malignant 
transformation with prolonged G-CSF, patients 

with poor response to G-CSF or with MDS/AML 
are candidates for curative hematopoietic stem 
cell transplant (HSCT) [5]. Several of the genetic 
mutations associated with SCN are described 
below.

 Autosomal Recessive SCN

 HAX1 Deficiency (Kostmann Syndrome)
Homozygous mutations in the anti-apoptotic 
molecule HAX1 (1q21.3) were initially identified 
in patients with autosomal recessive SCN [6–8]. 
HAX1 is critical for maintaining the inner mito-
chondrial membrane potential, protecting cells 
from apoptosis, and supporting signal transduc-
tion to the cytoskeleton. Patients with HAX1 
deficiency may also have neurocognitive symp-
toms, including epilepsy and developmental 
delay. There are two isoforms of HAX1; patients 
with mutations affecting only isoform A only 
present with exclusively SCN, while patients 
with mutations affecting both isoforms A and B 
develop SCN with neurological symptoms [8, 9].

 AK2 Deficiency (Reticular Dysgenesis)
Reticular dysgenesis is a rare autosomal reces-
sive severe combined immunodeficiency charac-
terized by early arrest of myeloid differentiation, 
profound neutropenia, lymphopenia, and associ-
ated sensorineural hearing loss. Reticular dys-
genesis is caused by biallelic mutations in the 
adenylate kinase 2 gene (AK2, 1p35.1). AK2 is 
localized in the mitochondrial intermembrane 
space and is critical for the regulation of mito-
chondrial metabolism (similar to HAX1) [10–
12]. AK2 deficiency causes premature apoptosis 
of myeloid and lymphoid cells that is not respon-
sive to G-CSF; erythroid and megakaryocytic 
function are usually preserved [12]. Early hema-
topoietic stem cell transplantation is urgently 
required for survival, but does not repair the hear-
ing loss [13].

 G6PC3 Deficiency
Mutations in glucose-6-phosphatase catalytic 
subunit 3 (G6PC3) (17q21.31) also cause autoso-
mal recessive SCN; however, this disorder is 
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often associated with other congenital abnormali-
ties, such as cardiac and urogenital malforma-
tions, inflammatory bowel disease, endocrine 
disorders, and abdominal wall venous angiecta-
ses [14, 15]. Increased neutrophil endoplasmic 
reticulum (ER) stress and apoptosis results in 
neutropenia; G6PC3 deficiency is also character-
ized by neutrophil and macrophage dysfunction 
[16, 17].

 Autosomal Dominant SCN

 Neutrophil Elastase (ELANE) Mutations
Neutrophil elastase (ELANE, 19p13.3) is a serine 
protease stored in the primary granules of neutro-
phils, from where it is delivered to phagolyso-
somes or outside the cell in the process of 
responding to intruders. Heterozygous mutations 
in ELANE are associated with both autosomal 
dominant and spontaneous SCN [18, 19], 
accounting for the majority of Caucasian patients 
with SCN [18]. The mechanisms by which neu-
trophil elastase mutations result in SCN are not 
fully understood, but may result from “the 
unfolded protein response” that can lead to apop-
tosis of myeloid progenitor cells [20]. ELANE 
mutations also result in cyclic neutropenia; how-
ever, the mutations causing cyclic neutropenia 
are usually clustered around the catalytically 
active site of neutrophil elastase, while the muta-
tions associated with SCN are typically located 
elsewhere [20]. In general, SCN is more severe 
and has more complications than cyclic neutro-
penia. These conditions (SCN and cyclic neutro-
penia) are generally very responsive to G-CSF 
therapy, but hematopoietic stem cell transplanta-
tion may be required.

 GFI1 Deficiency
Growth factor independent protein 1 (GFI1, 
1p22.1) is a transcriptional repressor that controls 
the transcription of numerous genes involved in 
hematopoietic stem cell differentiation, including 
C/EBPε, ELANE, and the monocytopoietic cyto-
kine, CSF1. Two families with SCN have been 
described with heterozygous mutations in GFI1 
[21, 22]; GFI1’s effects on multiple genes, 

including the expression of ELANE, confirm that 
this specific pathway affects multiple pathways 
of myeloid differentiation, resulting in congenital 
neutropenia.

 X-Linked SCN

 WASP Gain-of-Function
X-linked inheritance of SCN (X-linked neutrope-
nia or XLN) has been associated with activating 
mutations in the Wiskott-Aldrich syndrome gene 
(WAS, Xp11.23) [23]. A specific mutation in 
WAS (L270P) results in a constitutively active 
mutant protein which causes neutropenia; in con-
trast, mutations causing reduced WASp expres-
sion are associated with classical Wiskott-Aldrich 
syndrome, characterized by eczema, thrombocy-
topenia, infections, and malignancies due to 
platelet and T cell defects. WASp is critical for 
the regulation of the actin cytoskeleton; constitu-
tively active WASp may result in myeloid cell 
apoptosis due to aberrant actin polymerization 
[24]. Mild mutations affecting WASp activity can 
also cause X-linked thrombocytopenia (XLT), a 
less severe condition.

 Cyclic Neutropenia/Cyclic 
Hematopoiesis

Cyclic neutropenia/cyclic hematopoiesis is com-
monly inherited in an autosomal dominant pat-
tern. Mutations in ELANE (neutrophil elastase, 
19p13.3), typically single-base heterozygous 
substitutions, have been identified in almost all 
patients [25]. Cyclic neutropenia/cyclic hemato-
poiesis is characterized by regular cyclic fluctua-
tions in all hematopoietic lineages. The clinical 
manifestations of cyclic neutropenia appear in 
early childhood with painful oral ulcers, recur-
ring fevers, and bacterial infections (e.g., pharyn-
gitis/tonsillitis, cellulitis) [25]. Chronic gingivitis 
and periapical abscesses can result in early loss 
of permanent teeth [26]. These complications are 
associated with variations in neutrophil counts 
approximately every 21  days, with a range of 
14–35  days. The periods of severe neutropenia 
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(<200 neutrophils per microliter) last 3–10 days 
[27, 28]. Bone marrow aspirates obtained during 
periods of neutropenia show maturation arrest at 
the myelocyte stage or, less frequently, bone mar-
row hypoplasia [29]. Unlike SCN, cyclic neutro-
penia is not generally associated with MDS/
AML.  The administration of G-CSF improves 
peripheral neutrophil counts and decreases mor-
bidity. Patients typically respond to lower G-CSF 
doses than those required for SCN. The neutrope-
nia may lessen naturally with age, and treatment 
may no longer be needed [26].

 Adult-Onset Cyclic Neutropenia
Large granular lymphocytes (LGL) are activated 
clonal or oligoclonal lymphocytes, typically 
CD8+ T cells or NK cells. Adult-onset cyclic or 
sustained neutropenia can be due to LGL. LGL 
leukemia develops from the clonal expansion of 
CD8+ T cells and NK cells. The majority of LGL 
patients develop chronic neutropenia; however, 
cyclic neutropenia has been reported in a few 
patients [30, 31]. Patients may present with recur-
rent bacterial infections, including cellulitis, peri-
rectal abscesses, and respiratory infections. The 
diagnosis is confirmed by the identification of 
clonal CD8+ T cells infiltrating the bone marrow. 
G-CSF or GM-CSF improves neutropenia in 
LGL patients but more directed therapy with 
antimetabolites or chemotherapy may be needed 
[30]. Large granular leukemias, also called LGL, 
can be very aggressive and treatment refractory, 
making cautious use of the term essential [30].

 Warts, Hypogammaglobulinemia, 
Infections, and Myelokathexis 
(WHIM) Syndrome

The complex program of cell growth in the mar-
row, followed by release into the circulation, 
homing to lymph nodes or other sites, and return 
to the marrow are carefully orchestrated, in large 
part by chemokines (chemoattractant cytokines). 
Central to hematopoiesis is the interaction of 
stromal derived factor-1 (SDF-1 or CXCL12) 
and its cognate receptor, CXCR4 (2q22.1). 
Heterozygous mutations of the intracellular 

carboxy terminus of CXCR4 lead to exagger-
ated response to CXCL12, which is expressed 
on bone marrow stromal cells [32]. Enhanced 
CXCR4 activity leads to an exaggerated response 
to CXCL12, which is expressed on bone marrow 
stromal cells [32]. Delays in release of mature 
neutrophils from the bone marrow cause neu-
tropenia and apoptosis of mature neutrophils in 
the marrow, or myelokathexis (from the Greek, 
meaning “retained in the bone marrow”) [33, 34]. 
A significant number of patients with CXCR4 
mutations have warts, hypogammaglobulinemia, 
infections, and myelokathexis (WHIM), with 
varying degrees of severity. Patients commonly 
have a history of recurrent pyogenic infections 
but also severe HPV infections, respiratory infec-
tions due to encapsulated bacteria, and recurrent 
otitis media [35]. During periods of infection, 
neutrophils typically increase relative to baseline 
levels. Monocytopenia, B and T cell lymphocy-
topenia, and hypogammaglobulinemia are also 
associated with WHIM. Bone marrow aspirates 
in WHIM patients show myeloid hypercellular-
ity with increased numbers of granulocytes at 
all stages of differentiation. G-CSF or GM-CSF 
increase the number of neutrophils in the periph-
eral blood and decrease the number of infections 
[36]. The small-molecule CXCR4 antagonist, 
plerixafor, blocks CXCR4 retention of mature 
neutrophils in the marrow and has also been used 
to improve cell counts in WHIM syndrome [36, 
37].

 Immune-Mediated Neutropenias

 Neonatal Alloimmune Neutropenia

Neonatal alloimmune neutropenia (NAN) is an 
immune-mediated neutropenia that results from 
the transplacental transfer of maternal antibodies 
against two isotopes of the immunoglobulin 
receptor FcγRIIIb, NA1 and NA2, leading to the 
immune destruction of neonatal neutrophils [38–
42]. The development of maternal antibodies 
against NA1 and NA2 may result from the lack of 
expression of FcγRIIIb on maternal neutrophils 
and the concurrent expression of paternally 
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encoded FcγRIIIb on fetal neutrophils. Antibody- 
coated neutrophils are phagocytosed in the retic-
uloendothelial system and removed from 
circulation, resulting in neutropenia. The mother 
is typically healthy and the course of pregnancy 
is uneventful.

Affected infants may present with omphalitis, 
cellulitis, and pneumonia in the setting of iso-
lated neutropenia within the first 2 weeks of life. 
Complement-activating anti-neutrophil antibod-
ies can be detected in 1  in 500 live births, sug-
gesting the incidence of NAN is quite high. As 
such, NAN should be considered in all infants 
with isolated neutropenia, presenting with or 
without infection. Diagnosis can be confirmed by 
the detection of neutrophil-specific alloantibod-
ies (e.g., anti-HNA-1a, anti-HNA-1b) in the 
maternal serum.

In the initial management of NAN, G-CSF 
and parenteral antibiotics should be initiated, 
even in the absence of signs of infection. NAN 
tends to spontaneously improve as maternal anti-
body levels decline; however, this waning may 
take several months [42].

 Autoimmune Neutropenias

Autoimmune neutropenia (AIN) is a rare cause 
of neutropenia, caused by the peripheral destruc-
tion of neutrophils and/or their precursors by 
anti-neutrophil antibodies. AIN can be catego-
rized as primary, when the neutropenia is an iso-
lated clinical entity, or secondary, when the 
neutropenia is associated with another disease.

 Primary Autoimmune Neutropenia
Primary AIN is the most common cause of 
chronic neutropenia (absolute neutrophil count 
<1500 per microliter for at least 6  months) in 
infancy and childhood. Primary AIN is ten-times 
more frequent than severe congenital neutrope-
nia, with a reported incidence of 1:100,000 live 
births and a slight female predominance.

Patients typically present with skin or upper 
respiratory tract infections by 8 months of age. 
Less commonly, patients may develop severe 
infections, such as pneumonia, meningitis, or 

sepsis. Patients may remain asymptomatic 
despite low neutrophil counts, delaying initial 
diagnosis. Neutrophil counts are usually below 
1500 per microliter but above 500 per microliter 
at the time of diagnosis. During episodes of 
infection, neutrophils may transiently increase 
and then return to neutropenic levels following 
resolution. Bone marrow aspirates may reveal 
normal or hypercellularity.

The diagnosis of primary AIN requires the 
detection of anti-neutrophil antibodies, which 
may necessitate repeated testing [43]. 
Autoantibodies against NA1 and NA2 (the same 
targets associated with NAN) are present in about 
one-third of patients. Other reported autoantibod-
ies are targeted against CD11b/CD18 (Mac-1), 
CD32 (FcγRII), and CD35 (C3b complement 
receptor).

Primary AIN is usually a self-limited disease, 
with spontaneous resolution of neutropenia 
within 7–24 months in 95% of patients following 
the disappearance of circulating autoantibodies. 
However, the clinical course of autoimmune neu-
tropenia in older children tends to be more severe 
without spontaneous resolution. G-CSF should 
be reserved for the treatment of severe infections 
or in the setting of emergency surgery [43]. 
Otherwise, symptomatic treatment of infections 
with antibiotics is sufficient.

 Secondary Autoimmune Neutropenia
Unlike primary AIN, secondary AIN more com-
monly presents in adults, although it can be seen 
at any age. Anti-neutrophil antibodies have pan- 
FcyRIII specificity, rather than specificity to the 
subunits, resulting in more severe neutropenia. 
Anti-CD18/11b antibodies have also been 
detected in some patients. Secondary AIN is 
often associated with autoimmune diseases (e.g., 
autoimmune hemolytic anemia, idiopathic 
thrombocytopenic purpura, systemic lupus ery-
thematous, Sjogren’s syndrome), hematologic 
and nonhematologic malignancies (e.g., LGL 
leukemia, hairy cell leukemia, Hodgkin lym-
phoma), and infections (Epstein-Barr virus, cyto-
megalovirus, HIV, parvovirus B19) [43, 44].

Patients may present with recurrent bacterial 
infections, including stomatitis, gingivitis, 
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 perirectal abscess, or cellulitis. Detecting neutro-
phil antibodies relies on a combination of granu-
locyte immunofluorescence test (GIFT) and 
granulocyte agglutination test (GAT). G-CSF is 
recommended for treatment in combination with 
treatment of the associated disease [43].

 Defects of Granule Formation 
and Contents

 Chediak-Higashi Syndrome

Chediak-Higashi syndrome (CHS) is a rare and 
life-threatening autosomal disease caused by 
mutations in the lysosomal trafficking regulator 
gene, LYST (1q42.3), also known as CHS1, 
resulting in failure to transport lysosomes and 
other intracellular granules appropriately [45, 
46]. Giant granules are found in neutrophils, 
lymphocytes, and NK cells. Mild neutropenia 
may result from destruction within the bone 
marrow.

Patients develop frequent pyogenic bacterial 
infections of the skin, upper respiratory tract, and 
gingiva. Fungi are not part of the infectious spec-
trum. Partial oculocutaneous albinism results 
from giant and aberrant melanosomes, causing 
hypopigmentation of the skin, iris, and hair. A 
mild bleeding diathesis, as well as progressive 
peripheral neuropathies of the legs, cranial 
nerves, and autonomic nerves may complicate 
the disease. Seizures and impaired cognition are 
common symptoms.

Patients surviving childhood may develop 
hemophagocytic lymphohistiocytosis (HLH) 
during the “accelerated phase” of CHS.  This 
form of HLH is clinical indistinguishable from 
other hemophagocytic syndromes and is simi-
larly characterized by fever, hepatosplenomegaly, 
lymphadenopathy, cytopenias, hypertriglyceride-
mia, hypofibrinogenemia, hemophagocytosis, 
and tissue lymphohistiocytic infiltration. 
Treatment of the accelerated phase of CHS is 
similar to other cases of HLH, including dexa-
methasone, etoposide (VP16), cyclosporine A, 
and intrathecal methotrexate (when the CNS is 
involved). HSCT is the only curative treatment, 

and in its absence, the accelerated phase usually 
recurs and is fatal [47].

 Neutrophil-Specific Granule 
Deficiency

Neutrophil-specific granule deficiency is a rare, 
heterogeneous, autosomal recessive disease char-
acterized by the profound reduction or absence of 
neutrophil-specific granules and their contents 
[48]. A homozygous, recessive mutation in C/
EBPε (14q11.2) has been associated with this 
disease, although not all patients have this muta-
tion, suggesting genetic heterogeneity [49]. C/
EBPε is a member of the CCAAT/enhancer bind-
ing proteins, which are transcription factors criti-
cal for myelopoiesis and cellular differentiation 
[50].

Patients commonly develop pyogenic bacte-
rial infections of the skin, ears, lungs, and lymph 
nodes. Blood smears reveal may a paucity of 
neutrophil-specific granules, bilobed neutrophils 
(pseudo-Pelger-Huët anomaly), and possible lack 
of eosinophils. Characteristically, neutrophils 
exhibit decreased specific granule contents (e.g., 
lactoferrin) and low or absent defensins, a pri-
mary granule product. Reduced levels of platelet- 
associated high-molecular-weight von Willebrand 
factor and platelet fibrinogen and fibronectin may 
result in bleeding abnormalities [51].

Aggressive diagnosis of infection, prolonged 
intravenous antibiotic therapy, and early use of 
surgical excision and debridement are critical. 
Unrelated HSCT corrected neutrophil-specific 
granule deficiency in a mutation-negative 
13-month-old patient with intractable diarrhea 
and severe infections [52].

 Defects of Oxidative Metabolism

 Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is caused 
by defects in the NADPH oxidase, which is 
required for the formation of superoxide and its 
metabolites (e.g., hydrogen peroxide), which are 
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in turn required for phagocytic killing [53, 54]. 
Mutations in any of the five genes of the NADPH 
oxidase (CYBB, gp91phox; CYBA, p22 phox; NCF1, 
p47 phox; NCF2, p67 phox; NCF4, p40 phox) are asso-
ciated with CGD.  Mutations in the X-linked 
CYBB (Xp21.1) account for about two-thirds of 
cases in the absence of high rates of consanguine-
ous marriage. Mutations in the other genes are 
autosomal recessive; there are no autosomal 
dominant cases of CGD [53]. The frequency of 
CGD in the Unites States is likely to be around 
1:100,000.

The defective phagocyte killing makes 
patients susceptible to recurrent life-threatening 
infections caused by certain bacteria and fungi, 
as well as extensive granuloma formation. The 
clinical course of CGD is quite variable, although 
the majority of patients present as toddlers or 
young children with infections and/or granulo-
matous lesions [55]. The lung, skin, lymph nodes, 
and liver are the most frequent sites of infection. 
In North America, the majority of infections are 
caused by only five organisms: Staphylococcus 
aureus, Burkholderia cepacia complex, Serratia 
marcescens, Nocardia species, and Aspergillus 
species [55].

Staphylococcal liver abscesses characteristi-
cally are dense, caseous, and difficult to drain 
[56]. A combination of steroid and antibiotic 
therapy usually obviates the need for surgery 
[57].

Gastrointestinal (GI) inflammatory manifesta-
tions occur in up to 43% of X-linked and 11% of 
autosomal recessive cases [58]. Patients most 
commonly present with abdominal pain and less 
frequently with diarrhea, nausea, or vomiting. 
Chronic granulomatous lesions mimicking 
Crohn’s-like inflammatory bowel disease (IBD), 
oral ulcers, esophagitis, gastric outlet obstruc-
tion, villous atrophy, intestinal strictures and fis-
tulae, and perirectal abscesses can also occur. 
The extraintestinal manifestations of IBD (e.g., 
pyoderma, arthritis) are typically absent. GI man-
ifestations are usually responsive to prednisone 
(1 mg/kg/day for several weeks followed by pro-
gressive tapering). However, relapses occur in 
nearly 70% of patients [58]. Low-dose mainte-
nance prednisone may control symptoms without 

an apparent increase in serious infections. 
Sulfasalazine, mesalamine, 6-mercaptopurine, 
azathioprine, and cyclosporine are effective 
second- line treatment options. Anecdotal use of 
TNF-alpha blocking antibodies in severe cases of 
CGD IBD has been reported to yield good symp-
tom control but has been associated with severe 
and fatal infections with typical CGD pathogens. 
Therefore, TNF blockade should only be used in 
CGD with intensified vigilance and prophylaxis 
for intercurrent infections [59].

Genitourinary strictures and granulomas occur 
in up to 18% of CGD patients, more commonly 
in the CYBA and CYBB mutated patients [60]. 
Steroid therapy similar to that for CGD-IBD is 
usually effective [61, 62].

Inflammatory retinal involvement occurs in 
almost a quarter of X-linked CGD cases. Well- 
circumscribed asymptomatic “punched-out” reti-
nal scars localized along the retinal vessels are 
typical and associated with pigment clumping. 
Notably, these lesions have also been identified in 
X-linked female carriers. Retinal involvement is 
typically nonprogressive and asymptomatic and 
requires no specific treatment; however, two 
patients had enucleation for painful retinal 
detachments [63, 64].

Autoimmune disorders are common in CGD 
patients. Discoid and systemic lupus erythemato-
sus occur in CGD patients as well as in X-linked 
CGD female carriers [65, 66]. Idiopathic throm-
bocytopenic purpura and juvenile rheumatoid 
arthritis also occur more frequently in CGD 
patients than in the general public [55].

Diagnosis of CGD is made by direct measure-
ment of superoxide production, ferricytochrome 
c reduction, chemiluminescence, nitroblue tetra-
zolium (NBT) reduction, or dihydrorhodamine 
(DHR) oxidation. DHR oxidation is the preferred 
test due to its ease of use, sensitivity to low num-
bers of functional neutrophils, and its ability to 
usually distinguish X-linked CGD from autoso-
mal patterns on flow cytometry [67, 68].

7 Defects of Innate Immunity



140

 Myeloperoxidase Deficiency

Myeloperoxidase (MPO) deficiency is the most 
common primary phagocytic disorder. It is an 
autosomal recessive disease with variable expres-
sivity: 1 in 4000 individuals has complete MPO 
deficiency and 1 in 2000 has a partial defect [69]. 
Myeloperoxidase is synthesized in neutrophils 
and monocytes, packaged in azurophilic gran-
ules, and released into the phagosome or extra-
cellular space where it catalyzes the conversion 
of hydrogen peroxide to hypohalous acid.

Clinically affected patients most commonly 
develop Candida infections, with cases of muco-
cutaneous, meningeal, and bone infections, as 
well as sepsis reported [70–73]. Diabetes melli-
tus is a significant comorbidity of Candida infec-
tions in the context of MPO deficiency.

Diagnosis is established by sequencing of the 
MPO gene (17q22) or histochemical staining of 
neutrophils for MPO.  Therapy should be 
infection- specific and adequate control of diabe-
tes is critical.

 Defects of Chemotaxis

 Leukocyte Adhesion Deficiencies

Leukocyte extravasation from the bloodstream to 
infected tissues requires interaction between gly-
coproteins expressed on the respective cell sur-
faces of neutrophils and endothelial cells. Light 
adhesion during neutrophil rolling results from 
the interaction of the carbohydrates in Sialyl- 
LewisX (CD15s) on the neutrophil surface with 

the P- and E-selectins on endothelial cells. While 
neutrophils are rolling along and sampling the 
endothelial surface, IL-8 release from infectious 
and inflammatory signals leads to upregulation of 
the CD18-dependent β2 integrins (LFA-1, MAC- 
1, p150,95), on the neutrophil surface, which 
then bind to endothelial ICAM-1 and ICAM-2, 
resulting in tight adhesion of the neutrophil to the 
vessel wall and facilitate opportunities for diape-
desis into the surrounding tissue through engage-
ment of PECAM-1.

 Leukocyte Adhesion Deficiency,  
Type 1 (LAD1)
LAD1 is a rare autosomal recessive disorder 
caused by mutations in the ITGB2 gene (21q22.3), 
which encodes CD18, the common chain of the 
β2 integrin family [74]. CD18 is required for the 
formation of the three β2 integrins expressed on 
the neutrophil surface: CD11a/CD18 (lympho-
cyte function-associated antigen-1, LFA-1), 
CD11b/CD18 (macrophage antigen-1, Mac-1, or 
complement receptor-3, CR3), and CD11c/CD18 
(p150,95 or complement receptor-4, CR4). The 
interaction between the β2 integrins and the inter-
cellular adhesion molecules 1 and 2 (ICAM-1 
and ICAM-2) proteins on endothelial cells allow 
neutrophils to adhere tightly enough to be able to 
extravasate into the tissues, including to sites of 
infection. Nonfunctional or absent CD18, result-
ing in low to absent expression of the β2 integ-
rins, reduces transmigration of neutrophils to 
normal and infected tissues [74]. Further, CD11b/
CD18 (Mac-1) binds the complement factor 
iC3b on the surface of microbes, triggering 
phagocytosis.
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The clinical phenotype of LAD1 ranges from 
severe, typically in patients with less than 1% of 
normal CD18 expression, to moderate, with up to 
30% of normal CD18 expression [75]. The clini-
cal manifestations of the severe phenotype 
include persistent leukocytosis (>15,000/uL), 
delayed umbilical stump separation, omphalitis, 
and severe, progressive gingivitis and periodonti-
tis with associated loss of all dentition as well as 
alveolar bone. Skin, upper and lower respiratory 
tract, bowel, and perirectal infections are com-
mon, typically caused by Staphylococcus aureus 
or gram-negative bacilli; fungal infections are 
uncommon. Infections may be necrotic and prog-
ress to ulceration. Notably, pus is absent from 
lesions grossly, and histopathology reveals com-
plete absence of neutrophil invasion despite cir-
culating neutrophilia. Impaired healing of 
wounds is characteristic, and scars tend to exhibit 
a dystrophic “cigarette-paper” appearance. 
Patients with the moderate phenotype have less 
severe leukocytosis, more mild and delayed peri-
odontal disease, and less severe delayed wound 
healing; however, patients with the moderate 
form typically present later in life, have normal 
umbilical separation, and have fewer severe 
infections [75].

Flow cytometry of blood samples confirms 
reduced expression of CD18 and its associated β2 
integrins on neutrophils and other leukocytes and 
failure to upregulate CD18  in the presence of 
agonists like PMA/ionomycin. Since patients 
may express normal levels of nonfunctional 
CD18 protein, functional assays should be per-
formed if the clinical suspicion for LAD1 remains 
high [76, 77].

Moderate LAD1 can be treated conservatively 
with infection-specific therapy, and patients may 
survive into adulthood. Early HSCT is recom-
mended for severe LAD1, as patients can die 
early in infancy [78, 79]. Somatic reversion 
mutations involving CD18+ cytotoxic T lympho-
cytes has been reported in three adult patients; 
the effect of these reversion mutations on patient 
survival is unclear [80].

 Leukocyte Adhesion Deficiency, Type 2 
(LAD2), or Congenital Disorder 
of Glycosylation Type IIc (CDGIIc)
LAD2 is a very rare autosomal recessive disease 
caused by mutations of the GDP-fucose trans-
porter gene, SLC35C1 (11p11.2), resulting in 
absent expression of fucosylated proteins, includ-
ing Sialyl-LewisX (CD15s) [81, 82]. Fucosylated 
proteins on the cell surface of leukocytes interact 
with selectins on endothelial cells (E-selectin), 
enabling neutrophil rolling and subsequent 
extravasation to infected tissues.

Clinical manifestations of LAD2 include skin, 
lung, and periodontal infections, leukocytosis, 
poor pus formation, development delay, short 
stature, dysmorphic facies, and the Bombay (hh) 
blood phenotype. The frequency and severity of 
infections tend to decline with age [83, 84]. 
Diagnosis is established by flow cytometry show-
ing reduced expression of CD15s. Fucose supple-
mentation has shown variable efficacy in LAD2 
patients; otherwise, aggressive treatment of 
infections is appropriate [85, 86]. Patient survival 
into early adulthood has been reported.

 Leukocyte Adhesion Deficiency, Type 
3 (LAD3)

LAD3 (previously identified as LAD1 variant) is 
a rare autosomal recessive disease caused by 
mutations in FERMT3 (11q13.1), the gene encod-
ing kindlin-3, which is critical for β integrin acti-
vation and adhesive functions in leukocytes and 
platelets [87, 88].

Clinically, LAD3 may resemble LAD1 (e.g., 
recurrent nonpurulent infections, leukocytosis); 
however, LAD3 is associated with a Glanzmann 
thrombasthenia-like bleeding disorder due to 
defects in β3 integrin-mediated platelet aggrega-
tion. Osteopetrosis-like radiographic features 
have been reported in LAD3 patients [89]. 
Mortality is high, even with HSCT.
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 Rac2 Deficiency

Rac2 is a member of the Rho family of GTPases 
and is critical for phagocyte NADPH oxidase 
activation and regulation of the actin cytoskele-
ton. Rac2 deficiency has been described in four 
patients. Dominant negative mutations in RAC2 
(22q13.1) have been reported in two male infants. 
The clinical manifestations are a mixture of CGD 
and LAD1 pathologies. The first patient was a 
male infant who had delayed umbilical cord sep-
aration, perirectal abscesses, poor wound heal-
ing, and absent pus from lesions despite 
neutrophilia [90, 91]. Neutrophil chemotaxis, 
superoxide production, azurophilic granule 
release, and phagocytosis were impaired. The 
patient underwent a successful bone marrow 
transplantation. A second case was identified 
through newborn screening for T cell excision 
circles (TRECs) [92, 93]. Within the first 
2 months of life, this patient developed omphali-
tis, leukocytosis, and a paratracheal abscess. 
Levels of CD18 and CD15 were normal, but neu-
trophil chemotaxis was impaired. This infant also 
underwent successful HSCT.

Autosomal recessive mutations in RAC2 were 
reported in two children with common variable 
immunodeficiency (CVID) who were products of 
consanguineous parents [94]. They both had 
recurrent pneumonia and post-streptococcal glo-
merulonephritis. Unlike the patients with domi-
nant negative mutations, these patients did not 
present with severe clinical manifestations in the 
neonatal period, but their neutrophils showed 
similar impaired chemotaxis and decreased num-
bers of granules.

 Hyper IgE Syndrome

 Autosomal Dominant HIES
Autosomal dominant Hyper-IgE syndrome 
(AD-HIES) is characterized by elevated serum 
IgE, eczema, recurrent skin and lung infections, 
and characteristic facies, scoliosis, and fractures 
[95–97]. AD-HIES results from dominant nega-
tive mutations in STAT3 (17q21.2); heterozygous 
missense or in-frame deletions in the SH2 domain 

and DNA-binding domain have been reported. 
STAT3 deficiency is associated with impaired 
Th17 numbers, as well as variably decreased 
neutrophil numbers and chemotaxis [98].

Clinical manifestations of STAT3 deficiency 
typically begin with a newborn rash. Common 
infections include mucocutaneous candidiasis 
(e.g., oral thrush, vaginal candidiasis, onychomy-
cosis), cutaneous Staphylococcus aureus “cold” 
abscesses, and recurrent pneumonias caused by 
S. aureus, Streptococcus pneumoniae, and 
Haemophilus influenzae. Pneumatoceles and 
bronchiectasis form during the healing process 
and usually persist, increasing susceptibility to 
gram-negative (e.g., Pseudomonas) and fungal 
(e.g., Aspergillus or Scedosporium spp.) pulmo-
nary infections [95]. Thoracic surgical interven-
tion for parenchymal abnormalities should be 
performed cautiously given the reported high 
complication rates [99]. Antimicrobial prophy-
laxis for S. aureus skin and lung infections may 
be broadened if gram-negative lung infections 
occur. Antifungal prophylaxis is effective to pre-
vent mucocutaneous candidiasis; it remains 
unclear whether prophylaxis is effective for pul-
monary aspergillosis.

The classical facies of AD-HIES is character-
ized by facial asymmetry, broad nose, deep-set 
eyes, and prominent forehead. Primary teeth are 
typically retained, resulting in layers of primary 
and secondary teeth [95, 100]. Vascular abnor-
malities include coronary artery aneurysms, dila-
tations, and tortuosities; carotid artery aneurysms; 
and early-onset MRI T2-weighted hyperintensi-
ties [101, 102]. Bone abnormalities include sco-
liosis, osteopenia, minimal trauma fractures, 
hyperextensibility, degenerative joint disease, 
craniosynostosis, and Chiari I malformations 
[100]. The mechanisms underlying these many 
complex bone abnormalities are unknown. 
Surgical correction is occasionally needed for 
craniosynostosis and Chiari I malformation; the 
use of bisphosphonates for osteoporosis and min-
imal trauma fractures in HIES is undefined.

HSCT has had variable results in AD-HIES 
and should be considered for patients with severe 
manifestations [103].
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 Autosomal Recessive HIES
Mutations in dedicator of cytokinesis 8 (DOCK8, 
9p24.3), phosphoglucomutase 3 (PGM3, 6q14.1), 
and tyrosine kinase 2 (TYK2, 19p13.2) have been 
identified as causes of autosomal recessive HIES 
(AR-HIES) [104–108]. The autosomal recessive 
and autosomal dominant forms of HIES share 
several characteristics including eczema, sino-
pulmonary infections, and elevated IgE levels.

Patients with DOCK8 deficiency lack the 
parenchymal lung abnormalities, retained pri-
mary teeth, and minimal trauma fractures charac-
teristic of autosomal HIES [103]. These patients 
may present with severe cutaneous viral infec-
tions and atopy. HSCT is recommended given the 
very high mortality in late childhood and 
adulthood.

Mutations in PGM3 cause abnormal glycosyl-
ation of numerous proteins, including many that 
are essential to leukocytes. Motor and neurologi-
cal deficits are more typical of PGM3 deficiency 
than DOCK8 deficiency; lack of pneumatoceles 
and retained teeth also differentiates PGM3 defi-
ciency from AD-HIES [106, 107].

An HIES-type syndrome was described in one 
patient with complete TYK2 deficiency, who 
developed intracellular bacterial infections, 
chronic skin Molluscum contagiosum infections, 
and recurrent herpes simplex virus (HSV) [108]. 
Additional patients with TYK2 mutations have 
developed intracellular bacterial and viral infec-
tions without classical signs of HIES and are 
thought to be more similar to the Mendelian sus-
ceptibility to mycobacterial disease group of dis-
eases [109].

 Disorders of Monocytes: Syndromes 
with Susceptibility 
to Environmental Mycobacteria

Host defense against mycobacteria relies on 
effective interaction between myeloid and lym-
phoid cells. Mycobacteria are phagocytosed by 
macrophages, causing the production and release 
of IL-12, which binds to the receptor formed by 
IL12Rβ1 and IL12Rβ2 on T cells and NK cells, 
stimulating the release of interferon (IFN)-γ. 

Binding of IFN-γ to its receptor induces STAT1 
phosphorylation, dimerization, and nuclear trans-
location to induce interferon-responsive genes, 
including IL-12 subunits, IFN-γ receptors, 
STAT1, IRF8, and ISG15.

Mutations at various points in this pathway 
resulting in increased susceptibility to mycobac-
teria and other intracellular pathogens have been 
identified: IL12B (IL-12p40; 5q33.1), IFNGR1 
(6q23.3), IFNGR2 (21q22.11), IL12RB1 
(19p13.11), STAT1 (2q32.2), IRF8 (16q24.1), 
ISG15 (1p36.33), and GATA2 (3q21.3) are often 
collectively referred to as Mendelian susceptibil-
ity to mycobacterial disease (MSMD) [110–117]. 
IFN-γ receptor 1 and IL12Rβ1 deficiency account 
for almost 80% of reported cases of MSMD 
[117]. Patients with autosomal recessive muta-
tions leading to complete deficiency of proteins 
in the IL-12/IFN-γ pathway tend to present in 
early childhood with severe and/or disseminated 
infections. In contrast, patients with dominant 
partial deficiencies typically present later with 
milder disease and have overall better treatment 
response and survival.

Flow cytometry is sufficient to detect most 
IFN-γ receptor 1 defects, whereas IFN-γ receptor 
2 is more tightly controlled, and antibodies for its 
flow cytometric detection are few. Cell culture 
and proliferation are required for functional 
detection of IL-12 receptor defects, as the IL-12 
receptor is not fully displayed on resting lympho-
cytes. Functional integrity of IFN-γ and IL-12 
receptors can be determined indirectly via detec-
tion of intracellular phosphorylated STAT1 after 
IFN-γ stimulation or phosphorylated STAT4 after 
IL-12 stimulation, respectively. IL-12p40 defi-
ciency can be diagnosed with direction detection 
of IL-12p40 or IL-12p80. Diagnosis of STAT1 
defects requires research techniques. Overall, 
modern detection of defects in this and many of 
the discussed pathways should rely on genetic 
confirmation.

IFN-γ therapy is effective for autosomal dom-
inant IFNGR1 deficiency, the IL-12 defects, and 
the IL-12R defects; it is not effective for com-
plete IFN-γ receptor deficiencies, as they will not 
allow any signal transduction. Long-term pro-
phylaxis against environmental mycobacterial 
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infections with a macrolide such as azithromycin 
is advisable, as is avoidance of BCG vaccination. 
HSCT is best performed before severe dissemi-
nated mycobacterial disease is present.

 GATA2 Deficiency

GATA2 is a transcription factor required for the 
differentiation of hematopoietic stem cells as 
well as the development of blood vessels [118]. 
Haploinsufficiency for GATA2 results in a 
variable- onset immunodeficiency characterized 
by disseminated nontuberculous mycobacterial, 
fungal, and viral (e.g., HPV, HSV) infections, 
often associated with diminished monocytes, B 
cells, and NK cells in the peripheral blood along 
with hypoplastic myelodysplasia. Along with 
monocytopenia, the phagocytic activity of mono-
cytes may be impaired. Early HSCT is 
recommended.

 NEMO Deficiency

The NFκB essential modulator (NEMO)-
mediated pathway is also critical for immunity 
against mycobacteria. NEMO, encoded by the 
X-linked IKBKG (Xq28), is required for the acti-
vation of NF-κB, a transcription factor required 
for innate and adaptive immunity. NEMO 
responds to multiple signals, including IL-1, 
TNFα, LPS, and the endogenous ectodermal sig-
nal molecule, ectodysplasin [119]. Amorphic 
mutations in IKBKG result in male lethality in 
utero but cause incontinentia pigmenti in 
X-linked females [120]. Hypomorphic mutations 
resulting in reduced activation of NK-κB permit 
male survival but often cause ectodermal dyspla-
sia, invasive pneumococcal diseases, severe viral 
infections, and disseminated nontuberculous 
mycobacterial infections [121]. Immunological 
profiles may include reduced NK cell cytotoxic-
ity, variable hypogammaglobulinemia, and 
impaired function of the receptors of innate 
immunity [122].

 Mucocutaneous Candidiasis

Isolated chronic mucocutaneous candidiasis 
(CMC) has been associated with genetic muta-
tions. Mutations in dectin-1 (12p13.2), the cell 
surface receptor for fungal beta-D-glucan, have 
been identified in patients with severe vulvovagi-
nal, oral, and nail infections [123]. Mutations in 
the gene encoding CARD9 (9q34.3), an adaptor 
protein downstream in the dectin-1 signaling 
pathway, have also been associated with cases of 
severe, invasive candidiasis, including meningitis 
[124]. Gain-of-function mutations in STAT1 are 
the most common cause of CMC and should be 
considered in any case of CMC, especially in 
later childhood or adulthood [125].

 Conclusions and Future Directions

Defects in innate immunity are being described 
at a dizzying rate. Molecular genetic studies are 
now attaching discrete genes to overlapping phe-
notypes, such as neutropenia and infection sus-
ceptibility. The emerging frontiers are the 
identification of the mechanisms of immunopa-
thology and correction of the defects. In some 
cases these corrections will be with immunomod-
ulation, while in others it will be correction at the 
level of the hematopoietic stem cell, either by 
gene therapy (replacement or correction) or 
hematopoietic stem cell transplantation. The 
future is very bright for patients with these disor-
ders of innate immunity.
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T Cell Defects

Morna J. Dorsey and Morton J. Cowan

 Severe Combined 
Immunodeficiency (SCID)

SCID is a group of inheritable diseases occurring 
at a rate of 1/58,000 live births in the USA that 
results from defects in genes controlling lympho-
cyte development causing profound T cell defi-
ciency [1, 2] (Table 8.1). As the most severe form 
of primary immunodeficiency (PID), typical 
SCID is generally fatal in the first year of life 
unless recognized and treated. Consequently, the 
treatment of choice is immune reconstitution 
through hematopoietic cell transplantation 
(HCT), enzyme replacement (in the case of ade-
nosine deaminase deficiency), or experimental 
gene therapy (GT). Infants born with SCID are 
typically normal appearing and, unless diagnosed 
through NBS or by family history, are at high risk 
of serious infections after maternally transferred 
antibodies naturally decline and circulating anti-
body levels reach their nadir at 4–6  months of 
life. Common infections in the first year of life 
include opportunistic infections like 
Pneumocystis jirovecii and viral infections such 
as cytomegalovirus (CMV) as well as respiratory 
syncytial virus (RSV) and parainfluenza and 

influenza viruses. Chronic diarrhea often with 
rotavirus vaccine strain occurs in SCID recipients 
of the oral rotavirus vaccine [3]. Candida infec-
tions are also common and recurrent, usually as 
oral thrush, and may be the reason for seeking 
medical attention; occasionally invasive disease 
such as meningitis may develop. Several of the 
specific gene defects that result in SCID can be 
associated with mild dysmorphia, but there are 
often no outward clues to the severity of the 
underlying diagnosis. The identification of 
infants with SCID has become a priority for 
states in the USA, and NBS for SCID is becom-
ing more widespread. There are now several 
studies demonstrating that early transplantation 
leads to superior outcomes [4]. The rapid identi-
fication of patients with SCID and early HCT is 
of critical importance to successful treatment, in 
particular, because survival of >80% is seen in 
patients who have no active infection at the time 
of HCT regardless of age at HCT [4].

 Definition

The definition of SCID is based on T cell lym-
phopenia and abnormal lymphocyte function. 
Table 8.2 highlights the current classification of 
SCID infants with low TRECS and is based on 
immune evaluation that includes total T cell num-
bers, lymphocyte responses to mitogens, and 
determination of presence or absence of maternal 
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engraftment that can occur in 35–60% of cases of 
SCID [5, 6].

 Pathogenesis of Selected SCID 
Genotypes

SCID and combined immunodeficiency (CID) 
comprise a spectrum of genetic disorders of the 
immune system that results in severe  susceptibility 
to common opportunistic infections. Multiple 
gene defects have been identified as causing 
SCID, and these gene defects have illuminated 
the road to functional T cell development. While 
genetic testing is not essential in many cases to 
move forward with transplant, there are compel-
ling reasons to pursue a genetic diagnosis. In 
some cases it will dictate the type of transplant 
performed, and inheritance pattern is important 
to determine recurrence risk in another child.

IL2Rγ Deficient SCID (X-SCID) The common 
γ chain (γc) (CD132) is a key component of the 
following cytokine receptors: IL-2, IL-4, IL-7, 
IL-9, IL-15, and IL-21. The absence of IL-7 sig-
naling is likely the most deleterious effect of 
mutations as this is a critical T-lymphocyte devel-
opment factor. Defective survival and function of 
early T cell progenitors in the thymus lead to 
extreme T cell lymphopenia. IL-4 and IL-21 are 
important for functional immunoglobulin pro-
duction and B cell differentiation, and absent sig-
naling results in the B cell defects seen in these 
patients. IL-15 is an important factor in natural 
killer (NK) cell development and its absence 
results in NK deficiency in X-SCID [7].

RAG Deficient SCID (RAG-SCID) Assembly 
of antigen receptor genes as part of the genera-
tion of T cell receptors (TCRs) and B cell recep-
tors (BCRs) occurs through V(D)J recombination. 
Recombinase activating genes (RAG) are key 

Table 8.1 Summary of clinical and immunological features of SCID

Disease
Lymphocyte 
profile Gene Inheritance Associated non-immunologic features

Impaired cytokine signaling and early lymphoid progenitor development

IL2Rγ T-B+NK- IL2RG X-linked

JAK3 kinase T-B+NK- JAK3 AR
IL-7Ra T-B+NK- IL7R AR
Defects in VDJ recombination
RAG1 T-B-NK+ RAG1 AR
RAG2 T-B-NK+ RAG2 AR
Artemis T-B-NK+ DCLRE1C AR Growth retardation, microcephaly
DNA-PKcs T-B-NK+ PRKDC AR Growth retardation, dysmorphic facies, microcephaly
Ligase IV T-B-NK+ LIG4 AR Growth retardation, dysmorphic facies, microcephaly, 

bone marrow failure
Cernunnos T-B-NK+ NHEJ AR Growth retardation, dysmorphic facies, microcephaly, 

bone marrow failure
Impaired signaling through TCR

CD3δ T-B+NK+ CD3D AR

CD3ε T-B+NK+ CD3E AR

CD3ζ T-B+NK+ CD3Z AR

CD45 T-B+NK+ PTPRC AR
Decreased lymphocyte survival, increased apoptosis, or impaired migration or function
Reticular 
dysgenesis

T-B-NK- AK2 AR

ADA T-B-NK- ADA AR Skeletal abnormalities, pulmonary alveolar proteinosis, 
cognitive abnormalities
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players in this assembly process. Recombination 
signal sequences (RSSs) flank each V, D, and J 
coding segment. RAG1/2 recombinase initiates 
recombination by introducing double-stranded 
breaks in the DNA between the RSS and coding 
segments. RAG gene mutations result in arrest of 
the V(D)J recombination process, with a resul-
tant block in T and B cell differentiation [8].

ADA Deficient SCID (ADA-SCID) Adenosine 
deaminase (ADA) is an enzyme of the purine sal-
vage pathway that is present in all cells. Activity 
is highest in the thymic T cells, lymphoid tissue, 
gastrointestinal tract, and brain [9]. ADA cata-
lyzes the irreversible deamination of adenosine 

and deoxyadenosine to inosine and deoxyinosine 
[10]. As a result of ADA deficiency, increased 
concentrations of ADA substrates occur, particu-
larly in the thymus, and induce apoptosis of 
immature thymic lymphocytes [11].

Artemis Deficient SCID (ART- 
SCID) DCLRE1C, which encodes Artemis pro-
tein, is mapped to chromosome 10 and is the gene 
responsible for radiation sensitive (RS)-SCID 
[12]. During the later steps of V(D)J recombina-
tion, the hairpin coding ends are opened prior to 
ligation by Artemis, which undergoes phosphory-
lation by DNA-PKcs to become an endonuclease 
[13].

IL-7Ra Deficient SCID IL-7 provides survival 
and proliferative signals through the IL-7 recep-
tor and thus plays a critical role in early T cell 
development. The IL-7 receptor is composed of a 
unique alpha chain (CD127) and a gamma chain 
(CD132). B cell development in humans is inde-
pendent of IL-7. NK cell numbers and function 
appear to be unaffected by IL-7Ra deficiency 
[14].

 Clinical Presentation of Selected SCID 
Genotypes

If not identified by SCID NBS, infants with SCID 
typically present during the first months of life 
with recurrent and/or severe infections, such as 
oral candidiasis and pneumonias caused by 
Pneumocystis jirovecii or viral agents (e.g., CMV, 
RSV, adenovirus, herpes virus, parainfluenza), 
often concurrently. Persistent diarrhea with fail-
ure to thrive is also common; exposure to oral 
rotavirus vaccine can also be very problematic 
[3]. Occasionally, other intracellular organisms 
such as Listeria monocytogenes or Legionella 
species can lead to uncontrolled B cell prolifera-
tion. Live attenuated vaccines such as BCG, may 
lead to disseminated and even lethal infection 
[15, 16].

Table 8.2 Classification of infants with low TRECS and 
low T cells

Category Definition of conditiona

Typical SCID <300 autologous T cells/uL, <10% of 
normal proliferation to PHA, 
frequently with maternal T cell 
engraftment and deleterious defect(s) 
in a known SCID gene

Leaky SCID 300–1499 autologous T cells/uL (or 
higher numbers of oligoclonal T 
cells), reduced proliferation to PHA, 
no maternal engraftment, generally 
with incomplete defect(s) in a known 
SCID gene

Omenn 
syndrome

Similar to leaky SCID but also with 
oligoclonal T cells, erythroderma, 
hepatosplenomegaly, eosinophilia, 
and elevated serum IgE levels

Syndrome 
with low T 
cells

Recognized genetic syndrome that 
includes low T cells within its 
spectrum of clinical findings

Secondary 
low T cells

Congenital malformation or disease 
process without intrinsic 
immunodeficiency that results in low 
circulating T cells

Preterm birth 
alone

Preterm infants with low T cells early 
that become normal over time

Idiopathic T 
cell 
lymphopenia

Persistently low T cells (300–1499/
uL), functional T cell and/or B cell 
impairment, no defect in a typical 
SCID gene; etiology and clinical 
course undetermined

PHA phytohemagglutinin
aDefinitions used by primary immunodeficiency treatment 
consortium
bWhen or if an etiology for low T cells is discovered, the 
affected individual is moved to the appropriate category
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X-SCID T cells and NK cells are typically 
extremely low to absent in number, and B cell 
numbers are typically normal, but in up to 5% of 
patients, low B cells are seen (Buckley RH and 
Schiff RI). The presence of maternal T cells can 
be associated with a graft versus host (GVH) 
reaction that presents with an erythrodermic skin 
rash, eosinophilia, and hepatomegaly. See 
Table  8.1 for the lymphocyte profiles of SCID 
genotypes.

RAG-SCID The immunologic phenotype is 
characterized by severe lymphopenia with a vir-
tual absence of T and B cells and presence of cir-
culating NK cells. Hypomorphic mutations in 
RAG1 and/or RAG2 are the most frequent causes 
of Omenn syndrome (OS). Infants with OS pres-
ent with varying degrees of eczematous rash that 
can be quite severe as well as diarrhea and 
enlarged lymph nodes and hepatosplenomegaly 
in severe cases [17]. When these manifestations 
are refractory to steroid treatment, calcineurin 
inhibitors or T cell-directed immunosuppression 
with anti-CD52 monoclonal antibody (alemtu-
zumab) or polyclonal rabbit antithymocyte glob-
ulin may be required before transplant. Some 
patients with leaky (less severe) RAG mutations 
are known to present later in childhood with a 
lifelong history of food allergy and eczematous 
skin or in adulthood with recurrent sinopulmo-
nary infection and poor polysaccharide antibody 
responses [18, 19].

ADA-SCID Affected infants present with simi-
lar infectious manifestations as classical SCID. In 
addition to lymphopenia, infants often develop 
neutropenia that improves once life-saving ADA 
replacement therapy is initiated. In addition to 
hematologic aberrations, infants with ADA- 
SCID are susceptible to pulmonary alveolar pro-
teinosis that can result in respiratory distress, 
typically manifesting with tachypnea and hypox-
emia that improves with correction of the enzyme 
deficiency. Bony abnormalities can be seen on 
CXR with evidence of cupping of the anterior 

ribs and scapular spurring. Plaque-like or nodular 
skin dermatofibrosarcoma protuberans lesions 
are frequently seen in ADA deficiency [20]. In 
addition to cognitive and behavioral abnormali-
ties, sensorineural hearing loss is frequently dem-
onstrated [21]. Some patients are identified as 
late-onset ADA deficiency even into adulthood 
[22]. The most common presentation in these 
patients is lymphopenia and recurrent sinopul-
monary disease [23].

ART-SCID The immunologic phenotype is 
characterized by profound T and B cell lympho-
penia with the presence of circulating NK cells. 
This RS-SCID is very rare in the general popula-
tion but is found with a high incidence among 
Athabascan-speaking Native Americans (1  in 
2000 live births among Navajo Indians) [24]. 
Affected patients present early in life with recur-
rent and serious infection with opportunistic 
organisms. A classic clinical finding in affected 
infants is the presence of oral mucosal and uro-
genital ulcers that are painful and do not resolve 
until T cell immunity is reconstituted. Infants 
with hypomorphic Artemis mutations can present 
with symptoms similar to OS.

IL-7Ra deficient SCID Similar to X-SCID, 
maternal chimerism is seen frequently in this 
SCID genotype. T cells are profoundly low or 
absent and B cells are typically normal or 
increased in number. Hypomorphic mutations in 
the IL7Ra gene have been described in patients 
with erythroderma with evidence of oligoclonal, 
activated T cells consistent with 
OS. Polymorphisms in IL-7Ra have been shown 
to be a risk factor for a number of diseases that 
are autoimmune or involve excess immune and 
inflammatory responses including multiple scle-
rosis, type 1 diabetes, rheumatoid arthritis, and 
inflammatory bowel disease [25].

In addition to the classic SCID presentation 
described above, variants of each condition exist 
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and can present in a number of different ways. 
This includes persistent lymphopenia, marrow 
failure, ill-defined autoimmunity, granulomas, 
and abnormal immunoglobulin production and 
function. The range of phenotypes associated 
with the variants is still not entirely clear, and 
infection is often not the major manifestation.

 Diagnosis

Newborn screening for SCID utilizes a test based 
on quantification of T cell receptor excision cir-
cles (TRECS) produced during V(D)J recombi-
nation which is essential for T cell maturation in 
the thymus. TRECs correlate with production of 
naïve T cells. TRECs are very low in virtually all 
cases of SCID in which very low numbers of 
naïve T cells are generated. A typical evaluation 
for SCID includes determination of lymphocyte 
subsets including CD3, CD4, CD8, CD16/56, 
and CD19. Obtaining CD45RA/RO T cell mark-
ers is important for confirming the diagnosis and 
in assessing the likelihood of oligoclonal expan-
sion of T cells, which is seen in transplacental 
maternal T cell engraftment (TME). In addition 
to conditions listed in Table  8.3, leaky ADA- 
SCID may not be identified by TREC 
NBS.  Lymphocyte proliferation to mitogen is 
usually low to absent (<10% of the lower limit of 
normal for the lab) and confirms abnormal func-
tion. The presence of TME can be determined 
through studies of short tandem repeats (STR) 
analysis of infant and mother or fluorescence in 
situ hybridization (FISH) for X and Y chromo-
somes in male infants, the significance of which 
may influence the choice of donor and possible 
need for serotherapy or conditioning prior to 
HCT. The diagnosis of X-SCID should be con-
sidered in any male infant with severe lymphope-
nia. Immunoglobulin G levels at birth may be 
normal as the IgG present at birth is maternally 
derived. Based on the recent results of NBS in 11 
states and the Navajo Nation as well as a study 
from California, the two most common forms of 
SCID in the USA are X-SCID (19%) and RAG- 

SCID (15%) followed by ADA-SCID (10%) 
[26]. A positive family history for SCID may be 
present and would enable diagnosis in the prena-
tal period, which could be performed by mutation 
detection in fetuses at risk using DNA obtained 
from chorionic villous biopsy performed at 
8–10  weeks of pregnancy or amniotic fluid 
obtained somewhat later. Molecular confirmation 
can be obtained by sequencing the IL2RG gene. 
Flow cytometry analysis of CD132 (γc) cell sur-
face expression can be challenging because of the 
presence of lymphopenia and the possibility of 
TME. In addition, missense mutations can result 
in normal γc expression further suggesting 
molecular identification as a means of identifying 
the gene defect. Genetic reversion events can 
lead to normal γc sequence and expression in 
lymphocytes requiring both somatic and periph-
eral lymphocyte DNA sequencing [27].

Other forms of SCID occurring in male 
patients can mimic the typical X-SCID pheno-
type and include JAK3 deficiency (Table 8.1) and 
IL-7Ra, although the latter generally presents 
with detectable peripheral blood NK cells. In 
males without the typical X-SCID phenotype, in 
affected females and when there may be consan-
guinity within a family, the differential diagnosis 
must include forms of autosomal recessive SCID 
including those with abnormal V(D)J recombina-
tion resulting from mutations in the recombinase 
activating genes, RAG1 or RAG2, or DCLRE1C 
genes as well as other causes of T-B-NK+ and 
T-B+NK+ SCID (Table  8.1). For patients with 
RS-SCID, because of their heightened sensitivity 
to radiation, imaging requiring radiation must be 
conducted judiciously and only if potential 
results would have significant impact on out-
come. Additional features that may be helpful in 
focusing the diagnostic effort include microceph-
aly and marrow failure associated with some 
forms of RS-SCID, neutropenia, and/or pulmo-
nary proteinosis seen with ADA-SCID 
(Table 8.1).

Enzyme assay of ADA activity can confirm 
deficiency using available cell lines including 
erythrocytes but may be unreliable in the setting 

8 T Cell Defects



156

of a recent blood transfusion. In those situations, 
studies in the parents can often demonstrate 
 carrier status. Confirmation is typically con-
ducted through genetic testing of the ADA gene.

 Management

Parents of infants suspected to have SCID or 
leaky SCID based on NBS, or if identified by 
family history or clinical features, are given 
instructions regarding protective isolation pre-
cautions. However, in most instances, this is not 
easily attainable as an outpatient, and therefore, 
admission to the hospital is necessary. Infants 
should avoid live rotavirus vaccine, and the 
potential for CMV transmission from breast- 
feeding (if the mother is CMV seropositive) 
should be discussed with the parents. Caregivers 
of infants diagnosed with SCID have particular 
psychosocial vulnerability and are especially sus-
ceptible to postpartum depression and posttrau-
matic stress (M Dorsey, UCSF, personal 
communication). A social worker versed in 
SCID to identify needs for support of the family 
is an important part of the medical team. 
Infectious disease workup includes assessing for 
CMV by serum PCR, which may have been 
transmitted via breast milk prior to confirmation 
of SCID. Baseline immunologic function which 

includes lymphocyte proliferation to mitogens, 
immunoglobulin profile, as well as lymphocyte 
subset confirmation should be obtained, along 
with HLA testing of the infant and nuclear fam-
ily members. Testing for maternal chimerism by 
DNA short tandem repeat marker analysis of the 
infant’s whole blood and CD3-selected cells is 
the most sensitive method to demonstrate trans-
placentally transferred maternal T cells, the pres-
ence of which has implications for choice of a 
donor for HCT as well as GVHD prophylaxis (J 
Wahlstrom, UCSF, personal communication). 
An elevated proportion of CD45RO+ T cells sug-
gests expansion of a limited repertoire of T cells 
of either infant or maternal origin. If an infant 
diagnosed with ADA-SCID has no matched sib-
ling immediately available, PEG-ADA enzyme 
should be initiated while an unrelated donor 
search is underway or while awaiting gene ther-
apy. If infection or respiratory distress due to 
pulmonary alveolar proteinosis (PAP) is present, 
PEG-ADA should not be delayed. Blood draws 
should be carefully planned to minimize discom-
fort and the smallest possible volumes drawn for 
each test to avoid iatrogenic anemia. Transfusions 
should be avoided to minimize risks of infection. 
If a transfusion is needed, only CMV-negative, 
irradiated, leukoreduced packed red cells should 
be given. Initiation of IgG replacement therapy 
should not be delayed. Introduction of 

Table 8.3 Immune disorders and expectations for abnormally low TRECs at birth

SCID conditions proven to 
be identified by TREC NBS

CID conditions that have 
been identified by TREC 
NBS

Other conditions that have been 
identified by TREC NBS

Conditions in 
which TREC NBS 
would not be 
expected to identify 
affected infants

IL2Rγ, IL-7Ra, JAK3, 
ADA, CD3D, CD3E, 
CD3Z, CD45, RAG1, 
RAG2, Artemis, DNA-
PKcs, Ligase IV, Reticular 
dysgenesis, Cernunnos

LCK, PNP, FOXN1, 
DOCK8, Coronin-1A, 
Cartilage-hair 
hypoplasia, combined ID 
with multiple intestinal 
atresia

RAC2, Nijmegen-breakage 
syndrome, Ataxia-telangiectasia, 
DiGeorge syndrome, CHARGE 
syndrome, Jacobsen syndrome, 
Trisomy 21, Trisomy 18, CLOVES, 
ECC, Fryns, TAR, Renpenning

ZAP-70, MHC 
class II, CD3G

CHARGE coloboma, heart defect, atresia choanae, retarded growth and development, genital and ear abnormality, 
CLOVES congenital lipomatous overgrowth, vascular malformations, epidermal nevi, and spinal/skeletal anomalies, 
ECC ectodermal dysplasia, ectrodactyly, and clefting, TAR thrombocytopenia and absent radius
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 prophylaxis with trimethoprim-sulfamethoxa-
zole (TMP-SMX), acyclovir, and fluconazole 
can begin after the first month of life unless active 
infection is present, and providing the liver func-
tion tests is normal.

Multicenter collaborations, including the 
Primary Immunodeficiency Treatment 
Consortium (PIDTC), have begun to address 
unknowns regarding best practices and trans-
plant outcomes for patients with mutations in 
specific genes by studying large numbers of 
patients enrolled from transplant centers across 
North America. The first PIDTC retrospective 
report on SCID showed that infants who received 
transplants at 3.5 months of age or younger had 
a 5-year survival rate of 94%, comparable to 
infants older than 3.5 months of age at the time 
of HCT and with no history of infection (90%) or 
whose infection had resolved by the time of 
HCT (82%) [4]. Children who were older than 
3.5 months of age and had active infection at the 
time of HCT had the lowest survival (50%). 
HLA-matched sibling donors resulted in the best 
outcomes regardless of age or infection. While 
reduced intensity conditioning (RIC) or mye-
loablative conditioning (MAC) versus no or 
immunosuppression alone resulted in a higher 
likelihood of full T cell reconstitution and being 
free of immunoglobulin supplementation, the 
long-term effects of this therapy were not 
addressed in this study [4]. Autologous gene 
therapy has been successful for children with 
X-SCID and ADA- SCID [28]. The initial suc-
cess in X-SCID was tempered by the develop-
ment of insertional mutagenesis (IM) in 5 of the 
initial 20 recipients of cells transduced with 
Maloney retroviral vectors. Currently, there are 
ongoing trials using self-inactivating retroviral or 
lentiviral vectors, which appear to have a signifi-
cantly lower risk of IM and potential risk of leu-
kemia. In the early X-SCID trials, no conditioning 
was used resulting in T cell, but limited B and 

NK cell, reconstitution. The preliminary experi-
ence to date with low-dose busulfan and a lentivi-
ral vector for ADA-SCID [29] and X-SCID 
[personal communication, H Malech, NIH-
NIAID] suggests that B and NK cell reconstitu-
tion will be more likely.

 Selected Combined 
Immunodeficiencies (CID)

 CD40L Deficiency

 Definition
CD40L deficiency is a class-switch recombina-
tion (CSR) defect that is characterized by normal 
or elevated IgM with other isotypes (IgG, IgA, 
IgE) low or absent (Table 8.4). Due to this typical 
laboratory phenotype and inheritance pattern, it 
is often referred to as X-linked hyper-IgM syn-
drome, estimated to occur at a rate of 1 in 500,000 
male births [30].

 Pathogenesis
CD40L (CD154) is a type II transmembrane pro-
tein with an extracellular domain that is a tumor 
necrosis factor (TNF) homologue. Expression on 
the mainly activated helper CD4+ T cell subset is 
transient, but CD40L is also known to be 
expressed by activated B cells, mast cells, and 
platelets [31]. T follicular helper (TFH) cells are 
known to express high levels of CD40L, and 
absence of interaction with CD40 on B cells 
results in absent germinal center formation with 
decreased B cell proliferation, class-switch 
recombination, and somatic hypermutation.

Interaction between CD40L expressed by the 
TFH cell subset and its receptor CD40 on B cells 
induces B cell proliferation, CSR, and somatic 
hypermutation (SHM). CD40 is constitutively 
expressed on B cells, and the CD40-CD40L  
signaling has an essential role in antibody  
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Table 8.4 Summary of immune and clinical features of combined immunodeficiencies

Disease Immune profile Gene Inheritance Associated features
Ligase IV ↓T and B cells, T cell 

proliferation
LIG4, AR Microcephaly, 

developmental delay, 
growth retardation↓Igs

Radiation sensitivity
Pancytopenia

Cernunnos ↓T and B cells, T cell 
proliferation

NHEJ1 AR Microcephaly, 
developmental delay, 
growth retardation↓Igs

Radiation sensitivity
Pancytopenia

PNP ↓T cells, T cell 
proliferation

PNP AR Neurologic abnormalities

Low uric acid and PNP 
activity

CD8A ↓↓CD8 T cells CD8A AR

Normal T cell 
proliferation

CD3γ ↓ or normal T cells but 
reduced TCR

CD3G AR

Normal B cells
ZAP70 ↓↓CD8 T cells ZAP70 AR

↓T cell proliferation
CD40L ↑ or normal IgM CD40L X-linked Neutropenia

↓IgG and IgA PJP, cryptosporidium

ORAI1, STIM1 ↓T cell proliferation ORAI1 AR Abnormal dental enamel, 
ectodermal dysplasia, 
hypotonia, autoimmunity, 
and lymphoproliferation

↓calcium influx with 
TCR stimulation

STIM1

MHCI ↓MHCI expression MHCI AR Necrotizing granulomas 
skin

MHCII ↓CD4 T cells, T cell 
proliferation to antigens

CIITA, RFXANK, 
RFX5, RFXAP

AR Sclerosing cholangitis

↓↓ MHCII expression
FOXN1 ↓↓MHCII expression FOXN1 AR Nail dystrophy, nail 

dystrophy↓T cell proliferation

↓↓TRECs
MAGT1 ↓CD4 T cells MAGT1 X-linked EBV lymphoma

↓NKG2D expression on 
NK and CD8

ITK ↓↓iNK T cells ITK AR EBV lymphoma

↓calcium influx with 
TCR stimulation

IKAROS ↓B cell and NK cell IKAROS AD Bone marrow aplasia

Pancytopenia
DOCK8 ↓CD4 T cells DOCK8 AR Cutaneous viral and  

bacterial infection, 
lymphoma, squamous cell 
carcinoma

↑IgE, eosinophils

(continued)
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maturation and B cell proliferation and survival. 
Defects in the CD40L/CD40 interaction prevent 
the formation of germinal centers in the second-
ary lymphoid organs and thus impair CSR and 
SHM and an inability to generate memory B 

cells or mount IgG, IgA, or IgE responses to T 
cell-dependent antigens. CD40 is also expressed 
at the surface of monocytes, dendritic cells, and 
granulocyte progenitor cells, which may explain 
neutropenia commonly seen in these patients 

Table 8.4 (continued)

Disease Immune profile Gene Inheritance Associated features
DOCK2 ↓T cells, ↓NK cell 

function
DOCK2 AR

↓ TRECs
Poor PHA responses

TYK2 ↓Phosphorylation of 
STATs to IL-12, IL-23, 
IL-6, IL-10, type 1 IFN

TYK2 AR Disseminated BCG

↑IgE
LCK ↓CD4 T cells, T cell 

proliferation
LCK AR Cytopenia, retinal vasculitis

↓Antibody production
CARD11 ↓T cell proliferation CARD11 AR PJP, meningitis

↓Igs
MALT1 ↓T and B cell 

proliferation
MALT1 AR CMV, Candida, poor growth

↓Functional antibodies
IL-21R ↓Class switch 

recombination
IL21R AR PJP, cryptosporidium, 

Candida

IgE

↓Phosphorylation of 
STATs to IL-21

IL-21 Normal T cells IL21 AR Early-onset IBD

↓ or normal T cell 
function

LRBA ↓ or normal CD4 T cells LRBA AR IBD, EBV

↓ or normal B cells

↓IgG and IgA
STK4 (MST1) ↓CD4 T cells, T cell 

proliferation
STK4 AR Staph skin infections, 

mucocutaneous candidiasis, 
EBV, lymphoma↑IgE

↓IgM
WAS ↓T cells, T cell 

proliferation
WASP X-linked Eczema, thrombocytopenia, 

small platelets, 
autoimmunity↓IgG and IgM

↑IgA and IgE
Post-vaccine titers

Cartilage hair 
hypoplasia

↓CD4 and CD8 T cells, T 
cell proliferation

RMRP AR Hair hypoplasia, 
metaphyseal dysplasia, 
ligamentous laxityAnemia

Combined 
immunodeficiency 
with multiple 
intestinal atresia

↓↓ or normal T cells TTC7A AR Multiple intestinal atresia, 
can present with SCIDNormal B cells

Coronin-1A ↓↓ or normal T cells CORO1A AR EBV, lymphoproliferation

Normal B cells
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since GM-CSF and G-CSF are two important 
regulators of granulopoiesis that require CD40 
activation on bone marrow stromal cells [32]. 
Defects in T cell and B cell interaction through 
CD40/CD40L result in impaired germinal cen-
ter formation and an inability to generate mem-
ory B cells or mount IgG, IgA, or IgE responses 
to T cell-dependent antigens [33].

 Clinical Presentation
Most CD40L-deficient patients suffer from upper 
and lower respiratory tract infections in the first 
few years of life. Pneumocystis jiroveci pneumo-
nia (PjP) is often the presenting infection in 
affected children. Males with deficiency of 
CD40L exhibit defective humoral and cell- 
mediated immunity. Defects in antibody synthe-
sis result in susceptibility to infections caused by 
Haemophilus influenzae, Streptococcus pneu-
moniae, Streptococcus pyogenes, and 
Staphylococcus aureus. These bacteria are resis-
tant to destruction by phagocytic cells unless they 
are opsonized with antibody and complement. 
Defects in cell-mediated immunity due to abnor-
mal T cell-mediated activation of macrophages 
result in susceptibility to opportunistic infec-
tions. Giardia lamblia and Cryptosporidium 
infections can be severe in these patients or can 
be chronic and subclinical [34]. Chronic 
Cryptosporidium infection can lead to sclerosing 
cholangitis, terminal liver damage, and cancer 
[35]. Although rare, enteroviral meningitis, skin 
infections, and soft tissue infections have been 
reported [36]. Neutropenia, seen in about 50% of 
cases, can be the initial presenting sign of the 
condition and is often associated with mouth 
ulcers.

 Diagnosis
CD40L deficiency should be considered in male 
children with normal or elevated IgM and low 
IgG and IgA in the setting of recurrent infection. 
While total B cell counts are normal including 
CD19 B cells, there are typically low class 
switched memory B cells (CD19+CD27+IgD- 
IgM-) displaying a CSR defect. Infection with 
both common and opportunistic pathogens (e.g., 
PjP and Cryptosporidium) is common as is the 

presence of neutropenia. Low T cell counts have 
been reported but this is more the exception than 
the rule. Absence or low level CD40L expression 
on in  vitro-activated CD4+ T cells will aid in 
diagnosis. Genetic confirmation will likely iden-
tify mutations in exon 5 of CD40L gene, which 
shares the greatest degree of homology with TNF 
and where most mutations lie. In female carriers, 
random X-inactivation is observed.

 Management
Immunoglobulin replacement and prophylaxis 
against PjP with TMP-SMX are the most impor-
tant factors in reducing frequency and severity of 
infections. Patients with neutropenia may benefit 
from G-CSF.  While infection can be mitigated 
with prophylactic therapy, infection and liver dis-
ease due to chronic sclerosing cholangitis are the 
main causes of death later in life [33]. Therefore, 
HCT should be considered early.

 Wiskott-Aldrich Syndrome (WAS)

 Definition
The Wiskott-Aldrich syndrome is an X-linked 
disorder characterized by a bleeding tendency, 
eczema, infections, high incidence of autoim-
mune disorders, and lymphoreticular neoplasia. 
The WAS protein (WASP) gene (WAS) has been 
mapped to the short arm of the X chromosome 
(Xp11.23) [37]. Mutations in WAS not only cause 
WAS but may also cause chronic or intermittent 
X-linked thrombocytopenia (XLT) and X-linked 
neutropenia (XLN). XLT is a milder form of 
WAS characterized by thrombocytopenia and 
small platelets and an increased risk of lym-
phoma. XLN is a rare WAS-associated disorder, 
which is clinically and biologically different, and 
is characterized by congenital neutropenia and an 
increased risk of myelodysplasia [38]. The inci-
dence of the classic WAS phenotype has been 
estimated to be between one and ten in one mil-
lion individuals [39].

 Pathogenesis
WAS is expressed exclusively in all hematopoi-
etic cells, including CD34+ stem cells, platelets, 
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lymphocytes (including NK cells), neutrophils, 
monocytes and macrophages, and dendritic cells. 
The function of WASP includes actin polymer-
ization, which plays an important role in T cell 
function. The cytoskeleton is linked to cell- 
surface receptors in the plasma membrane so that 
events occurring at the membrane can affect 
cytoskeleton reorganization. In cross-linking of T 
cell antigen receptors and co-receptors by anti-
gen, MHC complexes lead to their aggregation at 
one pole of the T cell, with an accompanying 
concentration of the actin cytoskeleton at that 
point [40]. Many other T cell functions depend 
on the actin cytoskeleton including emigration 
from the thymus into the blood. T cells from 
patients with WAS are deficient in all of these 
normal cellular abilities and, in particular, seem 
unable to interact successfully with B cells and 
other target cells. T cells are morphologically 
abnormal in patients with WAS because the cells 
lose their surface microvilli and assume a charac-
teristically bald appearance. In addition, because 
WAS is broadly expressed within the hematopoi-
etic system, other blood cell lineages, in particu-
lar, platelets, are also affected.

 Clinical Presentation
Patients with mutations in WAS can present with 
a spectrum of clinical manifestations. Strong 
phenotype-genotype correlations have been dem-
onstrated, and most of the patients can be divided 
into two main categories: classic WAS where 
WASP is truncated or absent and X-linked throm-
bocytopenia (XLT) if the mutated WASP has nor-
mal size [41]. The classic clinical triad of WAS is 
infection, bleeding, and eczema with the most 
common characteristic finding being thrombocy-
topenia and small platelets. Patients with WAS 
have increased susceptibility to both pyogenic 
bacterial infections and opportunistic infections. 
Among the latter, severe varicella, herpes sim-
plex, and molluscum contagiosum are often pres-
ent. The increased susceptibility to viral 
infections may be at least partly due to the 
impaired cytotoxic function of CD8+ T cells and 
NK cells in WAS; the impairment seems to be in 
their inability to attach to target cells [42]. 
Antibody formation, particularly against carbo-

hydrate antigens, is defective and explains the 
increased susceptibility to sinopulmonary infec-
tions [43].

 Diagnosis
The diagnosis of WAS or XLT should be consid-
ered in any male with congenital or early-onset 
thrombocytopenia and small platelets, especially 
with a family history of affected males. Infections 
and immunologic abnormalities (e.g., absent iso-
hemagglutinin titers, absent responses to pneu-
mococcal polysaccharide immunization, and low 
to absent T cell proliferative responses to anti-
 CD3) are characteristic of WAS but may be pres-
ent or absent at various times across the trajectory 
of illness [44]. Patients with WAS are highly sus-
ceptible to autoimmune disease (cytopenias and 
renal disease) and malignancies, in particular, 
lymphomas. While small platelets are typically 
present in affected patients, the mean platelet vol-
ume (MPV) on the standard CBC is not reliable. 
Diagnosis can be made by intracytoplasmic 
WASP expression by flow cytometry and is a 
rapid screening tool. Abnormal WASP expres-
sion may indicate a variety of disease states 
including presence of disease, revertant states, 
and carrier status. Rare cases of females with 
WAS have been described involving a deleterious 
mutation of the paternally derived X chromo-
some and nonrandom inactivation of the mater-
nally derived X chromosome [45]. The definitive 
diagnosis of WAS is made through sequencing of 
the WAS gene.

 Management
Infection prophylaxis with TMP-SMX is needed 
to prevent PjP and acyclovir to prevent recurrent 
herpes simplex infections. Most practitioners 
agree that IgG replacement therapy at occasion-
ally higher doses is needed given hypercatabo-
lism of IgG. Splenectomy is often suggested for 
severe bleeding but significantly increases the 
risk of sepsis and is a risk factor for death in WAS 
following HCT [46]. HCT is the only curative 
therapy available for patients with WAS and 
should be performed as early as possible if an 
adequate donor is available. Matched sibling 
donors result in highly successful transplant with 
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improved outcomes recently for matched unre-
lated donors. Gene therapy is an investigation 
therapy and may be an alternative strategy when 
an HLA-compatible donor is not available. 
However, insertional mutagenesis (IM) following 
gene therapy for WAS using a retroviral vector 
was very high in the initial patients treated [47]. 
Ongoing studies are using lentiviral vector con-
structs, which hopefully will have a lower ten-
dency towards IM.

 MHC Class II Deficiency

 Definition
This form of bare lymphocyte syndrome (dis-
eases resulting from mutations in genes required 
for MHC expression or function) causes severe 
susceptibility to bacterial, viral, and protozoal 
pathogens, accompanied by decreased CD4+ T 
cell numbers and impaired functions, including 
effects on T cell-dependent antibodies. MHC II 
deficiency is an autosomal recessive disease, 
which results from mutations in transcription fac-
tors required for the expression of MHC II genes. 
Mutations in any one of four regulatory genes 
(CIITA, RFXANK, RFX5, RFXAP) are respon-
sible for the clinical presentation. Most have 
mutations in the RFXANK gene, due to a founder 
mutation c.752delG-25  in patients of North 
African origin [48].

 Pathogenesis
During thymic development, expression of the 
MHC II genes in the HLA-DR, HLA-DP, and 
HLA-DQ loci is required for processing and pre-
sentation of exogenous antigens to CD4+ T cells 
and for the ability of mature peripheral CD4+ T 
cells to respond to antigens during infections. 
Loss of any one of the specific transcription fac-
tors causes defective constitutive expression of 
MHC-II molecules on dendritic cells, monocytes, 
and B cells as well as impaired IFN-γ-induced 
upregulation of MHC-II molecules on other cell 
types [49].

 Clinical Presentation
Severe and recurrent infections of the respiratory 
tract are the most common presentation. 
Pathogens associated with infection include 
Pneumocystis jirovecii, CMV, adenovirus, RSV, 
Haemophilus influenzae, Streptococcus pneu-
moniae, Staphylococcus aureus, Pseudomonas 
aeruginosa, and Moraxella catarrhalis. 
Mucocutaneous candidiasis is common, and gas-
trointestinal infections can present with chronic 
diarrhea and are due to a variety of organisms 
including enteroviruses, Salmonella enteritidis, 
Campylobacter jejuni, adenovirus, Escherichia 
coli, Klebsiella pneumonia, Staphylococcus 
aureus, Enterococcus species, Giardia lamblia, 
and Proteus mirabilis. Sclerosing cholangitis, a 
condition resulting from chronic Cryptosporidium 
parvum infection, can result in liver failure. Viral 
central nervous system infections as well as oro-
labial HSV infections also occur [50].

 Diagnosis
The immune profile of MHC-II patients is 
decreased CD4+ T cells or normal or decreased 
numbers of CD8+ T cells, B cells, and NK cells. 
Lymphocyte proliferation to mitogens is normal, 
but absent to antigens. Total immunoglobulin lev-
els are usually low, and specific antibodies to pro-
tein antigens are absent. MHC class II expression 
on activated T cells and B cells during infection 
is typically absent or profoundly decreased and 
absent on monocytes. The diagnosis is confirmed 
by genotyping for the various MHCII regulatory 
genes.

 Management
HCT does not improve CD4 T cell counts due to 
continued absence of MHC II expression on thy-
mic epithelial cells [51, 52]. However, most 
patients die within the first decade of life due to 
infection unless they undergo HCT.  Persistent 
viral infections appear to be associated with 
increased risk of GVHD. Despite this, with suc-
cessful transplantation, patients clinically 
improve due to functional CD4 T cell prolifera-
tion to antigens and T cell-mediated B cell anti-
body production.

M. J. Dorsey and M. J. Cowan



163

 Future Directions

Advances in technology have improved detection 
of immune disorders. Through more widespread 
use of whole exome/genome sequencing, a grow-
ing appreciation of wide phenotypic variability 
for individual-specific genetic conditions exists. 
This variability highlights the complexity of 
PIDs with regards to immunologic and clinical 
presentation including increasingly observed 
immune dysregulation.

Significant advancement has also occurred in 
the treatment of PIDs. GT by gene edition using 
viral vector is currently under clinical trial inves-
tigation as an exciting treatment option for PID 
including X-SCID, ADA-SCID, WAS, chronic 
granulomatous disease, and leukocyte adhesion 
deficiency. Other forms of SCID including ART- 
SCID and RAG1/RAG2 SCID are currently 
under preclinical investigation with the goal of 
advancing to early-phase clinical trials. In addi-
tion to gene modification of hematopoietic stem 
cells using gene addition, new methods for gene 
editing through site-specific endonucleases such 
as zinc-finger nuclease (ZFN), transcription 
activator- like effector nuclease (TALEN), and 
clustered regularly interspaced short palindromic 
repeat (CRISPR) may allow for an alternative 
method of gene correction. By introducing a 
DNA break at essentially one site out of the entire 
genome, it is particularly attractive as it offers 
more precise regulation of expression.
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Inflammatory Bowel Disease 
in Primary Immunodeficiencies
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 Introduction

As the list of defined gene defects associated with 
primary immunodeficiency diseases (PID) grows, 
our understanding of the spectrum of phenotypes 
associated with these genetic defects grows too. 
One phenotype that is prevalent in a number of 
primary immunodeficiencies is the involvement 
of the gastrointestinal tract. This should not come 
as a surprise, as the bowel is the interface between 
the self and the outside world. It also hosts a large 
number of bacteria and viruses. Some estimates 
place the ratio of bacterial to human cells at 10:1 
[1]. Yet bacteria are to a large extent tolerated in 
situations of normal health. As well, ingested 
foods in various states of digestion are also toler-
ated in healthy individuals with no systemic 
immune response.

The gastrointestinal system is the host for the 
gut-associated lymphoid tissue (GALT), which 
makes up 80% of the lymphoid tissue found in 
the body [2]. Our understanding of how the 
immune system interacts with the gastrointestinal 
tract has developed relatively recently with the 
discovery of specialized cells within the GALT, 

such as microfold cells (M cells). These cells, 
along with mononuclear phagocytes that include 
dendritic cells and macrophages, are part of the 
interphase between the systemic circulation and 
the lumen of the gut involved in sampling and 
localized inflammatory response.

A model disease that highlights these issues is 
inflammatory bowel disease (IBD). This family 
of disorders includes Crohn’s disease (CD) and 
ulcerative colitis. This group of diseases is dif-
ferentiated mainly based on their clinical presen-
tation and their disease behavior. Ulcerative 
colitis has involvement of the colonic mucosa 
starting from the rectum in a continuous retro-
grade manner, only involving the superficial 
mucosa of the colon. Crohn’s disease, on the 
other hand, can involve any area of the gastroin-
testinal tract in a continuous or noncontinuous 
manner. It is also characterized by noncaseating 
granulomas on pathological examination of 
mucosal biopsies and can have transmural 
involvement of the wall of the gastrointestinal 
tract. These granulomas are not necessary for 
diagnosis and may be found in up to 48% of 
patients with Crohn’s disease [3]. The transmural 
inflammation may lead to internal fistulous tracts 
between different portions of the intestine, requir-
ing surgical correction. Another phenotypic sub-
type of Crohn’s disease is perianal disease, 
characterized by fistulous tracts in the perianal 
area associated with abscesses and poorly heal-
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ing sinus tracts. This perianal disease may or may 
not mirror systemic disease severity.

Inflammatory bowel disease is believed to 
occur due to the contribution of four main fac-
tors: an underlying genetic predisposition, an 
environmental exposure or trigger, an abnor-
mal immune response, and/or interactions with 
the microbiome (and more recently the intesti-
nal virome). This topic is reviewed in detail by 
Sartor [4]. There has been an effort to create a 
model in the lab focusing on each of these 
main factors that cause IBD to develop. For 
example, a common method of inducing colitis 
involves exposure of mice to dextran sodium 
sulfate, or DSS, which induces an acute epithe-
lial injury [5]. Interestingly, to highlight the 
interaction of these contributing factors, DSS-
induced colitis worsens in the absence of bac-
teria in mice. In humans, there are examples of 
situations where specific genetic mutations 
cause disease resembling inflammatory bowel 
disease. A number of these genes have been 
identified as genetic mutations causing primary 
immunodeficiencies, yet the intestinal mani-
festations of these diseases have been rela-
tively poorly described. In this chapter, we will 
review a number of genes and the known intes-
tinal manifestations of mutations in these path-
ways in an attempt to better understand the 
intestine as an immune organ.

 Technological Advances

Recent technological advances have allowed 
access to previously impossible or restricted 
techniques that study the genetics of patients 
presenting with an atypical phenotype. Taking 
the intestine as an example organ system, there 
has always been an understanding of the under-
lying contribution of genetics to disease devel-
opment. The first evidence of such an underlying 
genetic cause was noted in studies of twin 
cohorts. The first Crohn’s disease patients origi-
nally described in 1932 included a sibling pair 
presenting with the same disease manifestations 
at approximately the same age. Twin cohorts 
have shown between a 50% and 60% pairwise 

concordance in Crohn’s disease, while ulcer-
ative colitis is less striking with a pairwise con-
cordance closer to 18–20%. Building upon this 
idea of familial risk, families with multiply 
affected individuals were further studied using 
familial-based linkage analysis, or FBAT. From 
these, 9 loci, named IBD 1–9, were identified 
where there was overtransmission, suggesting 
involvement in inflammatory bowel disease. 
One of these genes, IBD1, was later identified as 
NOD2/CARD15 and is still the strongest known 
genetic risk loci in IBD.

The next advance came with the introduction 
of microarrays and a further mapping of the 
human genome. Chips containing a large number 
of loci could now be repeatedly produced with 
great accuracy at a reasonable price. One of these 
chips, called the Immunochip, was created in 
coordination between Illumina and the Wellcome 
Trust and gathered the known loci of 12 known 
immunologically mediated diseases, including 
rheumatoid arthritis, type I diabetes mellitus, 
celiac disease, and finally Crohn’s disease and 
ulcerative colitis. As this chip was massively used 
around the world, it allowed for easier meta- 
analysis of multiple populations previously stud-
ied. In IBD, one such study identified 163 loci 
associated with disease, the largest set of loci 
identified to date. With microarrays, to allow for 
proper analysis, loci were required to be rela-
tively common. This became an issue with more 
rare forms of disease of specific subphenotypic 
groups.

The next advance came with the introduction 
of next-generation sequencing, or NGS.  This 
includes whole exome sequencing, or sequencing 
of the known exonic regions of genes, and whole 
genome sequencing, or sequencing of the whole 
genome from beginning to end. This technique 
has allowed for the identification of variants irre-
spective of whether or not they were common. As 
the technology has developed, cost has improved 
to the point where some commercial companies 
have offered the sequencing of the general public 
at an affordable price range. This technology has 
revolutionized the field of molecular genetics, as 
it has allowed detailed genetic examination of 
populations previously assumed to be part of 
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other diseases. This was the case with inflamma-
tory bowel disease, specifically regarding the 
youngest of individuals, or what is better known 
as very early-onset inflammatory bowel disease 
(VEOIBD). This group, usually described to be 
those presenting with IBD under the age of 6, is 
known to have a more severe disease course, dis-
ease extent, and lack of response to traditional 
medications [6].

Another development in technology that has 
aided in the investigation of patients with disease 
is tissue organoid technologies. This technique 
has allowed for the banking of intestinal stem 
cells and better characterization of the effect of 
mutations on the epithelial layer of the intestine. 
From biopsies taken from a patient, small spheri-
cal structures representing “mini-guts” can be 
formed. These “mini-guts” can be then main-
tained indefinitely in a culture system and have 
the potential for personalized therapies to be 
selected using available libraries of drugs.

A number of the genes identified to be associ-
ated with VEOIBD were also known as primary 
immunodeficiency disease genes. We will review 
a number of these genes here as they give us a 
window to the mechanisms of disease and an 
understanding to the mechanisms of immunity as 
a whole. Here, we will group the genes into those 
involved in the epithelial barrier, phagocytic 
defects, hyper- and auto-inflammatory disorders, 
T- and B-cell defects, and immunoregulatory 
defects. This list has been reviewed and is adapted 
from Uhlig et al. [7].

 Review of Genes Associated 
with Gastrointestinal Involvement

 Epithelial Barrier

The intestinal tract has been theorized to have a 
surface area of 32 m2 [8], which is much greater 
than the skin, which is 2 m2. This poses an issue 
of how this massive barrier to the outside world is 
maintained. Not surprisingly, defects of genes 
involved with this barrier lead to intestinal 
 disease. Examples of disorders include 
 epidermolysis bullosa, Kindler syndrome, and 

incontinentia pigmenti or hypohidrotic ectoder-
mal dysplasia. Though the manifestations of 
these diseases may not necessarily be considered 
typical of PID, defects within these genes pose a 
major issue with regard to therapeutic options. As 
the immune system is not directly involved, 
hematopoietic stem cell transplantation should 
not be considered, as the defect within the intes-
tinal mucosa will remain, ultimately causing dis-
ease to reoccur.

Some of these disorders may have immuno-
logic manifestations. X-linked ectodermal dys-
plasia (caused by mutations in IKBKG) is 
known to have low CD3 counts and increased 
B-cell counts. Phytohemagglutinin testing 
shows normal T-cell activation, and patients had 
circulating anti-centromere antibodies. With 
regard to their intestinal phenotype, these 
patients presented with perianal disease and 
colitis similar to patients with Crohn’s disease 
[9]. Another example of mutations showing 
both an epithelial and immune phenotype is in 
patients presenting with TTC7A mutations. Two 
main phenotypes have been described: one with 
severe colitis with findings of apoptosis through-
out the biopsy resembling graft versus host dis-
ease [10] and the other with multiple intestinal 
atresias with a component of severe combined 
immunodeficiency (SCID) phenotype in some 
patients [11]. In one case, HLA-matched cord 
blood transplantation was attempted, but unfor-
tunately had recurrence of intestinal atresia. 
This underlies the need to identify whether 
mutations affect hematopoietic cells versus the 
epithelial layer only.

 Phagocytic Defects

This category includes diseases such as chronic 
granulomatous disease or CGD (due to variants 
in CYBA, CYBB, NCF1, NCF2, NCF4), glyco-
gen storage disease type 1b or GSD1b (due to 
mutations in SLC37A4), congenital neutropenia 
(due to mutations in G6PC3), and leukocyte 
adhesion deficiency type 1 or LAD1 (due to 
mutations in ITBG2). The inflammatory bowel 
disease features of CGD are almost indistinguish-
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able from those of severe Crohn’s disease, with 
some patients reaching adulthood with a misdi-
agnosis of Crohn’s disease. A review of a British 
registry of patients with CGD found 37% of the 
patients had colitis resembling that of Crohn’s 
disease [12] with granulomas and patchy disease 
in the colon. One differentiating factor on patho-
logical examination is the presence of pigmented 
macrophages in patients with CGD.  As well, 
patients with CGD will show an abnormal neu-
trophil oxidative burst index. They are also at risk 
for life-threatening infections and may respond 
well to antibiotic therapies. It is important to rule 
out CGD in patients with VEOIBD, as therapies 
targeting tumor necrosis factor alpha, which are 
commonly used in patients with IBD, may cause 
fatal complications in patients with CGD [13]. 
Another important issue is that earlier diagnosis 
provides a higher chance for better outcomes 
with curative hematopoietic stem cell transplan-
tation, as lower age groups have a lower risk.

 Hyper- and Auto-inflammatory 
Disorders

These disorders include mevalonate kinase defi-
ciency, familial Mediterranean fever, familial 
cold auto-inflammatory syndrome (or cold urti-
carial, caused by PLCG2 mutations), Hermansky- 
Pudlak syndrome, X-linked lymphoproliferative 
syndrome, and familial hemophagocytic lympho-
histiocytosis (HLH). Patients with these disor-
ders have findings similar to severe IBD.  One 
example of this is XIAP defects, which cause 
X-linked lymphoproliferative syndrome 2 
(XLP2). There have been a number of case series 
published showing signs of VEOIBD, with severe 
fistulizing perianal disease in about 20% of 
patients [14–17]. One such patient carried a diag-
nosis of severe Crohn’s disease for a number of 
years, with lack of response to therapy leading to 
colectomy, and severe fistulizing disease in the 
area of his stoma. He was identified via WES to 
carry a mutation in XIAP, leading to curative 
bone marrow transplantation. Interestingly, 
XLP1, caused by SH2D1A, is less associated 
with hemorrhagic colitis [16], though one study 

found three patients with large deletions in 
SH2D1A and signs of gastritis and colitis [18]. 
Fifty-two percent of patients with XIAP had 
cytopenias not associated with active HLH, 87% 
had splenomegaly, and 23% had a fatal episode 
of HLH.  Again, identification of this disorder 
allows for a quicker and earlier option of curative 
hematopoietic stem cell transplantation.

As XIAP is X-linked, it affects males predomi-
nantly. Interestingly, there have been recent stud-
ies showing functional assay defects in mothers of 
patients with XIAP. Aguilar et al. described two 
mothers diagnosed with Crohn’s disease with 
boys diagnosed with XIAP [19]. Their hypothesis 
is that mosaicism of their hematopoietic system 
caused selective inactivation of the normal X 
chromosome, effectively giving them a pathway 
defect of a patient with XIAP. This has led to a 
widening of the possible patients with and pheno-
type carrying mutations in XIAP, as now female 
patients could also be considered. A number of 
groups retrospectively found a number of their 
adolescent and young adult patients with Crohn’s 
disease patients to carry XIAP mutations.

XIAP ties in with the known genetics of 
Crohn’s disease, as XIAP is a known E3 ubiqui-
tin ligase that binds to RIPK2. NOD2, which is a 
key player in the detection of microbial peptido-
glycans in the gastrointestinal tract, also interacts 
with RIPK2. It is one of the best studied genetic 
modifiers in Crohn’s disease, with mutations 
associated with severe disease, earlier onset, and 
poorer surgical outcomes [20]. Functional assays 
exist for XIAP, and damaging mutations should 
be considered in recalcitrant cases of Crohn’s 
disease with atypical features. Immunological 
testing may be relatively normal, with some 
patients showing normal CD56 levels and no 
elevation of traditional HLH markers (elevated 
ferritin, soluble CD163, soluble IL2 receptor).

 T- and B-Cell Defects

Defects in T and B cells are known to lead to 
defects in immunity, but some of these mutations 
have been associated with inflammation involv-
ing the gastrointestinal tract resembling 
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IBD.  Common variable immunodeficiency 
(CVID) is family of disorders which are likely 
polygenic, with a handful being caused by single- 
gene mutations. Hypogammaglobulinemia is a 
hallmark of CVID, along with defective or defi-
cient antibody production. A number of these dis-
orders are associated with a lower number of B 
cells, or functionally defective B cells, subse-
quently leading to lower immunoglobulin levels. 
Two genes have been identified as genes with 
intestinal involvement: ICOS [21], causing CVID 
type 1, and LRBA, causing CVID type 8 [22–24]. 
Interestingly, there has been a report of recur-
rence 1 year post-BMT in a patient with an LRBA 
defect [25], suggesting the possibility of a mixed 
system disorder involving not only the immune 
system.

Patients with abnormalities in immunoglobu-
lin levels include agammaglobulinemia, caused 
by mutations in BTK [26, 27] and PIK3R1 [28], 
along with hyper-IgM syndrome, caused by 
CD40LG [29, 30] and AICDA [29, 31]. Intestinal 
disease in these patients has been described as 
Crohn’s like, with very early onset. Interestingly, 
there is no clear genotype-phenotype correlation 
with many of these genes. Some patients may 
have an intermediate phenotype, with a slightly 
decreased or normal immunoglobulin level theo-
rized to delay onset of disease. Another factor 
which hinders interpretation of the diagnostic 
phenotype is the frequent recurrent infections, 
with enteroviral infections leading to a severe 
neurological defect in some patients [32].

Wiskott-Aldrich syndrome, though typically 
associated with thrombocytopenia, recurrent 
infection, immune cell abnormality, arthritis, and 
vasculitis, is also known to have a gastrointestinal 
phenotype similar to ulcerative colitis. This coli-
tis presents at a varying age of onset [33] and is 
not thought to be associated with the leukocyto-
clastic vasculitic process or due to the defect in 
platelets associated with the syndrome.

There have been many advances in diagnos-
tics in the field of severe combined immunodefi-
ciencies (SCID), with many jurisdictions 
providing routine newborn screening. This has 
led to long-term monitoring of these patients for 
manifestations and complications. Diarrhea is a 

known manifestation of atypical SCID. There are 
a number of genes that are associated with SCID: 
DCLRE1C [34], RAG2 [35], ZAP70 [36], IL2RG 
[37–39], and CD3G [40]. Many of these diseases 
resemble Crohn’s disease, with oral-genital 
ulcers and lack of therapeutic responsiveness, 
though some have been noted to have only 
colonic disease. It is unclear to what extent the 
intestinal manifestations are to blame for the fail-
ure to thrive observed in these patients. Again, as 
this is an immunologically mediated disease, 
BMT should be curative.

Dyskeratosis congenita (due to DKC1 [41] 
and RTEL1 [42–44] mutations) is also associated 
with SCID and can be easily identified, as it is a 
multisystemic disorder with reticular skin hyper-
pigmentation, nail dystrophy, and leukoplakia. 
Patients have short stature and may develop bone 
marrow failure. They may also develop transient 
colitis of unclear etiology. It is important that 
these patients be monitored every few years with 
endoscopic evaluation for the development of 
adenomas in the colon, as there is a general 
increased predisposition for cancer. 
Unfortunately, bone marrow transplantation has 
not had much success in patients with dyskerato-
sis congenita.

DOCK8 mutations, with the typically ele-
vated IgE associated with the disorder, are in 
some patients associated with diarrhea. A num-
ber of reports describe multiply affected families 
from Turkey [45] and the Middle East [46, 47], 
with one report of an Italian family [48]. Patients 
have been found to have granulomas on biopsies, 
with some patients having features consistent 
with primary sclerosing colitis, an immune-
driven fibrosing bile duct disorder that leads to 
end-stage liver disease. Though this autosomal 
recessive disease is felt to be fully penetrant, 
prevalence of diarrhea was found to be around 
14–17% [47], with some families completely 
affected [48].

Trichohepatoenteric syndrome, due to muta-
tions in SKIV2L and TTC37, is associated with a 
syndrome of hypogammaglobulinemia, intracta-
ble diarrhea, hepatopathy, and trichorrhexis 
nodosa. A third of the patients with TTC37 [49] 
and half of the patients with SKIV2L [50] defects 
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were reported to have colitis, though not all 
patients had endoscopic evaluation reported. 
Patients should be easily identifiable by their syn-
dromic features of wooly hair and facial dysmor-
phism with hypertelorism and a prominent 
forehead. Diarrhea typically occurs within the 
first few weeks of life. Villous atrophy and colitis 
are described, with patients requiring long-term 
parenteral nutrition. This has led to some fatal 
liver disease complications, made worse by 
hepatic iron overload and intestinal 
 failure- associated liver disease (IFALD). As 
treatment for the complications of long-term par-
enteral nutrition improve, the long-term follow-
up and natural history remain to be seen. Recently, 
a patient with a compound heterozygous TTC37 
mutation was reported at 12 years old with some 
intestinal symptoms where continual immuno-
globulin supplementation has led to a decrease 
from continual antibiotic prophylaxis to intermit-
tent antimicrobial therapy [51].

PTEN mutations cause hamartoma tumor syn-
drome, which has been associated with an 
increased risk of benign and malignant tumors of 
the thyroid, breast, and endometrium. In a few 
cases, PTEN mutations have been associated 
with autoimmunity and, specifically, colitis [52]. 
As mTORC1 signaling is upregulated, leading to 
reduced apoptosis in B cells, rapamycin therapy 
has been attempted, leading to an involution of 
the thymus in the case with colitis. They do not 
however report the response of the colitis to 
rapamycin therapy.

 Defects in Immunoregulation

A model disorder of immune dysregulation is 
X-linked immune dysregulation, polyendocri-
nopathy, and enteropathy, or IPEX, caused by 
mutations in FOXP3 [53, 54] or IL2RA [55, 56]. 
It is associated with polyendocrinopathy, enter-
opathy, eczema, elevated IgE, multiple autoanti-
bodies, and recurrent infections. Symptom onset 
is usually within the first few months of life, with 
the colitis noted to apparent within the first 
2 years of life. There is subtotal or total villous 
atrophy with colitis, and the pattern of disease is 

similar to a severe celiac disease. In older 
patients, the colitis appears to be more clinically 
apparent. There is depletion of goblet cells, with 
the presence at times of an anti-goblet cell anti-
body. Anti-enterocyte antibody is an antibody 
reactive to protein produced by the epithelial 
cells of the intestinal lining. Positivity is highly 
suspicious for autoimmune enteropathy. Biopsies 
will usually be negative for staining of FOXP3- 
expressing T lymphocytes, but some FOXP3 
expression may still be found. It is both X-linked 
and autosomal recessive. Though there have been 
some reported successes with other traditional 
IBD therapies such as anti-TNF and immuno-
modulatory medications, bone marrow transplan-
tation should be considered, as it is curative.

One of the best examples of a mutation where 
the gastrointestinal system is involved in a mainly 
immunological process is that of IL10 pathway 
defects. IL10 is an anti-inflammatory cytokine 
which downregulates the TH1 response. The 
IL10 knockout mouse model has long been used 
as a model for colitis in basic research. As well, 
IL10RB has been associated with IBD in the 
large meta-GWAS analysis in IBD.  The IL10 
receptor complex is a heterodimer transmem-
brane protein made of IL10RA and IL10RB, with 
IL10 being required as the signal for the pathway 
to be stimulated. A defect in any one of these 
genes causes a highly penetrant syndrome char-
acterized by folliculitis, diarrhea, recurrent 
fevers, colitis, perianal disease, recurrent septic 
episodes and, if the patient survives to an adoles-
cent age, the development of non-Hodgkin’s 
B-cell lymphoma. Symptoms develop relatively 
quickly within the first few months of life. A 
number of patients have been described around 
the world, with a growing number of patients 
effectively cured with allogenic BMT [57–62]. 
Measures taken to optimize nutrition via enteral 
formulas, along with early diversion of the fecal 
stream using a diversion ileostomy, appear to 
improve the general health of the patient while 
awaiting transplantation. Early antibiotic treat-
ment for fevers and increased vigilance to the 
development of perianal abscesses are key as 
well.
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 Diagnostics

Patients with VEOIBD are some of the most dif-
ficult patients to manage. This stems from the rar-
ity of the diagnosis, as well as the fact that these 
patients are by definition young. Due to the 
involvement of the gastrointestinal tract, absorp-
tion of medication may vary widely at different 
disease states. In general, due to the complexity 
and multisystemic nature of many of these 
patients with VEOIBD, a multidisciplinary team 
approach helps in dealing with the complex 
issues that may arise. As the pediatric age group 
has a relative paucity of randomized control tri-
als, it’s not surprising that VEOIBD has no ran-
domized control trials. The vast majority of the 
literature consists of case reports or historic 
cross-sectional reviews. Due to this, there is a 
lack of long-term outcomes for most therapies 
attempted. Therefore, there are a wide variety of 
approaches to this disease subgroup.

As in most diseases, a thorough review of the 
history may reveal helpful hints toward the 
diagnosis of VEOIBD. The aim is to try and dif-
ferentiate between infections and food intoler-
ances, which may have an identical presentation 
to immune-mediated enteropathies and coliti-
des. Food intolerances such as cow’s milk pro-
tein intolerance (CMPI) are dramatically 
improved with removal of the offending protein 
epitope, whether it is cow’s milk-like or soy-
like. The vast majority of these patients improve 
within the span of 1 month. Reintroduction of 
the offending protein is not associated with a 
reoccurrence of symptoms after the age of one. 
In the rare case, diet modification may need to 
be used for a prolonged period of time, with 
symptoms only recurring with exposure to the 
offending epitope. No immunological or infec-
tious abnormalities are found with this group of 
patients.

In attempting to take a history of diarrhea, 
one should focus on the measures of intestinal 
function of absorption. This includes descrip-
tions of the onset (rapid versus gradual), stool 
consistency (formed, variably formed, or 
watery), presence of blood (absence, small 
amounts, or completely bloody), presence of 

tenesmus (a recurrent or continual feeling of 
needing to stool), rectal prolapse, or the presence 
of nocturnal stooling (if the child is potty-
trained). Careful examination of the growth chart 
will help determine both the chronicity and the 
general severity of the disease, with growth lag-
ging behind weight gain. A review of lab work 
may show microcytic anemia, thrombocytosis, 
hypoalbuminemia, and elevated acute-phase 
reactants or may even be relatively normal. 
Patients should have a complete immune workup 
performed, complete with measures of neutro-
phil function (NOBI), immune cell population 
(flow cytometry immunophenotyping), immuno-
globulins (IgG, IgA, IgM, and IgE), and autoan-
tibody markers (anti-enterocyte antibody, 
anti-neutrophil cytoplasmic antibody or ANCA, 
anti-tissue transglutaminase, anti- nuclear anti-
body and anti-Saccharoymces cerevisiae anti-
body). A positive ANCA suggests an 
auto-inflammatory etiology, as opposed to acute 
self-limiting colitis, which is a state of prolonged 
postinfectious inflammation that usually ceases 
after 1-month duration and has no long-term 
repercussions.

Radiological examination is helpful in the 
presence of inflammation to determine disease 
involvement. There should be an attempt to focus 
examination on the small bowel, as it may point 
to an enteropathy that requires closer monitoring 
and a different therapeutic approach. Due to the 
age group, many of the modalities are not cur-
rently possible, including magnetic resonance 
enterography, which requires the patient to ingest 
a large volume of contrast and remain still for 
image capture. Careful attention to the patient’s 
growth and weight gain, along with monitoring 
of the presence and extent of diarrhea, will help 
determine whether there is subclinical inflamma-
tion present.

It is important to strive to examine and obtain 
tissue samples from both the large and small 
bowels as once therapy has been initiated, inter-
pretation becomes difficult. Pinch biopsies taken 
from the duodenum, terminal ileum, and colon 
can be examined for the presence of FOXP3 posi-
tive cells, the absence of which suggests 
IPEX. Electron microscopy should be performed 
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for patients where a diagnosis of enteropathy is 
being entertained. If available, providers should 
consider obtaining extra tissue biopsies, stored 
on dry ice, for future testing.

 Therapeutics

The general aim of therapy is to induce a remis-
sion state, followed by a maintenance state to 
keep inflammation at bay. Each phase of therapy 
has specific therapeutic options. At the current 
time, there are few predictors of severe disease. A 
few examples of predictors include extremely 
early presentation, extensive disease involve-
ment, multisystemic involvement, and/or a fam-
ily history of similar disease or previous death of 
a sibling. In each of these cases, there are anec-
dotal examples where a patient presents with 
severe disease, only to have immediate respon-
siveness with therapy and have little or no future 
recurrence. A number of groups are attempting to 
find valid predictors of disease.

Steroids are a mainstay of the induction phase 
of therapy. The usual dose used is borrowed from 
the dosing used in acute colitis, which is 1–2 mg/
kg. Exclusive enteral nutrition has been attempted 
in some cases, with efficacy at times in enteropa-
thy cases equivalent to that of steroids. Though it 
may seem ideal, patients do usually not tolerate 
the volume required for the extensively hydro-
lyzed formula, and nasogastric administration is 
required. Another issue is the requirement for an 
exclusive enteral source of nutrition, which may 
lead to feeding aversion in the very young patients 
under age 1. Cost is also a major issue, along with 
the acceptance of the therapy by the family. In 
milder cases, sulfasalazine may be successfully 
used as an induction agent (more on sulfasalazine 
below).

In all cases, a proper maintenance therapy 
should be preselected and discussed with the 
family, as once the induction agent is weaned, 
disease should be expected to return. Initiation of 
the maintenance therapy at the initiation of the 
induction therapy allows time for transition of 
disease control from the induction agent to the 
maintenance agent. It also allows time to deter-

mine whether the patient will tolerate the therapy. 
A commonly used maintenance agent is sul-
fasalazine, a compound containing sulfapyradine 
and 5-aminosalicylic acid (5-ASA) bound by a 
disulfide bond. This bond is cleaved by the bacte-
ria found in abundance within the colon and 
releases both medications. This accounts for the 
main site of action of sulfasalazine being the 
colon, as it contains the highest concentration of 
bacteria. Sulfapyradine is associated with most of 
the side effects of sulfasalazine: azoospermia 
(reversible), agranulocytosis (usually reversible), 
and headaches (which the patient becomes toler-
ant to within a week or two). The 5-ASA com-
pound is the main active ingredient, acting as a 
local anti-inflammatory agent. Patients generally 
prefer sulfasalazine as it can be easily com-
pounded in syrup form, allowing ease of admin-
istration and dosing. In those intolerant to 
sulfasalazine, other 5-ASA-only formulations 
with time and pH release vehicles, mainly 
Pentasa, are used. In rare cases, some patients are 
5-ASA intolerant, presenting with severe watery 
diarrhea.

In patients with severe disease, immunomodu-
lation is necessary to maintain remission. The 
two main agents usually used in VEOIBD are 
methotrexate and azathioprine. Methotrexate is 
usually used in patients with small bowel involve-
ment, as the efficacy in colitis-only patients has 
not been shown to be ideal [63]. Azathioprine can 
be used in most cases, but has fallen out of favor 
in North America due to the association with fatal 
hepatosplenic T-cell lymphoma, mainly in young 
males. It can still be used, after testing for the 
presence of enzyme activity, or if unavailable, for 
the three major polymorphisms associated with 
increased levels of thioguanine metabolites. 
Elevated thioguanine metabolites are associated 
with severe myelosuppression and death. Often, 
azathioprine will still be used, as the benefits out-
weigh the risk of lack of disease control.

The next step in therapy is the biological class 
of medications. These specifically target anti- 
TNF alpha and have shown promising efficacy 
and safety in severe treatment resistant IBD. Two 
major forms exist: chimeric and humanized. 
Chimeric-based therapies are associated with an 
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increased development of anti-biological antibod-
ies, leading to an increased clearance of medica-
tion or a development of an anaphylactic reaction 
to therapy. Humanized anti-TNF alpha therapies 
have a lower rate of antibody formation but are 
relatively novel and have less long-term data. 
They also have been used in standardized subcu-
taneous dosages, whereas chimeric therapies are 
weight based and intravenous. As the pharmaco-
kinetics of younger patients varies with subcuta-
neous administration, its use has been relatively 
limited in this group of diseases. Initiation of 
therapy requires continued administration to pre-
vent antibody formation, and this would mean 
lifelong or at least prolonged uninterrupted ther-
apy in this young group of patients. Efficacy of 
these therapies has not been determined in this 
age group. Other biological therapies are in the 
pipeline, but are still far from routine clinical use, 
especially in the youngest of patients.

Other immune modulators have been used 
sporadically, but usually carry an increased risk 
of side effects or are difficult to maintain at a 
therapeutic level. Medications such as FK506 
strongly depend on the absorption in the small 
bowel. Whether the small bowel is involved or 
not, levels may decrease or increase levels. As 
increasing levels of therapy improves mucosal 
healing, this leads to a dramatic increase in 
absorption. Depending upon whether the factor 
of transit time or ability for absorption is more of 
an issue, levels may swing widely from sub- 
therapeutic to super-therapeutic. Cyclosporine 
has been associated with mortality in historical 
trials in patients with severe colitis and hence has 
largely been avoided within the field of 
gastroenterology.

In cases of severe disease, treatment intoler-
ance or failure, surgical options should be enter-
tained. Prolonging the time a patient has untreated 
disease is in general not beneficial, as this leads 
to poorer nutritional status, prolonged steroid 
exposure, and continued patient suffering. Some 
factors, such as parental anxiety, should be tack-
led early on, allowing more time for the family to 
come to an acceptance of what is a very accept-
able form of therapy.

With the identification of genes associated 
with PID, bone marrow transplantation has been 
used in situations where the immune system has 
been clearly identified as the culprit. In situations 
such as IL10 pathway defect, XIAP or IPEX, 
transplantation is curative. This is discussed fur-
ther below. Transplantation should not, however, 
be used in all patients, as epithelial defects will 
likely recur, needlessly exposing the patient to a 
risky life-threatening procedure with minimal to 
no gain.

 Translational Techniques

As more is understood about the molecular eti-
ologies of early-onset inflammatory bowel dis-
ease, an attempt is being made at translating these 
findings to the bedside to benefit the patient. 
Personalized medicine is the goal of translational 
research, with therapies being targeted to patients 
who will benefit most, while minimizing risk 
involved. A number of examples exist where elu-
cidating the molecular etiology leads to a clinical 
decision.

The first such example is in patients with a 
known mutation causing an immune-only effect. 
One example is with IL10 pathway mutations. 
These mutations are completely cured via bone 
marrow transplantation, with an acceptable risk 
versus benefit ratio. With the typical patient pre-
sentation of a patient with IL10 pathway muta-
tions (in IL10RA, IL10RB, and IL10 genes) with 
diarrhea, folliculitis, recurrent fevers, and peri-
anal disease, genetic testing can be done rela-
tively rapidly. Functional assays looking at the 
downstream pathway can be done in specialized 
research laboratories, effectively confirming the 
defect. STAT3 phosphorylation is dependent 
upon the integrity of the IL10 receptor complex 
being formed by two copies of both the IL10RA 
and IL10RB gene, along with the presence of the 
IL10 signal. Absence of any of these components 
leads to the absence of STAT3 phosphorylation 
and confirmation of the defective pathway. The 
decision to proceed with a curative allogenic 
BMT is quickly and definitively reached.
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The next example is in patients with an epithe-
lial defect, which less likely to be cured by 
BMT.  One specific example of this is patients 
with a TTC7A defect. There have been published 
reports of patients who have undergone BMT 
with TTC7A defects, only to have disease reoc-
cur or progress. With TTC7A defects, intracellu-
lar trafficking becomes disrupted, causing issues 
with polarity to occur. Using the organoid sys-
tem, researchers were able to determine that 
organoids grown from these patients showed a 
reversal of their polarity, effectively causing the 
organoids to grow inside out. These researchers 
focused on Rho kinase (ROCK) inhibitors due to 
their previous research on using ROCK inhibitors 
to reduce cell death in situations where cell-cell 
contacts were lost. When ROCK inhibitors were 
added, organoids were found to reverse polarity, 
effectively correcting the defect. This suggests 
that ROCK inhibitors may play a role in the ther-
apeutic approach to patients with this life- 
threatening defect.

 Gaps in Knowledge

Though there have been many recent advances in 
our understanding of the manifestations of PID 
within the intestinal tract, a few hurdles remain. 
At this time, a large number of the known genes 
associated with early-onset inflammatory bowel 
disease have few published reports describing the 
intestinal manifestations of disease. As these 
mutations are rare, some genes have only one 
published manuscript describing the clinical phe-
notype. As well, when the intestinal phenotype 
of PID-associated genes is described, some 
authors tend to naturally focus on the immune 
manifestations of disease, leaving a simple basic 
description of intestinal findings. This descrip-
tion may lack such things as the nutritional status 
of the child, the extent of disease, and a complete 
endoscopic evaluation or lack a pathological 
description of biopsies. In part, this may be due 
to the immunologic focus of both the authors and 
the journals. It may also be due to the lack of 
complete investigations in patients with PIDs 
with procedures such as colonoscopies and gas-

troduodenoscopies and specialized imaging pro-
cedures such as magnetic resonance enterography 
and wireless capsule endoscopies. It may also 
stem from the difficulty in differentiating between 
the infectious diarrhea and an intestinal manifes-
tation of the underlying disease in a patient with 
PID.

Another major hurdle is the ability to differen-
tiate between epithelial defects and immune 
defects. As our ability to identify and character-
ize these disorders improves with better genetic 
diagnoses, the next natural question would be: 
“How are these diseases best treated?” In the case 
of barrier defects, stem cell transplantation may 
cure the immunological defect, but the intestinal 
defect remains. Disorders in TTC7A are an 
example of this. The result is a patient having 
undergone bone marrow transplantation, with all 
the risks associated with the procedure, along 
with the ongoing issue of the underlying intesti-
nal manifestation of disease. Determining 
whether the genetic defect will be corrected with 
bone marrow transplantation is vital before pro-
ceeding with the potentially lifesaving therapy.

For cases where stem cell transplantation is 
not appropriate, proper therapeutic approaches 
have not been standardized. More and more, evi-
dence is pointing to better outcomes in older 
patients with upfront aggressive therapeutic 
approaches in patients with IBD.  Yet, these 
approaches may not be appropriate in patients 
with PID. As a large number of PID present at a 
younger age and are lifelong disorders, therapies 
initiated at an earlier stage will lead to a longer 
overall lifetime exposure to medications. This 
requires a better understanding of the long-term 
risks associated with a particular therapy. An 
example of this is antibiotic exposure. Antibiotics 
such as metronidazole are used for some patients 
with IBD in particular circumstances. 
Metronidazole has been associated with neuro-
toxicity after prolonged exposure in a few spo-
radic cases in the elderly. Antibiotic exposure, 
though it may be beneficial in patients with neu-
trophil defects, may lead to a selection of resis-
tant organisms over a long period of time. The 
implications of this have not been investigated in 
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a large enough cohort to account for such rare 
outcomes.

Next, though there have been many advances 
in the field of next-generation sequencing, the 
next big task is to develop better methods to 
interpret the data generated. As variants are 
defined as differences from the agreed upon 
reference sequence, frequencies of variants 
become important in deciding whether a vari-
ant is rare enough to account for the rare pre-
sentation of the patient being sequenced. This 
poses an issue in understudied populations, 
such as the Middle Eastern population and 
populations with sociopolitical or geographi-
cally driven bottlenecks (such as islands or 
mountain ranges), where background frequen-
cies have not been determined. One method of 
accounting for these understudied groups is to 
sequence the parents and proband in a trio, 
effectively using the parents as an ethnic con-
trol at increased cost of sequencing. Another 
issue is the hypothesis surrounding whether 
multiple damaging variants across the same 
disease pathway leads to disease development. 
Though it appears plausible, there has been 
little in the way of examples of this type of dis-
ease inheritance pattern.

Finally, there remains a small group of patients 
who do not fit in the usual definition of either tra-
ditional PID or IBD.  These patients may have 
some phenotypic aspects of an immunodefi-
ciency, such as hypogammaglobulinemia resem-
bling CVID. Yet, the loss of immune globulins is 
beyond the expected levels for patients with 
CVID. As well, due to the multisystemic nature 
of some of these patients, they do not fit the tradi-
tional IBD diagnosis either. Some patients will 
present with chronic interstitial lung disease, 
recurrent infections, serositis, hemophagocytic 
lymphohistiocytosis (HLH), or immune cell lin-
eage abnormalities. Unfortunately, a significant 
number of these patients will not have an identifi-
able genetic variant. This group remains a diffi-
cult group to treat clinically and poses a 
challenging problem in that the therapeutic 
approaches of either group of patients may not be 
ideal or give suboptimal clinical response.

 Future Directions

As our understanding of the intestinal tract as an 
immune organ increases, so will our need to bet-
ter identify immune deficiencies with intestinal 
manifestations. As stated above, due to the rarity 
of a number of the known primary immunodefi-
ciencies, reports have been mainly limited to the 
described phenotypic characteristics. 
Investigations of the gastrointestinal manifesta-
tions should be part of the workup for patients 
presenting with failure to thrive, diarrhea, nau-
sea, abdominal pain, emesis, recurrent gastroin-
testinal infections, and unexplained anemia. In 
centers where biobanking is set up, creating and 
storing intestinal organoids will allow for genes 
and disorders to be studied at the intestinal epi-
thelial level. As collaborations between immu-
nologists and gastroenterologists grow, so too 
will our understanding of these patients and the 
immunology of the gastrointestinal tract.

As genetic testing becomes more common-
place, the number of identified mutations associ-
ated with a mainly intestinal phenotype will 
increase. There is a need for a meaningful catego-
rization of patients with PIDs as we have 
attempted to do in this chapter. Better subgroup-
ing will allow for grouping of cohorts in mean-
ingful meta-analyses, possibly leading to new 
therapeutic approaches. It may also allow for 
multicenter trials of therapies in a case-control 
type of observational study. As heterogeneity is 
minimized, results will be easier to interpret. By 
the nature of the overlap between PID and IBD, 
therapeutic approaches in one disease may lead 
to different interventional strategies in the other.

As genetic underpinnings of inflammatory 
bowel disease become clearer, it is possible that 
there may be some specific high-yield gene tar-
gets for which gene-editing technologies may be 
more effective. Advances in genetic editing using 
Cas9/CRISPR and similar technologies may hold 
the key to correcting errors found in the genome 
of patients with severe disease. The off-target 
effects of this technology are thought to be much 
better than previous methods, which included 
lentiviral- and adenoviral-based methods. In 
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those cases, patients had improvement of their 
diseases, only to develop lymphomas a few years 
later. Though the issues with off-target effects are 
real, a large hurdle remains in identifying proper 
vehicles for transporting and delivering the Cas9/
CRISPR cassette to the target organ system and 
cell. An ideal vehicle would deliver the cassette 
to the tissue with high specificity and efficiency.

As a large number of the genes associated 
with VEOIBD are associated with immunodefi-
ciencies, it is intuitive to think that replacement 
of the aberrant immune system with a “corrected” 
immune system will lead to correction of the 
underlying defect. As many of these diseases are 
inherited in a homozygous recessive manner, 
with two defective copies of the gene being 
required for disease manifestation. This has led 
to a modified approach to both the conditioning 
regiments for stem cell transplant, as well as the 
target for engraftment. As the parents of patients 
with a homozygous recessive disorder are both 
heterozygous for the defect, mosaicism will 
allow for at least 50% of the engrafted immune 
system to express the missing phenotype, essen-
tially becoming functionally heterozygous in the 
process. As eradication of the host immune sys-
tem is not necessary, conditioning with decreased 
intensity can be used. This allows for a safer 
induction for patients with conditions predispos-
ing to infections and hopefully translates into less 
mortality and better outcomes. As patients are 
being identified at younger ages, lower risk stem 
cell transplantations can be considered as viable 
options. Better preparatory measures can be 
undertaken, including avoidance of infections, 
improvement of nutritional status, and more time 
for a better HLA identical match to be found.
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 Introduction

Infections are an important cause of morbidity 
and mortality in the oncology population. 
Individual’s risk of various infections is depen-
dent on a multitude factors, particularly the 
type of cancer, sites involved, treatment regi-
men, procedures, and neutropenia. Preexisting 
comorbidities such as obesity, diabetes, and 
lung, kidney, and liver disease are also impor-
tant factors to take into consideration, as are 
age, malnutrition, and deconditioning. 
Neutropenia remains the most important risk 
factor, with increased depth and duration asso-
ciated with higher incidence of infection. In 
this chapter, we will be discussing infections in 
patients with solid tumors and hematologic 
malignancies, with the exception of hemato-
poietic stem cell transplant (HSCT) recipients, 
as this population will be discussed in a sepa-
rate chapter.

 Risks for Infection

Numerous factors contribute to the increased 
infection risk in cancer patients, such as age, 
underlying tumor, type of chemotherapy or trans-
plant, nutritional status, and the presence of 
comorbid medical conditions including diabetes 
and renal or liver insufficiency. The overall infec-
tion risk level is related to the severity and accu-
mulated frequency of factors in a given patient 
[1]. For example, cytotoxic chemotherapy has 
been the mainstay of many cancer treatments for 
the past 60  years, and its association with 
increased risk of infection has been firmly estab-
lished [2]. Many cytotoxic agents interfere with 
tumor cell survival and replication, but they 
simultaneously act on myeloproliferative cells of 
the bone marrow, resulting in neutropenia, 
defined as an absolute neutrophil count (ANC) of 
500 neutrophils/μl or fewer (in contrast, the nor-
mal range for the ANC in peripheral blood is 
about 1500–8000 neutrophils/μl). Neutrophils 
play a vital role in the innate immune response to 
invading pathogens, primarily bacteria and fungi, 
and their main functions include directly attack-
ing bacterial cells or fungal hyphae and releasing 
cytokines to recruit a cascade of inflammatory 
responses at the site of infection [3]. Risk of 
infection is inversely proportional to the depth 
and duration of neutropenia with rates of infec-
tion incrementally increasing when the absolute 
neutrophil count (ANC) falls below 1000  cells/
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mm3, 500 cells/mm3, and 100 cells/mm3, respec-
tively. Likewise, increasing durations of neutro-
penia of 7  days or longer are associated with 
higher rates of infectious complications due to 
bacterial and fungal pathogens [2, 4]. Typically, 
the onset of neutropenia occurs approximately 
1  week following delivery of cytotoxic chemo-
therapy. Patients receiving chemotherapy for 
solid tumors will generally have neutropenia that 
lasts less than 7  days and, therefore, typically 
have relatively low risk of infection compared to 
those with hematologic malignancies. 
Neutropenia in patients undergoing hematopoi-
etic stem cell transplant with conditioning ther-
apy or receiving chemotherapy for hematologic 
malignancies may last 14 days or more, with an 
attendant increase in infection risk.

The underlying malignancy itself can predis-
pose patients to infection. In particular, patients 
with hematologic malignancies are at an 
increased risk for infection, given the nature of 
the cells involved. Typically, there is unregulated 
proliferation of abnormal cells from an individ-
ual cell line, which may result in impaired func-
tion in these cells; specific examples will be 
discussed in further detail later in the chapter. 
Solid organ tumors can also leave patients vul-
nerable to infections. Masses that involve or 
invade into non-sterile sites or that cause obstruc-
tion of normally patent lumens are potential 
sources of infection. For example, tumors involv-
ing or in close proximity to the biliary tree, caus-
ing biliary obstruction, may lead to cholangitis. 
Malignancies invading through gut lumen allow 
bacteria to spill into sterile spaces, such as the 
peritoneum. Bronchial obstruction causing post- 
obstructive pneumonia may be a sequela of lung 
cancer. Tumors obstructing the urinary tract can 
be associated with upper tract urinary infections.

Both chemotherapy and radiation can damage 
the cells lining the mouth and gastrointestinal 
track, causing mucosal barrier injury (MBI) or 
mucositis. MBI itself can cause fevers as the tis-
sue destruction and cell death elicits a robust 
inflammatory response. In combination with neu-
tropenia, MBI also creates an opportunity for 
bacterial translocation and localized infections or 

bacteremia with organisms that colonize the 
mouth and gastrointestinal (GI) tract [5]. MBI 
typically manifests approximately 7–10  days 
after receiving cytotoxic chemotherapy [6]. Other 
integument or mucosal barrier breeches are com-
mon in this population either as a result of recent 
biopsy procedure, tumor debulking surgery, or 
the presence of a central venous catheter.

 Fever and Neutropenia

Febrile neutropenia is defined as a onetime oral 
temperature of ≥38.3° or a sustained oral of ≥38° 
for an hour or longer in a patient with an ANC of 
<500 cell/mm3 or who is predicted to have an 
ANC of <500 cell/mm3 within a 48 h period [4]. 
The first cycle of chemotherapy has the highest 
likelihood of causing neutropenic fever [7–9]. 
Other factors associated with increased risk of 
febrile neutropenia include age greater than 
65  years, renal dysfunction, cardiovascular dis-
ease, preexisting anemia, and high-intensity che-
motherapy [10]. Various studies have shown 
overall mortality in patients with neutropenic 
fever to be 8–15%, with higher mortality seen in 
patients with documented Gram-negative bactere-
mia and/or tissue-invasive infections such as 
pneumonia [1, 11]. An infectious etiology is only 
identified in 40–50% of episodes with 10–20% 
having bacteremia [3, 7, 12–14]. However, as the 
inflammatory response in this population is atten-
uated, fever may be the only sign or symptom of 
infection. In the absence of neutrophils, localizing 
signs and symptoms of infection, may be very 
subtle, if present at all [15]. In studies from the 
1960s to 1970s, when cytotoxic chemotherapy 
was being introduced for treatment of acute leu-
kemia, it was demonstrated that a very high mor-
tality rate occurred in febrile neutropenic patients 
who did not receive prompt empiric antibiotic 
therapy. Many of these episodes resulted from 
enteric Gram-negative bloodstream infections (E.
coli, Enterobacter, and Klebsiella species primar-
ily) as well as Pseudomonas aeruginosa, which 
was linked to especially high rates of mortality 
when empiric treatment was delayed in the setting 
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of neutropenia. Based on these observations, the 
standard of care for more than 40 years is that epi-
sodes of neutropenic fever require immediate 
treatment with empiric antibiotics, with coverage 
against Pseudomonas and Gram- negative enteric 
pathogens [11, 12, 16]. Although Gram-positive 
bacteremias have become more common in the 
last 30  years, they rarely cause rapid demise in 
febrile neutropenic patients. Accordingly, for sta-
ble patients without sepsis, pneumonia, mucosi-
tis, or evidence of line infection, there is no benefit 
to empirically adding vancomycin to the initial 
empiric regimen used for management of febrile 
neutropenia (FN) [17, 18]. In these stable FN 
patients, monotherapy with antipseudomonal 
agents such as ceftazidime, cefepime, piperacil-
lin-tazobactam, or an antipseudomonal carbape-
nem (imipenem or meropenem) is currently 
recommended for empiric coverage. Several clini-
cal practice guidelines exist to help with manage-
ment of these populations [4, 19].

Many centers use antimicrobial prophylaxis 
in patients who are at high risk for infection, par-
ticularly due to prolonged neutropenia. In a ran-
domized double-blinded prospective study, 
levofloxacin prophylaxis reduced the incidence 
of infections and rates of febrile neutropenia in 
patients receiving chemotherapy for hemato-
logic malignancies or undergoing stem cell 
transplant with an anticipated neutropenia of at 
least 7  days [20]. Reductions in frequency of 
febrile neutropenia and of Gram-negative bacte-
remia were demonstrated, but there were no dif-
ferences in mortality between those who received 
prophylaxis compared to those who did not. Of 
concern, the results did demonstrate a slight 
increase of levofloxacin-resistant organisms in 
patients who received levofloxacin prophylaxis 
[20]. Clinical guidelines suggest consideration 
of antibacterial prophylaxis in patients with 
expected neutropenia of ≤100 cells/mm3 for at 
least 7 days [4, 21]. Following the implementa-
tion of fluoroquinolone prophylaxis, there has 
been a rise in the incidence of antimicrobial drug 
resistance in some centers [22, 23]. Of particular 
concern, increasing rates of multidrug-resistant 
(MDR) Gram- negative organisms are being 

reported, including Enterobacteriaceae (e.g., E. 
coli and Klebsiella and Enterobacter species) 
and Pseudomonas species., prompting some 
centers to change their empiric regimen for 
febrile neutropenia to a carbapenem- based regi-
men until susceptibilities are available [24, 25]. 
Fluoroquinolone prophylaxis is also associated 
with increased risk for methicillin-resistant 
Staphylococcus aureus (MRSA) and vancomy-
cin-resistant Enterococcus (VRE) colonization 
and infection [22, 26].

For patients who are unable to tolerate fluoro-
quinolones, third-generation cephalosporins, such 
as oral cefpodoxime, have been sometimes used 
as an alternative. As they do not have activity 
against Pseudomonas spp., a randomized trial 
showed that rates of infections with this organism 
were higher compared to patients receiving levo-
floxacin prophylaxis (16% versus 1.8%) [27]. 
Most of the breakthrough infections due to 
Enterobacteriaceae had some degree of resistance 
to fluoroquinolones obviating that class of agents 
for empirical therapy, but all the isolates remained 
susceptible to cefepime and meropenem [27].

Recombinant granulocyte colony-stimulating 
factor (G-CSF) is a synthesized glycoprotein that 
stimulates proliferation of granulocytic progeni-
tor cells in the bone marrow and release of granu-
locytes into the bloodstream to elevate the 
peripheral blood neutrophil count. G-CSF can 
shorten the duration of neutropenia associated 
with many chemotherapy regimens and has been 
shown to reduce incidence of fever and infections 
in settings where neutropenia is most profound 
and prolonged. Since it is a rather expensive 
agent, its use is restricted to regimens causing 
longer duration of neutropenia and specifically to 
those patients who are at increased risk for neu-
tropenic fever. G-CSF is typically recommended 
for use in patients with a risk ≥20% of febrile 
neutropenia or those with a previous history of 
FN, according to current guidelines [4, 9]. They 
are not generally recommended for treatment of 
established febrile neutropenia, except in 
instances where a life-threatening infection is 
identified; in those cases, it is hoped  – but not 
proven – to be beneficial.
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 Risk Assessment and Treatment 
of Febrile Neutropenia

The Multinational Association for Supportive 
Care in Cancer (MASCC) risk index score was 
published in 2000 with a goal of identifying those 
patients who, on presentation with FN, are at low 
risk for mortality and other serious complications 
during the subsequent course of neutropenia [28]. 
With early identification of those at low versus 
high risk for complications, it is possible to 
develop less intensive empiric antibiotic manage-
ment schemes for the low-risk group, i.e., oral 
and/or outpatient antibiotics. Factors comprising 
this weighted MASCC scoring system include 
degree of symptoms attributable to febrile neu-
tropenia at presentation, hypotension, history of 
pulmonary disease, history of fungal infection, 
dehydration, age, and whether the patient is an 
outpatient or inpatient at the time of onset of the 
febrile neutropenia (see Table  10.1). Patients 
with a score of >21 are at low risk for serious 
complications. This algorithm has been validated 
by numerous studies, with sensitivities and speci-
ficities ranging from 71–95% to 40–95%, respec-
tively [29–31]. Many centers use these criteria to 
determine whether a patient with febrile neutro-
penia requires hospitalization or can be managed 
as an outpatient with oral antibiotic therapy. Oral 

options include oral ciprofloxacin plus amoxicil-
lin/clavulanic acid versus moxifloxacin with the 
coverage spectrum to include both Gram-negative 
and Gram-positive organisms [13, 32, 33]. 
However, patients who are already receiving an 
oral fluoroquinolone as prophylaxis are not can-
didates for treatment with oral agents [33].

 Pathogens

 Bacteria

Gram-negative organisms were historically the 
most common pathogens isolated in neutropenic 
patients, but due to antimicrobial prophylaxis and 
empiric therapy, infections due to Gram-positive 
bacteria have become more common [34]. Gram- 
positive organisms now account for more than 
50% of bacteremias in febrile neutropenia with 
coagulase-negative Staphylococcus species and 
Streptococcus species being the most common 
[14, 35]. Up to 10–15% of bacteremias are poly-
microbial, most commonly occurring in patients 
with enteric or lower respiratory sources of infec-
tion [14]. Enterobacteriaceae are the most com-
mon Gram-negative organisms isolated in 
neutropenic patients, with E. coli and Klebsiella 
species topping the list [3]. Pseudomonas aerugi-
nosa accounts for about 20% of Gram-negative 
infections but has a high mortality rate.

Viridans group Streptococcus is an increas-
ingly common cause of bacteremia and can cause 
severe sepsis in neutropenic patients and typi-
cally arises from mucositis or enteric transloca-
tion. They are often susceptible to beta-lactams, 
but resistant organisms have been increasing 
with some studies reporting up to 30–40% of iso-
lates with resistance to cephalosporins and 
extended spectrum beta-lactams [36, 37]. 
Therefore, clinical guidelines do recommend the 
addition of vancomycin in patients with signs of 
clinical instability due to sepsis associated with 
neutropenic fevers to cover possible VGS bacte-
remia [4, 38]. Factors associated with penicillin 
resistance include beta-lactam prophylaxis, 
recent treatment with beta-lactam antibiotics, or 
nosocomial onset of infection [39, 40].

Table 10.1 The Multinational Association for Supportive 
Care in Cancer (MASCC) score

Characteristic
Weight (# of 
points)

Burden of febrile neutropenia
  No or mild symptoms 5
  Moderate symptoms 3
  Severe symptoms or moribund 0
No hypotension (SBP >90 mmHg) 5
No COPD 4
Solid tumor OR HM w/o previous 
fungal infection

4

No dehydration requiring parenteral 
fluids

3

Outpatient status 3
Age <60 2

Applicable points are added to create a cumulative score. 
The maximum score is 26, and a score of >20 has a pre-
dicted low risk (<10%) for serious medical complications 
during the course of the febrile neutropenia
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Infections with multidrug-resistant organisms, 
particularly VRE, extended-spectrum beta- 
lactamase (ESBL)-producing Gram-negative 
infections, and carbapenem-resistant 
Enterobacteriaceae (CRE) are on the rise and 
associated with increased morbidity and mortal-
ity as well as inadequate initial antibiotic therapy. 
The prevalence of these organisms varies glob-
ally and among different institutions. Prolonged 
hospitalization and antibiotic use, including as 
prophylaxis, are associated with colonization and 
infection with resistant organisms such as VRE, 
ESLB, and CRE [35, 41–45]. Treatment of febrile 
neutropenia in patients at high for resistant organ-
isms should be tailored based on local antibio-
grams and on the susceptibility patterns of prior 
infections.

 Viruses

Reactivation of herpes simplex virus (HSV) and 
varicella zoster virus (VZV) is relatively com-
mon in patients receiving chemotherapy for 
solid tumors or hematologic malignancies [46]. 
Regimens that cause prolonged suppression of 
cell-mediated immunity or neutropenia, particu-
larly those used for hematologic malignancies, 
are associated with increased risk of viral reacti-
vation, and prophylaxis with acyclovir, valacy-
clovir, or famciclovir can be considered in 
patients who are seropositive for HSV and/or 
VZV [21, 46–48]. In particular, agents such as 
alemtuzumab, bortezomib, fludarabine, anti- 
thymocyte globulin (ATG), and high-dose ste-
roids are associated with high risk of viral 
reactivation. Clinically significant infections due 
to cytomegalovirus (CMV) or Epstein-Barr virus 
(EBV) are uncommon in the non-transplant 
population.

Yearly vaccination with the inactivated influ-
enza vaccine is routinely recommended in 
patients undergoing cancer treatment. Depending 
on their chemotherapy regimen and underlying 
disease, some patients may have suboptimal 
immunologic response, but studies have shown 
that a significant number do have documented 
seroconversion. Strategies, such as using the 

high-dose influenza vaccine and timing vaccina-
tion between chemotherapy cycles, likely 
increase response [4, 49, 50]. It is also recom-
mended that caregivers and household contacts 
receive yearly influenza vaccination. Patients 
with documented or suspected infection due to 
influenza should be promptly treated with effec-
tive therapy with a neuraminidase inhibitor such 
as oseltamivir, zanamivir, or peramivir. Infections 
due to other respiratory viruses are common in 
this population, and patients should be advised 
to try to avoid sick contacts. Treatment is sup-
portive care, including for RSV, as treatment 
with ribavirin and/or immunotherapy is gener-
ally not recommended outside the posttransplant 
population.

 Fungi

Current guidelines recommend empiric antifun-
gal therapy if febrile neutropenia recurs or per-
sists for 4–7  days despite broad-spectrum 
antibiotic therapy. Since fungal infections are the 
culprit in only 5–10% of those cases, empiric 
antifungal therapy, by design, results in overuse 
of antifungal therapy [4]. Factors increasing risk 
for invasive fungal infection (IFI) include 
increased depth and duration of neutropenia (with 
most mold IFI’s occurring when neutropenia lasts 
longer than 2 weeks), refractory hematologic dis-
ease, prolonged steroid use, and multiple previ-
ous cytotoxic treatments [51]. Candida species 
commonly colonize the GI tract and can cause a 
spectrum of infections in patients with cancer, 
ranging from mucocutaneous lesions (thrush), 
candidemia, or even tissue-invasive infections 
such as hepatosplenic candidiasis. The risk of dis-
seminated candidiasis is increased in patients 
with prolonged neutropenia, high-dose steroid 
use, indwelling central catheters, total parenteral 
nutrition (TPN), and MBI. Invasive candidiasis is 
associated with significant morbidity and mortal-
ity, and, therefore, patients considered to be at 
high risk are often placed on antifungal prophy-
laxis. This practice has led to a dramatic decrease 
in both superficial and disseminated candida 
infections in this patient  population [52, 53]. 

10 Infections in Cancer



188

Patients with profound neutropenia lasting more 
than 10–14 days are at increased risk for invasive 
mold infections due to organisms such as 
Aspergillus spp. and zygomycetes. Therefore, 
azoles with anti-mold activity, such as posacon-
azole or voriconazole, are used at many centers 
for prophylaxis in patients with acute myeloge-
nous leukemia (AML) or myelodysplastic syn-
drome (MDS) who are receiving induction/
reinduction and consolidation chemotherapy [21, 
54, 55]. These agents are also recommended in 
patients with graft-versus-host-disease (GVHD) 
following allogeneic stem cell transplant (SCT), a 
population that is discussed in great detail in 
another chapter [21].

The diagnosis of invasive fungal disease (IFD) 
can be challenging as clinical symptoms, radio-
graphic test, and cultures have low sensitivity and 
specificity. Biopsy of affected tissue may demon-
strate invasive hyphae, which confirms the diag-
nosis, even if cultures are negative. However, due 
to frequent thrombocytopenia in this patient pop-
ulation, we are often not able to obtain a biopsy 
without significant risk. The use of fungal bio-
markers, such as galactomannan (GM), beta-D- 
glucan, and polymerase chain reaction (PCR) 
tests may also be useful in the diagnostic evalua-
tion [56, 57]. Galactomannan is a polysaccharide 
that constitutes a majority of Aspergillus species 
cell walls as well as the cell walls of other mold 
species, with the exception of zygomycetes 
which include Mucor, Rhizomucor, and 
Cunninghamella species. There is a commercial 
assay that uses a double-sandwich enzyme immu-
noassay (EIA) to detect the presence of this poly-
saccharide in clinical specimens, including 
serum, bronchoalveolar lavage (BAL) fluid, and 
CSF of high-risk populations [57]. In serum, 
serial GM testing may identify patients with inva-
sive aspergillosis earlier than CT scanning of the 
chest or sinuses, but the sensitivity varies consid-
erably in different studies. However, the GM test 
for BAL fluid is typically associated with at least 
80% sensitivity for detection of invasive pulmo-
nary aspergillosis. 1, 3-Beta-D-glucan is also a 
cell wall component that is present in a variety of 

fungal organisms, including Candida, 
Pneumocystis, and Aspergillus species, but not 
Cryptococcus species and zygomycetes [58–60]. 
The use of fungal biomarkers in preemptive ther-
apy in high-risk populations is currently under 
investigation [61, 62].

 Clinical Syndromes in Neutropenic 
Patients

 Pulmonary Infiltrates

Pulmonary infiltrates occur in up to 25% of 
patient with neutropenia lasting for 10  days or 
more and account for up to 40% of infections in 
neutropenic fever [3, 63]. The infectious differen-
tial is broad and includes common bacterial 
pathogens and respiratory viruses, as well as fun-
gal and mycobacterial infections. Noninfectious 
etiologies, including drug toxicity, alveolar hem-
orrhage, and radiation pneumonitis, should be 
considered. Radiographic appearance can be 
helpful in stratifying most likely causes. 
Consolidations or nodular lesions with cavities, 
“air crescent sign,” or “halo sign” are concerning 
for infection due to filamentous fungi. A “reversed 
halo sign” is a classic finding in neutropenic 
patients with infections due to zygomycetes spe-
cies, but it is not specific to this process [56]. 
Diffuse bilateral infiltrates, particularly with 
ground glass opacities, may be suggestion of 
infection due to Pneumocystis. Infections due to 
mycobacteria or Nocardia can also be seen in 
these populations, but bacterial organisms are the 
most common cause of pneumonia. Bronchoscopy 
with BAL can be helpful in obtaining a microbio-
logic diagnosis, but it can be nondiagnostic in 
over half of cases, particularly if patients have 
already received empiric treatment. 
Histopathology with invasive hyphae is diagnos-
tic for invasive fungal infection and can be seen 
even when cultures are negative. However, if 
patients are also thrombocytopenic, biopsies are 
associated with increased risk of bleeding or 
other complications.
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 Central Line-Associated Infections

Due to the need for frequent blood draws and 
administration of intravenous medications and 
because of the caustic effect of some agents on 
smaller vessels, many patients receiving chemo-
therapy will have an indwelling central venous 
catheter. Accordingly, central line-associated 
bloodstream infections (CLABSI) account for 
some of the most common infections identified in 
patients with febrile neutropenia. In order to 
determine whether the catheter is the source of 
the infection, blood cultures should be obtained 
from a peripheral venous puncture and from each 
catheter lumen. If the time to positivity differen-
tial is 2 h or more from the catheter as compared 
to the peripheral set, it suggests the catheter is the 
source of the blood stream infection [64]. Gram- 
positive organisms, particularly coagulase- 
negative staphylococci and Staphylococcus 
aureus, are the most common pathogens to cause 
CLABSI. Gram-negative organisms and Candida 
species are also identified fairly frequently. 
Whether the catheter needs to be removed 
depends on the clinical presentation (i.e., whether 
the patient is hemodynamically unstable), type of 
catheter, and organisms identified. In general 
infections due to S. aureus, Pseudomonas spp. or 
Candida spp. require catheter removal. The cath-
eter should be removed if signs of tunnel infec-
tion occur.

 Typhlitis and Colitis

Typhlitis or neutropenic enterocolitis is a disease 
process unique to neutropenic patients and typi-
cally occurs in patients who have received cyto-
toxic chemotherapy, leading to disruption of 
mucosal integrity. Onset occurs 2–3  weeks on 
average after receiving chemotherapy [65]. The 
compromised mucosa in combination with neu-
tropenia allows enteric organisms to invade 
intestinal tissue, which is thought to elicit inflam-
matory processes including cytokine activation. 
Oftentimes patients will have concomitant blood 

stream infections from bacterial translocation. 
Patients typically have complaints of fevers, 
abdominal pain, cramping, or diarrhea, but symp-
toms may be blunted in comparison to the sever-
ity of disease. Computed tomography (CT) is the 
preferred diagnostic imaging study, and classic 
findings include bowel wall thickening with mes-
enteric stranding, particularly involving the ileo-
cecal region. This process can result in significant 
bowel necrosis with pneumatosis or even perfo-
ration, which may require surgical invention and 
resection. In the absence of these severe features, 
management is typically medical and includes 
bowel rest, adequate hydration, and antibiotics 
targeting enteric Gram-negative organisms as 
well as anaerobes. G-CSF may be used as adjunc-
tive treatment [66, 67]. Colitis due to Clostridium 
difficile can also present similarly, but typically 
with a more predominant diarrheal illness. This 
infection is not limited to the neutropenic popula-
tion, but the disease may be more severe or pro-
tracted compared to normal hosts [68]. Cancer 
patients are at risk for Clostridium difficile colitis 
and relapsed disease for a number of reasons, 
including immunosuppression due to chemother-
apy and disease; need for close contact with the 
healthcare system, including hospitalizations; 
and frequent antimicrobial therapy.

 Infections in Hematologic 
Malignancies

Patients with hematologic malignancies may 
have abnormal counts or functions of certain leu-
kocyte cell lines depending on the underlying 
disease. Patients with treatment refractory or 
relapsed disease are at a much higher risk for 
infectious complications than those who have 
rapid and sustained response to therapy [21]. As 
some of these diseases are more prevalent in 
older adults, therefore immunologic impair 
caused by malignancy may be compounded with 
waning immune function related to aging.

Myelogenous leukemias involve the uncon-
trolled clonal proliferation of myeloid cells 
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(cell line that normally differentiates into gran-
ulocytes, monocytes, erythrocytes, and mega-
karyocytes), giving rise to cells with abnormal 
antimicrobial activity or “functional  neutropenia” 
[69, 70]. Acute leukemias are life threatening and 
generally require aggressive chemotherapy, often 
with the goal of SCT if remission can be achieved 
after induction therapy and multiple cycles of 
consolidation therapy. Induction therapy typically 
results in 3–6 weeks of profound neutropenia, and 
during that time, bacterial and fungal mold infec-
tions are not uncommon. Myelodysplastic syn-
dromes are a constellation of malignant 
hematopoietic stem cell disorders with dysplastic 
and abnormal cell production with may cause 
neutropenia, anemia, and/or thrombocytopenia. 
Patients with MDS are at increased risk for infec-
tion if they have leukopenia or granulocyte dys-
function. MDS also has the potential to transform 
to a more aggressive leukemia [71–73].

The hallmark of chronic lymphocytic leuke-
mia (CLL) is the progressive accumulation of 
dysfunctional monoclonal lymphocytes. This 
disease process leads to multifaceted immuno-
logic impairments, including hypogammaglobu-
linemia, and impaired cellular immunity due to 
quantitative and qualitative lymphocyte abnor-
malities, both of which generally worsen over 
time. Advanced disease may result in neutropenia 
due to marrow replacement [74]. Patients with 
CLL are therefore at increased risk for numerous 
infectious complications even if they are not 
receiving chemotherapy. Bacterial infections 
involving the skin, respiratory system, and uri-
nary tract are most common, and reactivation of 
herpes virus, particularly with HSV and VZV, 
also frequently occur [75, 76].

The risk of infections in CLL is both a func-
tion of the severity of the disease and response 
to therapy as well as treatment-related immuno-
suppression. Treatment-related infections are 
problematic in this population as chemotherapy 
regimens may include myelosuppressing and 
lymphocyte-depleting purine analogs such as 
fludarabine, cladribine, or pentostatin. Other 
agents used in CLL include alemtuzumab and 
rituximab, which are monoclonal antibodies 

that target specific immune populations 
(described in “Targeted Cancer Therapies and 
Infection”) and predispose to a number of infec-
tious complications [74]. These opportunistic 
infections include Pneumocystis, Aspergillus, 
CMV, Cryptococcus, and Listeria, among oth-
ers [76–78]. Concomitant use of corticosteroids 
increases infection risk [79].

Multiple myeloma is characterized by a mono-
clonal proliferation of plasma cells, which are 
derived from B cells. As a result, patients with 
multiple myeloma often have hypogammaglobu-
linemia, causing impaired humoral immunity, 
and are therefore at higher risk for infections due 
to viruses and encapsulated bacterial pathogens, 
such as Streptococcus pneumoniae and 
Haemophilus influenzae [80]. It is important that 
these patients are kept up to date on recom-
mended vaccinations, including pneumococcus 
and annual influenza, although it should be noted 
that levels of protection may be inadequate due to 
impaired B-cell responses. In addition, dysfunc-
tions of the complement system, dendritic cells, 
NK cells, and T cells have been described [81]. 
Advanced disease and treatment can result in 
organ dysfunction with nephrotic syndrome, 
respiratory compromise, and transfusion-related 
iron overload, all of which are also associated 
with infectious risk [80].

 Targeted Cancer Therapies 
and Infection

New therapies with more targeted sites of action 
are being developed for many cancer types with 
the hope of having fewer side effects and less 
bone marrow toxicity and, accordingly, less fre-
quent and profound neutropenic periods. 
Experience with some of these agents is limited 
to date, but, depending on their cellular targets of 
action, some of these agents can cause immuno-
logic impairment and increased risk of certain 
types of infection. Rituximab, for example, is a 
monoclonal antibody that targets CD20-positive 
cells, thereby making it an effective treatment of 
CLL and lymphoma. However, it does have 
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activity against both malignant and normal B 
cells, and therefore, its use results in prolonged 
suppression of humoral immunity. Rituximab 
has been associated with reactivation of hepatitis 
B as well as other viral infections, including 
Herpesviridae and JC virus infection [82]. 
Alemtuzumab is an anti-CD52 monoclonal anti-
body sometimes used for the treatment of chronic 
lymphocytic leukemia as it causes destruction of 
B and T lymphocytes as well as natural killer 
cells. As such its use results in prolonged immu-
nosuppression with increased risk of bacterial, 
viral, and fungal infections [83]. Bortezomib is a 
proteasome inhibitor used to treat multiple 
myeloma and some lymphomas. Its use causes 
cell-mediated immunity impairment and fre-
quently results in reactivation of VZV and HSV 
[80]. Bevacizumab is a monoclonal antibody that 
targets vascular endothelial growth factor 
(VEGF) and is used to treat a wide array of solid 
tumors, including non-small cell lung cancer, 
colorectal cancer, and ovarian cancer. Its use 
may cause delayed wound healing or dehiscence, 
and therefore it is recommended to discontinue 
at least a month preoperatively and not to resume 
until the wound is fully healed [84, 85]. Cases of 
abscesses and fistula formation associated with 
bevacizumab have also been reported [85]. As 
new targeted agents become available, their side 
effect profiles should be monitored for infectious 
complications.
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Infections in Hematopoietic Stem 
Cell Transplant Recipients

Nikolaos G. Almyroudis

Immune Reconstitution and Timing 
of Infections After Hematopoietic 
Stem Cell Transplantation

Hematopoietic stem cell transplantation (HSCT) 
is a well-established therapy for a number of 
hematologic malignancies and disorders. Immune 
recovery after HSCT occurs gradually [1]. Bone 
marrow engraftment, defined as an absolute neu-
trophil count of > 0.5 × 109/L for 3 consecutive 
days, occurs between days 10 and 25 after trans-
plant. Following engraftment, innate immunity 
recovers faster than adaptive immunity [2]. The 
cells of innate immunity to appear initially are 
monocytes followed shortly by granulocytes and 
NK cells. Although NK-cell function recovers 
right away [3], neutrophil function, measured as 
chemotaxis, superoxide production, and phago-
cytic-bactericidal activity, may take up to 
4 months to recover [4] and monocyte function 
up to a year. Finally, mucositis due to condition-
ing resolves with engraftment, but mucositis 
associated with graft-versus-host disease (GvHD) 
of the gastrointestinal tract may recur.

With the exception of CD4+ T cells, lymphocyte 
subsets and total lymphocyte counts recover within 
the first 2–3  months after transplant. However, 
despite numerical T-lymphocyte recovery, T-cell 
responses remain defective for a long period after 
transplant [5]. Though CD8+ T-cell recovery occurs 
within the first 2–3 months post HSCT, these cells 
are predominantly derived by clonal expansion of 
the donor’s cells and are characterized by limited 
repertoire diversity [6]. Effective T-cell responses 
recover when normal thymopoiesis is reestablished, 
by seeding of the thymus by donor’s hematopoietic 
progenitors [6]. Overall, CD4+ cell function and 
consequently T-cell function recovery depends sig-
nificantly on the presence of a functional thymus 
[7], rendering the age of the recipient a crucial fac-
tor for immune reconstitution. Graft-versus-host 
disease (GvHD) and immunosuppressive therapy to 
treat GvHD are the major barriers to reconstitution 
of T-cell immunity.

B cells achieve normal values 6 months after 
autologous HSCT and 9 months after allogeneic 
HSCT [8, 9]. Despite reaching adequate num-
bers, antibody responses remain defective due to 
lack of T-cell interaction and GvHD and its treat-
ments [9, 10]. As a result, B-cell function and 
antibody repertoire are limited during the early 
transplant period and further delayed by GvHD.

Infections after allogeneic HSCT occur during 
three well-defined time periods (Fig. 11.1). These 
include the pre-engraftment period that extends 
from the day of transplant (day 0) to bone marrow 
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engraftment (day +30), the early post-engraft-
ment period (engraftment until day +100), and 
the late post-engraftment period (day +100 
onward) [11]. The pre-engraftment period is 
dominated by neutropenia, compromised muco-
sal immunity as a result of preparative chemo-
therapy, and compromised skin barrier as a result 
of vascular access. The early post-engraftment 
period is characterized by impaired cell-mediated 
immunity due to immunosuppression and acute 
GvHD and its treatments. Infections during the 
late post-engraftment period are the result of 
impaired cell- and humoral-mediated immunity 
[11]. A timetable of infections is provided in 
Fig.  11.1. By contrast, autologous HSCT does 
not require immunosuppression after HSCT, and 
immune recovery is faster and commonly com-
pleted within 9 months after transplant.

The degree of HLA disparity between donor 
and recipient correlates with GvHD and immuno-
suppression used for GvHD, which in turn drive 
the risk of infectious complications. Risk of infec-
tions is greater for recipients who use alternative 
sources of stem cells such as unrelated donors, 
cord blood stem cells, or haploidentical donors. 
Infection rates are higher in recipients of matched 
unrelated donor transplants than in recipients of 
matched related donor transplants [12]. Cord 
blood transplants are characterized by slow 
engraftment due to the low number of stem cells 
infused. As a result they may be complicated by 
prolonged neutropenia that can last up to 6 weeks, 
leading to high incidence of bacterial and fungal 
infections [13]. In addition, due to lack of antigen-
specific memory T cells that can expand in a 
thymus- independent fashion, cord blood trans-

Fig. 11.1 Risk periods and timetable of infections after allogeneic hematopoietic stem cell transplantation. GvHD 
graft-versus-host disease, EBV Epstein-Barr virus, PTLD posttransplant lymphoproliferative disorder
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plants are associated with severe late viral and 
fungal infections [14]. Haploidentical HSCT are 
complicated by a considerable rate of infections 
[15] although one study found no increased risk 
over matched unrelated transplants [12].

In addition to immunosuppressive therapy, 
in  vitro or in  vivo manipulation of the graft to 
prevent GvHD may lead to a greater risk of  
infections. T-cell depletion through either CD34+ 
selection or in  vivo by administration of  
alemtuzumab or anti-thymocyte globulin leads  
to profound and frequently prolonged T-cell 
immunodeficiency further associated with an 
increased risk for viral and fungal infections  
[16, 17].

Exposure to multiple rounds of chemotherapy 
(e.g., for relapsed or refractory malignancy) pre-
ceding transplant or more than one transplant are 
significant risk factors for posttransplant infec-
tious complications. They may affect not only the 
incidence and severity of infections but also the 
epidemiology as demonstrated in one study 
where there was a shift in the etiology of invasive 
mold infections from Aspergillus species to 
zygomycetes and other rare molds among 
patients who received multiple transplants [18].

Several immune deficits may occur simultane-
ously or sequentially, and patients may experi-
ence the immune defect of the underlying 
condition, complication of transplants (i.e., 
GvHD), and iatrogenic immunosuppression to 
prevent or treat GvHD. Although HSCT is asso-
ciated with profound immune defects, appropri-
ate prophylactic and treatment strategies decrease 
significantly the infection-related morbidity and 
mortality.

 Bacterial Infections

 Bacterial Infections Associated 
with Neutropenia and Mucositis

Bacterial infections are the most common infec-
tions encountered after HSCT, and bacteremia is 
the most serious manifestation. Early after trans-
plant and during periods of acute and chronic 
GvHD, causative pathogens originate from the 

patient’s own flora, as pathogenesis involves 
compromised cutaneous and mucosal barriers 
from the conditioning regimen and GvHD [11]. 
Community-acquired infections occur after the 
transplant recipients leave the hospital. The man-
agement of neutropenic febrile episodes is guided 
by the same principles and guidelines as in other 
neutropenic hosts [19]. When a specific organism 
has been isolated, targeted antibiotic therapy is 
administered following standards applied to gen-
eral population.

Due to the presence of central venous cathe-
ters, infections due to coagulase-negative 
Staphylococcus species are the leading cause of 
bacteremia among HSCT recipients [20], while 
infections due to Staphylococcus aureus are less 
common [21]. Infections due to methicillin- 
resistant Staphylococcus aureus are even less 
frequent [21] and are associated with high 
mortality rates [22]. Early removal of the central 
venous catheter when feasible for patients with S. 
aureus bacteremia is strongly recommended.

Bacteremia due to Streptococcus viridans or 
Enterococcus species typically originates from 
the gastrointestinal tract. Streptococcus viridans 
species are frequently resistant to penicillins and 
fluoroquinolones in patients with malignancies 
[23]. Empiric treatment with vancomycin is 
therefore advised until susceptibilities are 
available. Similarly, the majority of enterococcal 
isolates are resistant to ampicillin and vancomycin 
[24]. Empiric treatment with antibiotics with 
activity against vancomycin-resistant 
Enterococcus is not recommended because of 
potential for development of resistance [19]. 
Targeted therapy may include linezolid, 
daptomycin, or quinupristin-dalfopristin [19, 25–
30]. It should be noted that although daptomycin 
has activity against vancomycin-resistant 
Enterococcus it is not FDA approved for this 
indication and that quinupristin-dalfopristin is 
active only against Enterococcus faecium species. 
Quinupristin-dalfopristin can be associated with 
severe myalgias and, in our practice, is not used 
as first-line therapy.

Enterobacteriaceae (e.g., E. coli, Klebsiella 
species, and Enterobacter species), Pseudomonas, 
and Acinetobacter species are the predominant 
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Gram-negative pathogens encountered after 
transplant [21]. The wide use of prophylactic or 
therapeutic antibiotics before transplant or in the 
early posttransplant period may select for 
resistant isolates. Extended-spectrum 
 beta- lactamase (ESBL) and carbapenemase 
producing Gram-negative organisms are being 
reported with increasing frequency [21, 31, 32] 
and may significantly complicate the course of 
transplantation. Infections due to these bacteria 
are treated as in other hosts except that in 
transplant recipients, severe immune impairment 
and comorbidities predispose to refractory infec-
tions and mortality.

Considerable attention is given to prevention 
of bacterial infections after transplant. 
Levofloxacin was shown to prevent bacterial 
infections in patients with prolonged (more than 
7 days duration) and profound neutropenia when 
compared to placebo [33] although the same 
study failed to show a survival benefit. A meta- 
analysis showed that fluoroquinolones 
significantly decrease the incidence of Gram- 
negative infections without affecting the 
incidence of Gram-positive infections or 
infection-related mortality [34]. These studies 
involved patients with cancer and chemotherapy- 
induced neutropenia of varying durations, and 
not specifically HSCT recipients; however, 
results can be reasonably extrapolated to HSCT 
recipients with neutropenia following 
conditioning. Disadvantages of fluoroquinolone 
prophylaxis are potential toxicity, potential for 
emergence of quinolone resistance, Streptococcus 
viridans breakthrough bacteremias [35, 36], and 
development of Clostridium difficile colitis [37]. 
Antibacterial prophylaxis with a fluoroquinolone 
is recommended for expected neutropenia of at 
least 7 days duration after autologous as well as 
allogeneic HSCT [19].

Efficacy of intravenous immunoglobulin 
(IvIg) in preventing bacterial infections and 
reducing mortality has not been established [38]. 
Many centers use intravenous immunoglobulin 
(IvIg) in transplant recipients with severe 
hypogammaglobulinemia (serum IgG level 
<400  mg/dL) [39]. Dose for adolescents and 

adults is 500 mg/kg/month, and frequency should 
be adjusted to achieve serum trough levels 
>400 mg/dL.

 Bacterial Infections Associated 
with Impaired Cellular Immunity

 Listeria monocytogenes
T-cell deficiency predisposes the allogeneic 
transplant recipients to infections due to Listeria 
[40]. Infections due to Listeria monocytogenes in 
HSCT recipients present as bacteremia, often 
accompanied by meningitis [41]. Infections 
predominantly occur early after HSCT or during 
periods of augmented immunosuppression [42]. 
Antibiotics of choice are high dose ampicillin or 
penicillin G [43–45]. Because Listeria is an 
intracellular pathogen and permeability and 
bactericidal activity of ampicillin and penicillin 
G are suboptimal, addition of gentamicin for 
synergy is recommended, especially in the 
immunocompromised setting and central nervous 
system (CNS) infections [46, 47]. Alternative 
therapy for patients allergic to penicillins includes 
high-dose trimethoprim-sulfamethoxazole [43, 
44, 48]. Imipenem-cilastatin and meropenem are 
also effective against Listeria but are characterized 
by inferior bactericidal activity than ampicillin 
[45, 49]. Although vancomycin is active against 
Listeria [44], its minimal inhibitory concentration 
is higher than ampicillin [45], and penetration 
into the CNS is suboptimal. Due to high risk for 
recurrence, recommended duration is 3 weeks for 
bacteremia and meningitis and longer for brain 
abscess. Transplant recipients are advised to 
avoid unpasteurized milk, soft cheese, and 
luncheon meat as they have been associated with 
Listeria infections [43]. Trimethoprim- 
sulfamethoxazole prophylaxis against 
Pneumocystis is thought to provide protection 
against Listeria [48].

 Nocardia spp.
The overall incidence of Nocardia infections 
after HSCT is low, between 0.3% and 1.7% 
according to two studies [50, 51]. They occur 
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almost exclusively in allogeneic transplant 
recipients after engraftment and primarily during 
the first year after transplant [50, 51]. Clinical 
manifestations of nocardiosis in transplant 
recipients include pulmonary, cutaneous, CNS, 
and disseminated disease [52]. 
 Trimethoprim- sulfamethoxazole is the agent of 
choice for the treatment of Nocardia [50, 53]. 
Because of its potential for resistance 
development [54, 55], some experts recommend 
combination of trimethoprim-sulfamethoxazole 
with a second agent. Combination of imipenem-
cilastatin along with amikacin was shown to be 
superior in a mouse model of CNS disease [56]. 
Alternative antimicrobials with activity against 
Nocardia include imipenem, meropenem, 
ceftriaxone, cefotaxime, amikacin, and 
minocycline [57]. Ertapenem is significantly less 
active against Nocardia species than imipenem 
and should be avoided [57]. Linezolid has in vitro 
activity against Nocardia [58]; however, its use is 
limited by its duration-dependent potential for 
myelosuppression and peripheral neuropathy. 
Susceptibility data can guide antimicrobial 
selection. Recommended duration of treatment 
for pulmonary or cutaneous disease is 4–6 months 
and for CNS or disseminated disease 12 months 
or longer. Finally, trimethoprim-sulfamethoxazole 
at prophylactic doses to prevent Pneumocystis 
jirovecii is not consistently protective against 
Nocardia species, and breakthrough infections 
have been reported [50, 51].

Tuberculosis and Nontuberculous 
Mycobacteriosis
Tuberculosis after HSCT usually occurs in recip-
ients who have resided in a country with high 
prevalence of tuberculosis [59]. Although the 
majority of cases have been observed in alloge-
neic HSCT recipients, 20% have occurred in 
recipients of autologous transplants. Besides 
exposure history, screening of HSCT recipients 
for latent tuberculosis can be performed with 
either tuberculin skin test or with an ex  vivo 
interferon-gamma release assay [39]. However, 
there is disagreement among experts on the value 
of routine screening, as sensitivity of either test is 
diminished in the immunocompromised setting 

and prior BCG vaccination may complicate 
interpretation of tuberculin skin test. Interferon- 
gamma release assay does not cross-react with 
prior BCG vaccination and is recommended in 
this setting [60].

Latent tuberculosis is not a contraindication 
for HSCT.  All patients with pretransplant posi-
tive screening or history of positive screen should 
be evaluated for active tuberculosis [39, 60]. 
Chemoprophylaxis is recommended for all 
HSCT candidates or recipients with positive 
interferon-gamma release assay or tuberculin 
skin test regardless of prior BCG vaccination 
[39]. It is also recommended for those with docu-
mented exposure to an individual with active 
infectious pulmonary or laryngeal tuberculosis 
regardless the tuberculin skin test or interferon- 
gamma release assay [39]. If chemoprophylaxis 
cannot be completed before HSCT, it is advised 
to be provided after transplant [61]. 
Chemoprophylaxis with isoniazid and pyridox-
ine should be continued for at least 9 months and 
longer in the presence of augmented immunosup-
pressive therapy [39]. Shortcomings of isoniazid 
prophylaxis are the potential for liver toxicity 
[62] and neuropathy [63], drug interactions with 
other medications such as cyclosporine and 
tacrolimus [64], and selection of isoniazid-resis-
tant strains. Chemoprophylaxis with rifampin is 
not suitable in the posttransplant setting because 
of significant drug interactions [65]. 
Chemoprophylaxis with pyrazinamide and 
rifampin should be avoided due to substantial 
hepatotoxic potential [66]. Finally, 3 months of 
rifapentine in combination with isoniazid was as 
effective as a 9-month course of isoniazid in the 
general population [67] in HIV-infected individu-
als [68] and in renal transplant recipients [69].

Although treatment of active tuberculosis in 
HSCT recipients is guided by the same principles 
as in the general population [64], there is no 
consensus on the duration of antituberculous 
therapy. Common practice is a longer duration, 
usually 12–18  months. Drug interactions with 
rifampin may lead to sub-therapeutic levels of 
cyclosporine and tacrolimus [64, 65].

Treatment of nontuberculous mycobacteriosis 
in the posttransplant setting follows the guidelines 
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of general population and, to a large degree, is 
guided by the susceptibility of the isolate [70]. 
Similarly, there is no consensus on duration of 
treatment, and physicians tend to treat at least 
until resolution of signs of infection and 
resolution or scarring of lesions are seen on 
imaging.

 Bacterial Infections Associated 
with Impaired Humoral Immunity 
and Functional Asplenia

Recipients of allogeneic HSCT are at a consider-
able risk for sepsis due to encapsulated bacteria, 
Streptococcus pneumoniae, Haemophilus influ-
enzae, and Neisseria meningitidis, due to 
impaired B-cell immunity, functional asplenia, 
and GvHD [71]. Streptococcus pneumoniae is 
the most important pathogen of the encapsulated 
bacteria in HSCT recipients and can cause life-
threatening pneumonia and sepsis. The majority 
of infections due to Streptococcus pneumoniae 
occur in the late post-engraftment period, from 
3  months to several years after transplant, with 
chronic GvHD as the major risk factor [72, 73]. 
Therefore, prophylaxis with penicillin is recom-
mended for allogeneic HSCT recipients from 
3  months after HSCT to at least a year, until 
immunosuppression is discontinued, and longer 
if chronic GvHD develops [19, 39]. Recommended 
dose of penicillin is 500  mg twice daily (or 
750  mg for individuals over 60  kg). Penicillin 
prophylaxis is recommended regardless of previ-
ous pneumococcal vaccination. Shortcomings of 
this approach are selection and breakthrough 
infections due to penicillin-resistant 
Streptococcus pneumoniae [74]. In communities 
with considerable penicillin-resistant 
Streptococcus pneumoniae, alternative agents 
such as TMP/SMX should be considered. The 
CDC recommends immunization with the 
13-valent Streptococcus pneumoniae conjugate 
vaccine (PCV13; Prevnar 13, Wyeth 
Pharmaceuticals, Inc.) followed by 23-valent 
polysaccharide pneumococcal vaccine (PPSV23; 
Pneumovax 23, Merck & Co. Inc.) 8 weeks later 
in the general population [75]. In allogeneic 

HSCT recipients, the optimal timing of 
administration isn’t established since vaccination 
is unlikely to be effective prior to reconstitution 
of B-cell immunity and in the setting of 
GvHD. One approach involves vaccination with 
the conjugated 13-valent vaccine 6–12  months 
after HSCT or the polysaccharide pneumococcal 
vaccine at 1  year after cessation of 
immunosuppression, followed by revaccination 
after 5 years [19].

 Fungal Infections

Fungal infections after HSCT are associated with 
significant morbidity and mortality [76, 77]. The 
most clinically significant fungal pathogenic 
organisms include yeast (mainly Candida), 
molds (Aspergillus, zygomycetes, and rare 
molds), endemic fungi, Cryptococcus, and 
Pneumocystis.

 Mucocutaneous and Invasive 
Candidiasis Syndromes

According to two large multicenter surveillance 
studies on invasive fungal infections in HSCT 
recipients in North America [77, 78], invasive 
candidiasis was the second most common fungal 
infection after invasive aspergillosis. Median 
time of onset was 61  days posttransplant, and 
invasive candidiasis was much more frequent 
after allogeneic than autologous HSCT [78]. In 
both studies, the majority of cases were due to 
non-albicans species [77, 78], and in one of these 
studies [78], the most commonly isolated species 
was Candida glabrata (33%) with Candida 
albicans causing only 20% of infections [78]. 
These findings are important because of the 
variable sensitivity of C. glabrata to azoles. This 
shift in epidemiology has been attributed to the 
widespread use of azoles as prophylaxis [79, 80].

Risk factors for invasive Candida infections 
after HSCT include compromised mucosal or 
cutaneous barriers. In the normal host, reservoir 
for Candida is the gastrointestinal tract, while in 
the ill state, it tends to colonize the skin. The first 
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line of defense against Candida infections is the 
mucosal barriers of the gastrointestinal tract and 
the integrity of the cutaneous tissues. After 
HSCT, the gastrointestinal mucosa is 
compromised by the conditioning regimen and 
subsequently by gastrointestinal GvHD [11]. 
Similarly, skin integrity is compromised by 
implantable central venous catheter or cutaneous 
GvHD.  Therefore, common sources of invasive 
candidiasis after HSCT are the gastrointestinal 
tract and the site of implantable central venous 
catheters.

The most common manifestations of mucosal 
candidiasis are oral mucocutaneous (oral thrush), 
esophageal, and vaginal candidiasis. Candidemia 
is the most common form of invasive candidiasis 
and can lead to hematogenous dissemination 
with involvement of the skin, eyes, central 
nervous system, and visceral organs. Chronic 
hepatosplenic candidiasis, the most frequent 
form of chronic disseminated candidiasis, is 
principally a complication of gastrointestinal 
mucosal disruption. The use of yeast-active 
antifungal prophylaxis has reduced the overall 
incidence of mucosal and invasive candidiasis 
but at the expense of a shift to more candida 
infections that are resistant to azoles and other 
antifungals.

Although for mild cases of oropharyngeal 
candidiasis (thrush) clotrimazole troches [81] or 
miconazole mucoadhesive buccal tablets [82] for 
7–14  days are acceptable, fluconazole is an 
appropriate agent for moderate to severe disease 
[83]. Voriconazole, posaconazole, or 
echinocandins can be used for fluconazole- 
refractory cases, although cross-resistance is 
observed among azoles as a class [84–86]. The 
advantage of echinocandins is their efficacy 
against fluconazole-resistant Candida species 
such as C. krusei and C. glabrata [87].

Treatment of esophageal candidiasis includes 
oral fluconazole or intravenous fluconazole or an 
echinocandin if the patient is unable to tolerate 
oral therapy [86, 88, 89]. As echinocandins have 
been associated with higher relapse rates 
compared to fluconazole, micafungin was 
approved at 150  mg intravenous daily [90]. 
Duration of treatment should be at least 14 days 

and not infrequently may need to be extended to 
21 days depending on the severity of illness and 
clinical response [91]. Treatment should be 
followed by chronic secondary prevention with 
an oral azole.

Antifungal therapy is recommended for all 
patients with candidemia regardless of the source 
of infection [92]. Early initiation of appropriate 
treatment and source control are essential [93–
95]. Initial therapy with an echinocandin is 
recommended [19, 91]. Antifungal treatment can 
be modified based on species and susceptibilities 
but also the need for mold prophylaxis. As HSCT 
recipients frequently require prophylaxis against 
mold, a mold-active azole is favored over 
fluconazole [91]. Duration of therapy in 
neutropenic patients is not well defined, but a 
minimum 2-week course of systemic antifungals 
after clearance of the bloodstream should be the 
shortest treatment duration for nondisseminated 
candidiasis [91]. Antifungal therapy should be 
continued throughout neutropenia. Early during 
therapy a thorough ophthalmologic examination 
should be performed to investigate for 
endophthalmitis [91, 96]. After neutrophil 
recovery, management may include an ultrasound 
or preferably CT imaging of the liver and spleen 
with intravenous contrast to detect chronic 
hepatosplenic candidiasis [97].

Removal of central venous catheter in neutro-
penic patients has been debated as source in these 
patients is commonly the gastrointestinal tract. 
Currently, guidelines of the Infectious Diseases 
Society of America (IDSA) support removal of 
central venous catheter when it is considered the 
potential source of candidemia in non-neutrope-
nic patients and removal on an individual basis 
on neutropenic patients as the source in these 
patients is commonly the gastrointestinal tract 
[91]. However, even in the presence of an alterna-
tive source, catheters can be secondarily infected, 
and the risk of recurrent candidemia and associ-
ated complications (i.e., dissemination) is a sig-
nificant consideration in profoundly 
immunocompromised HSCT recipients. 
Therefore, clinical judgment and low threshold 
for catheter removal is advised.
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Lipid formulations of amphotericin B 3–5 mg/
kg/day or an echinocandin remain the antifungal 
agent of choice for initial therapy of chronic 
disseminated candidiasis (hepatosplenic 
candidiasis) [98–101]. After several weeks, 
transition to oral fluconazole 400 mg daily can be 
considered for fluconazole-susceptible Candida 
isolates [102, 103]. Duration of treatment is 
prolonged and usually for several months and 
throughout the period of immunosuppression. 
Short course of NSAIDs or corticosteroids (oral 
prednisone 0.5–1 mg/kg daily tapering dose) can 
be administered to patients with persistent fever 
and intense inflammatory response [104, 105].

 Prevention of Invasive Candida 
Syndromes
Prophylaxis against invasive candidiasis after 
HSCT is reserved for high-risk groups and in 
particular those with significant mucositis and 
prolonged neutropenia and allogeneic HSCT 
recipients with GvHD [19]. In particular, for 
autologous HSCT without mucositis, no prophy-
laxis is required. In contrast, the presence of 
significant mucositis after autologous HSCT 
increases substantially the risk for invasive candi-
diasis, and therefore prophylaxis with flucon-
azole [106–108] or micafungin [109] is advised 
[19]. As prolonged neutropenia or significant 
GvHD is associated with a substantial risk for 
invasive aspergillosis [16] and infections due to 
other molds [18], prophylaxis with a mold- active 
azole, such as posaconazole [110, 111] or vori-
conazole [112], micafungin [109], or an ampho-
tericin B formulation [113] is recommended.

 Invasive Aspergillosis

Aspergillus is a hyaline mold ubiquitous in 
nature, found in decaying material, soil, air, and 
water. Invasive aspergillosis is associated with 
significant morbidity and mortality after 
HSCT. In two large multicenter cohorts, invasive 
aspergillosis was the most common fungal 
infection representing 43% [78] and 59.2% [77] 
of total fungal infections. Aspergillus fumigatus 

was the most frequently isolated pathogenic 
species followed by A. niger, A. flavus, A. terreus, 
and other species [78].

Although the principal risk factor for invasive 
aspergillosis is prolonged neutropenia, several 
other risk factors may occur after HSCT. These 
include acute and chronic GvHD and its treatment 
(steroids, T-cell lymphocyte antibodies, and other 
immunosuppressants), HLA mismatched or 
unrelated donor transplants, and T-cell depletion 
of the graft [16]. As a result, the epidemiology of 
invasive aspergillosis and other molds after 
HSCT is bimodal, with more infections occurring 
during the late post-engraftment period associated 
with GvHD and its treatments rather than during 
the neutropenic phase of the early pre-engraftment 
period [16]. Finally, cumulative incidence of 
invasive aspergillosis is higher after allogeneic 
rather than autologous HSCT [78].

In contrast to Candida species that are mem-
bers of the normal human flora, Aspergillus and 
other molds are acquired through environmental 
exposure. More specifically the conidial concen-
tration in the air is estimated to be 1–100 conidia/
m3, and an average individual inhales more than 
100 conidia of Aspergillus fumigatus in a day 
[114]. Respiratory mucosal epithelial cells form 
an anatomical barrier against fungal invasion and 
promote mucociliary clearance [115]. Alveolar 
macrophages constitute the first line of phago-
cytic host defense against inhaled conidia [116]. 
Following tissue invasion, neutrophils and 
peripheral blood monocytes are recruited and 
represent the principal line of host defense 
against hyphae [116]. Finally, dendritic cells acti-
vate a protective immune response guided by Th1 
CD4+ T lymphocytes [117, 118]. Therefore, 
periods at high risk for invasive mold infection 
after HSCT are neutropenia and periods of sig-
nificant acute or chronic GvHD.

As the usual source of invasive aspergillosis is 
the respiratory tract, most frequent clinical 
manifestations include pulmonary disease 
followed by sinusitis [119]. Another portal of 
entry can be the gastrointestinal tract, and 
invasive aspergillosis can disseminate to other 
organs such as the brain, liver, and skin [120].
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 Treatment of Invasive Aspergillosis
Voriconazole, a second-generation triazole, is the 
drug of choice for treatment of documented 
invasive aspergillosis [121]. Voriconazole was 
compared to amphotericin B deoxycholate in a 
double-blind randomized noninferiority clinical 
trial [122]. Initial therapy with voriconazole was 
associated with better responses and improved 
survival and resulted in fewer severe side effects. 
Based on these data, voriconazole is now the 
treatment of choice for invasive aspergillosis. 
Dosing schedule includes loading with 6 mg/kg 
every 12  h followed by 4  mg/kg every 12  h. 
Amphotericin B lipid formulations are acceptable 
alternatives to voriconazole [121]. Lipid 
formulations of amphotericin B are characterized 
by improved toxicity profile over amphotericin B 
deoxycholate. Liposomal amphotericin B at 
3 mg/kg/day is the established dose based on a 
study that compared low dose to 10 mg/kg/day 
and found no additional benefit and higher rates 
of nephrotoxicity of the higher dose [123]. 
Isavuconazole is also an acceptable alternative 
[121, 124]. Echinocandins are reserved for 
patients in whom use of azoles or amphotericin B 
formulations is contraindicated or associated 
with significant toxicity.

Combination antifungal therapy is advised for 
refractory or progressive disease. Clinical studies 
suggest a beneficial effect when a polyene or 
azoles are combined with an echinocandin [125–
127]. Surgery is reserved for cases complicated 
by intractable hemoptysis or for centrally located 
lesions infiltrating large vessels [128, 129].

 Immune Augmentation
Reduction in immunosuppression is important 
but not always feasible. Colony-stimulating 
factors such as granulocyte colony-stimulating 
factor (G-CSF) or granulocyte macrophage 
colony-stimulating factor (GM-CSF) accelerate 
neutrophil recovery and stimulate macrophages 
and monocytes. They have been the standard of 
care in diminishing the period of neutropenia and 
preventing neutropenic fever events [130]. Their 
role as an adjunct to treatment of documented 
fungal infections is not clearly defined. Preclinical 

data support their use in neutropenic patients 
with fungal infections [131].

A randomized trial of granulocyte transfu-
sions in neutropenic patients with severe infec-
tions failed to demonstrate benefit [132]. In 
addition, granulocyte transfusion is associated 
with major adverse events such as acute lung 
injury [133] and likely alloimmunization causing 
graft failure. Therefore, granulocyte transfusions 
are not recommended. Data to support the use of 
recombinant interferon gamma (IFN-γ) in the 
treatment of invasive aspergillosis is inadequate. 
In addition there is a concern that IFN-γ may 
exacerbate graft-versus-host disease after HSCT, 
although a small study suggested that IFN-γ is 
safe in this setting [134].

 Assessing Response to Treatment
Response to treatment is evidenced by improve-
ment or resolution of symptoms and radiologic 
and mycologic improvement. Radiologic 
response should be evaluated with repeat CT 
scan imaging 7–10 days after initiation of anti-
fungal treatment. Serial galactomannan levels 
can be followed in patients with elevated values 
upon diagnosis of invasive aspergillosis as data 
suggest that a falling level predicts treatment suc-
cess and a rising level predicts failure [135]. 
Inadequate data exist to support the use of 
(1➔3)-β-D-glucan assay to predict response to 
treatment.

 Susceptibility Testing and Therapeutic 
Drug Monitoring
Susceptibility testing is useful in patients with 
azole-refractory disease to guide therapy [121] 
but is generally not performed routinely in all 
cases. Preliminary data support therapeutic drug 
monitoring for voriconazole, posaconazole sus-
pension, and itraconazole [136, 137] to maximize 
efficacy and minimize toxicity. Sub- therapeutic 
serum concentrations have been correlated with 
treatment failure and drug toxicity in small stud-
ies [138–140]. Therapeutic drug monitoring is 
recommended in refractory cases, if toxicity is 
suspected [19] or if a drug known to interact with 
voriconazole is co-administered [121]. Serum levels 
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should be measured at steady state that is achieved 
at least 4  days after initiating treatment. 
Therapeutic concentration for itraconazole is a 
trough of 0.5–1 μg/L (measured by HPLC/mass 
spectrometry) and for voriconazole a trough of 
1–5.5 μg/mL [137]. For posaconazole, although a 
level of 0.7 μg/mL is acceptable for prophylaxis, 
a trough of at least 1 μg/mL is considered thera-
peutic [137].

 Azoles and Drug Interactions
Voriconazole, posaconazole, and itraconazole are 
potent inhibitors of the cytochrome P450 3A4 
[141] isoenzymes and may reduce efficacy or 
increase the potential for toxicity of other drugs. 
Effect on cytochrome P450 3A4 is less potent for 
isavuconazole [142] and fluconazole [143]. 
Fluconazole and voriconazole are inhibitors of 
the CYP2C9 and CYP2C19 enzymes [144, 145], 
and voriconazole is subject to significant 
variability of genetic CYP2C19 allelic 
polymorphisms [146, 147]. Itraconazole and 
posaconazole can further affect drug levels by 
inhibiting the P-glycoprotein transport system 
[148]. Commonly used drugs that have the 
potential for interaction with azoles include 
calcineurin inhibitors (i.e., cyclosporine and 
tacrolimus), sirolimus, corticosteroids [141, 
149], antibiotics, chemotherapeutic agents, and 
acid-suppressive therapies [141], and pertinent 
data are presented in Table 11.1.

 HSCT in Patients with Presumed or 
Definitive Invasive Aspergillosis
Presumed or definitive invasive aspergillosis is 
not a contraindication for transplantation [150, 
151]. No specific guidelines exist, but an adequate 
course of antifungals (at least 2 weeks) followed 
by evidence of symptomatic, radiologic, and 
mycologic response (i.e., a downtrend in 
galactomannan if elevated) is necessary before 
the transplant candidate can receive the 
conditioning regimen and enter safely the periods 
of neutropenia and subsequent acute 
GvHD.  Uninterrupted mold-active antifungal 
therapy throughout conditioning and subsequent 
transplantation is recommended. The duration of 
antifungal therapy preceding transplant should be 

decided collectively among the infectious 
diseases and transplant services and should take 
into consideration the benefits of delay in HSCT 
to increase the odds of controlling the fungal 
infection pre-HSCT versus the increased risk of 
malignancy relapse by delaying HSCT.

 Mucormycosis (Zygomycosis), 
Fusariosis, and Infections 
due to Other Molds

Mucormycosis (zygomycosis) is the second most 
common mold and the third invasive fungal 
infection after invasive aspergillosis and invasive 
candidiasis in HSCT recipients with overall 
incidence of 8% [19]. Treatment of mucormycosis 
includes amphotericin B, either deoxycholate 
1  mg/kg/day or preferably one of the lipid 
formulations at dose 5 mg/kg/day. Posaconazole 
is an alternative to amphotericin B for intolerant 
cases to amphotericin B or in the salvage setting 
[152, 153]. Isavuconazole outcomes in patients 
with invasive mucormycosis (zygomycosis) were 
comparable to amphotericin B-treated historical 
controls [154]. Initial treatment with an 
amphotericin B formulation with transition to 
oral posaconazole or isavuconazole maintenance 
after response is a reasonable approach.

Fusariosis and rare molds afflict HSCT recipi-
ents more rarely than zygomycetes. Treatment 
options for Fusarium infections include voricon-
azole [155] and posaconazole [156]. 
Amphotericin B formulations have variable 
activity against Fusarium species.

 Prevention of Invasive Aspergillosis 
and Other Molds

Prevention of invasive aspergillosis and other 
molds includes placement of patients in a 
protected environment that includes a positive 
pressure room, a high-efficiency particulate air 
(HEPA) filtration [157], and/or a laminar flow 
[158], when admitted to the hospital. Avoiding 
construction or renovation sites, gardening, 
spreading mulch, mowing the lawn, or vacuum 
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cleaning [159] are also recommended to reduce 
exposure to conidia. Continuous surveillance of 
invasive aspergillosis and other mold infections 
is also recommended.

Mold-active prophylaxis after HSCT targets 
the periods of high risk and in particular 
neutropenia and periods of significant acute and 
chronic GvHD and its treatment such as 
significant steroid use, lymphocyte-depleting 
agents, or tumor necrosis factor-α (TNF-α) 
inhibitors [19, 121]. Better-studied mold-active 
antifungals for prophylaxis in HSCT recipients 
are posaconazole [111] and voriconazole [112, 
160, 161]. The critical benefit of posaconazole 
over voriconazole prophylaxis is its broader 
antifungal spectrum that includes Zygomycetes 
[162–164]. Recommended prophylactic dose of 
posaconazole delayed-release tablets is 300  mg 
daily (after a loading dose of 300 mg twice daily 

on day 1) with food and for the oral suspension is 
200 mg three times daily with meals, nutritional 
supplement, or acidic carbonated beverage [111]. 
Prophylactic dose of oral voriconazole is 200 mg 
twice daily [121]. Micafungin [109] and one of 
the lipid formulations of amphotericin B [113] 
are acceptable alternatives, while the erratic 
absorption [165] and toxicity profile of itracon-
azole prohibit its use.

 Cryptococcosis

Management of cryptococcal meningoencephali-
tis, acute pulmonary cryptococcosis, or dissemi-
nated disease in HSCT recipients should include 
induction with a lipid formulation of amphoteri-
cin B (liposomal amphotericin B 3–4 mg/kg daily 
or amphotericin B lipid complex 5 mg/kg daily) 

Table 11.1 Interactions between antifungal agents and commonly used medications during hematopoietic stem cell 
transplantation

Antifungal 
agent Medication

Pharmacologic effect  
of combination

Clinical effect of 
combination Recommendation

Polyenes Calcineurin inhibitors 
(CNI)

Additive 
nephrotoxicity

Kidney injury Monitor CNI 
concentrations and kidney 
function

Polyenes mTOR inhibitors 
(sirolimus)

Additive 
nephrotoxicity

Kidney injury Monitor sirolimus 
concentration and kidney 
function

Azoles Calcineurin inhibitors 
(CNI)

Increases CNI levels Potential for CNI 
toxicity

Decrease CNI by 30–50%

Azoles mTOR inhibitors 
(sirolimus)

Increases sirolimus 
levels

Potential for 
sirolimus toxicity

Decrease sirolimus dose

Azoles Corticosteroids Increases steroid 
levels

Excessive steroid 
exposure

Monitor for toxicity of 
methylprednisolone

Azoles Cyclophosphamide Increases 
cyclophosphamide 
levels

Hepatic, renal, 
urinary toxicity

Administer with caution
Monitor for toxicity

Azoles Vincristine and vinca 
alkaloids

Unknown Neurotoxicity, 
seizures, peripheral 
neuropathy

Avoid co-administration

Azoles Rifampin/rifabutin Increases rifampin 
levels

Hepatic toxicity Avoid co-administration

Decreased azole levels Decreases azole 
efficacy

Monitor for toxicity  
if given
Monitor azole efficacy

Azolesa Macrolide antibiotics QTc prolongation Torsades de pointes, 
cardiac arrhythmias

Administer with caution
Assess risk for arrhythmia

Azolesa Fluoroquinolones QTc prolongation Torsades de pointes, 
cardiac arrhythmias

Administer with caution
Assess risk for arrhythmia

aAll azoles prolong the QTc except isavuconazole that shortens the QTc interval
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ideally with oral 5-flucytosine (100 mg/kg daily 
divided in four doses), for a minimum of 2 weeks 
[166, 167]. Drug level monitoring of 5-flucyto-
sine is recommended to prevent hematologic tox-
icities (leucopenia and thrombocytopenia) [168] 
as well as hepatic toxicity. For those intolerant to 
5-flucytosine, induction with amphotericin B lipid 
formulation should be extended to 4–6 weeks, or 
fluconazole 800 mg daily can be added to ampho-
tericin B formulation. Transition to oral flucon-
azole 6–12 mg/kg daily (400–800 mg daily) for 
8 weeks is feasible after sterilization of cerebro-
spinal fluid has been documented in repeat cere-
brospinal fluid sampling [169]. This should be 
followed by maintenance therapy with oral fluco-
nazole 3–6 mg/kg daily (200–400 mg daily) for 
6–12 months to avoid relapse [169]. Pulmonary 
disease of mild to moderate severity can be treated 
with oral fluconazole 400  mg daily [170]. 
Management of elevated intracranial pressure 
(≥25 cm or consistent symptoms) should include 
repeat lumbar punctures for decompression. 
Management of refractory cases includes tempo-
rary lumbar drains, ventriculostomy, and perma-
nent ventriculoperitoneal shunt in persistent 
cases. Primary prophylaxis against cryptococco-
sis is not advised in HSCT recipients [170], 
although azoles used as anti-candidal and anti-
Aspergillus prophylaxis are expected to be effec-
tive as prophylaxis against cryptococcal infection. 
Routine screening of HSCT recipients with cryp-
tococcal antigen is not recommended.

 Endemic Mycoses

Amphotericin B is the recommended treatment 
for severe pulmonary histoplasmosis in HSCT 
recipients [171]. Liposomal amphotericin B 
3–5 mg/kg daily or another lipid formulation of 
amphotericin B is preferred over deoxycholate 
due to their reduced nephrotoxic potential [172]. 
After clinical improvement is documented, 
antifungals can be changed to oral itraconazole 
200 mg twice daily after a loading dose of 200 mg 
three times daily for 3 days [171]. Posaconazole 
and voriconazole are active in  vitro against  
H. capsulatum, but clinical data is limited  

[173–175]. They represent reasonable alternatives 
in those intolerant to itraconazole or when 
broader mold activity is desired. Duration of anti-
fungal treatment should be at least 12  months. 
Treatment with an azole is an option for milder 
cases of pulmonary histoplasmosis. Although 
solid evidence is lacking, it is reasonable to con-
tinue secondary suppression during periods of 
profound immunosuppression to avoid relapse. 
There is no evidence to support antifungal 
prophylaxis in HSCT candidates with 
radiographic evidence (calcified pulmonary or 
splenic lesions) or serologic evidence of previous 
histoplasmosis [176].

Treatment of pulmonary coccidioidomycosis 
in HSCT recipients includes fluconazole 400 mg 
orally daily after a loading dose of 800 mg [177], 
unless severe, rapidly progressing, or 
disseminated disease. In such cases a lipid 
formulation of amphotericin B at 3–5  mg/kg 
daily is preferred as initial therapy [178] followed 
by oral azole after clinical response has been 
documented. Following treatment of acute 
infection, chronic suppressive therapy is advised 
to prevent relapses. However, large randomized 
studies in HSCT recipients are lacking. Azole 
prophylaxis during the first 6–12  months after 
HSCT is recommended in all HSCT recipients in 
endemic areas [177]. Although voriconazole, 
posaconazole, and isavuconazole are active 
in  vitro against Coccidioides species, clinical 
data are limited, and therefore these agents aren’t 
typically used as initial therapy [179].

Treatment of blastomycosis in HSCT recipi-
ents should include a lipid formulation of ampho-
tericin B (liposomal amphotericin B 3–5 mg/kg 
daily or amphotericin B lipid complex) [180]. 
Transition to oral itraconazole (200  mg orally 
three times daily for 2 days followed by 200 mg 
orally twice daily) [181] is recommended after 
clinical response is documented or radiologic 
response if applicable. Although clinical evi-
dence is limited, a mold-active azole such as 
voriconazole, posaconazole, or isavuconazole 
can be tried instead. Treatment should be contin-
ued for at least 12 months. Long- term secondary 
suppression is advised throughout the immuno-
deficiency state [180].
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 Pneumocystis jirovecii

Pneumocystis jirovecii pneumonia is an infre-
quent infection after HSCT as a result of effective 
prophylaxis. In a prospective surveillance study 
in HSCT recipients (TRANSNET), incidence of 
pneumocystis infections was 2% [78]. Preferred 
agent for prophylaxis against Pneumocystis is 
trimethoprim-sulfamethoxazole as it is highly 
effective [182, 183] and provides additional cov-
erage against Nocardia, Toxoplasma, and Listeria 
(Table 11.2). Desensitization is advised in HSCT 

recipients with history of allergic reaction to tri-
methoprim-sulfamethoxazole. However, the 
bone marrow suppressive potential of trime-
thoprim-sulfamethoxazole is a frequent problem 
limiting its use after HSCT.  Alternative agents 
include atovaquone oral suspension [184] that 
provides coverage against Pneumocystis and 
Toxoplasma gondii, aerosolized pentamidine 
[185], and oral dapsone [186] that only target 
Pneumocystis. Prophylaxis against Pneumocystis 
is recommended from engraftment to at least 
6 months after allogeneic HSCT and during peri-
ods of immunosuppression and for 3–6 months 
after autologous HSCT [19].

Treatment of Pneumocystis pneumonia con-
sists of trimethoprim-sulfamethoxazole at 
15–20 mg/kg of trimethoprim component divided 
in three or four equal doses [187]. Alternative 
regimens include primaquine-clindamycin, 
atovaquone oral suspension, trimethoprim- 
dapsone, or intravenous atovaquone (Table 11.2). 
Adjuvant steroids are indicated for those with a 
PaO2 <70  mmHg on room air, alveolar-arterial 
(A-a) oxygen gradient ≥35 mmHg, or evidence 
of hypoxemia [187]. Steroids should be given in 
a fast tapering scheme, either oral prednisone or 
intravenous methylprednisolone (Table 11.2) [187].

 Viral Infections

 Herpes Simplex Virus and Varicella 
Zoster Virus

Herpes simplex virus reactivation commonly 
manifests as mucocutaneous disease after 
transplantation. Prior to the introduction of 
acyclovir prophylaxis, incidence of herpes 
simplex virus (HSV) disease among HSCT 
recipients was about 70% [188], with most cases 
occurring early after transplantation. With the 
introduction of acyclovir prophylaxis, this 
incidence has dramatically decreased. In one 
retrospective study on autologous and allogeneic 
HSCT recipients, the 2-year probability of HSV 
disease was 31.6% when prophylaxis was 
administered the first 30  days posttransplant 
[189]. The 2-year probability dropped to 3.2% 

Table 11.2 Prophylaxis and treatment regimens for 
Pneumocystis jirovecii

Prophylactic regimens
First choice Trimethoprim-sulfamethoxazole one 

double-strength tablet once daily
Trimethoprim-sulfamethoxazole one 
single-strength tablet once daily

Alternative 
regimens

Trimethoprim-sulfamethoxazole  
one double-strength tablet  
three times per week
Dapsone 100 mg tablet once daily or 
dapsone 50 mg tablet twice daily
Atovaquone oral suspension 1500 mg 
daily with food
Aerosolized pentamidine 300 mg monthly

Treatment regimens
First choice Trimethoprim-sulfamethoxazole IV 

15–20 mg/kg/day of trimethoprim 
component divided to 3 or 4 doses
Trimethoprim-sulfamethoxazole  
DS 2 tablets orally every 8 h daily for 
milder cases

Alternative 
regimens

Trimethoprim 5 mg/kg/orally three times 
daily plus dapsone 100 mg orally  
once daily
Primaquine 30 mg orally once daily plus 
clindamycin 900 mg IV every 8 h or 
600 mg orally every 8 h daily
Atovaquone oral suspension 750 mg 
orally twice daily (with food)
Pentamidine 4 mg/kg IV once daily

Adjuvant steroids
Prednisone 40 mg orally twice daily for 
5 days followed by
Prednisone 40 mg orally once daily for 
5 days followed by
Prednisone 20 mg orally once daily for 
11 days or the equivalent dose of 
intravenous methylprednisolone

IV intravenous
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when prophylaxis was administered for 1  year 
and to 0% when prophylaxis was given for an 
even more extended period. Oral acyclovir 400–
800 mg twice daily or oral valacyclovir 500 mg 
twice daily or intravenous acyclovir 5  mg/kg 
every 12 h provides adequate prophylaxis against 
HSV [19, 39, 188, 189]. When ganciclovir or 
foscarnet is administered for prevention or 
treatment of CMV, concomitant acyclovir 
prophylaxis is not necessary as these agents 
provide adequate activity against HSV [19]. 
Prophylaxis should be administered from the 
conditioning regimen or transplantation day until 
engraftment or day 30+ whichever occurs first 
[39]. However, ongoing prophylaxis against 
varicella zoster virus (VZV) at later periods 
efficiently prevents HSV disease. Treatment of 
mucocutaneous HSV disease consists of 
intravenous acyclovir 5  mg/kg every 8  h for 
7–10  days [190], while for disseminated HSV 
disease, higher-dose acyclovir at 10 mg/kg every 
8  h is preferred. Options for acyclovir-resistant 
HSV are foscarnet [191] and cidofovir [192].

The 1-year probability of VZV disease after 
HSCT was 30% before acyclovir was introduced 
[193]. Eighty percent of cases occurred the first 
9  months after transplant and were associated 
with significant mortality [193]. The rate 
significantly decreases with acyclovir prophylaxis 
[194]. Therefore, long-term prophylaxis is 
recommended for seropositive autologous and 
allogeneic HSCT recipients [194] for the first 
year after transplant and longer if chronic GvHD 
or if systemic immunosuppression continues 
[39]. Prophylactic regimens include oral 
acyclovir 800 mg orally twice daily [19, 195] and 
oral valacyclovir 500  mg twice daily or three 
times daily [19, 196]. Acyclovir or valacyclovir 
can be held in transplant recipients who receive 
ganciclovir, valganciclovir, or foscarnet for 
management of CMV, considering the efficacy of 
these agents against VZV [39, 197, 198]. 
Treatment of herpes zoster limited to one 
dermatome includes oral acyclovir 800 mg five 
times daily, oral valacyclovir 1  g three times 
daily, or intravenous acyclovir 10 mg/kg q 8 h for 
7–14 days [19, 199]. Transition to an oral agent 

should be considered when clinical response is 
documented. In contrast, disseminated zoster or 
visceral disease including encephalitis is treated 
with intravenous acyclovir 10  mg/kg every 8  h 
for 14–21 days. Resistant VZV disease should be 
treated with foscarnet [198].

Postexposure prophylaxis should be given to 
all HSCT recipients who have close contact with 
an individual with chicken pox or shingles 
reactivation with a course of acyclovir or 
valacyclovir for 3 weeks [39].

Since the available vaccines against VZV con-
tain live attenuated virus, they are contraindi-
cated to immunocompromised individuals. 
However, transplant recipients would benefit 
from vaccination of household members who can 
potentially be a source for virus transmission 
[39]. If the individual develops a vaccine-associ-
ated rash, he/she should avoid contact with the 
transplant recipient. Finally, a recombinant vac-
cine is undergoing clinical investigation. 

 Cytomegalovirus Infection 
and Disease

Cytomegalovirus is a herpesvirus (human her-
pesvirus 5). Similar to other herpesviruses, cyto-
megalovirus (CMV) establishes latency after 
primary infection and reactivates during periods 
of profound T-cell immunodeficiency after 
transplantation (Fig.  11.1). Primary infection is 
usually transmitted through the graft in CMV- 
negative recipients. CMV disease is rare after 
autologous HSCT [200]. CD8+ and CD4+ T-cell 
responses are crucial in maintaining latency and 
controlling infection by CMV [201, 202]. The 
role of innate immunity is also important through 
production of inflammatory cytokines [203, 204]. 
Manifestations include CMV infection and CMV 
disease. CMV infection refers to detection of 
CMV replication in plasma or whole blood by 
pp65 antigenemia or DNA or messenger RNA 
PCR [205]. CMV disease is defined by the 
presence of end-organ involvement and refers to 
CMV pneumonia, gastrointestinal disease, hepa-
titis, retinitis, or CNS disease [205].
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 Prevention of CMV Infection 
and Disease in Allogeneic HSCT 
Recipients
Prevention of CMV infection and disease starts 
with selection of appropriate donor. A CMV- 
seronegative donor is preferred for a CMV- 
seronegative recipient if available; however, 
HLA-antigen match will be the primary criterion 
for donor selection. In the myeloablative setting, 
selection of a CMV-seropositive unrelated donor 
for a CMV-positive recipient is associated with a 
survival advantage [206]. In addition, the use of 
blood products from CMV-seronegative donors 
and leukocyte-depleted filtered blood products 
further decreased the risk [207]. The use of 
intravenous immunoglobulin is not recommended 
as its preventive effect is modest and a survival 
benefit has not been documented [38, 39].

The preventive potential of ganciclovir pro-
phylaxis on CMV infection and disease, adminis-
tered from engraftment until day +100, was 
demonstrated in two double-blind placebo- 
controlled clinical trials [208, 209]. Ganciclovir 
prophylaxis was frequently associated with 
neutropenia in both studies. Literature on 
valganciclovir prophylaxis is more limited. An 
unintended consequence of prophylaxis is late 
CMV disease and in particular pneumonia, 
following cessation of prophylaxis after day 
+100 [210]. Letermovir effectively prevents 
CMV reactivation and disease and is characterized 
by a more favorable side effect profile although 
its long-term adverse effects have not been 
studied [211]. The available agents for 
prophylaxis and treatment of CMV infection and 
disease are provided in Table 11.3.

Preemptive therapy is an approach for preven-
tion of CMV disease that circumvents prophy-
laxis, thus preventing drug exposure and its 
consequences, as well as late CMV disease [212]. 
Preemptive therapy includes detection of viral 
replication and initiation of effective antiviral 
therapy at an early stage, before end- organ 
involvement has occurred [39, 213]. It entails 
weekly or more frequent monitoring of transplant 
recipients with sensitive tests detecting CMV ele-
ments on plasma or whole blood [213]. 

Preemptive strategy is initiated early after 
transplant until day +100 or longer for high-risk 
individuals [192, 213]. The most widely used 
assays to detect CMV are pp65 antigenemia and 
quantitative CMV PCR with the latter being more 
sensitive [214]. Uniformly accepted cutoffs for 
initiation of antiviral treatment have not been 
established due to variation in assays and lack of 
standardization of quantitative PCR. Detection of 
mRNA by nucleic acid sequence-based 
amplification (NASBA) is as effective as pp65 
antigenemia assay and CMV DNA PCR [215].

Ganciclovir is preferred over foscarnet for 
preemptive therapy due to the unfavorable side 
effect profile of the latter [216, 217] (Table 11.3). 
Valganciclovir can be used when oral therapy is 
appropriate in the absence of significant 
gastrointestinal GvHD [19, 218]. These agents 
are used at induction doses for 1–2  weeks and 
until the qPCR is trending down. Maintenance 
therapy is continued until CMV is undetectable 
by PCR or under the predefined limit. When pp65 
antigenemia is used to guide preemptive therapy, 
antivirals are continued until two negative 
measurements are documented, at least 1  week 
apart. A rise in the titer within 1  week after 
initiation of appropriate treatment is not 
uncommon and should not prompt changes in 
antiviral regimen [219]. The available agents for 
prophylaxis and treatment of CMV infection and 
disease are provided in Table 11.3.

Another strategy for CMV prevention post-
transplant is vaccination of the donor or recipi-
ent. A DNA vaccine consisting of immunogenic 
proteins gB and pp65 [220] and a CMV peptide 
vaccine designed to induce pp65- specific cyto-
toxic T-cell responses [221] are undergoing clini-
cal evaluation with promising results.

Intensive monitoring of cytotoxic CD8+ T 
lymphocytes and/or CD4+ CMV-specific T cells 
by means of tetramer detection or determination 
of peptide-specific lymphocyte responses is 
being studied with the aim to identify high-risk 
transplant recipients [222–225]. However, it has 
not been adopted for routine use in clinical prac-
tice yet.
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 Treatment of CMV Disease
As a principal, reduction of immunosuppression 
when feasible should be attempted. Moreover, 
treatment of invasive CMV disease differs from 
preemptive therapy in that duration of induction 
and maintenance therapy is longer.

CMV pneumonia is the most severe manifes-
tation of CMV disease associated with high mor-
tality rates. Treatment of CMV pneumonia 
includes induction doses continued for at least 
3–4 weeks followed by longer courses of mainte-
nance. First-line antiviral agent for treatment of 
CMV disease remains intravenous ganciclovir 
[217]. Foscarnet is an alternative for patients’ 
refractory infection or intolerance to ganciclovir 
[216]. Limited data support the use of intrave-
nous immunoglobulin as an adjunct in the treat-
ment of CMV pneumonia [226–228]. Studies are 
hampered by small number of participants and 
lack of contemporaneous controls. For this indi-
cation intravenous immunoglobulin is usually 
administered every other day for three to five 
doses. CMV-specific immunoglobulin does not 
offer any specific advantage over pooled 
immunoglobulin. Immunoglobulin is currently 
recommended only as an adjunct in the treatment 
of CMV pneumonia.

Gastrointestinal CMV disease is treated with 
ganciclovir induction for at least 2–3  weeks, 
followed by several weeks of maintenance 
therapy. Foscarnet is an alternative when 

neutropenia has complicated the patient’s course 
[216]. If recurrence is documented, prophylaxis 
with valganciclovir or ganciclovir may be 
necessary to prevent further relapses.

CMV retinitis occurs during the late post- 
engraftment period, is frequently bilateral (in half 
of the cases), and can lead to irreversible visual 
loss [229]. Treatment of CMV retinitis includes 
systemic ganciclovir or foscarnet along with 
intraocular ganciclovir injections or implants 
[230]. Duration of treatment is prolonged and not 
precisely defined.

Discontinuation of antivirals is guided by res-
olution of clinical symptoms and signs of CMV 
disease and documentation of cessation of viral 
replication but more importantly when profound 
immunosuppression has been withdrawn allow-
ing for some degree of immune restoration. When 
intense immunosuppression cannot be reduced, 
transplant recipients may benefit from secondary 
prophylaxis.

 Drug-Resistant CMV
CMV resistance to antivirals is infrequent in allo-
geneic HSCT recipients [231, 232] and occurs in 
the setting of profound immunodeficiency and 
prolonged antiviral drug exposure. It is most 
commonly reported in association to ganciclovir 
and its prodrug valganciclovir, as these are the 
most extensively used antiviral drugs.

Table 11.3 Antiviral agents for prevention and treatment of cytomegalovirus infection and disease

Prophylaxis
Dose and route of administration Side effects

Valganciclovir 900 mg PO once daily Bone marrow suppression
Letermovir 480 mg PO or IV once daily (or 240 mg per day in patients 

on cyclosporine)
Nausea, vomiting, diarrhea, 
peripheral edema

Treatment
Dose and route of administration Side effects
Induction Maintenance

Ganciclovir 5 mg/kg IV twice daily 5 mg/kg IV once daily Bone marrow suppression
Valganciclovir 900 mg PO twice daily (for 

weight ≥40 kg)
900 mg PO once daily (for 
weight ≥40 kg)

Bone marrow suppression

Foscarnet 90 mg/kg IV twice daily 90 mg/kg IV once daily Nephrotoxicity, electrolyte 
imbalance, anemia

Cidofovir 5 mg/kg/week IV 5 mg/kg IV every 2 weeks Nephrotoxicity, ocular toxicity, 
Fanconi’s syndrome

IV intravenous, PO oral

N. G. Almyroudis



211

Although within the first 2 weeks after initia-
tion of antiviral treatment the viral load or anti-
genemia level may increase due to the 
immunosuppression [219], any increase after that 
should raise concerns for CMV antiviral 
resistance, especially if the patient was previously 
exposed to the antiviral drug. In that case a 
sample should be tested for genotypic resistance 
[233]. Standard for detection of resistance is 
DNA sequencing considering the slow turnaround 
time of phenotypic assays. Sensitivity increases 
for viral loads of 1000 IU/mL and higher. Deep 
sequencing techniques may detect resistant 
subpopulations [234] that would otherwise be 
missed resulting in false negative [235]. Changing 
to another antiviral class is recommended before 
results of resistance testing are available.

Mutations in the UL97 phosphotransferase 
gene, which encodes for the UL97 kinase and 
mediates the initial phosphorylation of 
ganciclovir, confer resistance to ganciclovir and 
its prodrug valganciclovir [236]. Foscarnet and 
cidofovir are unaffected by the UL97 mutations. 
In contrast, mutations in the UL54 gene that 
encodes for DNA polymerase confer resistance 
to ganciclovir, its prodrug valganciclovir, 
foscarnet, and cidofovir, as all these antivirals 
inhibit DNA polymerase.

In patients exposed to ganciclovir, the first 
mutation to appear is usually on the UL97 gene 
[232], allowing for empiric treatment with 
foscarnet until genotyping results become 
available. Due to its nephrotoxic potential, 
experience with cidofovir in this setting is 
limited. UL54 gene mutations usually follow the 
development of UL97 resistance [237], and 
besides its multiclass effect, it confers additional 
resistance against ganciclovir to that guided by 
UL97 mutation [238].

Although supportive clinical data are limited, 
combination of foscarnet with ganciclovir has 
been used when resistance is traced to single 
UL97 mutation that conveys resistance exclu-
sively to ganciclovir [239, 240]. Reasoning for 
that is that ganciclovir may retain part of its anti-
viral activity in the presence of a single UL97 
mutation [241], and ganciclovir in combination 

with foscarnet has demonstrated at least an addi-
tive effect against sensitive CMV strains in vitro 
[242, 243].

The level of resistance to ganciclovir varies 
depending on the UL97 codon mutated. Based on 
that, high-dose ganciclovir from 7.5 to 10 mg/kg 
every 12 h has been used [244] when resistance is 
traced to mutations in C592G codon that confers 
low-level resistance [236]. However, available clin-
ical experience is limited, and other mutations that 
confer additive resistance may coexist or accumu-
late rendering ganciclovir inactive [236]. We there-
fore reserve this therapeutic option for patients who 
are not candidates for alternative antivirals, have no 
CMV disease and whose condition is not severe.

For CMV-resistant virus that carries the UL54 
mutation, therapeutic options are limited. 
Maribavir [245] and letermovir [246] have 
in vitro activity against resistant CMV. Sirolimus 
has an inhibitory effect on CMV replication, thus 
reducing the risk for CMV reactivation after 
HSCT when part of the immunosuppressive 
regimen [247]. Adoptive transfer of CMV- 
specific T lymphocytes is an investigational 
therapy for resistant CMV infection or disease 
[201, 248]. Finally, reduction in 
immunosuppression is crucial in the outcome of 
drug-resistant CMV infection or disease.

 Newer Agents Under Development

Maribavir inhibits UL97 kinase and CMV repli-
cation in vitro [249] and is active against isolates 
resistant to ganciclovir, foscarnet, and cidofovir 
[245]. Although its prophylactic potential contin-
ues to be under clinical investigation [250], it 
may have a role in the treatment of resistant CMV 
[251, 252], and a clinical trial is ongoing 
(ClinicalTrials.gov NCT01611974). 
Brincidofovir, a lipid conjugate of cidofovir, 
lacks the potent nephrotoxic properties of cidofo-
vir [253]. Letermovir is a new promising agent 
that is undergoing evaluation in the treatment of 
CMV [211, 246]. The potential of leflunomide 
and artesunate against CMV has been studied, 
but their activity appears to be modest.
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 Adoptive Immunotherapy

Adoptive immunotherapy refers to the transfer of 
CMV-reactive cytotoxic T lymphocytes to treat 
CMV infection or disease [201, 248]. Although it 
continues to undergo intense clinical investigation, 
it can be used for treatment of refractory or 
recurrent disease when all other options have 
been exhausted. It is extensively discussed in a 
dedicated chapter of this book.

 Human Herpesvirus 6

Human herpesvirus 6 (HHV-6) reactivation has 
been reported up to 70% of recipients of alloge-
neic HSCT [254] with the majority of episodes 
manifested as asymptomatic viremia occurring 
between the second and fourth week after trans-
plant [255]. Etiologic association between 
encephalitis, bone marrow suppression, and 
HHV-6 is well documented [254, 256]. Less con-
sistent association has been described with pneu-
monitis and GvHD.

Treatment recommendations are based on 
in  vitro studies and small case series that lack 
comparator arm. Antivirals of choice include fos-
carnet 60  mg/kg intravenously every 8  h or 
90 mg/kg intravenously every 12 h or ganciclovir 
5  mg/kg every 12  h [257, 258]. Cidofovir has 
activity against HHV-6; however, its nephrotoxic 
potential limits its use [216, 259]. Duration of 
treatment is not independently defined; however, 
most experts recommend a 21-day course.

 Epstein-Barr Virus

Epstein-Barr virus (EBV) in allogeneic trans-
plant recipients is associated with posttransplant 
lymphoproliferative disorder (PTLD) that 
encompasses a spectrum of lymphoid and plas-
macytic proliferation [260, 261]. Although not 
always related to EBV, PTLD in allogeneic 
HSCT recipients is usually donor derived and 
presumably involves the proliferation of the 
EBV-infected B cells that escape the dysregu-
lated T-cell surveillance [262]. Although acyclo-

vir and ganciclovir have in vitro activity against 
EBV, they have no role in the treatment of PTLD, 
as they require phosphorylation by viral enzymes 
that are not available. Their preventive value is 
also unclear [262]. Treatment includes rituximab 
(for CD20+ expressing PTLD), chemotherapy, 
and adoptive transfer of EBV-specific cytotoxic T 
cells or donor lymphocyte infusion [261].

 Adenovirus Infections

Adenovirus disease is more common in pediatric 
transplant recipients than in adults and in alloge-
neic transplant recipients compared to recipients 
of autologous grafts [263]. Disease usually occurs 
during the early post-engraftment period follow-
ing HSCT (Fig. 11.1). Clinical manifestations of 
adenovirus disease in transplant recipients include 
asymptomatic viremia, upper respiratory tract 
infection, pneumonia, gastroenteritis, hemor-
rhagic cystitis, disseminated disease with multior-
gan failure, nephritis, hepatitis, and encephalitis 
[264]. Severity of disease varies from mild to fatal 
[263, 265].

Asymptomatic shedding of adenovirus in the 
upper respiratory tract, feces, and urine does not 
correlate with clinical disease [266]. Therefore, 
positive results should be interpreted as diagnostic 
only in the presence of compatible clinical and 
radiologic findings. Moreover, tissue diagnosis is 
frequently necessary to confirm invasive disease 
and exclude asymptomatic shedding.

Rising levels of viremia have been associated 
with development of invasive adenovirus disease, 
and severe disease is invariably associated with 
viremia [266]. Despite that, the benefit of 
preemptive therapy for adenovirus infection is 
not established as asymptomatic viremia can be 
self-limited and the available treatments option 
(cidofovir) has significant nephrotoxic potential 
[259]. Further studies are needed to investigate 
the potential benefit of preemptive therapy in 
high-risk patients, such as pediatric recipients of 
T-cell-depleted grafts or those with graft-versus- 
host disease.

Adenovirus is susceptible in vitro to cidofovir 
[267], and cidofovir is currently the standard of 
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care for adenovirus disease. It is characterized by 
long half-life allowing for weekly dosing. 
Induction dose consists of 5  mg/kg/week 
followed by maintenance of 5  mg/kg every 
2  weeks. However, major limitation is its 
nephrotoxic potential [259]. Prehydration and 
concurrent use of probenecid have been 
successful in mitigating renal toxicity. A modified 
dosing regimen consisting of cidofovir 1 mg/kg 
three times per week is probably associated with 
less nephrotoxicity [268], but reliable conclusions 
on efficacy cannot be made as published studies 
included small numbers of patients [268, 269]. It 
can be used as an alternative in patients with 
history of renal insufficiency or on other 
nephrotoxic medications. Other side effects of 
cidofovir are neutropenia, ocular side effects 
including uveitis, and Fanconi’s syndrome [270]. 
Brincidofovir was well tolerated and effective in 
controlling adenoviremia in pediatric recipients 
of allogeneic HSCT [271]. Adenovirus is variably 
susceptible to ribavirin in vitro, and susceptibility 
appears to be species specific [267]. Ribavirin 
failed to demonstrate reliable responses in small 
series of pediatric patients [272, 273].

Pooled intravenous immunoglobulin can be 
used as an adjunct to antivirals [265]. Because 
delayed recovery of adenovirus-specific T cell cor-
relates with increased risk for adenovirus disease 
[274], adoptive transfer of adenovirus- specific 
donor T cells led to viral clearance in a small study 
of children with adenovirus disease [275].

 Influenza, Parainfluenza, 
and Respiratory Syncytial Virus

Although antiviral treatment for influenza is most 
beneficial if started within 48  h of onset of 
symptoms, in hematopoietic transplant recipients, 
treatment should be initiated even if the patient 
presented after 2  days of symptom onset [276, 
277]. First-line therapy for treatment of influenza 
is oseltamivir 75  mg orally twice daily due to  
its broader spectrum that includes influenza  
A and B and superior side effect profile [278]. 
Recommended duration of treatment is 10 days 
[276, 279] considering the longer replication 

period in immunocompromised individuals. 
There is no specific antiviral therapy available for 
parainfluenza virus. Intravenous immunoglobulin 
has been used for severe disease [280]. Finally 
treatment options for lower respiratory tract 
infection due to respiratory syncytial virus 
include aerosolized ribavirin [281] and oral 
ribavirin [282, 283] with or without intravenous 
immunoglobulin [284].

 Disease due to Human Polyomavirus

 BK Virus Cystitis and Nephropathy
BK virus is a polyomavirus that has the potential 
to cause hemorrhagic cystitis and rarely 
nephropathy in the posttransplant setting. 
Diagnosis of hemorrhagic cystitis is made by a 
positive PCR for BK virus in a urine sample, in 
the presence of signs and symptoms suggestive 
of hemorrhagic cystitis. Randomized clinical 
trials are lacking, and treatment recommendations 
are driven by limited clinical studies. Intravenous 
cidofovir 5 mg/kg every 2 weeks or at 1 mg/kg 
three times per week or intravesicular cidofovir 
5 mg/kg in 60–100 mL appears to be effective, 
although evidence from randomized controlled 
trials is lacking [285, 286]. Ciprofloxacin or 
levofloxacin has activity against BK virus in vitro 
[287]. The clinical efficacy however is not 
established [288, 289]. Intravenous 
immunoglobulin can be used as an adjunct [290]. 
Finally leflunomide appears to have activity 
against BK virus in vitro [291].

 Progressive Multifocal 
Leukoencephalopathy
Progressive multifocal leukoencephalopathy 
(PML) is a demyelinating disease of the central 
nervous system, caused by JC virus [292]. 
Cidofovir and cytarabine have been tried with 
disappointing results [293, 294]. The role of 
serotonin reuptake inhibitor such as mirtazapine 
and risperidone [295, 296], mefloquine [297, 
298], and interleukin-7 [299] is under 
investigation. Reduction in immunosuppression 
appears to be crucial in the outcome of this 
disease.
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 Infections due to Parasites

 Toxoplasmosis

Toxoplasma gondii is an intracellular protozoan 
parasite that has the potential to cause primary 
disease or reactivate in allogeneic HSCT 
recipients [300]. In contrast to other T-cell- 
deficient individuals (i.e., solid organ transplant 
or AIDS), disease due to Toxoplasma is 
uncommon among allogeneic HSCT recipients 
and extremely rare in autologous HSCT recipients 
[301]. Incidence was 2% among allogeneic 
seropositive transplant recipients [300] and 2.2% 
among T-cell-depleted allogeneic HSCT 
recipients [302]. Incidence varies significantly by 
geographic region probably reflecting the diverse 
seroprevalence in the general population 
worldwide [303]. In HSCT recipients, it can 
manifest as brain abscess, encephalitis, 
pneumonitis, cardiac disease, and more rarely 
chorioretinitis [302, 304] with potentially fatal 
outcome.

Treatment of choice consists of sulfadiazine 
along with pyrimethamine. The dose of oral 
sulfadiazine is 1000–1500  mg four times daily 
and is weight based, and dose of oral 
pyrimethamine is 200  mg loading dose once, 
followed by weight-based dose of 50–75  mg 
orally per day [305]. Pyrimethamine exerts its 
effect on folate biosynthesis by inhibiting 
dihydrofolate reductase and therefore can cause 
hematologic toxicity. To prevent that, patients 
should be on supplemental folinic acid 
(leucovorin) 10–25  mg orally daily, and blood 
counts should be monitored frequently. For those 
intolerant to sulfadiazine, alternative regimens 
include pyrimethamine (and leucovorin) along 
with clindamycin (600  mg oral or intravenous 
every 6  h) or oral azithromycin 900–1200  mg 
once daily or atovaquone 1500  mg twice daily 
[305]. Trimethoprim-sulfamethoxazole 5  mg/kg 
of trimethoprim compound every 12 h orally or 
intravenously has been studied in HIV/AIDS 
patients with toxoplasmic encephalitis and 
appears to be effective [306].

Duration of treatment is 4–6 weeks until com-
plete resolution of clinical microbiological and 

radiologic findings. Treatment should be fol-
lowed by long-term secondary suppression dur-
ing continued immunosuppression.

Prevention of toxoplasmosis after transplanta-
tion starts with pretransplant serologic screen 
that should be performed in all allogeneic trans-
plant candidates [39]. However, disease due to 
toxoplasmosis has been reported in transplant 
recipients who were seronegative pretransplant 
[300, 302]. Trimethoprim-sulfamethoxazole 
prophylaxis prevents toxoplasmosis although 
breakthrough infections in HSCT recipients have 
been reported at the dose used for Pneumocystis 
jirovecii prophylaxis [300]. Alternative 
prophylactic regimen would include oral atova-
quone 1500 mg daily.

Finally all transplant recipients should avoid 
exposure to cat feces and consumption of 
undercooked meat [39] that are well-documented 
sources of transmission of Toxoplasma gondii.

 Strongyloidiasis

Strongyloides stercoralis is a nematode parasite 
endemic in the tropic and subtropic regions 
although sporadic acquisition has been reported 
in other areas of the world (Southeastern USA 
and Southern Europe). Infections are acquired 
during travel in endemic areas. Strongyloides 
stercoralis is capable of completing its cycle 
within a single host leading to autoinfection, thus 
establishing permanent presence in the host 
[307]. In particular, during initial infection, 
filariform larvae penetrate the skin after direct 
exposure and reach the lungs through the 
circulation. Through respiratory secretions, they 
ascend to the pharynx, are swallowed, and reach 
the intestine, where they develop to adult worms. 
Autoinfection ensues as female worms produce 
eggs that hatch into rhabditiform larvae that 
transform into the infective filariform larvae that 
penetrate the intestinal mucosa and migrate to the 
lungs [307].

The majority of infected immunocompetent 
individuals are asymptomatic or may have 
asymptomatic eosinophilia and may have 
acquired the infection several decades previously. 
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In immunocompromised individuals, clinical 
manifestations are associated with the migration 
of the larvae through the intestinal mucosa (i.e., 
abdominal pain, diarrhea, gastrointestinal 
bleeding, or obstruction) and lungs (cough, 
wheezing, dyspnea, etc.) but also bacteremia due 
to Gram-negative rods and other enteric florae, 
presumed to enter the circulation carried by the 
larvae [308]. An accelerated conversion of the 
rhabditiform to the infective filariform larvae 
may occur in transplant recipients termed 
Strongyloides hyperinfection syndrome [309].

Treatment of choice for uncomplicated 
strongyloidiasis is two doses of ivermectin 
200 mcg/kg either administered for 2 consecu-
tive days or 1  week apart [310, 311]. Due to 
each inferior efficacy, albendazole 400  mg 
orally twice daily for 3–7 days is recommended 
as alternative [312].

 Approach to the Patient 
with Posttransplant Complications

Considering the unique features of hematopoietic 
transplant recipients, several principles guide the 
management of posttransplant complications. 
Differential diagnosis of infectious complications 
is wide and includes noninfectious conditions, 
empiric regimens consist of multiple agents that 
are potentially toxic, and duration of therapy is 
frequently prolonged and often requires lifelong 
secondary suppression. Therefore, pursuing a 
definitive diagnosis is highly advised. On the 
other hand, diagnostic tests may be insensitive 
(e.g., serology in the posttransplant setting can be 
falsely negative), diagnosis frequently requires 
invasive diagnostic procedures that may not be 
feasible because of the patient’s condition (e.g., 
advanced respiratory failure that renders 
bronchoscopy a high-risk procedure, poor wound 
healing due to cutaneous GvHD that prevents 
biopsy, platelet-refractory thrombocytopenia, 
etc.), and samples for cultures may not be 
available before initiation of antibiotics.

Unless specimens for cultures or a diagnostic 
procedure can be done promptly, our approach 
includes initiation of broad empirical 

antimicrobial coverage that targets the likely and 
most virulent pathogens while awaiting results of 
noninvasive diagnostic workup (blood tests, 
sputum cultures, etc.). If the initial workup is 
inconclusive and the condition progresses, we 
pursue the diagnosis employing a procedure, 
assuming the patient understands the risk 
involved and their condition allows. The invasive 
procedure can be performed earlier if the patient’s 
condition progresses rapidly enough to make it 
unfeasible or high risk.

 Approach to the Transplant Recipient 
with Pulmonary Infiltrates

Development of pulmonary infiltrates is a com-
mon complication after transplantation. Several 
factors weigh in in selecting empirical antimicro-
bial coverage. Timing of infection after trans-
plant is important as well as the underlying 
immunodeficiency. Invasive mold infections 
usually occur after at least 10 days of profound 
neutropenia. CMV reactivation or Pneumocystis 
pneumonia occurs during the period of T-cell 
immune deficiency and is unlikely in the pre- 
engraftment period.

Ongoing prophylaxis is also essential in defin-
ing the empiric regimen. While TMP/SMX is 
effective in preventing infections due to 
Pneumocystis jirovecii, Toxoplasma gondii, 
Nocardia species, and Listeria, oral atovaquone 
is effective only against Pneumocystis and 
Toxoplasma gondii and inhaled pentamidine only 
against Pneumocystis, therefore widening the 
differential diagnosis. Cases of invasive 
zygomycosis (mucormycosis) have been reported 
breaking through voriconazole prophylaxis as the 
antifungal spectrum of voriconazole does not 
include zygomycetes.

The type of infiltrates is suggestive of the eti-
ology and can be used to modify the empirical 
antimicrobial coverage. Bilateral ground glass 
infiltrates that start perihilar and expand 
peripherally are suggestive of Pneumocystis 
jirovecii pneumonia. Diffuse bilateral interstitial 
infiltrates are suggestive of viral pneumonia and 
in particular CMV as well as community- 
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acquired respiratory viruses (e.g., influenza, 
parainfluenza, adenovirus, RSV, and human 
metapneumovirus). Pulmonary nodules with or 
without a halo sign and cavitary lesions are 
highly suggestive of infections due to mold. 
Infiltrates due to congestive heart failure follow 
the gravity and are usually accompanied by 
pleural effusions, while pulmonary GvHD 
frequently has a peribronchial distribution.

Every attempt should be made to obtain respi-
ratory samples for bacterial, viral, fungal, and 
acid-fast bacilli cultures, and other studies (PCR, 
etc.) before empirical antibiotic coverage are ini-
tiated. However, this is not always feasible. If the 
initial workup is inconclusive and there is no 
response to empirical antibiotic coverage, we 
proceed with diagnostic bronchoscopy or 
percutaneous biopsy, depending on the 
differential diagnosis and distribution of the 
infiltrates.

Finally, many of the noninfectious pulmonary 
complications (e.g., diffuse alveolar hemorrhage 
and pulmonary GvHD) are potentially steroid- 
responsive. This question usually arises when 
noninvasive evaluation for infections (e.g., 
cultures, antigen testing, PCR) is negative and a 
noninfectious process is highly suspected. In the 
absence of clinical or radiologic response to 
antimicrobials, a trial of steroids can be 
considered when there is a high clinical suspicion 
for steroid-responsive conditions and an invasive 
procedure (e.g., lung biopsy) carries substantial 
risk of complications or is unfeasible. Due to the 
additive immunosuppressive effect of steroids, 
adequate and uninterrupted antifungal and 
pneumocystis prophylaxis should be provided.

 Future Directions

The field of transplant infectious diseases is con-
stantly evolving. Several areas of intensive 
research are worth mentioning. Better insight and 
understanding of the interplay of native and 
adaptive immunity can help optimize preventive 
and therapeutic strategies. Innovations in 
transplantation such as donor selection, 
manipulation of the graft, and new 

immunosuppressive agents for prevention and 
treatment of GvHD expand the spectrum of host 
characteristics and the epidemiology of infections 
posttransplantation. The ever-evolving 
epidemiology of bacterial resistance and the 
emergence of resistance in yeast or mold mandate 
the adoption of new preventive and therapeutic 
strategies [21, 31, 32, 313, 314].

The role of microbiota in transplant outcomes 
and the potential of microbiome manipulation 
has been the subject of intense investigation. 
Higher abundance of Eubacterium limosum and 
other bacteria was associated with lower risk for 
relapse of malignancy [315]. Low diversity 
correlated with mortality after allogeneic 
transplantation [316]. Increased bacterial 
diversity and bacteria belonging to the genus 
Blautia were associated with reduced GvHD- 
related mortality [317]. These data suggest that 
maintenance of certain bacterial phyla after 
transplantation may be beneficial to the recipient.

There are also opportunities for immunother-
apy for specific infections. A promising strategy 
for CMV prevention posttransplant is vaccination 
of the donor or recipient. A DNA vaccine consist-
ing of immunogenic proteins gB and pp65 [220] 
and a CMV peptide vaccine designed to induce 
pp65- specific cytotoxic T-cell responses [221] 
are undergoing clinical evaluation with promis-
ing results.

Adoptive immunotherapy for the treatment of 
infections is a matter of intense research. 
Adoptive transfer of CMV-specific T lymphocytes 
for the treatment of resistant CMV infection or 
disease is undergoing clinical investigation [201, 
248]. Adoptive transfer of EBV-specific cytotoxic 
T cells [261] and adenovirus-specific donor T 
cells [275] has been studied in the treatment of 
PTLD and adenovirus disease, respectively.

In addition, we are learning genetic risk factors 
for specific transplant-associated infections that 
may lead to more refined risk stratification. 
Genetic polymorphism of donor or recipient may 
predict the risk of infections posttransplantation. 
Recipients with mutation in the mannose-binding 
lectin gene appear to have an increased risk for 
infections following neutrophil recovery after 
myeloablative transplant [318]. Donor haplotypes 
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of toll-like receptor 4 (TLR4) genes may lead to 
an increased risk of invasive aspergillosis [319]. 
Certain donors’ activated killer immunoglobulin-
like receptor haplotypes may be protective against 
CMV reactivation [320]. Preliminary data are 
promising, but further investigation is needed 
before this information translates into clinical 
practice.
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 Introduction

Solid organ transplant (SOT) recipients are 
unique among immunocompromised hosts. 
Similar to other immunocompromised patients, 
they are susceptible to infections caused by 
endogenous organisms through reactivation of 
pre-existing or latent infections but also infec-
tions caused by exogenous organisms acquired 
from the environment or other personnel. 
However, what is unique to SOT recipients is that 
they are also predisposed to infections that may 
be transmitted from the donor themselves [1]. 
Thus, one can approach infections in SOT recipi-
ents according to a timeline of infection. This 
timeline correlates with the host’s immunity to 
infection counterbalanced by the host’s suscep-
tibility to infection due to the superimposed 
immunosuppression produced by the immuno-
suppressive agents used to prevent rejection of 
the transplanted organ. An additional issue 
regarding infections in SOT recipients is that the 
typical signs and symptoms of infection are often 
absent or blunted due to the presence of this 
immunosuppression.

 Overview of Infections in SOT

SOT recipients are at a higher risk for both  
common and opportunistic infections compared 
to immunocompetent individuals. Among the 
SOT recipients, small bowel transplant recipients 
have the highest risk of infections at any time 
point after transplant followed by lung transplant 
recipients. In the absence of allograft rejection, 
kidney transplantation probably has the lowest 
risk of infections.

The type of infection that a transplant recip-
ient gets depends on several factors. Most 
important is perhaps the “net state of immuno-
suppression” which is an abstract concept, and 
none of the known surrogate markers, such as 
immunosuppressive drug levels or T cell func-
tional assays, predict the risk with certainty. As 
immunosuppression is highest during the early 
period of transplant, the risk of infection is high-
est during that period.

 Timeline of Infection in SOT 
Recipients

Traditionally, three risk periods have been 
defined, an initial one during the 1st month after 
transplantation, a second period between 1 and 
6 months, and a third period that extends beyond 
6  months (Fig.  12.1) [1]. However, it is to be 
noted that these designations are arbitrary and 
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modified by the net state of immunosuppression 
and the use of various prophylactic strategies to 
prevent infection.

 Infections Occurring in the 1st Month

This period can also be called the period of noso-
comial infection or period of donor-derived 
infections. Bacterial infections associated with 
the surgical procedure or donor-derived infec-
tions are predominant during this period. Most 
clinical syndromes noted during this period are 
the result of surgery, such as surgical site infec-
tion, mediastinitis, empyema, subdiaphragmatic 
abscesses, or retroperitoneal abscesses [2]. The 
etiology of these bacterial organisms depends on 
the origin of the bacteria producing the infection 
such as those infections arising from intra- 
abdominal surgery (superficial epidermal origin 
versus organ/space infections arising from gas-
trointestinal organs), and their susceptibility will 
be determined by previous exposure to antibiot-
ics along with the pattern prevalent in the 
community.

Another common source of infection during 
this period is donor-derived infections. With the 
increased use of high-risk donors who may be 
infected at the time of organ procurement, the rate 
of donor-derived infections in transplant recipi-
ents is rising. The most common donor- derived 
infections are bacterial infections. Every organ 
procurement organization has standardized proce-
dures to detect these infections. As a general rule, 
bacteremia in the donor increases the risk in all 

organs retrieved; positive BAL cultures from 
the donor are significant risks only for lung 
transplant recipients, while a positive urine 
culture from the donor may cause urinary tract 
infection in renal transplant recipients. Among 
the fungi, Candida species are the most com-
mon; Cryptococcus neoformans, Histoplasma 
capsulatum, and Coccidioides immitis have been 
identified as causes of donor-derived infection, 
and inadvertent transmissions have been noted for 
Aspergillus species as well. Similarly, among the 
viruses, rabies, lymphocytic choriomeningitis 
virus (LCMV), HIV, hepatitis C virus (HCV), 
and West Nile virus (WNV) have also been 
reported to cause donor-derived infection, albeit 
rarely. Prior colonization with Aspergillus or 
Pseudomonas species in lung transplant recipi-
ents and Candida colonization in liver transplant 
recipients may also cause severe disease [3–9].

 Infections from 1 to 6 Months

This period is also called the period of reactiva-
tion of latent infection or opportunistic infec-
tions. Bacterial infections are not the major 
infections during this period. Herpes virus 
 reactivation, especially Cytomegalovirus infec-
tions, is noted during this period in the absence 
of antiviral prophylaxis. Similarly, BK virus 
infections in kidney transplant recipients [10] 
and HCV infection in the liver transplant recipi-
ents are the major concerns. Among the opportu-
nistic infections, Pneumocystis jirovecii infection 
in the absence of prophylaxis or cryptococcal 
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and Aspergillus infection also occur during this 
period. Infections with Listeria, Nocardia, 
Toxoplasma, Strongyloides, Leishmania, and 
Trypanosoma cruzi may also be found during 
this period. Prophylaxis with trimethoprim- 
sulfamethoxazole and antifungal and antiviral 
agents may either abort the risk or shift the time-
line of these opportunistic infections [11, 12].

 Infections After 6 Months

This period is also called community-acquired 
infection period. Aspergillus or other mold infec-
tions are more common in transplant recipients 
during this period. In the winter season, the trans-
plant recipients are more likely to get influenza or 
community-acquired respiratory virus infection 
than reactivation of latent viral infections. Latent 
viral infection presentation in the later months 
may be with a more severe form of disease (e.g., 
cytomegalovirus (CMV) colitis, herpes simplex 
virus (HSV) encephalitis, or Epstein-Barr virus 
(EBV) posttransplant lymphoproliferative disor-
der) as the prophylaxis or surveillance use wanes 
after 1 year of transplant. However, these events 
are not very common [13]. However, allograft 
rejection requiring intensive immunosuppressive 
therapy increases the risk of common bacterial 
and viral infections as well as opportunistic patho-
gens regardless of the time after transplantation.

 Approach to Infections in SOT 
Recipients

The transplant recipients are very complex, and 
only a consistent methodological approach can 
unravel the mysteries of the diagnosis. A list of 
key questions in history is shown in Table 12.1.

 Bacterial Infections in SOT

Infections may occur in up to 80% of SOT  
recipients [14]. Bacterial infections predominate 
over other types of infection, occurring in 43–60% 
of lung transplant recipients [15] and up to 71% in 

liver transplant recipients [16, 17]. In fact, blood-
stream infections caused by bacteria are a major 
cause of morbidity and mortality posttransplant 
[18–20]. In renal transplant recipients, urinary tract 
infections appear to be the main source of these 
bacteremias [21]. This fact relates to manipulation 
of the urinary tract at the time of surgery, the pres-
ence of ureteric stents posttransplant, and preexis-
tent reflux in these recipients. This is underscored 
in the aforementioned surveillance study of SOT 
recipients from Spain where 39% of the bactere-
mias in 1400 renal transplant recipients were iden-
tified as being of urinary tract origin and as a result 
were due to Gram-negative bacteria (62–70%) [18, 
21]. In contrast, among liver transplant recipients, 
bacterial bloodstream infection is most often intra-
vascular catheter- related and may be produced 
almost equally by Gram-negative and Gram-
positive bacteria [18, 22]. However, one must be 
cognizant that surgical site infections mainly 
caused by bacteria may be present in up to 41.3% 
of living donor liver transplants [23]. Palmer and 
colleagues reported that 25% of 176 consecutive 
lung transplant recipients developed bloodstream 
infections of which Staphylococcus aureus and 

Table 12.1 List of essential questions to be asked in a 
transplant recipient suspected of infection

When was the transplant performed? (timeline of 
infections)
Transplantation history
  Transplant serology
   Increase risk of CMV in D+/R- transplants
  History of rejection episodes
  Augmented or change in immunosuppression
  Type of transplant

   Lung → Pneumonia

   Kidney/pancreas → UTI

   Liver → GI

   Heart→ Mediastinitis
  Travel history
   Endemic mycoses
  Pets
   Toxoplasmosis
  History of ill contact
   Viruses
   Respiratory, Parvovirus, HSV, etc.
  Compliance with prophylactic drugs, e.g., PJP 

prophylaxis
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Pseudomonas aeruginosa were most common 
[24]. The origin of bacteremias in lung transplant 
recipients appears to be the lungs (46% of the time 
and particularly during the first 30 days posttrans-
plant) and vascular catheter-related infection (41% 
of the time and most common after 30 days post-
transplant) based on a multicenter study of 305 
patients with bacteremias [19]. Once more, the 
Spanish SOT cohort study found that 11% of heart 
transplant recipients developed bloodstream infec-
tions, with coagulase-negative staphylococci pre-
dominating as a cause of bacteremia (27%) 
followed by S. aureus accounting for 21% with 
central intravascular devices (44%), far exceeding 
pulmonary (9%) and surgical site infection (9%) as 
the foci of infection for the bacteremias [18]. 
Pancreatic transplant recipients develop bacterial 
and in particular bloodstream infections most com-
monly in the first 3 months posttransplant related to 
surgical site infections (organ/space surgical site 
infections) [25]. Similarly, in intestinal transplant 
recipients, bacterial infections are predominately 
related to surgical site infections due to surgical 
technical complications [26].

Clinical manifestations of bacteremias in SOT 
recipients may range from an insidious presenta-
tion without major symptoms or signs such as fever 
or hypotension but rather subtle symptoms or find-
ings such as merely having a chill or an elevated 
white blood cell count, to overt findings of septic 
shock. Appropriate diagnostic testing should be 
undertaken to include blood cultures (from each 
lumen of a central venous catheter and a peripheral 
vein), sputum culture, and urine cultures. Often in 
the case of lung transplant recipients because of the 
range of potential pathogens to be considered, 
bronchoscopy to obtain diagnostic cultures may be 
necessary. Empiric antibiotic therapy should take 
into account a number of important factors such as 
previous colonizing organisms, recent duration of  
hospitalization predisposing them to more  
resistant organisms, receipt of antibiotics in the 
past 90  days [27], travel history to destinations 
where resistant organisms may be harbored, and 
possible origins of the infection. Specific therapy 
should ensure adequate coverage of potential 
pathogens including Gram-positive and Gram- 
negative pathogens.

 Viral Infections in SOT

Viral infections are the second most frequent 
infections encountered in SOT recipients. In lung 
transplant recipients, 23–31% of all infections 
experienced were of viral origin of which CMV 
was the most common [15]. The greatest risk of 
CMV infection occurred in those recipients sero-
negative for CMV who received an organ from a 
seropositive donor (D+R-), whereas CMV- 
seropositive recipients have an intermediate risk 
of developing CMV infection after transplanta-
tion [28]. EBV, another DNA virus in the 
Herpesviridae family, may produce a primary 
infection in seronegative recipients receiving 
seropositive donor organs and subsequently be 
associated with posttransplant lymphoprolifera-
tive disorder (PTLD) [29]. In fact, PTLD may 
develop in 3–12% of lung transplant recipients 
[29]. Reactivation of herpes simplex virus (HSV 
1 and 2) in the orolabial or genital locations is 
fairly common after transplantation as seropreva-
lence of antibody reaches >80% by the age of 
60 in North America [30, 31]. Nevertheless, local 
spread and dissemination may occur in lung and 
other SOT recipients due to their immunosup-
pressive therapy [32]. Similarly, herpes zoster 
has an incidence of 8–11% in the first 4  years 
after transplantation and often may be dissemi-
nated at presentation in lung transplant recipients 
[33, 34]. Viral infections occurred in 19.3% of a 
consecutive liver transplant cohort in Colombia 
[17]. CMV infections accounted for the majority 
of these infections (62.5%) followed by herpes 
virus infections. Once again the risk for CMV 
infection in liver transplant recipients was high-
est in D+R- transplants [28]. The risk of EBV- 
related PTLD is considered to be in the moderate 
range [29]. Herpes simplex infection may cause 
devastating outcomes such as fulminant hepatitis 
after liver transplantation. Surprisingly, human 
herpes virus 6 may also be prevalent in 14–82% 
of liver transplant recipients [35].

The most common clinical presentation of HSV 
is orolabial, genital, or perianal disease and is man-
ifested by vesicular lesions and/or ulcerations [36, 
37]. However, HSV may produce disseminated 
disease involving the skin, esophagus (usually 
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upper two-thirds), liver, and lungs [32]. Herpes 
keratitis is another form of HSV infection involv-
ing the eye. Rapid diagnosis may be achieved by 
means of PCR testing of open lesions [38]. Oral 
therapy with acyclovir, famciclovir, or valacyclovir 
may be employed for localized infection, but for 
more extensive visceral or disseminated disease, 
acyclovir 10 mg/kg every 8 h (dose based on adults 
with normal renal function) intravenously should 
be initiated [38]. Similarly, herpes zoster may pres-
ent as a localized dermatomal vesicular eruption 
but can readily disseminate [33]. Therapy varies 
from oral medication (acyclovir, famciclovir, or 
valacyclovir) for mild dermatomal eruptions to 
intravenous acyclovir 10 mg/kg every 8 h intrave-
nously for disseminated disease [39].

In contrast, CMV infection may present in 
three ways: CMV replicating in the bloodstream 
(CMV viremia), CMV syndrome when fever 
and/or malaise are accompanied by leucopenia or 
thrombocytopenia, and CMV disease where tis-
sue invasion occurs with visceral involvement 
[28]. Diagnosis is made by an assessment of 
CMV viral load and its presence in tissues. 
Similarly, response to therapy is reflected in a 
reduction in CMV viral load. Treatment with oral 
valganciclovir may be adequate for CMV infec-
tion, but for CMV disease with or without organ 
involvement, intravenous ganciclovir is preferred 
[28]. EBV may produce infectious mononucleo-
sis symptoms (fever, pharyngitis, lymphadenopa-
thy, hepatosplenomegaly, and atypical 
lymphocytosis) in addition to organ involvement 
with hepatitis, pneumonitis, and hematological 
abnormalities (leukopenia, hemolytic anemia, 
thrombocytopenia, and hemophagocytosis) [29]. 
Far more devastating manifestations include the 
development of EBV-linked PTLD that may be 
manifested by the same aforementioned signs 
and symptoms noted with EBV infectious mono-
nucleosis [29]. The first line of therapy for treat-
ment of PTLD involves reduction in 
immunosuppression. Other modalities of therapy 
that may be required for the treatment of PTLD 
are rituximab and antineoplastic chemotherapy 
[29]. Antiviral therapy is not of value for 
PTLD. Once more response to therapy is gauged 
by following the EBV viral load.

 Fungal Infections in SOT

Invasive fungal infections (IFI) in SOT recipients 
are often unrecognized and thus underestimated. 
The cumulative incidence of IFI in the SOT 
patients (16,808 patients) included in the 
Transplant-Associated Surveillance Network 
(TRANSNET) was 3.1% [40]. However, within 
the TRANSNET multicenter study, the incidence 
varied considerably among the transplanted 
organs: small bowel 11.6%, lung and heart–lung 
8.6%, liver 4.7%, pancreas and kidney pancreas 
4.0%, heart 3.4%, and kidney 1.3% [40]. Variation 
in incidence of IFI was also noted among the 
transplant center sites (ranging from 1.2% to 
6.1%) [40]. The prevalence of IFI solely in lung 
transplant recipients has been observed to be 
9.1% in a retrospective review single center [41] 
and 10–14% in a review of data from a number of 
centers [15]. Aspergillus was the predominant 
fungus producing IFIs in lung transplant recipi-
ents (44%) followed by Candida (23%) and then 
other molds (19.8%) according to the TRANSNET 
database [40]. In contrast, Neofytos and col-
leagues assessed IFIs at 17 transplant centers 
including 108 lung transplant recipients and dem-
onstrated that aspergillosis accounted for 63% of 
the 134 IFIs in these recipients, while Candida 
accounted for 23.9% and other molds 9.7% [42].

Although another study in a single center 
reflected a higher rate of IFI in liver transplant 
recipients (8.4%) [17] compared to the TRANSNET 
data, there was concurrence in both studies that 
Candida spp. produced the bulk of the IFIs 
observed (approximately 70%). The next most 
common pathogen producing IFIs in liver trans-
plant recipients was Aspergillus spp. [17, 40, 42]. 
Similarly, in renal, pancreas, and heart transplant 
recipients, Candida spp. were demonstrated to be 
the most common fungal pathogen inciting IFIs 
and was usually followed by Aspergillus spp. 
except in renal transplant recipients where 
Cryptococcus spp. superseded Aspergillus as a 
cause of IFIs [40, 42].

Invasive candidiasis predominantly presents 
as candidemia that may be vascular catheter- 
related or arising from the gastrointestinal tract. 
In contrast, in liver transplant recipients, an 
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intra- abdominal focus may be more frequent. 
Thus, invasive candidiasis may present as a clin-
ical spectrum of symptoms and signs from 
asymptomatic disease to septic shock. Diagnosis 
of this entity is based on the isolation of Candida 
spp. from blood or a sterile body site. Surrogate 
markers such as the 1–3 beta-D-glucan assay 
have been used as ancillary aids in the diagnosis 
of invasive candidiasis, but their availability is 
limited [43, 44]. Treatment of invasive candidia-
sis has been updated recently by the Infectious 
Diseases Society of America who calls for the 
use of echinocandins intravenously (anidulafun-
gin, caspofungin, or micafungin) at least initially 
with subsequent streamlining based on organism 
identification and susceptibilities [45].

As stated above invasive aspergillosis (IA) of 
the lung is the predominant IFI noted in lung 
transplant recipients but plays a less prominent 
role in producing IFIs in liver and heart trans-
plant recipients [46]. Since Aspergillus conidia 
are ubiquitous in the environment, they easily 
reach the lung, and thus pulmonary IA is the 
major manifestation of infection. The diagnosis 
of this infection most commonly involves CT 
scan of the chest findings (nodules with or with-
out a halo sign, cavitation, or air crescent sign) 
with a positive culture for Aspergillus spp. in 
respiratory secretions or a positive serological 
marker (serum or bronchoalveolar lavage galac-
tomannan) [47]. The use of bronchoalveolar 
lavage fluid galactomannan testing as a surro-
gate marker of IA has greatly enhanced the 
diagnosis of this entity. Once again, the 
Infectious Diseases Society of America has 
recently produced updated treatment guidelines 
for IA [48], and voriconazole is recommended 
as the mainstay of therapy.

Cryptococcal disease usually manifests as 
meningitis or pulmonary disease. Lung involve-
ment solely may occur in 33% of recipients with 
cryptococcal infection but extrapulmonary 
involvement may be present in 50–75% of SOT 
recipients with cryptococcal disease [49]. 
Symptoms may be subtle such as a persistent 
headache in the case of cryptococcal meningitis 
or progress to sepsis. Similarly, pulmonary lesions 
may present as asymptomatic colonization and 

nodules on chest imaging or produce respiratory 
distress [49]. Therapy for these infections has 
been outlined in the guidance provided by the 
Infectious Diseases Society of America and usu-
ally involves fluconazole for mild infection, and 
for moderate to severe infection, an amphotericin 
B formulation with flucytosine initially followed 
by fluconazole for a prolonged period of time 
[50]. Simultaneous reduction in immunosuppres-
sion is also beneficial.

 Mycobacterial, Pneumocystis, 
and Nocardia Infections in SOT

The incidence of other infections produced by a 
variety of other pathogens in SOT recipients is far 
less frequent than those infections discussed 
above. Specifically, infections produced by myco-
bacteria, Pneumocystis jirovecii, and Nocardia 
spp. were less frequent in lung transplant recipi-
ents accounting for only 4–10% of all the infec-
tions in this patient group [15]. Mycobacterial 
infection may be subdivided into M. tuberculosis 
infection and those infections caused by non-
tuberculous mycobacteria (NTM). The prevalence 
of tuberculosis (TB) in SOT recipients ranges 
from 1.2% to 6.4% in developed nations but can be 
as high as 15% in endemic locales [51]. The major-
ity of active TB cases developed in the 1st year 
posttransplant (median 11.2 months) when immu-
nosuppression is at its height and was most com-
mon among renal transplant recipients in a 
retrospective study undertaken at Columbia 
University Medical Center [52]. NTM infections 
have been reported in 0.16–0.38% of renal trans-
plant recipients, 0.24–2.8% of heart transplant 
patients, 0.46–8.0% of lung transplant recipients, 
and 0.04% of liver transplants [53]. However, 
other investigators have determined that NTM 
infections occur more frequently in lung transplant 
recipients (53 of 237, 23%) [54]. NTM are a het-
erogeneous group of organisms, with varying 
potential to cause invasive disease. Some species 
such as M. abscessus may produce aggressive and 
disseminated infection in SOT recipients (particu-
larly lung transplant recipients [54, 55]), whereas 
M. gordonae rarely causes invasive disease [56]. 
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In lung transplant recipients, M. avium complex is 
isolated most frequently (69.8%), followed by M. 
abscessus (9.4%) and M. gordonae (7.5%) [54]. In 
the TRANSNET database, P. jirovecii was demon-
strated in only 1% of the incidence cohort [40]. 
There is a paucity of incidence data otherwise 
[57]. Similarly, nocardiosis has been identified in 
0.7–3.5% based in recent reviews [58]. Peleg and 
coworkers identified Nocardia infection in 0.6% 
of 5126 SOT recipients from 1995 to 2005 [59]. 
The highest frequency was noted in lung trans-
plants (3.5%) followed by heart (2.5%), small 
bowel (1.3%), kidney (0.2%), and liver transplants 
(0.1%). The lung was the sole organ affected in 
77% of those infected. In contrast, others have 
demonstrated a lower rate of nocardiosis (0.4%) 
with a higher rate of lung involvement (89%) and 
skin manifestations in 26% [60].

Most cases of TB in SOT recipients arise 
from reactivation of latent infection. As such, 
symptoms may not be as overt as expected [61], 
although fever, night sweats, and weight loss do 
occur in recipients who are subsequently diag-
nosed with TB. The diagnosis may be delayed 
until a specimen from a potentially infected 
body site is culture positive or histopathological 
verification of infection is documented. The 
standard four-drug regimen (isoniazid, rifampin, 
pyrazinamide, and ethambutol) for 2  months 
followed by isoniazid and rifampin for addi-
tional 4 months is preferred for the treatment of 
tuberculosis [61]. Rifampin can accelerate the 
metabolism of several drugs, e.g., calcineurin 
inhibitors, and serum levels and dose modifica-
tions are necessary.

Pulmonary and skin involvement are the 
most common presentations of NTM infection 
particularly in lung transplant recipients [62]. 
M. abscessus is particularly prone to dissemi-
nation with both lung and skin involvement 
[54, 55]. Lung findings may range from nod-
ules to infiltrates and also cavitation. The diag-
nosis of these infections should have the 
diagnostic principles previously established 
[56]. Therapy of these infections may require 
two, three, or even four drugs depending on the 
organism’s susceptibility for a prolonged 
period of time [63].

Pneumocystis jirovecii presents with a more 
abrupt onset in SOT recipients manifested by 
fever, shortness of breath, and a nonproductive 
cough with interstitial pulmonary infiltrates [57]. 
Bronchoscopy with bronchoalveolar lavage or 
transbronchial biopsy is the preferred method of 
diagnosis. Trimethoprim-sulfamethoxazole is 
still the mainstay of therapy. Nocardiosis pri-
marily involves the lung in SOT recipients, but 
central nervous system involvement may be 
present in one third of the cases [59]. 
Radiologically, nocardiosis produces nodular 
lesions that may cavitate [58, 60]. Diagnosis of 
this infection requires sampling an infected site 
with culture- based or histologic proof of the 
organism. Therapy with an appropriate antimi-
crobial agent is predicated on identification of 
the organism and susceptibility testing [33]. 
Preferred agents have included trimethoprim-
sulfamethoxazole, ceftriaxone, imipenem/
meropenem, amikacin, and linezolid [58].

 Parasitic Infections in SOT

Parasitic infections are increasing in number in 
SOT recipients. This trend relates to increased 
leisure travel in transplant recipients, the expan-
sion of transplant programs to endemic areas 
within Latin America and the potential of patients 
receiving their transplants from previously 
infected asymptomatic donors, immigration of 
both recipients and potential donors with asymp-
tomatic or latent infection from endemic areas, 
and the use of newer immunosuppressive agents 
in lieu of cyclosporine-based immunosuppres-
sion that possesses antiparasitic activity [64]. As 
an example, seronegative cardiac transplant 
recipients are at greatest risk of developing  
toxoplasmosis if the transplanted organ is from a 
seropositive donor as might be the case if the 
donor is from an endemic area (Latin America or  
sub-Saharan Africa) and latent infection is pres-
ent in the donor myocardium when no prophy-
laxis for toxoplasmosis is provided [65]. Among 
non-cardiac transplant recipients, the origin of 
toxoplasmosis is more varied [64]. Another para-
sitic infection of considerable import in Latin 
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America is Chagas disease. This disease caused 
by Trypanosoma cruzi may affect transplant 
recipient in three distinct fashions: (a) heart 
transplant recipients with chronic infection and 
thus are at risk of reactivation posttransplant; (b) 
non-cardiac transplant recipients with chronic T. 
cruzi infection who are at risk of reactivation 
posttransplant; and (c) uninfected SOT recipient 
who may receive an organ or blood products 
from an infected donor [64]. Chagasic cardiomy-
opathy is the third leading cause for heart trans-
plantation in Brazil accounting for 21.9% of all 
heart transplants [66]. Moreover, reactivation of 
past infection after transplantation is relatively 
common and occurs in 27–43% [66, 67].

Leishmaniasis is transmitted by the bite of a 
female sand fly and has its peak prevalence in 
tropical and subtropical areas of Asia, the Middle 
East, Africa, Southern Europe, Central America, 
and South America [68]. Similar to Chagas dis-
ease, infection in transplant patients may be 
acquired from (a) a new infection, (b) reactiva-
tion of a previous infection, and (c) transmission 
in the transplanted organ [64].

The parasitic infections are a varied group with 
varied clinical manifestations. In particular, toxo-
plasmosis may cause lymphadenopathy, hepato-
splenomegaly, brain abscesses, and pancytopenia. 
The definitive diagnosis rests on demonstrating 
tachyzoites in histopathological specimens of 
infected tissue [64]. Primary therapy involves sulfa-
diazine, pyrimethamine, and leucovorin; high-dose 
trimethoprim- sulfamethoxazole is an alternative. 
Leishmaniasis produces fever, hepatosplenomegaly, 
and pancytopenia. Once more the diagnosis is made 
by the demonstration of the parasite histopathologi-
cally from affected tissue. Liposomal amphotericin 
B is an effective therapy for this infection [68].

 Donor-Derived Infections

Infections acquired by the organ transplant  
recipient from the donor may be classified as those 
that are expected such as CMV or hepatitis B 
where a priori knowledge of the donor’s infected 
status is known and the recipient can then be  
monitored for signs of infection. In contrast, unex-
pected infections originating in the donor may 

arise in the recipient such as Mycobacterium 
tuberculosis, lymphocytic choriomeningitis, or 
fungal pathogens such as Histoplasma capsula-
tum. It is these unexpected infections that are of 
greatest concern. Definitions for donor-derived 
infections have been promulgated and have gained 
acceptance in many jurisdictions [69]. This frame-
work includes proven (definitive proof of infec-
tious disease found in both the donor and recipient), 
probable, possible, unlikely, excluded (clear evi-
dence of an alternative origin of infection), inter-
vention without documented transmission 
(presumptive infection without proof), positive 
assay without disease transmission and not assess-
able [69]. Donor-derived infections accounted for 
0.2% of all deceased organ donation transplants 
according to the Organ Procurement and 
Transplant Network survey between 2005 and 
2011 [4]. Donor-derived viral infections predomi-
nated with bacterial, fungal, and parasitic infec-
tions following in descending order in the organ 
recipients [4]. However a recent update from 2013 
on donor-derived transmission events has high-
lighted the increase in potential reportable events 
[70]. It was demonstrated that 203 of the 284 
potential donor-derived transmission events were 
due to infection (71.4%) with 24 (11.8%) proven/
probable infections noted [70]. Donor-derived 
bacterial infections were most frequent among the 
proven/probable infections (11/24, 46%) includ-
ing two methicillin- resistant Staphylococcus 
aureus infections followed by viral (8/24, 33%) 
and fungal plus parasitic accounting for five infec-
tions (21%).

The impact of donor-derived infection may be 
enhanced in the future with the impetus to utilize 
increased infection risk donors to meet organ trans-
plantation needs. In fact, a guidance has been cre-
ated by the Canadian Society of Transplantation 
and the Canadian National Transplant Research 
Program concerning this issue to address the 
expanding utilization of such organs [71].

 Future Considerations

As discussed above, infections posttransplant arise 
from the effect of immunosuppressive medication 
on the immune system increasing the recipient’s 
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susceptibility to infection. One approach to reduce 
the impact and incidence of infection in the post-
transplant period has been the practice of antimi-
crobial prophylaxis. Antimicrobial prophylaxis 
has been employed for potential donor-derived 
bacterial infection through perioperative prophy-
laxis [3], CMV infection via antiviral prophylaxis 
for varying durations of time according to the type 
of transplant of individuals at higher risk for CMV 
infection (CMV mismatch transplants where the 
virus is acquired from the donor, or recipient posi-
tive individuals where there may be reactivation of 
latent infection) [28], antifungal prophylaxis par-
ticularly for lung and liver transplant recipients 
where fungal infection may be endogenous or 
exogenous [72, 73], prophylaxis for Pneumocystis 
jirovecii [57], or prophylaxis for potential parasitic 
infections such as toxoplasmosis [64]. These 
efforts have reduced morbidity and mortality but 
are not uniformly successful.

However, it may be possible to obviate the 
need for immunosuppressive therapy by novel 
means. Some investigators have attempted to use 
non-myeloablative conditioning regimens or the 
infusion of donor stem cells to create chimerism 
in SOT recipients and thus induce immune toler-
ance of the transplanted organ [74]. By resetting 
the immune system to induce tolerance, immu-
nosuppression to prevent rejection is unneces-
sary thus reducing the potential risk for 
infections. Another strategy being explored is 
the isolation of regulatory T cells for subsequent 
infusion to suppress rejection produced by T 
cell responsiveness [75]. Again, this strategy 
may achieve the goal of immune tolerance thus 
precluding the need for immunosuppressive 
medications and thus reducing the risk of post-
transplant infections.

Others have sought to identify those individ-
uals predisposed to infectious complications 
posttransplant by assessing genetic polymor-
phisms. For example, after liver transplantation, 
the adaptive immune response is blunted 
through the use of immunosuppressive agents, 
and it is the innate immune response that is the 
primarily involved in controlling infectious 
pathogens [14]. Molecules operative in the 
innate immune response such as toll-like recep-
tors and the lectin pathway of complement  

activation are directed to defend against bacteria 
[76]. Single nucleotide polymorphisms (SNP) 
or genetic mutations in the aforementioned 
genes may contribute to poor performance by 
the recipient in controlling bacterial infection. 
Specifically, perturbations in toll-like receptor 
2, a receptor for Gram-positive bacterial cell 
wall peptidoglycan, and impaired cytokine via a 
SNP (e.g., the R753Q SNP in toll-like receptor 
2) produce defective intracellular signaling and 
impaired cytokine secretion. This mutation has 
been associated with more frequent bacterial 
and viral infections, particularly CMV and hep-
atitis C infection after liver transplantation [77–
79]. Specifically, hepatitis C virus recurrence 
after liver transplantation was associated with 
single nucleotide polymorphisms resulting in 
high producers of TNF-alpha [80]. Furthermore, 
polymorphisms in the lectin pathway of the 
complement system activation may be an impor-
tant risk factor for bacterial infection after trans-
plantation [81, 82]. Further elucidation of the 
genetic profiles of both donor and recipients 
may portend alterations in the innate immune 
system and the predilection to infection. Such 
novel strategies may help devise a personalized 
approach to infection preventive measures in the 
future for SOT recipients.

In conclusion, SOT recipients are predis-
posed to infections due to endogenous latent 
infection or reactivated microorganisms, exog-
enous ones acquired from the environment or 
other personnel, as well as those that may be 
derived from the donor because of the immuno-
suppressive agents administered to reduce the 
risk of rejection. Bacteria, viruses, fungi, and 
parasites all contribute to this heightened sus-
ceptibility to infection. Efforts to reverse this 
propensity to infection by utilizing antimicro-
bial prophylaxis, reducing immunosuppression 
when necessary, and obviating the need for 
immunosuppression all together have met with 
varied success. In addition, manipulation of the 
immune system to induce tolerance through 
non-myeloablative transplantation or infusion 
of donor stem cells or genetic alterations to cor-
rect immune deficiencies may yet meet this 
need; however, these modalities require further 
investigation.
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 Introduction

The acquired immunodeficiency syndrome 
(AIDS) was first recognized three and a half 
decades ago with the harbinger being the discov-
ery of opportunistic infections initially in a clus-
ter of young homosexual males in the United 
States who were, at the time, not known to have 
any known immune-compromising condition [1]. 
Subsequently, other risk groups for the syndrome 
were identified, other than homosexual or bisex-
ual men, including hemophiliacs, heroin users, 
and Haitian immigrants [2]. The identification of 
AIDS among female partners of homosexual 
men drew attention to sexual transmission of the 
disease [3]. It took 2 years after the report on the 
first cluster of cases in 1981, primarily occurring 
in San Francisco and New York City [4], that the 
definitive link between the clinical syndrome and 
the etiologic virus, lymphadenopathy-associated 
virus (LAV) or human T-lymphotropic virus III 
(HTLV III), later termed the human immunodefi-
ciency virus (HIV), was definitively isolated and 
described by French scientists, Francoise Barre- 
Sinoussi and Luc Montagnier, both of whom 

were eventually awarded Nobel prizes for their 
work 25 years later [5–7].

In the ensuing decades, there were reports 
from across the globe of confirmed cases of HIV/
AIDS impacting millions of people [8]. As of 
2014, 36.9 million people are living with HIV/
AIDS (PLWHA) with approximately two million 
new infections occurring annually [9]. It is esti-
mated that since 2000, 25 million died because of 
AIDS-related illnesses with 1.2 million in 2014 
alone [9, 10]. A majority of PLWHA are in mid-
dle- and low-income countries with 66% of new 
adult and greater than 90% of pediatric cases 
occurring in sub-Saharan Africa  – one of the 
hardest hit regions in the world [10].

The drivers of the epidemic remain sexual 
transmission primarily among men who have sex 
with men (MSM) and heterosexual sex, infected 
sexual partners who are either not aware of their 
infection or not receiving antiretroviral drug 
treatment, and sharing of unsterile syringes or 
paraphernalia among people who inject drugs 
[11]. Vertical transmission from infected mothers 
to their babies continues to occur primarily in 
low-resource settings where interventions to pre-
vent mother-to-child transmission are lacking or 
insufficient [12, 13]. The risk of HIV transmis-
sion through blood transfusion or organ trans-
plantation is very low due to improved screening 
of donors.

Since 1981, significant advances have occurred 
in the knowledge and understanding of HIV viral 
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structure and pathogenesis, natural history, dis-
ease manifestation, treatment, and prevention. 
Highly effective, tolerable, and simplified treat-
ment regimens have led to improved life 
 expectancy among PLWHA though access and 
affordability remain barriers to optimal coverage 
globally [14]. In spite of these improvements, 
high rates of morbidity and mortality continue, 
especially among individuals in low-resource set-
tings or globally among vulnerable populations 
including ethnic minorities, MSM and transgen-
dered individuals, women, people with substance 
use disorders, sex workers, prisoners, the poor, 
children, and adolescents [15, 16].

The morbidity and mortality from HIV are a 
direct result of opportunistic infections, which 
take advantage of a weakened immune system 
and/or may occur as a consequence of off-target 
end-organ injury from an activated immune sys-
tem’s efforts to control the virus. These include a 
wide array of clinical conditions including infec-
tions caused by a broad range of pathogens – bac-
terial, fungal, viral, and parasitic – which occur at 
a higher frequency than in immune-competent 
individuals, occur in unusual sites or may be dis-
seminated, and/or are associated with neurologic 
disorders or cancers. Furthermore, with the aging 
of the HIV population, it is now appreciated that 
other conditions including renal disease, neuro-
cognitive disorders, cancers, and cardiovascular 
and cerebrovascular disease may occur as long- 
term complications and are also contributing to 
morbidity and mortality [17, 18].

This chapter will focus specifically on infec-
tions that occur in HIV-infected individuals with 
an emphasis on the spectrum, epidemiology, 
pathogenesis, clinical presentation, management, 
and prevention of the infections.

 Immune Defects in HIV-Infected 
Individuals

While CD4 T-cell depletion is the hallmark and a 
reliable measure of the degree of immune dys-
function in HIV-infected individuals, HIV 
broadly impacts multiple components of the 
immune system [19]. This was recognized early 

in the AIDS epidemic where studies showed that 
there were diminished CD4 and CD8 T-cell pro-
liferation following exposure to antigens and 
anti-CD3 monoclonal antibody as well as 
decreased CD4 T helper cell activity in individu-
als with AIDS compared to those without HIV 
[20, 21]. Diminished immunoglobulin produc-
tion by B-cells was observed in vitro following 
mitogen stimulation, in spite of the observed 
hyperproduction of immunoglobulins (specifi-
cally IgG) in vivo that occurs in specimens from 
patients with AIDS [20]. Similarly, decreased 
functioning of antigen-presenting cells (mono-
cytes and dendritic cells) and natural killer cells 
has also been described [22, 23]. Some of these 
effects may occur prior to significant CD4 T-cell 
depletion but may become more prominent in 
individuals with long-term infection and/or who 
have developed AIDS [20, 24].

These studies have demonstrated the negative 
or altering impact of HIV infection on both 
innate and adaptive arms of the immune system. 
Together, the maladaptive responses underscore 
the increased risks for opportunistic infections 
that are not entirely reflected by and may occur 
independent of the decreased CD4 T-cell counts.

 Natural History of HIV Infection 
and AIDS

Clinically, HIV infection progresses through three 
stages. First, a local is established at the site of 
inoculation, with subsequent regional spread and 
systemic dissemination, all of which occur during 
the acute phase of infection. Some individuals 
will develop signs and symptoms of an acute ill-
ness at the time of systemic viral dissemination 
(median time following infection 3–4  weeks) 
which auto-resolves even without any specific 
therapy. Subsequently, there is a variable period 
of clinical latency during which many individuals 
remain asymptomatic, followed by progression to 
AIDS.

The early events in HIV infection have been 
well elucidated. Following inoculation of the 
virus at vulnerable sites where infection may be 
promoted by certain host and local factors such 
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as mucosal ulceration in the setting of a sexually 
transmitted disease (STD) [25], there is local rep-
lication of the virus and then regional spread to 
adjacent tissue and draining lymph nodes, after 
which there is widespread dissemination of the 
virus when it enters the blood stream. This phase 
of infection typically occurs within 2  weeks of 
infection at which time the virus can be detected 
in plasma by commercially available viral load 
assays. Coincident with this rise in viral load is a 
massive depletion of organ-specific (primarily in 
the gut) and peripheral blood lymphocytes, and 
this may be measured as a depletion of CD4 
T-cells in the peripheral blood. During this period 
of disseminated infection, there is a concurrent 
establishment of organ-specific reservoirs in sites 
such as the central nervous system (CNS) and 
genitourinary system.

Following this acute rise in viremia, immune- 
mediated control of the virus occurs, which is 
driven principally by CD8 T-cell-mediated cyto-
toxicity and cytolysis directed against infected 
CD4-expressing cells. This may result in sup-
pression of viral replication and establishment of 
a viral “set point” that is tightly regulated until 
late stages of the infection coincident with the 
development of AIDS. This viral set point deter-
mines the rate of CD4 decline over time.

Certain individuals do not experience a CD4 
decline in spite of long-term infection with 
HIV. These are individuals typically with robust 
CD8 T-cell immune responses to viral infection 
or express certain immune phenotypes that con-
fer an increased ability to suppress viral replica-
tion. These comprise elite controllers and 
long-term nonprogressors (viremic controllers) 
who suppress HIV viral loads to levels that are 
either undetectable by commercial viral load 
assays or to low levels, typically <10,000 copies, 
respectively. An understanding of how these indi-
viduals exert immune control of the virus has not 
been fully elucidated but remains a subject of 
keen interest as it might inform current and future 
strategies to cure, control, and/or prevent HIV.

It was established early on in the HIV epi-
demic that certain opportunistic infections (OIs) 
tend to occur below specific CD4 thresholds 
such that the susceptibility to and occurrence of 

certain OIs can be reliably predicted based on 
measured CD4 T-cell counts in people with HIV, 
assuming no other coexistent immune compro-
mising conditions [26]. In the absence of effec-
tive combination antiretroviral therapy (cART), 
individuals with CD4 count <200 cells/mm3 and/
or CD4% <14 will develop an opportunistic 
infection at a median duration of 12–18 months 
from the time of dropping below that threshold. 
Based on epidemiologic observations, these 
 laboratory criteria comprise the surveillance def-
inition of AIDS.  Furthermore, individuals with 
advanced HIV infection, i.e., CD4 count 
<50cells/mm3, are susceptible to a broad range 
of opportunistic pathogens, which confer a poor 
prognosis. For these individuals, the median sur-
vival in the absence of cART is 12–18 months. 
Even when treated, these individuals experience 
higher rates of immunologic failure than those 
initiating therapy at higher CD4 counts (>50 
cells/mm3), lending credence to the World Health 
Organization (WHO) and US Department of 
Health and Human Services (DHHS) guidelines 
that support initiation of cART as soon as possi-
ble from the time of diagnosis for all individuals 
with HIV.

 Viral Infections in HIV Infection

 Human Herpesviruses

Introduction
Herpesviruses (HHVs) are a family of double- 
stranded DNA viruses, which, like HIV, have the 
unique ability to persist for the life of the human 
host. They do so by evading human immune 
responses and establishing latency in either neu-
ral tissue or tissues of the monocyte-macrophage 
system [27]. Human herpesvirus (HHVs 1–3), 
also referred to as alphaherpesviruses, establish 
latency in neural tissue, while HHVs 4–8 are 
lymphotropic, establishing latency in cells of the 
monocyte-macrophage system. The seropreva-
lence of HHVs among patients with HIV infec-
tion far exceeds seroprevalence rates among 
individuals without HIV. One study demonstrated 
that Epstein-Barr virus (EBV), HHV-8, 

13 Infections in HIV-Infected Patients



246

 cytomegalovirus (CMV), and herpes simplex 
virus-1 (HSV-1) were detected by polymerase 
chain reaction (PCR) in the saliva of people with 
HIV at a higher frequency (90%, 57%, 31%, and 
16%, respectively) than controls without HIV 
(48%, 24%, 2%, and 2%, respectively) [28].

Herpesviruses carry epidemiologic and clini-
cal significance in patients with HIV infection. 
Certain herpesviruses such as HSV-1 and HSV-2 
can cause ulcerations or “cold sores” thereby 
disrupting mucosal integrity at vulnerable site 
such as male and female genitalia and, therefore, 
increase risk of HIV transmission during sexual 
intercourse [29]. Also, the presence of herpesvi-
rus infections such as HSV-2, EBV, and cyto-
megalovirus (CMV) has been associated with 
increased HIV plasma viremia and is recognized 
as risk factors for faster HIV disease progression 
with morbidity and mortality implications [29–
31]. Furthermore, the presence of CMV and 
EBV viremia has been associated with slower 
decay of HIV viral loads on ART [30]. Some 
positive interactions, however, have been 
reported such as the observation that HHV-6 and 
HHV-7 may decrease replication of HIV virus 
that exclusively utilize the chemokine co-recep-
tor, CCR5, for entry into target cells and down-
regulate CD4 receptors on T-cells thereby 
slowing disease progression [32].

HIV, by virtue of its negative effect on the 
immune system, interacts synergistically with 
HHVs resulting in increased risk of viral reacti-
vation and development of end-organ or dissemi-
nated disease and malignancies associated with 
the HHVs [27, 33]. While HHV infections in the 
healthy host may be benign or result in mild self- 
limited illnesses, the same infections may carry 
serious consequences in immune-compromised 
hosts (see Table 13.1). The epidemiology, clinical 
presentation, diagnosis, and management of 
these consequential HHV infections in HIV- 
infected individuals will be discussed below.

 Herpes Simplex Virus (HSV)
The two types of viruses that make up this group 
are HSV-1, which predominantly causes orola-
bial ulcers and typically acquired early in life, 
and HSV-2, which primarily causes anogenital 

disease and is typically acquired following onset 
of sexual activity [34]. However, either virus can 
cause similar disease syndromes at either loca-
tion, may involve visceral organs, or cause dis-
seminated disease. Both viruses are similar with 
70% of their genome being identical [35].

Epidemiology
The prevalence of seropositivity to HSV-2 among 
individuals with HIV disease ranges from 30% to 
90% depending on the type of population studied 
[36, 37]. An incidence rate of 4.4/10 person-years 
(pys) was reported among participants of a US 
military HIV natural history study (NHS) and was 
higher among African Americans (6.45/100pys) 
compared to Caucasians (3.46/100pys) [36]. 
HSV-2 seroprevalence increases with age and 
occurs at relatively higher frequencies among 
MSM and female sex workers, as well as ethnic 
minorities in the United States (African American 
and Latino) [37]. Individuals of lower socioeco-
nomic status and those with more sexual partners 
and pregnancies also have higher infection rates 
[38, 39]. Some studies have found higher HSV-2 
prevalence among women with HIV compared to 
men [40]. HSV-1 infection is generally more 
prevalent than HSV-2, with rates ranging from 
30% to 78% [37, 40]. HSV-1 seropositivity may 
protect against HSV-2 acquisition and vice versa, 
but this has not been uniformly shown across 
studies [40, 41].

The epidemiologic links between HIV and 
HSV are significant. HSV-2 infection is associ-
ated with a two to four times increased risk of 
HIV disease acquisition likely through the break-
down of a natural skin barrier [36, 42–44]. 
Similarly, as HSV-2 seropositivity is associated 
with increased plasma HIV viral loads, it may 
potentially increase disease transmission risk 
[45]. However, a study showed no effect of 
HSV-2 seropositivity or viral shedding on HIV 
viremia in seminal and cervico-vaginal secre-
tions, thereby challenging the contribution of 
HSV-2 to HIV disease transmission [46]. Incident 
HSV-2 infections also serve as a marker of sexual 
risk behaviors that place an individual at increased 
risk of HIV acquisition. Herpes simplex virus is 
transmitted through direct contact with oral and 
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genital secretions including from individuals 
with active lesions or who shed the virus during 
asymptomatic periods. The incubation period is 
approximately 2–13 days (average 3–6 days).

Pathogenesis
Following inoculation of the virus into epithelial 
surfaces (skin or mucous membranes), the virus is 
able to evade immune responses, accesses axon 
terminals, and establishes latency in sensory gan-
glia – trigeminal or sacral ganglia for oral or geni-
tal HSV infections, respectively. Viral replication 
is typically limited to the epidermis or epithelial 
surface of mucous membranes [47]. Initial human 
innate (toll-like receptors [TLRs] and cytokine 
products) and later adaptive immune responses 
(CD8 T-cells, antibodies directed against viral 
proteins) aim to control viral replication and sub-
sequent reactivation [47]. Subclinical reactivation 
and shedding of viruses may occur with varying 
frequencies depending on multiple factors includ-
ing host immune status and environmental factors 
including stress and concurrent illnesses, malnu-
trition, and pregnancy [47].

Clinical Presentation
The clinical spectrum of HSV disease ranges 
from asymptomatic to severe and prolonged ill-
ness predominantly occurring in individuals 
who are immunocompromised and are experi-
encing a first episode of HSV illness. Genital 
lesions in particular, beyond discomfort, can be 

stigmatizing for individuals who experience 
outbreaks. Oropharyngeal lesions may cause 
severe oral pain and interfere with swallowing 
and feeding. Visceral HSV disease is uncom-
mon and occurs predominantly in individuals 
who are older, receiving steroids or other immu-
nocompromising medications including those 
undergoing cancer chemotherapy or transplant 
recipients, and other immunocompromised 
patients such as individuals with HIV disease. 
HSV hepatitis and meningitis, which can be 
recurrent however, can occur in immunocompe-
tent hosts. Mollaret’s meningitis, which is recur-
rent aseptic meningitis, most commonly results 
from recurrent HSV-2.

A typical HSV lesion is localized and pro-
gresses through multiple stages – a prodrome of 
burning or tingling, followed by development of 
papular lesions that progress to vesicles, which 
subsequently ulcerate. Regional lymph nodes 
may be enlarged. In immunocompromised 
patients, lesions may coalesce forming large 
superficial ulcers, which can persist for pro-
longed periods and may be mistaken for other 
lesions, such as decubitus ulcers in the perianal 
region. Lesions may become superinfected, but 
otherwise are not pustular. Resolution of the 
lesions is heralded by crusting and typically 
leaves no scarring.

HSV esophagitis typically presents as odyn-
ophagia, which can be frequently disabling and 
interfere with eating. HSV hepatitis may pres-

Table 13.1 Clinical syndromes associated with herpesviruses in HIV patients

Herpesvirus Nomenclature Associated clinical syndromes
HHV-1 HSV-1 Orolabial and genital ulcers, aseptic meningitis, cranial nerve (CN) VII paralysis, 

transverse myelitis, disseminated cutaneous disease, keratitis, retinitis, esophagitis, 
bronchitis, pneumonitis, hepatitis, proctitis, herpetic whitlow

HHV-2 HSV-2 Genital and orolabial ulcers, meningoencephalitis, transverse myelitis, disseminated 
cutaneous disease, proctitis

HHV-3 VZV Meningoencephalitis, CN VII paralysis, transverse myelitis, disseminated cutaneous 
disease, keratitis, retinitis, pneumonitis, hepatitis

HHV-4 EBV Burkitt Lymphoma, primary CNS lymphoma (PCNSL), hepatitis, oral hairy 
leukoplakia

HHV-5 CMV Meningoencephalitis, polyradiculopathy, transverse myelitis, retinitis, pneumonitis, 
esophagitis, colitis, hepatitis, cholangiopathy

HHV-6 HHV-6 Meningitis, encephalitis
HHV-7 HHV-7 Hepatitis, myeloradiculoneuropathy
HHV-8 HHV-8/

KSHV
Multicentric Castleman disease (MCD), Kaposi sarcoma (KS), primary effusion 
lymphoma
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ent with “anicteric hepatitis” syndrome, charac-
terized by rapid rise in liver transaminases 
initially without hyperbilirubinemia or clinical 
jaundice, and may result in serious conse-
quences including fulminant hepatic failure if 
unrecognized and untreated early. Ocular dis-
ease may present as keratitis with patients com-
plaining of foreign body sensation, redness of 
eye, and pain. Acute retinal necrosis (ARN) and 
progressive outer retinal necrosis (PORN) are 
feared complications of HSV ocular infection. 
Central nervous system disorders associated 
with HSV include Bell’s palsy, transverse 
myelitis, meningitis that could be recurrent 
(Mollaret’s meningitis), and a severe meningo-
encephalitis [35], the latter occurring in both 
adults and infants from vertical transmission. 
Rare clinical syndromes include pneumonitis 
and herpetic paronychia or “whitlow.”

Diagnosis
Genital herpes may be diagnosed clinically based 
on the characteristic appearance of the lesions. 
Unlike VZV, HSV lesions do not take on a der-
matomal distribution but are more regional in 
distribution (e.g., orolabial or perianal). Other 
diseases may mimic HSV, and therefore defini-
tive diagnosis requires laboratory testing. Swabs 
of active lesions (typically with a cotton tip or 
Dacron) can be sent for detection of HSV DNA 
by nucleic acid amplification/PCR, antigen 
detection, or culture [48]. Cytologic examination 
of smears of lesions or biopsy specimens with 
Tzanck or Papanicolaou stains, though inexpen-
sive, has poor sensitivity and specificity. However, 
detection of antigens by immunofluorescence has 
improved detection rates with sensitivity ranging 
from 70% to 90% for smears of genital ulcers 
[48]. While viral culture remains the gold stan-
dard, HSV DNA detection by nucleic acid ampli-
fication testing (NAAT) or PCR remains the most 
sensitive and specific detection method (98% and 
up to 100%, respectively) and is the preferred 
method of testing [48]. As type-specific antibod-
ies are usually absent in early HSV disease, anti-
body testing is best reserved to confirm prior 
exposure or past infections and has the advantage 
of distinguishing between HSV-1 and HSV-2.

Treatment/Management
Acyclovir, available in oral and intravenous formu-
lations, is the first-line medication for treatment of 
HSV. Oral valacyclovir and famciclovir are alterna-
tives with greater oral bioavailability and less fre-
quent dosing than acyclovir. All require dosage 
adjustment for patients with renal insufficiency. IV 
acyclovir is used for more serious infections. 
Penciclovir has poor oral bioavailability; thus its 
use is limited to topical application to active lesions 
[49]. Prolonged duration of therapy may be 
required for immunocompromised patients with 
extensive mucocutaneous lesions to achieve a cure. 
Of the clinical syndromes caused by HSV, enceph-
alitis is a medical emergency [35]. Intravenous acy-
clovir is the mainstay of therapy, and steroids may 
be used for individuals who develop severe brain 
edema. Mortality rates are high, and survivors have 
high frequencies of neurologic deficits.

Mutations in viral thymidine kinase may ren-
der HSV resistant to acyclovir and may be found 
in 5–25% of immunocompromised patients 
receiving acyclovir prophylaxis or treatment [50]. 
In these cases, foscarnet or cidofovir, the latter 
administered with probenecid to prevent nephro-
toxicity, are alternative treatment options [50]. 
Medications in early phase clinical trials that have 
shown some promise include pritelivir and ame-
namevir, which belong to a new class of antivirals 
that are helicase-primase inhibitors [49].

Prevention
There are no available vaccines against HSV, but 
some candidates are in development [49]. 
Individuals at risk for recurrent disease reactiva-
tion can be maintained on antiviral prophylaxis, 
which may also serve to prevent disease trans-
mission. Avoiding contact with active lesions and 
use of condoms during sexual intercourse are 
also effective ways of preventing disease trans-
mission. HSV transmission, however, can result 
from asymptomatic viral shedding.

 Varicella Zoster Virus
Introduction
Varicella zoster virus (VZV), a DNA virus, is dis-
tributed worldwide. While primary varicella zos-
ter virus infection (chickenpox) can occur in any 
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host (healthy or immune compromised), reactiva-
tion herpes zoster disease (shingles) typically 
occurs in the elderly and other immunocompro-
mised hosts. In people with HIV, herpes zoster 
episodes are a harbinger of the development of 
AIDS. VZV can be potentially life-threatening in 
individuals with HIV, particularly individuals 
with low CD4 counts where it may present as 
prolonged or disseminated cutaneous or visceral 
disease typically associated with higher morbid-
ity and mortality, especially when manifesting as 
a neurologic syndrome [51].

Epidemiology
Primary VZV infection typically occurs in child-
hood but can occasionally present in unvaccinated 
adolescents and adults [52]. In settings where 
varicella vaccines are not offered routinely, serop-
revalence rates of 50% by age 3 and 94% by age 7 
have been reported [53]. VZV is shed in oral 
secretions, but, unlike HSV, asymptomatic shed-
ding is rare [54]. VZV is extremely contagious 
and may be transmitted by contact from individu-
als with active cutaneous lesions that have not 
undergone crusting. Respiratory droplets, how-
ever, are thought to be the primary mode of trans-
mission [55]. Herpes zoster infection occurs more 
frequently among people with HIV than HIV-
negative persons. A study of MSM showed that 
the incidence rate of herpes zoster was much 
higher among men with HIV (29.4 cases/100 per-
son-years) versus 2.0 cases per 100 person-years 
among seronegative men [56]. While the risk of 
VZV reactivation in HIV- infected individuals in 
the cART era has decreased, there remains an 
increased risk of three times higher than that of 
the general population [57, 58]. Not unexpected is 
the observation in cohorts of people with HIV that 
low CD4 counts and not being on cART are iden-
tified risk factors for herpes zoster [59].

Pathogenesis
Following inhalational exposure to VZV, the 
virus invades the epithelial and immune cells of 
lymphoid tissue of the respiratory tract as well as 
the tonsils [47]. Thereafter, infected T-cells are 
thought to traffic the virus systemically and may 
initiate primary infection in the dermal tissue. 

Innate immune responses including toll-like 
receptor-mediated processes as well as humoral 
responses are then able to abort or control the pri-
mary infection; however the virus is able to evade 
complete eradication by, among other things, 
modulating interferon signaling [47]. The mech-
anism of VZV reactivation is poorly understood, 
but it is generally thought that cellular immunity 
plays a significant role in maintaining latency of 
VZV primarily in sensory neural tissue, and thus 
factors which impair those responses can lead to 
reactivation of infection.

Clinical Presentation
Primary varicella infection typically presents as a 
generalized rash that progresses from macular to 
papular and to vesicular lesions, which are occa-
sionally intensely pruritic and spread in a cen-
trifugal pattern. Lesions may appear over 
4–5 days and therefore may be at different stages 
of evolution at the time of presentation [60]. 
Superinfection of the lesions may occur with 
scratching, with bacterial organisms like 
Staphylococcus aureus and beta-hemolytic strep-
tococci predominating and, although uncommon, 
may lead to deeper soft tissue infections and sep-
tic shock [61]. Bullous or hemorrhagic lesions 
may occur in immunocompromised hosts [61].

Herpes zoster lesions, on the other hand, fre-
quently involve multiple dermatomes in HIV- 
infected patients, coalesce to form large lesions, 
last for prolonged periods on the order of weeks, 
and take longer to heal with reepithelization. 
Disseminated herpes zoster infection may also 
occur in immunocompromised hosts and may be 
indistinguishable from varicella zoster or dissemi-
nated herpes simplex infection. A rare syndrome 
of herpes zoster reactivation manifesting as der-
matomal or radicular pain without a rash referred 
to as zoster sine herpete has been described.

Pneumonitis is rare but presents as cough, 
dyspnea, and hemoptysis typically occurring 
after the rash has erupted [52]. Chest radiograph 
may reveal diffuse interstitial infiltrates, and mor-
tality without treatment is approximately 30% 
[52]. Neurologic syndromes associated with 
VZV include encephalitis, cerebellar ataxia syn-
drome, aseptic meningitis, Bell’s palsy, Ramsay 
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Hunt syndrome (Bell’s palsy plus herpes zoster 
oticus), transverse myelitis, and Guillain Barre 
syndrome. A post-infectious granulomatous angi-
itis may result in ischemic injury or hemorrhage. 
Ocular disease may involve multiple structures 
including necrotizing retinal syndromes  – acute 
retinal necrosis (ARN) and progressive outer reti-
nal necrosis (PORN). Headache, fever, and altered 
mentation are typical symptoms of VZV encepha-
litis, which is the most feared of the neurologic 
syndromes with up to 20% of survivors having 
residual neurologic sequelae [52]. Focal neuro-
logic signs include cranial nerve palsies and sei-
zures [62]. Other visceral diseases, such as 
hepatitis, are rare.

Diagnosis
It is possible to diagnose primary VZV infection 
on clinical grounds based on the characteristic 
appearance and spread of its rash, sometimes 
described as “dew drops on a rose petal” that 
reflects vesicular lesions on an erythematous 
base. Otherwise, lesions may be unroofed, and a 
VZV monoclonal antibody test or viral culture 
may identify and/or isolate the virus, respectively 
[60]. PCR is the most sensitive test and can be 
used on a wide range of biologic specimens 
including cerebrospinal fluid, blood, amniotic 
fluid, tissue, and bronchoalveolar lavage speci-
mens [60]. For patients with VZV meningoen-
cephalitis, cerebrospinal fluid analysis typically 
reveals a mononuclear pleocytosis, frequently 
with red blood cells, and an elevated protein [63]. 
Detection of VZV antibodies has limited diag-
nostic utility for active infection except when iso-
lated in the CSF.  IgM antibodies may not be 
detectable early in infection and have suboptimal 
sensitivity, and false-positive tests occur [60]. In 
general, testing for VZV-specific IgG should be 
limited to the identification of which susceptible 
individuals require active and/or passive immuni-
zation to prevent infection.

Treatment/Management
The nucleoside analogue acyclovir and prodrugs 
valacyclovir (acyclovir) and famciclovir (penci-
clovir) are treatment options for VZV [60]. The 
latter two drugs have better oral bioavailability, but 

all drugs may decrease the severity and duration 
and reduce the risk of complications associated 
with VZV infection. They may also be used for 
prophylaxis against herpes zoster in people with 
HIV [64]. Intravenous acyclovir is the formulation 
of choice for CNS disease. Acyclovir is generally 
well tolerated, but gastrointestinal, hepatic, and 
renal toxicities may occur. Similar to HSV, muta-
tions in viral thymidine kinase may render VZV 
resistant to acyclovir, and in those instances, 
 intravenous foscarnet may be used [60]. Antiviral 
resistance is rare and typically occurs in immuno-
compromised patients, such as those with AIDS, 
and prolonged antiviral agent exposure allowing 
for the selection of resistant viral mutants.

Prognosis/Prevention
Varicella infection may be prevented by receipt 
of two doses of a live attenuated vaccine 
(Varivax), which is universally recommended 
for all children beginning at age 12–15 months 
with a protective efficacy of about 90% [65]. 
Adolescents and adults may receive catch-up 
vaccinations at any time; however, being a live 
vaccine, it is contraindicated in immunocom-
promised individuals and pregnant women. For 
people with HIV, the vaccine may be safely 
administered at CD4 counts >200 cells/uL. On 
the other hand, vaccination against herpes zos-
ter is recommended for individuals aged 
50 years and older. Similar to the VZV vaccine, 
it may be administered cautiously in patients 
with CD4 count >200 cells/uL [66]. A herpes 
zoster vaccine, Zostavax, has been shown in the 
short term (<7 years post receipt), to decrease 
reactivation episodes by about 40–70% and the 
complication of postherpetic neuralgia by 
60–83% [67]. A newer non-live adjuvanted sub-
unit vaccine, Shingrix, was approved by the US 
FDA in October 2017 and has replaced Zostavax 
as the recommended vaccine to prevent herpes 
zoster (efficacy of >90%) and postherpetic neu-
ralgia (efficacy of 91%) [68]. As with many 
vaccines, protective effectiveness may decline 
over time.

In the hospital, HIV-positive patients with VZV 
infection should be placed on both airborne and 
contact isolation until lesions have crusted [69].
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 Epstein-Barr Virus
Introduction
Human herpesvirus 4, Epstein-Barr virus (EBV), 
is one of the most common viral infections in the 
world. Among people with HIV, chronic EBV 
infection is associated with a wide spectrum of 
clinical disorders including benign conditions 
such as oral hairy leukoplakia and more serious 
life-threatening conditions including primary CNS 
lymphoma and Burkitt’s and other non- Hodgkin’s 
lymphomas (NHL). The epidemiology, pathogen-
esis, clinical presentation, and management of 
EBV infection are discussed below.

Epidemiology
EBV is very common worldwide with serop-
revalence of >90% in adults. In a review of par-
ticipants of the US NHANES, among children 
aged 6–19  years, non-Hispanic blacks had a 
higher prevalence than non-Hispanic whites, 
and risk factors include older age, low house-
hold income, and absence of health insurance 
coverage [70]. The primary route of transmis-
sion is saliva; therefore shared utensils or drink-
ing cups and toothbrushes may be vectors. Other 
means of acquisition of the virus include sexual 
contact, organ transplant, and blood transfusion. 
Incubation is approximately 6 weeks [71].

Pathogenesis
Following introduction into the oral cavity, EBV 
infects epithelial cells wherein it replicates and 
then spreads to involve the lymphoid tissue of the 
Waldeyer’s ring from where it disseminates 
hematogenously. Primarily, CD8 T-cell lympho-
cytes exert immune control over EBV replica-
tion. Dendritic cells and other antigen-presenting 
cells promote T-cell activity [72].

Clinical Presentation
Primary EBV infection is usually asymptomatic. 
It can cause a mononucleosis syndrome with car-
dinal symptoms including fever, myalgias, phar-
yngitis, swollen lymph glands particularly of 
posterior cervical chain, rash, and hepatospleno-
megaly. The splenomegaly may occasionally be 
massive and leaves the individual prone to life- 
threatening splenic rupture with abdominal 

trauma. Classically, use of ampicillin may pro-
voke a rash. Symptoms typically last for about 
2 weeks, but prolonged fatigue lasting months is 
common. Oral hairy leukoplakia typically mani-
fests as white coloration on the lateral aspect of 
the tongue in patients with immunodeficiency 
and may be misdiagnosed as oral candidiasis.

EBV-associated malignancies commonly pres-
ent with “B symptoms” of fevers, weight loss, 
night sweats, and lymphadenopathy; and in HIV-
infected patients, the diagnosis may be delayed as 
providers may attribute the symptoms to and pur-
sue an evaluation for a chronic infection. Primary 
CNS lymphoma typically manifests as a solitary 
space-occupying lesion on brain imaging, which 
may be accompanied by edema with neurologic 
symptoms reflecting the location of the tumor. 
Seizures may complicate the syndrome and may 
frequently be the presenting symptom.

Diagnosis
While atypical lymphocytes may be noted on a 
peripheral blood smear, it is not pathognomonic 
for EBV infection. The heterophile or monospot 
antibody test is useful to diagnose primary EBV 
infection but has suboptimal sensitivity but with 
greater specificity depending on the assay used 
ranging from 70% to 92% and 96–100%, respec-
tively [73]. The monospot test is also prone to 
false negative very early in infection. Acute EBV 
infection may be diagnosed by detection of IgM 
or rise in IgG antibodies to EBV capsid antigen. 
While not used routinely for diagnostic pur-
poses, an EBV viral load assay will be positive 
in patients with infectious mononucleosis but 
has the limitation of being unable to differentiate 
reactivation from primary infection. The role of 
viral load assays for the diagnosis of primary 
CNS lymphoma is limited but may be useful as 
the specificity of detection of the virus in CSF is 
upward of 79% [74]; the sensitivity of CSF 
cytology is very poor (15%), but flow cytometry 
for clonal B-cells may improve case detection 
[75]. The definitive diagnosis of primary CNS 
lymphoma may require biopsy where other 
modalities fail. Burkitt’s lymphoma and other 
NHL may be diagnosed by lymph node or bone 
marrow biopsies.
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Treatment/Management
The antiviral acyclovir has activity against EBV; 
however treatment of the primary infection is lim-
ited to symptomatic therapy including antipyret-
ics and anti-inflammatory agents as the antiviral 
drug has been shown to have no effect on the dis-
ease course. Oral hairy leukoplakia typically 
resolves with immune reconstitution in patients 
with HIV, but treatment with acyclovir and topical 
podophyllin or retinoic acid will lead to faster 
resolution but with high rates of recurrence.

The mainstay of treatment for primary CNS 
lymphoma is brain irradiation and chemotherapy 
[76]. For other HIV-associated lymphomas, out-
comes improve with both targeted chemotherapy 
for the malignancy and immune reconstitution 
with antiretroviral therapy [77]. Therapy of lym-
phomas depends on the histologic type with vary-
ing chemotherapeutic regimens used such as 
R-EPOCH (rituximab, etoposide + prednisone + 
vincristine + cyclophosphamide + doxorubicin) 
used for the treatment of diffuse large B-cell lym-
phoma and Burkitt’s lymphoma. High-dose che-
motherapy with hematopoietic stem cell transplant 
is an attractive option that carries a high risk of 
complications but with high cure rates [77].

Prognosis/Prevention
The prognosis of EBV-associated infectious 
mononucleosis is excellent. Very rarely, individu-
als with primary infection develop an encephalitis 
which may be fatal. Splenomegaly associated with 
EBV may last for a month after the infection, so 
during that time individuals may wish to avoid 
contact sports or other conditions that may predis-
pose to abdominal trauma. Among individuals 
with HIV, the prognosis of EBV- associated lym-
phomas is historically poor, but outcomes have 
improved with cART-mediated immune reconsti-
tution and chemotherapy with 2-year survival rates 
for diffuse large cell B lymphomas and Burkitt’s 
lymphoma at 67% and 75%, respectively. There is 
no preventative vaccine for EBV infection.

 Cytomegalovirus (CMV)
Introduction
Cytomegalovirus, a lymphotropic beta- herpesvirus, 
is the largest of the human herpes viruses. It is also 

referred to as human herpes virus 5. At the time that 
the AIDS syndrome was first recognized, CMV 
disease was identified as a frequent opportunistic 
infection that contributed significantly to morbidity 
among patients with the syndrome, typically mani-
festing as a sight- threatening retinitis. With the 
availability of cART, however, the contribution of 
CMV to morbidity among people with HIV has 
decreased significantly.

Epidemiology
CMV is a common infection worldwide, in part 
owing to its transmissibility in a wide range of 
bodily fluids, including saliva, breast milk, urine, 
and seminal and cervicovaginal secretions. CMV 
can be transmitted transplacentally from mother 
to child, by blood transfusion and transplanted 
organs. In the United States, the CDC estimates 
that 50–80% of adults are infected with the virus 
by the age of 40. Risk factors for CMV infection 
include infection with other herpes viruses, poor 
nutritional status, and living in crowded dwell-
ings [78]. Individuals caring for young children 
and babies are at particularly high risk. Among 
cohorts of people with HIV, MSM have higher 
seropositivity rates compared to other risk 
groups. Seroprevalence rates are also higher in 
developing compared to developed countries 
[78].

Pathogenesis
CMV, like other herpes viruses, establishes 
latency in the human host. Patients with advanced 
HIV infection (AIDS) are at risk for CMV reacti-
vation and organ disease. Studies suggest that 
both humoral- and cellular-mediated immune 
responses are involved with the control of CMV 
replication. The virus is able to avoid full eradi-
cation by evasive mechanisms including elabora-
tion of proteins, which protect infected cells 
against lysis by natural killer cells [79].

There have been various reported interactions 
between HIV and CMV, which impact the patho-
genesis of HIV disease. CMV infection may 
increase infection of CD4 T-cells by HIV, pro-
mote T-cell depletion by apoptotic mechanisms, 
and may promote reactivation of latent virus and 
HIV viral replication [78].
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Clinical Presentation
The majority of individuals with primary CMV 
infection are asymptomatic. Similarly, an over-
whelming majority of individuals with reactiva-
tion viremia show no signs or symptoms of 
end-organ involvement. Symptomatic individuals 
are likely to be those with compromised immune 
systems such as people with HIV, transplant 
recipients, and individuals undergoing intensive 
chemotherapy. Symptomatic primary CMV infec-
tion is rarely life-threatening and typically mani-
fests, after an incubation period of 28–60 days, as 
a mild “flu-like” illness with symptoms and signs 
such as fever, fatigue, lymphadenopathy, sore 
throat, and splenomegaly. An erythematous rash 
and hepatomegaly may also be noted on physical 
examination. The clinical syndrome is frequently 
accompanied by hallmark laboratory abnormali-
ties including leukopenia, lymphopenia, or lym-
phocytosis with atypical cells, thrombocytopenia, 
and elevated serum transaminases (aspartate > 
alanine aminotransferase).

Women who acquire CMV during pregnancy, 
especially during the first half, are at risk of fetal 
infection complicated by adverse events including 
severe neurologic disease and disability. The 
majority (80%) of infants with vertical CMV infec-
tion, however, never develop symptoms. Congenital 
CMV disease may manifest as microcephaly, sen-
sorineural hearing loss, mental retardation, neuro-
muscular disorders, and ocular disease including 
optic atrophy and chorioretinitis [80].

Individuals with high levels of CMV reactiva-
tion viremia are more likely to have end-organ 
disease. CMV can infect almost every organ and 
may manifest as meningitis, encephalitis, myeli-
tis, polyradiculopathy, retinitis, pneumonitis, 
esophagitis, hepatitis, cholangiopathy, and coli-
tis. In patients with advanced HIV infection, 
CMV retinitis is a common manifestation, and 
regular symptom screening for ocular symptoms 
and ophthalmologic exams should be performed 
in patients with AIDS and CD4 count <50/ul.

Diagnosis
CMV viremia may be detected using nucleic acid 
assays in plasma specimens. The diagnosis of end-
organ disease requires a compatible clinical syn-

drome and confirmation of the presence of the 
virus either by its detection in tissue (e.g., ulcer-
ative lesions or tissue biopsy specimens) by antigen 
or nucleic acid testing or evidence of its character-
istic cytopathic effect on tissue specimens on 
microcopy. CMV retinitis is diagnosed through 
funduscopic visualization of pathognomonic reti-
nal changes including white exudates with or with-
out hemorrhage and/or areas of retinal necrosis in a 
susceptible symptomatic host. A definitive diagno-
sis of encephalitis or radiculopathy may be made if 
CMV is detected in cerebrospinal fluid in patients 
with neurologic symptoms matching the syndrome 
and with brain imaging showing periventricular or 
meningeal enhancement and spine imaging with 
thickened nerve roots, respectively [81].

Treatment/Management
Antivirals with activity against CMV include 
ganciclovir, valganciclovir, foscarnet, and cido-
fovir. Ganciclovir and its prodrug valganciclovir 
are typically first-line drugs used for treatment of 
CMV disease. Mutation in CMV’s phosphotrans-
ferase -gene (UL97) confers resistance to ganci-
clovir, while mutations in the polymerase gene 
(UL54) make virus resistant to foscarnet, 
 cidofovir, and ganciclovir [82]. In such cases, 
maribavir and brincidofovir are other antiviral 
agents that have activity against CMV [83]. A 
pyrimidine synthesis inhibitor, leflunomide, has 
also been used successfully to treat multidrug-
resistant CMV infection [84].

Prognosis/Prevention
Studies have shown that CMV reactivation is a 
predictor of both end-organ disease and mortality 
in patients with AIDS [85, 86]. While CMV 
infection causes severe morbidity, it is likely that 
the increased mortality observed is a reflection of 
vulnerable hosts succumbing to other life- 
threatening infections associated with severe 
immune deficiency. Certainly, central nervous 
system end-organ diseases carry a worse progno-
sis than others. There is mixed data on the effi-
cacy of preemptive anti-CMV treatment for 
patients with AIDS to mitigate this mortality risk 
[85, 86]. Furthermore, anti-CMV treatment is 
frequently associating with severe toxicities.
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Individuals at risk for CMV infection include 
those who work with young children and babies. 
Pregnant women are advised to wash hands with 
soap and water after contact with bodily fluids 
including urine and saliva to prevent primary 
infection. Healthcare workers who adhere to 
standard infection control precautions do not 
appear to have higher rates of primary CMV 
infection compared to that of the general 
population.

There is no effective vaccine for the preven-
tion of CMV infection or reactivation.

 Human Herpesviruses 6 and 7 (HHV-6 
and HHV-7)
Introduction
The relevance of human herpes virus 6 (HHV-6) 
infection in patients with HIV infection is unclear. 
The viral infection has been associated with a 
lymphadenopathy syndrome in patients, but its role 
in the development of lymphoproliferative disor-
ders is still speculative at best as the detection of 
HHV-6 in tumor cells does not prove a causal role 
[87]. Observations suggest that HHV-6 coinfection 
in HIV individuals may lead to higher viral replica-
tion and thereby promote progression to AIDS 
[87]. HHV-7 is not thought to cause any significant 
clinical syndrome in people with HIV, so this sec-
tion will include information on HHV-6 alone.

Epidemiology
HHV-6 infection is more common in people with 
HIV compared to those without [88]. PCR tests 
performed on gastric and colon biopsy specimens 
to detect HHV-6 DNA showed that 50% and 70% 
of HIV-infected individuals harbored the virus at 
these sites, respectively [88]. Seropositivity as 
high as 100% has also been reported [89]. 
Infection in immunocompromised patients may 
be caused by either variant A or B HHV-6. the 
former causing disease more frequently in immu-
nocompromised individuals. HHV-6 is thought to 
be transmitted primarily by oral secretions.

Pathogenesis
HHV-6 has a trophism for certain host cells includ-
ing monocytes, macrophages, T- and B-cells, NK 
cells, glial cells, and megakaryocytes. It establishes 

latency in peripheral blood mononuclear cells 
(PBMCs) and other sites including the oropharynx, 
salivary glands, female genital tract, and brain tis-
sue [90]. Clinical disease in HIV-infected persons 
typically results from reactivation of latent infec-
tion. Some studies have demonstrated excess sero-
positivity of HHV-6 and detected HHV-6 sequences 
in patients with Hodgkin’s disease and non-Hodg-
kin’s lymphoma [90].

Clinical Presentation
HHV-6 infection can cause hepatitis or a mononu-
cleosis syndrome indistinguishable from primary 
infection associated with other herpes viruses or 
HIV infection [90]. Fever and maculopapular rash 
that occur few days after fever are most common 
with primary infection. Gastrointestinal, respira-
tory, and central nervous symptoms may also 
occur. On exam, there may be hepatosplenomeg-
aly. Hepatitis and encephalitis are clinical syn-
dromes suggesting end-organ involvement. A 
prolonged benign lymphadenopathy syndrome 
may also occur subsequently in people with HIV.

Diagnosis
The diagnosis of HHV-6 infection is made by pos-
itive serologic tests (antibodies) or by detection of 
HHV-6 DNA by PCR testing or culture on body 
fluid specimens (blood, saliva, stool, or urine) or 
tissue specimens. The virus can also be detected 
by immunohistochemical staining of tissue or cul-
ture of body fluids and tissue. As “benign” reacti-
vation of HHV-6 can occur without causing any 
end-organ disease, positive tests have to be inter-
preted in light of the patient’s presenting syndrome 
to support a causal relationship.

Treatment/Management
There is no specific treatment for HHV-6 infec-
tion other than supportive measure, although the 
antivirals, ganciclovir and foscarnet, have been 
used in some cases.

Prognosis/Prevention
HHV-6 infections typically have an excellent 
prognosis in immunocompetent individuals; 
however, in people with AIDS, disseminated 
infection can result in death.
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 Human Herpesvirus 8 (HHV-8)
Introduction
Human herpes virus 8 (HHV-8) is responsible 
for three distinct clinical syndromes in people 
with HIV: Kaposi sarcoma, primary effusion 
lymphoma (also known as body cavity lym-
phoma), and multicentric Castleman disease 
(angiofollicular lymph node hyperplasia), all of 
which are neoplastic disorders. Kaposi sarcoma 
is the most common of the three and can occur 
in people with HIV regardless of CD4 count. A 
newer clinical syndrome yet to fully elucidated 
is an inflammatory cytokine condition with 
high mortality which lacks abnormal patho-
logic findings on lymph node histology [91]. A 
brief overview of the epidemiology, clinical 
presentation, and management of the syn-
dromes is discussed below.

Epidemiology
Multicentric Castleman disease (MCD), a 
more aggressive form of angiofollicular lymph 
node hyperplasia, tends to occur predomi-
nantly in men and presents in the fifth to sixth 
decade of life [92]. The disease frequently 
coexists with Kaposi sarcoma (KS). AIDS-
related KS (the epidemic form) differs from 
endemic KS in that it affects a younger popu-
lation and has a more aggressive clinical 
course [93]. Primary effusion lymphoma 
(PEL), like MCD, frequently coexists with 
KS, and patients with the disease share the 
same clinico- demographic profiles.

Pathogenesis
Human herpesvirus 8 (HHV-8) infects a variety 
of host cells including monocytes and endothe-
lial and B-cells in which it is able to establish 
latency by evading host immune processes and 
can induce proliferation and prevent apoptosis. 
Multiple viral proteins encoded by HHV-8 have 
been implicated in angiogenesis and oncogene-
sis [94]. Also encoded is a viral interleukin 6, 
and together with dysregulated human interleu-
kin 6, they play a role in the pathogenesis of the 
HHV- 8- associated clinical syndromes. Infection 
of activated lymphocytes by HHV-8 has been 
implicated in MCD.

Clinical Presentation
KS commonly presents as nodules or macules on 
skin or mucous membranes, which are often vio-
laceous and with a range of colors including pur-
ple, red, or brown [93]. Lesions may be painful 
and can ulcerate and bleed. Lymphadenopathy is 
a common feature and may represent reactive or 
involved lymph nodes or may represent a sepa-
rate opportunistic infection or neoplasm. Lesions 
in the bowel and lungs are only visible with inva-
sive procedures with risk of bleeding with biopsy 
attempts. Other viscera that may rarely be 
affected include the liver, spleen, and bones.

Patients with MCD typically present with fever, 
lymphadenopathy, hepatosplenomegaly, and, less 
commonly, pulmonary symptoms, edema and 
ascites [92]. Patient with PEL may have lympho-
cytic effusions in the pleura, peritoneum, or peri-
cardium. Extracavitary disease is rare.

Diagnosis
KS lesions show characteristic spindle-shaped 
cells in which HHV-8 can be detected by immu-
nostaining. MCD is diagnosed by biopsy of 
affected lymph nodes for histology. For MCD, 
the plasma cell variant tends to predominate over 
the hyaline vascular variant (80–90% of cases), 
or there may be cases with mixed histology [92]. 
For PEL, the virus may be detected in malignant 
B-cells (which may be coinfected with EBV).

Treatment/Management
Mucocutaneous KS may respond to initiation of 
ART with immune recovery alone. The addition 
of chemotherapy to its management may lead to 
faster resolution of lesions but does not impact 
overall survival [95]. However, for visceral dis-
ease and extensive or complicated mucocutane-
ous disease, chemotherapy should be included in 
management of those forms of KS.

ART with immune reconstitution is insufficient 
to control MCD.  Rituximab alone, CHOP, and a 
combination of the two are the most popular che-
motherapeutic regimens. Due to the few cases of 
the disorder, trials to compare regimens are  lacking, 
and there is no data on the comparative effective-
ness of these regimens. Patients with copresenting 
KS and MCD may have a flare of KS with the use 
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of rituximab alone; therefore concurrent treatment 
with liposomal doxorubicin or other chemothera-
peutic agent with activity against KS is advocated 
[94]. Steroid use has also been associated with a 
flare in KS lesions [93]. Stem cell transplantation 
may be attempted in relapsed MCD after second 
remission with chemotherapy [92].

PEL is treated with R-EPOCH (cyclophos-
phamide, doxorubicin, etoposide, vincristine, 
and prednisone) or CHOP (cyclophosphamide, 
doxorubicin, vincristine, and prednisone). Other 
agents under investigation include pomalidomide 
or lenalidomide [94].

Prognosis/Prevention
The mortality rate of MCD in HIV-infected 
patients appears to be better than that of nonin-
fected patients (44% vs 65%) [92]. Patients with 
PEL have a 2-year survival of 30–40% even fol-
lowing chemotherapy. Mortality from all three 
disease syndromes appears to have improved in 
the cART era supporting a beneficial role of 
cART. No preventive vaccines exist for HHV-8 to 
prevent HHV-8-associated diseases.

 Polyoma Viruses (JC Virus)

Introduction
The polyoma viruses, JC and BK viruses, were first 
recognized in 1965 and 1971, respectively. Both 
viruses were named after the individuals from whom 
the viruses were first identified, John Cunningham 
virus (JCV) and BK virus (BKV). Both viruses 
cause unique clinical syndromes in immunocompro-
mised patients. JCV is associated primarily with a 
severe demyelinating neurologic syndrome called 
progressive multifocal leukoencephalopathy (PML). 
BKV is associated with hemorrhagic cystitis and 
allograft loss in patients who have renal transplants. 
While BK viremia and viruria may be identified in 
people with HIV, it is not clear that there are clinical 
consequences of the infection.

Epidemiology
While infections with JCV occur rarely in people 
with AIDS (mean CD4 at diagnosis 84–104 cells/
mm3) [96], clinical disease from BKV in HIV- 

positive patients occurs in the context of other 
conditions and/or treatments, e.g., renal trans-
plantation and hematopoietic stem cell transplan-
tation. Polymerase chain reaction (PCR)-based 
surveys of HIV patients reveal that 8–33% have 
been exposed to BK virus [97, 98] and 16–50% 
have evidence of JCV [99–101]. Prior to the 
availability of cART, 5–10% of AIDS patient 
developed PML.  The mode of transmission is 
unclear, but the tonsils, GI tract, and kidneys may 
be reservoirs of the virus [101].

Pathogenesis
PML results from cytolysis and demyelination 
associated with JCV replication within astrocytes 
and oligodendrocytes. With declining T-cell 
immunity, loss of immune control allows for 
reactivation of latent virus from tissue reservoirs 
particularly the kidneys [101]. Interestingly, it 
has been demonstrated that for patients with BK 
virus coinfection, antibodies against BKV capsid 
protect against the development of PML [102].

Clinical Presentation
JCV results in four distinct clinical syndromes. It 
can cause PML, a fulminant variant of encepha-
lopathy involving cortical pyramidal neurons 
[103], meningitis, and a granule cell neuronopathy 
which preferentially affects the cerebellum with 
clinical symptoms of ataxia, nystagmus, and 
tremor. Because PML can affect any area of the 
brain, typically with multisite involvement, symp-
toms differ widely between patients. In people 
with HIV, motor symptoms predominate over cog-
nitive and language deficits [101]. Common symp-
toms include weakness, gait changes, sensory 
symptoms, cognitive impairment, visual symp-
toms, headache, behavioral abnormalities, and sei-
zures. Fever is unusual and should prompt a search 
for a concurrent or an alternative diagnosis.

Diagnosis
Radiologically, PML presents as multifocal 
demyelination involving white matter of the brain 
with parieto-occipital and frontal lobes of the 
brain most commonly involved, and occasionally 
deep gray matter structures are involved [101]. 
Brain MRI is more sensitive than CT scans and 
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the lesions, which are frequently coalescent and 
measure up to a few centimeters and are hypoin-
tense on T1 and hyperintense on T2 and flair 
sequences. Occasionally PML lesions show gad-
olinium enhancement. There is typically no 
edema associated with PML lesions. Detection of 
JCV DNA by PCR in the CSF is 92% sensitive 
[104]. The use of PCR may prevent the need for 
tissue biopsy to confirm or differentiate the diag-
nosis of PML from other diseases like multiple 
sclerosis. If a biopsy is performed, however, a 
classic triad of “bizarre astrocytes,” demyelin-
ation, and enlarged oligodendroglial nuclei is 
pathognomonic of PML [96].

Treatment/Management
PML and other clinical syndromes associated 
with JCV represent an antiretroviral treatment 
emergency as immune reconstitution is the only 
means of controlling disease progression. 
Following initiation of cART, immune reconsti-
tution inflammatory syndrome (IRIS) may 
develop and can mimic disease progression. 
Treatments which have shown some promise for 
JCV virus-associated disease, but that have not 
been rigorously evaluated in clinical trials, 
include mirtazapine, cidofovir, mefloquine, and 
dimethyl fumarate [105].

Prognosis
Mortality in patients with PML ranges from 20% 
to 80%, and survivors typically suffer persistent 
neurologic deficits [106].

 Chronic Hepatitis B and C

Introduction
Hepatitis B and C contribute disproportionately 
to morbidity and mortality among people with 
HIV. These infections are particularly prevalent 
among HIV cohorts as they share similar routes 
of transmissions – sexual and vertical transmis-
sion as well as by exposure to blood or infected 
bodily fluids. Complications caused by these 
infections, including liver fibrosis with progres-
sion to cirrhosis and the development of hepato-
cellular carcinoma, may be accelerated in people 

with HIV. Because of this, liver-related mortality 
has surpassed AIDS and its complications as the 
leading cause of death in people with HIV [107]. 
Chronic viral hepatitis, however, is both prevent-
able and treatable (and curable for HCV).

Epidemiology
The prevalence of HCV infection among cohorts 
of people with HIV ranges from 2.4% to 82.4%, 
with most regions averaging around 30% coin-
fection rates [107, 108]. Hepatitis B virus infec-
tion is much less common with prevalence rates 
ranging from 6% to 20% with highest coinfection 
rates reported in Asia and Africa where vertical 
transmission is the most common mode of infec-
tion [109]. Risk factors for HBV infection include 
intravenous drug and cocaine use and low educa-
tional level. There are ten genotypes for hepatitis 
B and six main viral genotypes for hepatitis C 
that are distributed worldwide.

Pathogenesis
HIV-infected patients have lower rates of sponta-
neous clearance of HCV infection compared to 
uninfected counterparts, although increased 
clearance has been reported with initiation of 
ART [107, 110]. For those with chronic HCV and 
HBV infection, HIV infection accelerates pro-
gression to cirrhosis and hepatic decompensation 
presumably through multiple mechanisms 
including its effect on pro-fibrosis mediators, 
induction of hepatocyte apoptosis, and HIV- 
associated immune dysregulation [109]. Unlike 
patients with HCV, individuals with HBV may 
frequently develop hepatocellular carcinoma in 
the absence of liver cirrhosis [109].

Clinical Presentation
While symptoms with acute infection may occur 
in patients with HBV infection after an incuba-
tion period of 1–6  months, it is very rare in 
patients with HCV infection. In HBV, prodromal 
phases of symptoms including fever, anorexia, 
malaise, nausea, vomiting, abdominal pain, and 
jaundice are frequently reported symptoms. 
Jaundice, hepatomegaly, and splenomegaly may 
also be present. HBV flares may occur and 
resemble symptoms of acute infection. HBV has 
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been linked to polyarteritis nodosa (PAN). People 
with HCV are mostly asymptomatic, but pruritus, 
fatigue, arthralgia, paresthesia, myalgias, and 
sicca syndrome are potential extrahepatic mani-
festations. HCV has been linked to porphyria 
cutanea tarda and mixed cryoglobulinemia. 
Epidemiologically, HCV is associated with type 
2 diabetes. Fulminant acute hepatitis is rare for 
both HBV and HCV infections.

Diagnosis
A positive hepatitis B surface antigen (HBsAg) 
suggests the presence of replicating virus. 
Detection of IgM antibodies to hepatitis B core 
antigen suggests acute infection. Persistence of 
HBsAg for 6 months confirms the diagnosis of 
chronic infection. These tests examine the host 
response to HBV, while quantitation of serum 
HBV DNA is used to assess active viral infection. 
Hepatitis C infection is diagnosed based on the 
detection of antibodies to hepatitis C; however, 
the test does not discriminate between cleared, 
cured, and active infection. A reflex HCV RNA 
assay is recommended to determine the presence 
of the virus. Assessment of response to therapy 
for both chronic HBV and HCV infections is 
based on serial assessment of viral load 
detection.

Treatment/Management
The treatment of HCV has been revolutionized 
since the approval of the first ever direct-acting 
antiviral drugs (DAAs) in 2011. The DAAs pro-
vide shorter treatment durations, higher cure 
rates, and greater regimen tolerability than previ-
ous interferon- and ribavirin-based regimens. 
HCV-HIV coinfected patients should have prior-
ity for treatment given the synergy of both viral 
infections, which results in higher rates of liver- 
related morbidity. The currently approved treat-
ment regimens for HCV disease in HIV-infected 
patients are listed below (see Table 13.2). Reports 
of HBV flares in untreated HBV patients under-
going HCV therapy have prompted recommen-
dation that HBV screening be performed 
routinely in patients for whom HCV therapy is 
being considered [111].

The mainstay of HBV treatment is nucleoside 
analogues: tenofovir, emtricitabine, lamivudine, 
and entecavir [112]. While lamivudine mono-
therapy has been used for HBV treatment, its 
low barrier to resistance limits the therapeutic 
length of this medication. Compared with other 
nucleoside analogues, tenofovir has the advan-
tage of a high resistance barrier, retains activity 
against lamivudine resistant virus, and, like 
lamivudine and emtricitabine, has activity 
against HIV [113]. Oral adefovir and subcutane-
ously administered interferon monotherapy have 
largely been abandoned due to toxicity profiles 
and/or low resistance barrier. In general, patients 
with HIV and HBV coinfection should be treated 
for both concurrently given the availability of 
antiviral drugs with activity against both viruses. 
HBV viral load (DNA) measurements are useful 
for monitoring response to HBV treatment and 
also to assess for antiviral resistance for chroni-
cally treated patients. A viral load, however, is 
not predictive for a treatment endpoint and sus-
tained response once medications are discontin-
ued. For HBeAg- positive patients, treatment 
endpoints include loss and seroconversion of 
HBeAg, loss of HBsAg, and, the most elusive 
endpoint, development of hepatitis B surface 
antibody (HBsAb) [113]. The latter two treat-
ment endpoints also apply to HBeAb-negative 
patients.

Prognosis/Prevention
The liver-related complications of HBV and 
HCV can be prevented with early diagnosis 
and treatment. Recent studies have shown, 
however, that patients with cirrhosis may expe-
rience regression of their fibrosis (up to 50% of 
individuals); however, in spite of successful 
treatment, a minority of patients may still 
develop hepatocellular cancer (HCC). 
Extrahepatic manifestations can occur with 
both viral infections and contribute signifi-
cantly to morbidity and mortality including 
renal complications. Hepatitis B may be pre-
vented by vaccination. Unvaccinated persons 
who are exposed to HBV may be administered 
with hepatitis B immune globulin (HBIG) to 
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prevent infection. Antiviral agents and admin-
istration of HBIG post-delivery may be used to 
prevent vertical transmission of HBV infec-
tion. There is no vaccine against HCV.

 Human Papilloma Virus (HPV)

Introduction
As in the general population, HPV seropreva-
lence is high among HIV-infected individuals. 
There is a recognized interaction between HPV 
and HIV, as development of HPV-associated 
cancers occurs at a much higher frequency in 
people with HIV, particularly anal cancer 
among MSM and cervical cancer in women, 

the second most common cancer worldwide for 
that demographic. Routine screening for these 
cancers allows for early detection and improved 
patient outcomes.

Epidemiology
HPV is transmitted between individuals through 
skin-to-skin contact and via bodily fluids and is 
implicated in the pathogenesis of cervical, anal, 
penile, and certain head and neck cancers [114]. 
High-risk genotypes that predispose to these can-
cers include 16, 18, 31, 33, 35, 95, 45, 51, 52, 56, 
58, 59, 68, 73, and 82 [115]. The prevalence of 
these high-risk genotypes varies in population 
studies. In women with HIV, surveillance studies 
have shown that 33–64% harbor at least one high-

Table 13.2 Recommended initial HCV treatment regimens for HIV-infected patients by genotype and significant 
antiretroviral (ARV) drug interactions (American Association for the Study of Liver Diseases [AASLD] and endorsed 
by the Infectious Diseases Society of America [IDSA], October 2016)

Recommended treatment regimens Contraindicated ARVs
HCV 
genotypes 1a 
and 1b

Elbasvir/grazoprevir × 12 weeksa, b, c Cobicistat, efavirenz, etravirine, nevirapine, any 
protease inhibitor

Ledipasvir/sofosbuvir × 12 weeksb, c Tipranavir. Risk of increased tenofovir levels with 
boosted regimens (cobicistat or ritonavir)

Paritaprevir/ritonavir/ombitasvir/
dasabuvir × 12 weeksc, f

Darunavir, efavirenz, ritonavir boosted lopinavir and 
tipranavir, etravirine, nevirapine, cobicistat or 
rilpivirine

Simeprevir/sofosbuvir × 12 weeks Cobicistat, efavirenz, etravirine, nevirapine, any 
protease inhibitor, tipranavir

Sofosbuvir/velpatasvir × 12 weeksb, c Efavirenz, etravirine, nevirapine or tipranavir
Sofosbuvir/daclatasvir × 12 weeks Tipranavir

HCV 
genotype 2

Sofosbuvir/velpatasvir × 12 weeksd As above

HCV 
genotype 3

Sofosbuvir/velpatasvir × 12 weeksd As above
Sofosbuvir/daclatasvir × 12 weekse As above

HCV 
genotype 4

Paritaprevir/ritonavir/
ombitasvir + ribavirin × 12 weeksd, f

Darunavir, efavirenz, ritonavir boosted lopinavir and 
tipranavir, etravirine, nevirapine, cobicistat, 
rilpivirine, didanosine, stavudine, or zidovudine

Sofosbuvir/velpatasvir × 12 weeksd As above
Elbasvir/grazoprevir × 12 weeksd As above
Sofosbuvir/ ledipasvir × 12 weeksd As above

HCV 
genotypes 5 
and 6

Sofosbuvir/velpatasvir × 12 weeksd As above
Sofosbuvir/ledipasvir × 12 weeksd As above

aFor patients with no baseline resistance-associated variants (RAVs), 16 weeks of treatment is recommended when 
RAVs are present
bTreatment regimens may also be used for patients with genotype 1a with compensated liver cirrhosis
cTreatment regimens may also be used for patients with genotype 1b with compensated liver cirrhosis
dCan be used for patients with no liver cirrhosis and compensated liver cirrhosis
eShould be extended to 24 weeks for patients with compensated liver cirrhosis (with or without ribavirin)
fThis regimen containing ritonavir should only be used in patients on antiretroviral therapy
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risk genotype and up to 12% have more than one 
[116–118]. The prevalence may be higher in 
young women (<20 years), women with indica-
tors of high-risk sexual behavior (history of STDs 
and number of sexual partners), and women with 
HIV infection who have low CD4 counts and use 
oral contraceptives [115, 116, 119]. While higher 
sexual activity indices are associated with higher 
prevalence of HPV infection in men, it is not clear 
that circumcision is protective [120]. Anal HPV 
infection is associated with receptive anal inter-
course, and in MSM with HIV, prevalence rates 
may be up to 93%, with 73.5% having high-risk 
genotypes [121]. Unlike HIV, female-to-male 
transmission of HPV is thought to be higher than 
male-to-male transmission [122].

Pathogenesis
The HPV genome encodes 8 early and late genes 
which encode 6 early proteins and 2 late proteins. 
Much of their roles have been elucidated. For 
example, early proteins 6 and 7 (E6 and E7, respec-
tively) are both involved in cell-cycle entry and cell 
proliferation, as well as degrading the tumor sup-
pressors p53 and pRb, respectively [123]. When 
HPV infects epithelial cells, its genome is inte-
grated into the host cell where expression of its 
oncoproteins results in cellular transformation 
[123, 124]. High-risk HPV genotypes are able to 
drive proliferation of the cells typically in the basal 
layer of the epithelium, while low-risk HPV geno-
types do not appear to cause abnormal proliferation 
of the cells they infect [123].

Clinical Presentation
HPV disease is asymptomatic in most individu-
als. Certain HPV strains cause warts that may be 
present on the penis, scrotum, perineum, cervix, 
vagina, urethra, vulva, and anus. HPV lesions 
may appear as keratotic lesions (less common) or 
the typical cauliflower-like lesions which may be 
smooth, flat, or dome shaped [120]. Among peo-
ple with HIV, particularly people with AIDS, 
these lesions may grow very large in size creating 
unsightly and disfiguring lesions with resultant 
complications (e.g., urethral HPV causing out-
flow obstruction). HPV-associated cancers are 
the most severe manifestation [120].

Diagnosis
HPV disease (warts) may be diagnosed clinically 
based on the appearance of its characteristic skin 
lesions. Biopsies may be performed if they appear 
atypical and/or there is concern for a malignancy. 
Abnormal cervical or anal bleeding should 
prompt evaluation for cancerous lesions.

Treatment/Management
Topical imiquimod is effective for the treatment of 
anogenital warts with clearance rates of up to 29% 
after 16 weeks of application [121, 122]. Podofilox, 
sinecatechins, bichloracetic acid, and trichloroace-
tic acid are topical alternatives. Cryotherapy is 
also used with varying degrees of success; surgical 
removal may be indicated for complicated warts 
such as those causing penile meatal obstruction or 
that are refractory to medical therapy [122]. The 
treatment arsenal for HPV- associated malignan-
cies include surgery, radiotherapy, chemotherapy, 
and anti-angiogenic agents, and treatment modali-
ties are tailored to the type of cancer, stage, and 
patient characteristics [124].

Prognosis/Prevention
Regression of HPV disease does occur frequently 
after infection; one study found that 60% of women 
with HIV had regression of genital warts without 
treatment in the 1st year of their diagnosis and up to 
82% when followed further out (13 years) [121]. 
Cervical cancer screening should begin at age 21, 
with cervical cytology performed every 3  years. 
Women older than 30 should have cervical cytol-
ogy and HPV testing every 5  years or using the 
same strategy outlined for younger women up to 
age 65 [125]. Women with HIV should have three 
negative annual cervical cytology screens prior to 
initiating screenings every 3 years [125]. There is 
no data on the optimal screening strategy and fre-
quency for anal cancers in men in spite of the rec-
ognition that HPV disease constitutes a significant 
disease burden to men with HIV. Most clinics car-
ing for this patient population perform annual 
screening for MSM with referrals for high-resolu-
tion anoscopy with any abnormal cytology result.

Bivalent, quadrivalent, and nanovalent vac-
cines exist for the prevention of HPV disease and 
may be administered to children up to the age of 
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26. These vaccines all protect against the major 
genotypes that cause HPV-associated cancers 
(HPV 16 and 18) and decrease dysplasia [114, 
121]. Importantly, condoms do not offer com-
plete protection against HPV disease [120].

 Bacterial Infections in HIV Infections

Clinical Bacterial Syndromes
It was recognized early in the HIV epidemic that 
people with HIV were particularly vulnerable not 
just to opportunistic pathogens but that they also 
experience recurrent bacterial infections such as 
pneumonia, sinusitis, meningitis, skin and soft 
tissue infections, and other pyogenic processes. 
In recognition of this occurrence, the US CDC 
incorporated recurrent bacterial pneumonia in the 
list of AIDS-defining conditions. With some 
infections, such as enteritis caused by non- 
typhoidal salmonella, Shigella, and 
Campylobacter, secondary bloodstream infec-
tions may occur [126]. With the introduction and 
widespread use of effective cART as well as 
trimethoprim- sulfamethoxazole prophylaxis in 
patients with AIDS, the burden of bacterial infec-
tions in HIV-infected patients has decreased but 
remains above the risk for individuals without 
HIV.  Therefore, surveillance for specific bacte-
rial infections (e.g., screening for sexually trans-
mitted diseases and tuberculosis) and institution 
of preventative measures where possible are 
important parts of the management of someone 
living with HIV.

Spectrum of Infection
The spectrum of bacterial infections in HIV- 
infected patients includes common infections 
such as pneumonia, bloodstream and urinary 
tract infections, as well as skin and soft tissue 
infection which are typically the most frequent 
presentations but also includes bacterial infec-
tions that are sexually transmitted such as syph-
ilis, gonorrhea, and chlamydia [127, 128]. In 
addition to STDs, MSM can acquire proctocoli-
tis with bacteria including Shigella, non-
typhoidal salmonella and Clostridium difficile. 
People who inject drugs (a common comorbid-

ity among HIV- infected cohorts) may present 
with skin and soft tissue infections, vascular 
infection (septic thrombophlebitis), and bacte-
rial endocarditis.

Epidemiology
One study showed that bacterial infections are 
responsible for up to 15% of mortality among peo-
ple with HIV in an urban setting [129]. The common 
bacterial pathogens isolated in the bloodstream of 
patients who present with community- acquired 
infections vary by region, but the most commonly 
reported include Streptococcus pneumoniae, the 
Enterobacteriaceae, Staphylococcus aureus, and 
coagulase-negative staphylococci (usually associ-
ated with intravascular devices) [126].

Pathogenesis
In HIV infection, there is a paradoxical B-cell 
hyperactivation and hyporesponsiveness [130]. 
This is evidenced by diminished responses to 
vaccines which also reflects diminished T-cell 
function. Similarly, cells of the innate immune 
system including monocyte-macrophage, natu-
ral killer cells, and dendritic cells also show 
some dysfunction [131, 132]. Together, this 
immune dysregulation increases the suscepti-
bility of people with HIV to bacterial 
infections.

Clinical Presentation
The clinical presentation of bacterial infec-
tions depends on the type, but certain consider-
ations must be included for people with 
HIV. Patients with AIDS may have muted or no 
constitutional symptoms even when they have 
serious infections due to immunosuppression. 
Leukocytosis may not be present although high 
normal white blood cell counts, with neutro-
philia and/or bandemia, should raise concern 
for an infectious process. Similarly, the degree 
of cellular pleocytosis in bodily fluids may 
underrepresent the degree of inflammation in 
the compartment. Sweats may be a reasonable 
surrogate for fevers which patients may not 
always recognize or report, and high normal 
temperature should be taken seriously in the 
setting of immunosuppression.
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Diagnosis
Diagnostic tests should be performed targeting 
the suspected clinical syndrome as would typi-
cally be performed in an immunocompetent host. 
Inflammatory markers such as ESR may be chal-
lenging to interpret as baseline levels may be 
elevated in people with HIV compared to healthy 
controls [133]. On the other hand, discriminatory 
tests like procalcitonin, which can help distin-
guish bacterial from nonbacterial infectious pro-
cesses, perform well in this patient population 
[134, 135]. Every effort should be made to obtain 
relevant cultures or other diagnostic tests prefer-
ably before initiation of antibiotic therapy.

As with the clinical presentation, radiologic 
findings may be absent or lack prominence in 
patients with low CD4 counts such as a “normal- 
appearing” chest radiograph which may occur in 
a patient with pneumonia. Where clinical suspi-
cion is high, it is advisable to obtain more sensi-
tive imaging modalities such as a chest CT scan 
for a pulmonary process. Because of a typically 
broad differential diagnosis factoring in the host 
immunity, invasive diagnostic testing may be 
indicated so as to establish a timely diagnosis to 
guide appropriate management.

Treatment/Management
There are several key management principles, 
first of which is to maintain a high index of suspi-
cion for infection based on clinical symptoms, 
derangements in vital signs, and laboratory abnor-
malities. Secondly, it is paramount to obtain 
appropriate cultures prior to initiating antibiotics, 
including draining accessible abscesses if present. 
Thirdly, initiating appropriate and timely empiric 
antibiotics, triaging the patient to the appropriate 
level of care, and considering host factors when 
deciding on the duration of therapy for the infec-
tion are important management principles.

Prognosis and Prevention
Because of a higher risk of secondary blood 
stream infections and impaired host immune 
responses, and occasional late recognition of sep-
sis by providers due to subtle presentations, bac-
terial infections remain a significant cause of 
mortality among people with HIV, especially 

those with AIDS [136]. Endovascular and CNS 
infections typically carry a worse prognosis. 
Pneumococcal vaccination, oral care, and 
medication- assisted therapy or syringe exchange 
programs for people who inject drugs can signifi-
cantly prevent bacterial infections.

 Bartonella Infections (Bacillary 
Angiomatosis)

Introduction
There are many Bartonella species that cause vari-
ous diseases in humans, but bacillary angiomatosis 
in people with HIV is typically caused by Bartonella 
henselae and Bartonella quintana. Disseminated 
disease may occur, but the mortality is low.

Epidemiology
Bartonella infections have multiple modes of 
transmission including contact with infected ani-
mals or by arthropod vectors including cat fleas 
which are transmitted occasionally by a scratch 
by infested cat claws (B. henselae). Poor personal 
and environmental hygiene promotes the habitat 
of the human body louse, Pediculus humanus, the 
vector for B. quintana. As a result, homelessness 
and poor socioeconomic status are risk factors for 
infection [137]. Surprisingly, high rates of occult 
Bartonella bacteremia have been reported in peo-
ple with HIV, with one study reporting a preva-
lence of 10% based on PCR surveys suggesting 
that it is an underrecognized disease [138].

Pathogenesis
Following inoculation in to the blood, B. hense-
lae and B. quintana adhere to and penetrate into 
endothelial cells where they replicate ultimately 
resulting in the development of reactive vasopro-
liferative lesions.

Clinical Presentation
Fever, skin lesions resembling Kaposi sarcoma, 
and lymphadenopathy are the prominent symp-
toms of bacillary angiomatosis. The skin lesions 
may take the form of angiomatous nodules, pap-
ules, or plaques, which may be red, purple, or 
skin colored, of different sizes with smooth or 
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eroded surfaces [139–141]. Visceral disease 
involving the respiratory and GI tracts, brain, 
bone, and lymph nodes has been described, and 
symptoms referable to sites may be present. 
Disease caused by B. quintana tends to present 
with more neurologic features including cranial 
nerve deficits and seizures, while lymphadenopa-
thy predominates for B. henselae [137, 140]. 
Endocarditis may result from Bartonella infec-
tions (a leading cause of culture-negative endo-
carditis), but this has been rarely reported in 
individuals with HIV infection [142].

Diagnosis
While rare, the diagnosis of bacillary angiomatosis 
should be considered in a person with HIV with 
multiple vascular-appearing skin papules or nod-
ules. Serology is the mainstay of diagnosis with a 
rise in titers over time essentially confirming the 
diagnosis. Histopathology of affected organs 
(lymph node, liver, bone marrow) may reveal the 
organism with specialized staining (Warthin-
Starry) or by detection of the organism using PCR 
[137]. Bartonella species are Gram- negative bacte-
ria, and in patients with disseminated disease, 
blood cultures may be positive; however, the organ-
isms are fastidious and slow- growing, so they are 
not always recovered in cultures. PCR tests on 
blood may be more sensitive for bacteremia [143].

Treatment/Management
Doxycycline and erythromycin are the mainstay 
of treatment for bacillary angiomatosis, and a 
duration of 3 months is recommended [141, 144].

Prognosis/Prevention
With appropriate management, complete resolu-
tion of skin lesions occurs; however, relapses are 
common. There is no preventative vaccine.

 Mycobacterial Infections (TB 
and MAC)

Introduction
The cellular immune defects associated with HIV 
create particularly vulnerability for mycobacterial 
infections. In areas endemic for tuberculosis (TB), 

it contributes significantly to morbidity and is a 
leading cause of mortality. Mycobacterial infections 
are a frequent cause of immune reconstitution 
inflammatory syndrome (IRIS) . In non- endemic 
areas, Mycobacterium tuberculosis and 
Mycobacterium avium complex (MAC) are fre-
quent opportunistic infections, the latter being more 
common in patients with advanced HIV disease.

 Mycobacterium Tuberculosis (M.Tb)
Epidemiology
TB frequently coexists in people with HIV.  In 
certain endemic countries, up to 70% of all TB 
cases occur in people with HIV. Reactivation of 
latent tuberculosis is very high in people with 
HIV, occurring at an annual rate of 1 in 10. This 
rate approximates the lifetime risk in an immuno-
competent individual. Risk factors include male 
gender, low socioeconomic status, and poor liv-
ing conditions [145]. People who inject drugs are 
a subpopulation that is also disproportionally 
impacted. Concurrent immunosuppressive medi-
cations or conditions further increase the risk of 
tuberculosis infection or reactivation.

Pathogenesis
Diminished T-cell-mediated immunity underlies 
the predisposition to mycobacterial infections. 
While pulmonary tuberculosis can occur at any 
CD4 count, disseminated and extrapulmonary 
forms of the disease occur at lower CD4 counts. 
The macrophage dysfunction which occurs in 
people with HIV is believed to contribute to the 
inability to confine the organism to the site of 
infection, allowing dissemination.

Clinical Presentation
The presentation of TB in people with HIV is 
similar in most respects to that of immunocom-
petent hosts. A chronic syndrome of fevers, mal-
aise, night sweats, weight loss, and cough with 
or without hemoptysis should prompt a diagnos-
tic evaluation for pulmonary TB.  Of note, a 
cough of short duration (0–14 days) should not 
preclude a consideration of TB as studies have 
shown that cases may be detected in patients 
who report shorter cough periods [146]. In 
endemic areas, extrapulmonary disease occurs 
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more frequently in people with HIV than in the 
general population, and clinical manifestations 
are typically referent to the organ system 
involved. More importantly, the clinician must 
bear in mind that TB can affect almost any organ 
system and that a high index of suspicion is war-
ranted. Patients with unexplained pleural or 
pericardial effusions and ascites should have 
these serosal effusions sampled and tested for 
infectious etiologies including mycobacteria 
and for malignancy.

Diagnosis
Findings of chest radiography in people with HIV 
with pulmonary TB range from normal to grossly 
abnormal with focal or multilobar infiltrates, nod-
ular or cavitary lesions with intrathoracic adenopa-
thy, and pleural effusions being the most frequent 
disease patterns. A miliary pattern of pulmonary 
infiltrates suggests disseminated disease.

The diagnosis of TB typically requires isola-
tion of the organism from tissue specimens and to 
differentiate it from other mimicking conditions 
including other mycobacterial infections. Sputum 
collection for acid-fast bacilli (AFB) smears for 
the evaluation of pulmonary disease are best col-
lected in the morning for optimal yield, and mul-
tiple specimens may be sent to improve testing 
yield. “Sterile pyuria” in the setting of an epide-
miologic risk for TB should prompt an evaluation 
for genitourinary disease. For patients with dis-
seminated disease, bone marrow, lymph node, or 
liver biopsy specimens may be obtained for test-
ing. Improved diagnostics including the 
GeneXpert MTB-RIF test which allow for both 
rapid detection of TB and rifampicin resistance, 
as well as liquid culture techniques such as the 
Mycobacterium growth indicator tube (MGIT), 
have led to significant shortening of the labora-
tory time required to diagnose TB. Furthermore, 
these diagnostic tests can be utilized for non- 
pulmonary specimens for the diagnosis of extra-
pulmonary disease. Genotyping of smear-positive 
specimens, where available, may provide useful 
preliminary information on the isolate’s suscepti-
bility profile to first- and second-line medica-
tions. One important caveat patient with HIV and 
AFB smear-negative sputa can have culture- 

positive sputa and retain the potential to transmit 
TB to others. Where possible, all sputa should be 
held for culture to rule out this possibility.

The role of tuberculin skin tests and interferon 
gamma release assays in the diagnosis of active 
tuberculosis is limited as they do not differentiate 
latent from active disease. Furthermore, in people 
with HIV with severe CD4 depletion, or who are 
anergic from malnutrition or other causes, the 
tests may be falsely negative.

Treatment/Management
The treatment of TB depends on the site or sites of 
involvement and susceptibility profile of the tuber-
culosis isolate (see Table 13.3). CNS and osteoar-
ticular tuberculosis and  multidrug- resistant isolates 
require modification of the choice and duration of 
treatment. Adjunctive steroids may be used in 
patients with meningitis and pericarditis and those 
experiencing TB-IRIS.  Drug interactions compli-
cate the management of TB in people with HIV. The 
non- nucleoside reverse transcriptase inhibitor, efa-
virenz, and integrase inhibitors are the preferred 
base medications to be used in combination with 
rifampicin. Protease inhibitors are best avoided, and 
rifampicin increases their metabolism and results in 
subtherapeutic drug levels. Rifampicin may be sub-
stituted with rifabutin to further decrease the inter-
action potential [145]. Also overlapping side effects 
such as hepatotoxicity must be considered.

Following diagnosis, local health departments 
or other appropriate authorities should be notified 
of diagnosed cases to arrange for medication 

Table 13.3 Recommended treatment duration recom-
mendations for drug-susceptible pulmonary and extrapul-
monary tuberculosis (TB) (WHO guidelines 2010)

Form of tuberculosis

Recommended 
antitubercular drug 
treatment duration

Pulmonary and 
extrapulmonary 
tuberculosisa

6 months (2 months 
RHZE, 4 months RH)

Tuberculous meningitis 9–12 months (2 months 
RHZE, 7–10 months RH)

Bone and joint 
tuberculosis

9 months (2 months 
RHZE, 7 months RH)

E ethambutol, H isoniazid, R rifampicin, Z pyrazinamide
aExcept central nervous system and bone and joint 
tuberculosis
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supervision, often referred to as directly observed 
therapy (DOTs), and for contact tracing as 
applicable.

The timing of initiation of cART following a 
diagnosis of TB was explored in the SAPIT trial. 
The study showed a mortality benefit for patients 
with CD4 count <50 cell/mm3 who were initiated 
on cART within 2  weeks of TB diagnosis and 
treatment compared to a group for whom cART 
was deferred. There was more IRIS in the early 
cART initiators; therefore, deferred cART for at 
least 4  weeks following initiation of antimyco-
bacterial therapy may be advisable for those with 
CD4 count >50 cells/mm3 [147].

Infection control considerations are critical to 
reduce the spread of TB. Patients with suspected 
pulmonary TB should be immediately placed on 
airborne isolation to decrease risk of transmis-
sion to both healthcare workers and other hospi-
talized patients. Because patients with 
extrapulmonary disease frequently have pulmo-
nary foci, precautions should be extended to 
these patients until pulmonary disease is ruled 
out. Isolation precautions may be lifted with doc-
umented sputum conversion and after 1–2 weeks 
of treatment. One important caveat is that HIV- 
positive patients with AFB smear-negative sputa 
can have culture-positive sputa and retain the 
potential to transmit TB to others.

Prognosis
The patient’s prognosis depends on prompt rec-
ognition of the infection, type of organ involve-
ment, and institution of appropriate therapy 
with good adherence. Pleural and pericardial TB 
may result in long-term sequelae including 
trapped lung and constrictive pericarditis. 
Individuals with TB meningitis may have resid-
ual neurologic disability. Severe bony destruc-
tion by Pott’s disease may require surgical 
stabilization.

TB can be prevented by intensive case find-
ing (to address community-based transmission), 
isoniazid prevention therapy (for individuals 
with latent infection), and observance of infec-
tion control precautions. The BCG vaccine 
reduces the incidence of tuberculosis in infants 
and children.

 Mycobacterium Avium Complex (MAC)
Introduction
Mycobacterium avium complex is a ubiquitous 
organism that is a common cause of infection in 
people with AIDS, typically manifesting as dis-
seminated disease and is a frequent cause of IRIS.

Epidemiology
In the pre-cART era, the prevalence of MAC 
among AIDS patients was as high as 40% and is a 
marker of mortality [148]. Mycobacterium avium 
is the principal disease-causing species. The 
organism is acquired primarily by inhalation, but 
ingestion is also a significant means of infection. 
Risk factors for disease include CD4 count <50 
cells/mm3 and previous colonization with MAC.

Pathogenesis
As described for TB, diminished cellular immu-
nity, as well as impairment in macrophage func-
tion, is the immunologic basis for increased 
susceptibility to MAC infection in people with 
HIV. Certain primary immune deficiencies have 
been also implicated in increased susceptibility 
to mycobacterial infections [149].

Clinical Presentation
With cART, isolated organ involvement has been 
reported including isolated pulmonary disease 
and may reflect the impact of cART on host 
immunologic status [150]. The clinical presenta-
tion of disseminated MAC (dMAC) is nonspe-
cific; however, in patients with advanced HIV 
infection (e.g., CD4 <50/mm3), constitutional 
symptoms of weight loss, fatigue, intermittent 
fevers, night sweats, as well as organ-centered 
symptoms, such as diarrhea, lymphadenitis, and/
or abdominal pain, should prompt the clinician to 
include a workup for MAC. Hepatosplenomegaly 
and lymphadenopathy may also be present.

Diagnosis
The diagnosis of MAC can be made by isolating 
the organism in blood (by culture) or by a biopsy of 
affected tissue including the bone marrow and/or 
liver in disseminated disease. While blood culture 
has reasonable sensitivity, the results do not return 
quickly enough, typically taking 2–4  weeks to 
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grow in culture. If there is pulmonary involvement, 
multiple sputa may be sent for AFB smear and cul-
ture but interpreted with caution as MAC is an 
occasional contaminant of respiratory specimens. 
When AFB are identified in clinical specimens, 
rapid PCR tests may detect MAC shortening the 
time-specific species identification, which, in the 
past, had to be identified only after growth in cul-
ture. Certain laboratory abnormalities such as cyto-
penias (suggesting bone marrow involvement) and 
elevated liver transaminase or alkaline phosphatase 
(suggesting liver involvement) in the context of a 
compatible syndrome favor MAC as the etiology.

Treatment/Management
The anchor for the treatment of MAC is the mac-
rolides: clarithromycin or azithromycin. These 
have excellent penetration into the intracellular 
compartment which makes them ideal for treating 
MAC, an intracellular pathogen. Combination 
therapy is the norm for the dual benefit of syner-
gistic bactericidal activity and to prevent the emer-
gence of drug resistance. Clarithromycin appears 
to be superior to azithromycin with regard to 
microbiologic clearance of the organism. Rifabutin 
and ethambutol are typically used in addition to a 
macrolide offering the advantage in clinical trials 
of improving clinical cure rates with less relapse. 
Aminoglycosides can be added for severe disease 
although long-term use carries the risk of renal and 
hearing complications. As with the treatment of 
TB, the use of rifabutin and clarithromycin raises 
risk of drug-drug interactions including with 
cART. Treatment for dMAC should be continued 
for at least 1 year and/or for 3–6 months after CD4 
stays above 100 cells/mm3, whichever is longer.

Prognosis
To the extent that MAC in patients with AIDS 
reflects severely impaired immune status, it has 
been shown in multiple studies to correlate with 
an increased risk of mortality. Prevention may 
take the form of primary prophylaxis with inter-
mittent azithromycin for HIV patients at risk for 
dMAC. For individuals with a past episode, sec-
ondary prophylaxis with azithromycin or clar-
ithromycin should be given until sufficient 
immune recovery (>100 cells/mm3).

 Parasitic Infection

 Toxoplasmosis

Introduction
Toxoplasmosis is a common protozoal infection that 
afflicts people with AIDS who have more advanced 
HIV infection (i.e., CD4 <50  cells/mm3), typically 
occurring as reactivation of prior infection in the set-
ting of being severely immunocompromised.

Epidemiology
Toxoplasma gondii, an obligate intracellular proto-
zoan and the causative organism of toxoplasmosis, 
is acquired via ingestion of raw/undercooked meats 
or contact with cats and their feces containing 
oocysts. Vertical transmission of tachyzoites can 
occur and is the only form of person-to-person 
transmission known to occur. The incubation period 
is 10–23  days. Seroprevalence rates of 10–90% 
have been reported, with higher rates observed in 
certain European and developing countries [151].

Pathogenesis
When Toxoplasma cysts or oocysts are ingested, 
bradyzoites or sporozoites are released, respectively, 
and penetrate the lining of the gastrointestinal tract 
where they are transported via lymphatics and are 
subsequently disseminated through the bloodstream. 
At the tissue level, the organism proliferates, produc-
ing necrotic foci. In severely immunodeficient indi-
viduals, this process can progress without disruption, 
leading to clinically overt disease.

Clinical Presentation
In people with AIDS, the most common presenta-
tion of toxoplasmosis is cerebral disease which typi-
cally manifests as multiple ring-enhancing lesions 
on CT scan and MRI brain imaging [152]. Seizures, 
fevers, altered mentation, and focal neurologic defi-
cits are frequent findings. Rarely, dissemination may 
occur with rash. Ocular, cardiac, and pulmonary dis-
ease can occur but are also uncommon.

Diagnosis
Exposure to Toxoplasma gondii can be deter-
mined by the detection of IgG antibodies; how-
ever, the test does not distinguish active infection 
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from past exposure. A negative IgG test makes 
toxoplasmosis unlikely. Toxoplasma PCR may be 
assessed in various body fluids or tissue speci-
mens but has suboptimal sensitivity. Biopsies 
may be attempted on involved organs to enable 
detection of the organism; however, for the brain, 
risks may outweigh benefits. As such, a therapeu-
tic trial of agents known to be active against the 
protozoan may first be attempted, and, if there is 
no improvement in 1–2 weeks, invasive diagnos-
tic testing will then be justified. This usually 
results in the diagnosis of an alternate etiology of 
the brain lesion.

Treatment/Management
The standard of care for toxoplasmosis is combi-
nation treatment with pyrimethamine with leu-
covorin and sulfadiazine. High-dose 
trimethoprim-sulfamethoxazole is an alternative. 
A combination of pyrimethamine and leucovorin 
with clindamycin or atovaquone is appropriate 
for patients with allergies to sulfa-containing 
medications. Steroids may be used for severe 
brain swelling with mass effect. A 6-week treat-
ment course is recommended followed by sec-
ondary prophylaxis in people with HIV until the 
CD4 count remains above 200 cells/mm3 for 
3–6  months. Antiepileptic medications may be 
required if the patient presents with seizures.

Prognosis
With prompt and appropriate treatment, toxo-
plasmosis usually responds to appropriate ther-
apy; however, neurologic deficits may persist.

 Fungal Infections

General Introduction
Certain fungal infections are particularly com-
mon in people with HIV: these include cutaneous 
infections, Pneumocystis jirovecii pneumonia, 
endemic mycoses, cryptococcal disease, and 
mucocutaneous candidiasis. Filamentous fungal 
infections such as aspergillosis and mucormyco-
ses are less common, for unclear reasons, unless 
related to other immunocompromising condi-
tions such as receipt of cancer chemotherapy, 

posttransplant, steroid use, or poorly controlled 
diabetes mellitus. This section will discuss com-
mon fungal infections in people living with HIV.

 Oropharyngeal Candidiasis

Introduction
Candidiasis is the most frequent opportunistic 
fungal infection observed in people with 
HIV.  Oral candidiasis is a reliable marker of 
severe immune deficiency and heralds the sus-
ceptibility to other opportunistic infections if the 
individual remains untreated. Esophageal candi-
diasis and candidiasis of the upper airway tract 
are designated as AIDS-defining conditions.

Epidemiology
Colonization with Candida occurs in up to 65% of 
adults [153]. There are no differences in coloniza-
tion rates between people with and without 
HIV.  Risk factors for clinical disease include 
smoking, dentures, use of inhaled or systemic ste-
roids or other immunosuppressant medications, 
xerostomia, and exposure to broad spectrum anti-
biotics [153]. The most common species causing 
disease in people with HIV is Candida albicans. 
Other species that cause disease include C. gla-
brata and C. krusei, which may be the predomi-
nant species in patients receiving fluconazole. C. 
glabrata is variably fluconazole-sensitive, while 
C. krusei is fluconazole-resistant. Invasive visceral 
candidiasis and bloodstream infections may occur 
in people with HIV with other comorbidities, such 
as cancer chemotherapy-associated mucositis and 
neutropenia and indwelling vascular devices.

Pathogenesis
Candida species are common commensals of 
the human gastrointestinal tract. Candida spe-
cies possess enzymes known as secreted aspar-
tyl proteases (SAPs), which facilitate adherence 
and damage to epithelial surfaces [154]. These 
SAPs degrade host epithelial cell-mediated anti-
candidal immune responses which play a role in 
suppressing the development of clinical disease. 
On the other hand, protease inhibitors used in 
the treatment of HIV may impede adherence 
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mechanisms of Candida as HIV protease has 
homology with Candida SAPs [153, 154]. CD4 
cells, through expression of TH-17 cytokines, 
also participate in the defense against Candida 
infection [154].

Clinical Presentation
Oropharyngeal candidiasis in HIV patients mani-
fests as three forms: (1) white dense plaques, 
semi-adherent to the buccal mucosa, palate, gin-
givae, tongue, or throat, (2) erythematous patches 
at the same sites, and (3) hyperplastic firmly 
adherent plaques on the buccal mucosa, palate, 
and tongue that may mimic oral hairy leukopla-
kia [153]. Dysphagia in the setting of oral candi-
diasis usually implies esophageal involvement. 
Odynophagia is unusual and should raise concern 
for ulcerative disease, most frequently caused by 
HSV or CMV.  Severe disease can impair taste 
sensation and, in patients with dysphagia, impair 
nutrition and the ability to take oral medications.

Diagnosis
The diagnosis can be made by its characteristic 
clinical appearance and confirmed by resolution 
with antifungal therapy. Oral swabs for fungal 
stains and culture are indicated in patients who do 
not respond to treatment and may reveal species 
that are resistant to the chosen therapy, for exam-
ple, Candida krusei in patient who is treated with 
fluconazole. Esophageal candidiasis is easily visu-
alized and identified by upper endoscopy; how-
ever, the invasive test is not warranted in all cases.

Treatment/Management
Spontaneous resolution of candidiasis is uncom-
mon in adults with HIV, and treatment is generally 
indicated. Topical therapies with clotrimazole or 
nystatin are effective treatments. Gentian violet has 
been shown to be a lower-cost and equally effective 
alternative to oral nystatin for the treatment of oro-
pharyngeal candidiasis [155]. Oral azoles allow for 
systemic treatment with higher efficacy than 
nystatin [156]. Azole-resistant Candida species, 
however, will require treatment with an intravenous 
echinocandin or an amphotericin B formulation. 
Treatment duration of 14 days is recommended and 
relapses are common.

Prognosis/Prevention
Candidiasis responds quickly to antifungal drugs 
and typically resolves within a week. Candida 
vaccines are in early phase development [157].

 Pneumocystis jirovecii Pneumonia 
(PJP)

Introduction
Pneumocystis jirovecii pneumonia (PJP) was 
one of the opportunistic infections that drew 
attention to the AIDS epidemic. It remains one 
of the most common opportunistic infections, 
irrespective of setting, reflecting the global dis-
tribution of the causative organism. An improved 
understanding of the natural history and patho-
genesis of disease caused by the organism has 
led to advancements in its management, which 
has translated into improved treatment out-
comes for patients.

Epidemiology
Pneumocystis jirovecii (formerly P. carinii) is 
acquired via inhalation. The organism has a pre-
dilection for the lungs where the trophic form 
predominates over the cystic stage of the fungus. 
Colonization without clinical disease is well 
described, and human-to-human transmission 
can occur [158]. Before cART, up to 80% of peo-
ple with AIDS developed disease associated with 
the organism. Since cART and widespread use of 
antimicrobial prophylaxis, the incidence has dra-
matically declined.

Pathogenesis
Alveolar macrophages are thought to be the 
primary host defense against Pneumocystis 
[159]. Immunoglobulins (IgG) and other opso-
nins are also involved with the macrocytic 
phagocytosis of invading organisms. CD4 
T-cells produce cytokines in response to 
Pneumocystis, which facilitate recruitment of 
neutrophils and macrophages to the lung but 
also mediate tissue damage [159]. Thereby, 
tissue damage occurs from the immune 
response to the organism rather than the organ-
ism itself.
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Clinical Presentation
Patients with PJP typically report a subacute syn-
drome of dyspnea that is worse on exertion, dry 
cough, low-grade fever, and malaise. While 
tachypnea and exertional hypoxia are common, 
cyanosis is rare. Lung exam may be normal or 
demonstrate diffuse dry crackles. There is usu-
ally no wheezing. Extrapulmonary pneumocyto-
sis (liver, spleen, brain, retina, or kidney) is rare.

Diagnosis
The typical radiographic appearance of PJP is 
that of bilateral ground-glass opacities more eas-
ily identified on a high-resolution chest CT than 
X-ray. In patients who received inhaled pentami-
dine for prophylaxis, upper lobe disease alone 
may occur. Focal consolidation, pleural effu-
sions, or intrathoracic adenopathy is unusual and 
should prompt search for an alternate primary or 
concurrent etiology. Granulomatous disease 
manifesting as nodular opacities on chest imag-
ing has also been reported in a minority of 
patients with PJP [160]. The definitive diagnosis 
of PJP requires visualization of the teacup-shaped 
fungal forms in respiratory secretions including 
induced sputum or bronchoalveolar lavage, the 
latter specimen being more sensitive. While 
transbronchial biopsies are very helpful from a 
diagnostic standpoint, the risk of pneumothorax 
is high and may not justify the invasive proce-
dure. A surrogate marker of the fungus, 1 → 3 
beta- D- glucan, may be useful where bronchos-
copy is not available and has a sensitivity of 92% 
and a specificity of 65% [161, 162]. The low 
specificity, however, reflects the cross-reaction 
with other fungi such as Candida, Aspergillus, 
and Histoplasma which is a significant limita-
tion. Although frequently used historically, the 
utility of an elevated LDH as a screening test to 
assess the likelihood of PJP is problematic as it 
has suboptimal sensitivity and specificity [163].

Treatment/Management
Trimethoprim/sulfamethoxazole (15–20/75–
100  mg/kg/day) [Bactrim] is the mainstay of 
therapy. This may be given orally in mild to mod-
erate disease, while IV is used for severe disease. 
Individuals unable to tolerate Bactrim can take 

atovaquone for mild to moderate disease. In 
severe disease, IV pentamidine or IV clindamy-
cin + primaquine are reasonable options, although 
with significant toxicities. A 21-day treatment 
duration is recommended and is usually success-
ful for the vast majority of patients. For individu-
als with a paO2 <70  mmHg or A-a gradient 
>35  mmHg, the use of a tapering course of 
adjunctive steroids confers a mortality benefit 
and decreases the probability of requiring 
mechanical ventilator support. After treatment is 
completed, people with HIV should be placed on 
prophylaxis until the CD4 count recovers to 
above 200 cell/mm3 for at least 3 months.

Prognosis
The mortality rate from PJP is about 10–20% in 
people with HIV [159].

 Histoplasmosis

Introduction
Histoplasmosis is a significant cause of morbid-
ity and mortality among people with HIV, espe-
cially individuals living in areas endemic to the 
fungus. Its presentation may mimic mycobacte-
rial disease and limited diagnostics, especially in 
resource-limited settings, and may lead to 
delayed recognition of the disease. A synopsis of 
the epidemiology, clinical presentation, manage-
ment, and prevention is presented below.

Epidemiology
The causative organism of histoplasmosis, 
Histoplasma capsulatum, has a worldwide distri-
bution and may be isolated in soil, bird, and bat 
droppings [164]. Three varieties of the fungus 
have been described with regional differences in 
distribution: H. capsulatum var. duboisii being 
found in Africa (African histoplasmosis), H. cap-
sulatum var. capsulatum in the Americas, and H. 
capsulatum var. farciminosum, which causes dis-
ease in animals in Africa and the Middle East 
[164]. African histoplasmosis is reported to occur 
very rarely in people with HIV [165]. In the 
United States, the Ohio and Mississippi valley 
regions are endemic for histoplasmosis. Two to 
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25% of people with HIV living in endemic areas 
develop clinical disease [164]. Exposure to birds 
including chickens and low baseline CD4 counts 
(<150 cells/mm3) have been identified as risk fac-
tors for the disease [166].

Pathogenesis
Histoplasma, a dimorphic fungus, exists in its 
yeast form at body temperature and as a mold at 
cooler temperatures. Humans become infected 
through inhalation of its micronidia or hyphal 
forms, and in the lungs, the organism is ingested 
by phagocytic cells of the innate immune system 
(macrophages, neutrophils, and dendritic cells), 
which also facilitate its dissemination to medias-
tinal and hilar lymph nodes and organs of the 
reticuloendothelial system [164]. When cell 
mediated immunity is depressed, clinical disease 
is more likely; otherwise, a latent, asymptomatic 
infection typically results following exposure.

Clinical Presentation
In people with HIV, clinical disease may result 
from acute infection or reactivation of latent foci. 
Clinical syndromes of histoplasmosis include 
acute and chronic pulmonary infection. 
Disseminated disease is the most common pre-
sentation in people living with AIDS. Less com-
mon presentations include pericardial, cutaneous, 
gastrointestinal, ocular, musculoskeletal, central 
nervous system, and rheumatologic disease 
[167]. Disseminated histoplasmosis may involve 
any organ.

Patients with histoplasmosis typically present 
with nonspecific chronic symptoms of fatigue, 
fever, headache, and weight loss. Those with pul-
monary disease may report cough and dyspnea 
and may be found to be hypoxic. Individuals with 
esophageal disease may report dysphagia or ody-
nophagia, and diarrhea may be a marker of bowel 
involvement. Examination may reveal hepatic or 
splenic enlargement, peripheral lymphadenopa-
thy, and a skin rash particularly in patients with 
disseminated infection [164]. Patients with CNS 
disease may present with neurologic symptoms 
including deficits attributable to a space- 
occupying lesion (histoplasmoma).

Diagnosis
Patients with pulmonary disease may have a 
myriad of findings: diffuse interstitial infiltrates 
and miliary and cavitary lung disease associ-
ated with mediastinal or hilar adenopathy. The 
presence of calcified granulomata may signify 
past exposure. An elevated LDH level is fre-
quently observed, and pancytopenia suggests 
bone marrow involvement. Histoplasma anti-
gen detection tests are a useful diagnostic 
marker with variable sensitivity (42–100%), 
depending on the test and specimen used. 
Serum and urine antigen testing is a very useful 
test for detection of systemic histoplasmosis. 
The test cross-reacts with other fungal infec-
tions such as blastomycosis, coccidioidomyco-
sis, and aspergillosis [168]. Blood cultures may 
be useful in patients with disseminated disease. 
Fungal stains and cultures should be performed 
on all tissue specimens with bone marrow spec-
imens offering the highest yield, but cultures 
may take up to 6 weeks to yield positive results. 
PCR tests are a helpful adjunct test that may be 
performed on tissue specimens with the advan-
tage of more rapid diagnosis, though sensitivity 
remains suboptimal [168]. Seroconversion fol-
lowing exposure to Histoplasma capsulatum 
typically occurs 4  weeks following exposure. 
Antibodies do not distinguish latent from active 
infection, though a negative test makes chronic 
infection less likely. In addition, antibody test-
ing has a limitation of lower sensitivity in peo-
ple with HIV (90%) [167].

Treatment/Management
For patients with severe or disseminated histo-
plasmosis, intravenous liposomal amphotericin B 
as induction therapy for at least 2  weeks (or 
4–6  weeks for patients with CNS disease) fol-
lowed by oral itraconazole for 1 year is the rec-
ommended treatment [169]. As there are 
significant drug interactions between itracon-
azole and antiretroviral drugs including efavirenz 
and protease inhibitors, adjustments may have to 
be made to HIV therapy. Fluconazole is less 
effective than itraconazole for the treatment of 
histoplasmosis [164].
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Prognosis/Prevention
Severe fatal forms of histoplasmosis have been 
described that present as severe sepsis with multi- 
organ failure and may occur in 10–20% of people 
with HIV with mortality rates as high as 70% 
[164]. People with HIV living in endemic areas 
should be considered for itraconazole prophy-
laxis (200 mg/day) when CD4 counts fall below 
150 cell/mm3. Secondary prophylaxis should be 
continued until CD4 counts >150 cells/mm3 for 
6 months on cART and after they have received at 
least 12 months of antifungal therapy with nega-
tive fungal blood cultures and with a serum 
Histoplasma antigen <2 ng/mL [169].

 Cryptococcal Infection

Introduction
Central nervous system (CNS) disease associated 
with cryptococcal infection is a major cause of 
morbidity in people with HIV/AIDS with a sig-
nificant mortality rate in spite of optimal man-
agement. As with other opportunistic infections, 
the availability of cART has led to decreased 
incidence of this serious condition.

Epidemiology
Cryptococcal disease in HIV-infected patients is 
primarily caused by two species of Cryptococcus, 
Cryptococcus neoformans and Cryptococcus 
gattii. The latter organism has a predilection for 
forming cryptococcomas in the CNS, causing 
disease in immunocompetent individuals, and 
some strains have a high fluconazole minimum 
inhibitory concentration [170]. C. neoformans is 
globally distributed, although with significant 
variation in the prevalence of species and molec-
ular types. The yeast has been isolated from tree 
hollows, soil, and bird droppings [170, 171]. The 
prevalence of cryptococcal infection among peo-
ple with HIV ranges from 5% to 8% in devel-
oped countries but is higher in developing 
countries. The portal of entry is likely inhalation 
of yeasts. In people with HIV, the most common 
presentation of cryptococcal infection is menin-
gitis; however, pulmonary, lymph node, and 

musculoskeletal can occur. Skin disease is often 
a marker of dissemination [171]. The incubation 
period is not well defined and ranges from 1 to 
110 months [170].

Pathogenesis
Following inhalation, cryptococcal organisms 
invade lung tissue and subsequently disseminate 
through the blood stream. The polysaccharide 
capsule of the yeast enables it to evade or suppress 
host immune responses, and enzymes like urease 
promote its ability to penetrate human tissue. 
Defective neutrophil, natural killer (NK), den-
dritic cell, and monocyte-macrophage function 
have been shown, primarily in animal models, to 
be associated with susceptibility to cryptococcal 
disease [172–175]. In humans, impaired cellular 
immunity is the major risk factor for C. neofor-
mans meningitis. In cryptococcal meningitis, the 
organism can obstruct CSF drainage through the 
arachnoid granulations, commonly leading to 
hydrocephalus which is a life-threatening compli-
cation of the disease [176].

Clinical Presentation
Generalized and nonspecific symptoms of crypto-
coccal disease include fevers with chills and/or 
sweats and weight loss. Individuals with CNS dis-
ease may have a headache as their solitary symp-
tom, nuchal rigidity, photophobia, and other 
classical signs of meningismus are frequently 
absent. Abnormal mentation, blurring of vision, 
focal neurologic deficits with cranial nerve VI 
involvement being the most common, and seizures 
may occur especially if there are concurrent brain 
space-occupying lesions (cryptococcomas). 
Cognitive impairment, gait ataxia, urinary inconti-
nence, and/or vomiting should raise concerns for 
raised intracranial pressure associated with CNS 
disease [177]. Cryptococcal pneumonia typically 
manifests with cough with or without hemoptysis, 
dyspnea, and pleuritic chest pain. Skin lesions of 
Cryptococcus may be nodular or exhibit the char-
acteristic central umbilication resembling 
Molluscum contagiosum lesions; however, crypto-
coccal lesions are typically larger. Biopsies are 
required to establish the diagnosis.
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Diagnosis
In patients with cryptococcal meningitis, head 
imaging may reveal ventriculitis with or without 
ventricular dilatation, and focal nodules or cystic 
lesions may be demonstrated [171]. CSF analysis 
typically reveals a lymphocytic predominance of 
white blood cells, with high protein and low glu-
cose. Characteristically, opening pressures are 
elevated in patients with cryptococcal meningitis. 
Organisms may be rapidly identified by the use 
of India ink stain (sensitivity of 70–90%). 
Otherwise cultures of CSF or other specimens 
(e.g., blood or tissue) are very sensitive and typi-
cally yield growth of the organism within 
2–5 days. Cryptococcus will grow on most stan-
dard blood culture media and fungal media 
including Sabouraud Dextrose Agar. Cryptococcal 
antigen tests have the advantage of rapid diagno-
sis with a titer of >1:4 having >90% sensitivity 
for detection of disease [177]. Chest imaging 
may reveal focal infiltrates, nodules, and/or cavi-
tary disease. Large lesions mimicking malig-
nancy may occur. Biopsies of the skin, lymph 
node, bone marrow, lungs, and brain or other tis-
sue specimens, when performed, allow for direct 
visualization of the organisms in tissue with spe-
cialized stains.

Treatment/Management
Treatment of CNS cryptococcosis occurs in three 
phases: induction, consolidation, and mainte-
nance. There is robust evidence showing that 
induction treatment with amphotericin B and flu-
cytosine confers a morbidity and mortality benefit 
[178]. Liposomal amphotericin offers the advan-
tage of better CNS penetration and less nephro-
toxicity than conventional amphotericin B.  In 
areas where flucytosine is unavailable, flucon-
azole may be used as a substitute in combination 
with amphotericin, but studies have shown lack of 
a mortality benefit compared to amphotericin 
alone [178]. Induction phase of treatment should 
be for 2 weeks or until CSF cultures are negative, 
whichever comes last. In patients with cryptococ-
comas, prolonged induction phases up to 6 weeks 
are recommended by the Infectious Diseases 
Society of America (IDSA) [179]. Consolidation 
phase consists of fluconazole 400–800 mg once 

daily for an 8-week period and then maintenance 
therapy (or secondary prophylaxis) with flucon-
azole 200  mg once daily until CD4 counts are 
above 100 cells/mm3 for >3 months. The use of 
adjunctive steroids has not been shown to impact 
mortality and leads to higher adverse effects and 
disability in patients with AIDS- associated cryp-
tococcal meningitis [180]. Recent clinical trials 
have shown that sertraline may be a reasonable 
substitute for fluconazole for the treatment of 
cryptococcal meningitis [181, 182].

An important component of managing crypto-
coccal meningitis is the monitoring of electro-
lytes. Amphotericin B causes electrolyte wasting, 
and hypokalemia and hypomagnesemia are seri-
ous risks during treatment, as well as acute kid-
ney injury, and significant renal impairment can 
increase flucytosine levels, leading to marrow 
and gastrointestinal toxicity. Also, ongoing moni-
toring of intracranial pressure is critical with 
changes in clinical status such as worsening 
headache, vomiting, and new or evolving neuro-
logic deficits. Spinal taps may be required daily 
until pressure normalizes. In a minority of 
patients, an external ventricular drain or a ven-
triculoperitoneal shunt may be placed to provide 
relief of spinal fluid pressure. Patients with sei-
zures in the setting of CNS lesions require 
antiepileptics.

Another important consideration in patients 
with cryptococcal meningitis is the timing of 
antiretroviral therapy for patients who are cART 
naïve. Studies show higher mortality in patients 
who receive cART within 2 weeks of the diagno-
sis and treatment compared to deferred therapy 
(after 4–5  weeks) [183]. Initiation of cART at 
four or more weeks into treatment of cryptococ-
cal meningitis is recommended.

In isolated pulmonary, lymph node, or skin 
disease, fluconazole alone may be an adequate 
treatment.

Prognosis
Mortality from cryptococcal meningitis ranges 
from 5.5% to 25% with survivors also experienc-
ing residual neurologic and intellectual disability. 
Outcomes are worse in resource-limited settings. 
Predictors of mortality include a low CSF WBC 
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count (<20 cells per high-power field), altered 
mental status, high fungal burden, and older age 
(>50 years), and slow rate of clearance of CSF 
infection have been associated with increased 
mortality [184]. The development of immune 
reconstitution inflammatory syndrome (IRIS)  
with introduction of cART may mimic disease 
progression or relapse and can pose a great chal-
lenge to the clinician to differentiate them. IRIS 
can lead to increased morbidity and mortality.

The best way to prevent cryptococcal menin-
gitis is the maintenance of a robust CD4 count 
with cART. Studies do support the use of flucon-
azole prophylaxis for patients with asymptomatic 
cryptococcal antigenemia for the prevention of 
end-organ disease [185].

 Immune Reconstitution 
Inflammatory Syndrome (IRIS)

HIV-infected patients initiated on cART and who 
achieve viral suppression typically experience 
improvements in immune responses demon-
strated by a rise in CD4 counts. This phenome-
non may result in inflammatory responses to an 
existing opportunistic pathogen manifesting as a 
new manifestation of a previously undiagnosed 
subclinical infection (unmasking IRIS) or wors-
ening of an already diagnosed infection (para-
doxical IRIS) typically occurring 3–6  months 
following initiation of cART [186]. However, 
shorter periods of occurrence of IRIS of under a 
week or longer period of months to years have 
been reported. Patients on the integrase strand 
transfer inhibitor class of antiretrovirals, which 
cause steep virologic decay, experience dispro-
portionately higher rates of IRIS compared to 
other classes of antiretrovirals [186]. Other risk 
factors for IRIS include a low CD4 count and 
high HIV viral load at treatment initiation [187].

The presentation of IRIS is nonspecific but is 
attributable to an inflammatory response to the 
infecting pathogen, and symptoms or signs are 
manifest at sites where the organism is present. 
For example, a patient with Pneumocystis jirove-
cii pneumonia may develop adult respiratory dis-
tress syndrome with worsening hypoxia, or a 

patient with cerebral toxoplasmosis may have 
worsening brain edema around a focal brain 
lesion and/or manifest new (previously unde-
tected) lesions on imaging with worsening neuro-
logic signs. For patients with CNS OIs, 
development of IRIS may be catastrophic and 
lead to mortality.

While IRIS is a clinical diagnosis, a thorough 
diagnostic evaluation targeted at the patient’s 
signs and symptoms is prudent and may include a 
thorough physical exam (such as eye exams for 
CMV retinitis); blood tests including cultures for 
bacteria, acid-fast bacilli, and fungi; cerebrospi-
nal fluid examination; imaging; and tissue biop-
sies. As IRIS may mimic disease progression, 
consideration should be given to possible resis-
tance of the pathogen to the therapy administered 
prior to the event.

As a rule, the management of IRIS should not 
include discontinuation of antiretroviral except in 
very extreme cases that are life-threatening. Anti- 
inflammatory medications such as aspirin and 
nonsteroidal anti-inflammatory drugs may be 
used to provide symptom relief. The use of ste-
roids should be done very judiciously as it may 
cause more harm than benefit except for well- 
defined syndromes such as TB-IRIS where it has 
been shown to decrease length of hospitalization 
and improve patients’ quality of life [188].

Due to concerns for paradoxical IRIS, delay-
ing initiation of cART for no more than a 2-week 
period from the initiation of treatment of most 
OIs may prevent its occurrence, but delayed 
cART initiation beyond the 2-week timeframe 
may also result in adverse consequences [189]. 
One OI for which this recommendation does not 
apply is cryptococcal meningitis where early 
cART initiation (<4 weeks) may lead to increased 
mortality [183].

 Future Directions

For the HIV-infected patient, improving rates of 
early diagnosis as well as access to and utiliza-
tion of effective cART is the most important fac-
tor that has and will continue to lead to a decline 
in the incidence of OIs [11, 190]. However, 
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achieving those goals is particularly difficult for 
low-resource settings, such as sub-Saharan Africa 
that have been disproportionately impacted by 
the HIV epidemic. In recent years, better diag-
nostics have led to faster and more accurate iden-
tification of OIs, and these are expected to 
continue to evolve positively. For treatment of 
OIs, it is hoped that future studies will inform 
better ways to utilize or administer existing treat-
ments or evaluate new treatments that should 
result in improved management and outcomes of 
patients with HIV-associated OIs.
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with Autoimmune Diseases
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 Introduction

The relationship between autoimmunity and 
infections is complex and bi-directional. 
Infections have been associated with the induc-
tion of autoimmunity as well as protection from 
autoimmune diseases [1–6]. Infectious agents 
may play both a causative and protective role in 
the pathogenesis of some autoimmune disorders 
like Sjogren’s syndrome [7]. Infections are a 
common cause of morbidity and mortality in 
patients with systemic autoimmune diseases [8]. 
Considerable evidence has emerged regarding 
the greater susceptibility of patients with autoim-
mune disorders to infections due to predisposi-
tion from autoimmunity itself as well as the use 
of immunosuppressive therapy [9].

 Infections Leading 
to Autoimmunity

Rheumatic fever is a classic example of Group A 
Streptococcus infection inducing autoimmunity. 
Molecular mimicry between host and bacterial 
proteins seems to be a major pathogenic mecha-
nism. In rheumatic fever, a large group of bacte-
rial proteins, M proteins, intercalated within the 
cell walls of Group A streptococci, bear struc-
tural similarities with various human heart pro-
teins resulting in both cell-mediated and humoral 
autoimmune reactions to cardiac structures, 
including valves, myosin, and endothelium [10].

Molecular mimicry is due to common or shared 
immunologic epitopes between a microorganism 
and its host. Other proposed pathogenic mecha-
nisms include the release of cryptic (hidden) or 
sequestered antigens, epitope spreading, anti-idio-
type antibodies, antigenic complementarity, the 
bystander effect, or the infection itself [11, 12]. 
The theory of cryptic antigens is based on the con-
cept that tissue damage can release cryptic self-
antigens that activate host T cells that were not 
deleted or tolerized during thymic education. 
Epitope spreading as a basis for the pathogenesis 
of autoimmune reactions is similar to cryptic anti-
gens in that sequestered self-antigens may be 
released from tissues initially damaged by an 
inflammatory response or infection. Subdominant 
epitopes of the released self- antigen may then be 
recognized and  differentiated from the initial 
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 epitope [13, 14]. The anti-idiotype theory derives 
from the idea that an antibody directed at a viral 
antigen used by the virus to bind to a host cell 
could also bind to the host cell potentially injuring 
the cell as a form of autoimmunity [11] (the same 
concept applies to antigens from non-viral patho-
gens). The theory of antigenic complementarity 
proposes that pairs of molecularly complementary 
antigens induce pairs of complementary antibod-
ies or T-cell receptors such that each antibody or 
T-cell receptor mimics one of the antigens, result-
ing in loss of the self-nonself distinction [15]. The 
bystander effect theory states that viral infections 
cause activation of antigen-presenting cells that in 
turn activate autoreactive T cells that can then ini-
tiate autoimmune disease (bystander activation of 
autoreactive immune T cells). Additionally, virus-
specific T cells also might initiate immunological 
responses to kill infected cells, and the inflamma-
tory mediators produced lead to bystander killing 
of uninfected neighboring cells [12].

Among viruses predisposing to autoimmunity, 
cytomegalovirus (CMV), Epstein–Barr virus 

(EBV), and parvovirus B19 are the most fre-
quently implicated [16–18]. Chronic antigenic 
stimulation by hepatitis C virus is considered a key 
mechanism sustaining the proliferation of rheuma-
toid factor-secreting B-cell clones [19] that may 
predispose to autoimmune complications, such as 
mixed cryoglobulinemia. Inflammatory bowel dis-
ease (IBD) is an example of interplay between 
commensal and pathogenic bacteria leading to 
autoimmune disease [20, 21]. Gut microbiota by 
themselves are known to drive autoimmune arthri-
tis by promoting differentiation and migration of 
Peyer’s patch T follicular helper cells [22]. 
Figure 14.1, adapted from Maddur et al. [9], sum-
marizes the interplay between infections, immune 
system effector cells, and autoantibodies that neu-
tralize the key immune system components.

 Autoimmunity Leading 
to Infections

Fig. 14.1 Antigens from infecting pathogens are recog-
nized and presented by innate immune cells (a) such as 
macrophages and dendritic cells to CD4+ and CD8+ T 
cells (b). CD8+ cytotoxic T cells (CTL) recognize endog-
enous antigens presented by MHC class I molecules and 

express cytotoxic functions upon activation. CD4+ T cells 
recognize antigens presented in the context of MHC class 
II molecules, and under the influence of innate cells and 
the cytokine milieu, CD4+ T cells can be differentiated 
into subsets such as Th1, Th2, Th17, and regulatory  
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 Disease-Specific Immune 
Dysregulation

 Systemic Lupus Erythematosus (SLE)

There is a complex interplay between infection, 
autoimmunity, and immunosuppression in 
SLE. Deficiencies in the early components of the 
classical complement pathway (C1q, C1r, C1s, 
C2, and C4) predispose patients to developing 
SLE. More than 90% of C1q-deficient individu-
als develop SLE.  Factors that lead to increased 
risk of infections include mannose-binding lectin 
deficiency, C1q deficiency, hypocomplemente-
mia secondary to consumption, defects in autoph-
agy, dysfunctional B- and T-cell responses, and 
functional asplenia [23]. Most infections are 
caused by common bacterial pathogens, followed 
by opportunistic fungi. Moreover, immunosup-
pressive therapies commonly used for SLE fur-
ther increase the incidence of opportunistic 
infections. C2 deficiency is known to predispose 
individuals, particularly children, to infections 
with encapsulated bacteria such as Streptococcus 
pneumonia, Haemophilus influenzae type B, and 
Neisseria meningitidis [24]. Patients with multi-
ple serious infections have increased joint dam-
age by radiography and more physical dysfunction 
[25]. Table  14.1 highlights the various mecha-
nisms of immunological dysfunction in SLE.

 Rheumatoid Arthritis (RA)

Immunological dysregulation including altered 
cytokine profile and defects in cellular and 
humoral immunity associated with a chronic 

inflammatory state increases the risk of infections 
[26]. Table 14.1 summarizes the immunological 
dysfunctions associated with rheumatoid arthritis. 
The use of steroids, disease-modifying antirheu-
matic drugs (DMARDs), and biologics all con-
tribute to a predisposition to infections. The types 
of infections associated with the use of immuno-
suppressive agents are listed in Table 14.2.

 Sjogren’s Syndrome

Sjogren’s syndrome is an autoimmune disease 
primarily involving the exocrine glands. The risk 
of lymphoproliferative disorders associated with 
Helicobacter pylori, human herpesvirus 6, human 
T-lymphotropic virus type I, and Epstein–Barr 
virus has been described in case reports [27]. 
Cytopenias and monoclonal gammopathies are 
commonly seen. Low C4 levels and CD4+ lym-
phocytopenia contribute to increased risk of 
infections [28, 29]. These mechanisms are sum-
marized in Table 14.1.

 Miscellaneous Disorders

 Common Variable Immunodeficiency 
(CVID)

CVID is a primary immunodeficiency disorder 
characterized by impaired B-cell differentiation 
with defective immunoglobulin production and 
T-cell dysfunction in some subgroups. CVID 
affects about 1  in 25,000 Caucasians [30]. 
Although CVID is classified as a primary immune 
deficiency disorder, patients with CVID have 

Fig. 14.1 (continued) T cells (Tregs) that secrete distinct 
cytokines. CD4+ T cells provide help to B cells to produce 
antigen-specific antibodies (c). However, neutralizing 
autoantibodies may be produced against any of these key 
components of the immune system critical for mounting 
antimicrobial responses and might either predispose the 
host to an increased risk of bacterial, viral, and fungal 
opportunistic infections or exacerbate ongoing infections. 
Indeed, in patients with infections, the occurrence of neu-
tralizing autoantibodies against several key cytokines such 

as IFN- γ, IL-6, GM-CSF, IL-17, and IL-22 (highlighted in 
red boxes) that interfere with the host immune response to 
pathogens has been demonstrated. Autoantibodies against 
type I IFNs and IL-12 also have been reported and may 
play a role in predisposition to infections (highlighted in 
blue boxes). Abbreviations: CTLA-4 cytotoxic T lympho-
cyte antigen-4, CTL cytotoxic T lymphocyte, FasL Fas 
ligand, GM-CSF granulocyte/macrophage colony- 
stimulating factor, IFN interferon (Adapted with permis-
sion from Maddur et al. [9])
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Table 14.1 Mechanisms of immunological dysfunction in rheumatic diseases

Disease Associated mechanism(s) of immunological dysfunction
Rheumatoid 
Arthritis (RA)

Defects in cellular immunity
  Hyperproduction of IL-17 cells and IL-23 with perpetuation of local inflammation, induction 

of angiogenesis, osteoclastogenesis, and, ultimately, destruction of cartilage and bone
  Altered regulatory T cells: these cells express TNF- receptor II, which make them susceptible 

to the immunomodulatory effects of TNF-α
Defects in humoral immunity
  Hyperproduction of inflammatory cytokines TNF-α and IL-6, contributing to perpetuation of 

inflammation and autoactivation of B cells
  Antibodies against the formation of immune complexes from responses to debris of dead 

cells in RA synovium
  Formation of tertiary lymphoid structures in synovium by hyperstimulation of B cells by 

factors secreted by synovium such as B-cell-activating factor (BAFF)
  Altered regulatory B cells: these cells overproduce IL-10, probably downregulating immune 

responses to tolerizing T cells
Chronic hyperinflammatory state
  Excess production of pro-inflammatory cytokines such as TNF-α

Systemic Lupus 
Erythematosus 
(SLE)

Dysfunction of the phagocytic activity of monocytes
  Decreased production of TNF-α; deficit in the generation of superoxide
Dysfunction of B lymphocytes
  Hypogammaglobulinemia
  Antibodies against neutrophil cytoplasmic components
  Antibodies against the Fc-γ receptor
Defects in cellular immunity, quantitative and functional alternations in T lymphocytes and 
subtypes
  Lymphocytopenia
  Decreased CD4+ T-cell counts
  Reduced IL-2 and INF-γ production
  Decreased and altered regulatory T-cell populations
Functional asplenia
  Impaired reticuloendothelial system, with defect in the removal of circulating immune 

complexes and elimination of microorganisms
Low levels and dysfunction of complement
  Depletion of C1q and C1r/C1s and other complement components, e.g., C3, C5–C9
  Deficit of mannose-binding lectin
  Dysfunction of opsonization (formation of anti-C1q antibodies)
  Alteration of Fc-γ RIIa
Decreased synthesis of immunoglobulins

Sjogren’s 
syndrome

CD4+ T-cell lymphocytopenia
Low levels of complement, especially C4 (either genetically determined decreased production 
or secondary to consumption)

Adapted with permission from infection and autoimmunity, 2e: Yehuda Shoenfeld, Nancy Agmon-Levin and Noel Rose
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 evidence of immune dysregulation leading to 
autoimmunity and a variety of inflammatory dis-
orders. Nearly all patients who do not receive 
replacement IgG therapy develop bacterial infec-
tions resulting in pneumonia, rhinosinusitis, con-
junctivitis, otitis media, septic arthritis, and 
sepsis due to encapsulated organisms. Other 
common infections include giardiasis and 
Mycoplasma infections [31, 32]. Autoimmune 
hematologic disorders such as idiopathic throm-
bocytopenia purpura are the most common auto-
immune conditions in these patients.

 Selective IgA Deficiency (sIgAD)

sIgAD is the most common primary immunodefi-
ciency disorder in humans. Its worldwide inci-
dence varies depending on the ethnic background. 
In the United States, the frequency is estimated to 
be from 1 in 223 to 1 in 1000 individuals in com-
munity studies and from 1  in 333 to 1  in 3000 
persons among healthy blood donors [33]. sIgAD 
is defined as the isolated deficiency of serum 
immunoglobulin (Ig) A in the setting of normal 
serum levels of Ig G and Ig M in an individual 
older than 4 years of age in whom other causes of 
hypogammaglobulinemia have been excluded 
[34]. The majority of individuals with sIgAD are 
asymptomatic. Others manifest recurrent sino-
pulmonary infections, autoimmune disorders, 
gastrointestinal infections, allergies, or, less com-
monly, anaphylaxis when transfused with blood 
products from donors with IgA.  SLE, Graves’ 
disease, Type 1 diabetes, vitiligo, rheumatoid 
arthritis, immune thrombocytopenia, and myas-
thenia gravis are associated with sIgAD [35, 36].

 Human Immunodeficiency Virus (HIV) 
Infection

The list of reported autoimmune diseases in HIV- 
infected individuals includes SLE, antiphospho-
lipid antibody syndrome, vasculitis, primary 
biliary cirrhosis, polymyositis, Graves’ disease, 
and idiopathic thrombocytopenic purpura. Among 
mechanisms leading to autoimmunity, several 

hypotheses exist: direct role of virus replication 
within the blood vessel wall [37], immune com-
plex-mediated disease, dysregulation of the B-/T-
lymphocyte interaction, molecular mimicry, and 
polyclonal B-lymphocyte activation that might 
favor the synthesis of autoantibodies [38, 39]. 
Also, HIV-infected patients manifest an array of 
autoantibodies including anticardiolipin, anti-β2 
glycoprotein, anti-DNA, anti-small nuclear ribo-
nucleoproteins (snRNP), anti-thyroglobulin, anti-
thyroid peroxidase, anti- myosin, and 
anti-erythropoietin antibodies. These are present 
in up to 23% of HIV-infected patients usually 
without any clinical manifestation [40, 41].

 Reactive Arthritis

Reactive arthritis is a form of arthritis that is 
associated with enteric and genitourinary patho-
gens such as Chlamydia trachomatis, Chlamydia 
pneumoniae, Yersinia, Salmonella, Clostridium 
difficile, and Shigella and Campylobacter spe-
cies. Antibiotic therapy is aimed at treating the 
underlying infection that triggered the arthritis.

 Idiopathic CD4 Lymphocytopenia 
(ICL)

ICL is a rare disorder that is poorly understood 
and associated with autoimmune diseases. 
Autoimmune disorders were reported in 14.2% 
patients with ICL. Cryptococcal infections were 
most prevalent in ICL patients (26.6%), followed 
by Mycobacteria (17%), Candida (16.2%), and 
VZV infections (13.1%) [42, 43].

 Drugs Commonly Used to Treat 
Autoimmune Disorders

 Corticosteroids

Corticosteroids are broad-spectrum immunosup-
pressants that affect the immune system by  multiple 
actions [44, 45]. They induce increased transcrip-
tion of genes coding for  anti- inflammatory  proteins, 
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inhibit the expression of multiple inflammatory 
genes, impair phagocyte and T-cell functions, and 
induce T-cell apoptosis predisposing to bacterial, 
fungal, viral, and protozoal infections. Patients 
with newly diagnosed autoimmune diseases are at 
high risk of developing intracellular infection dur-
ing initial treatment with glucocorticoids (GCs). 
The presence of diabetes, lymphocytopenia, 
increased age, and male gender are independent 
predictors for serious intracellular infections in 
patients with newly diagnosed autoimmune dis-
eases initially treated with high-dose (>30 mg/day) 
GCs [46]. Interestingly, the use of the lowest pos-
sible GC dose at night during peak production of 
TNF and other inflammatory cytokines could dra-
matically decrease the risk of infections in patients 
with autoimmune disorders [8, 46–48].

 Conventional Disease-Modifying 
Antirheumatic Drugs (DMARDs)

 Methotrexate (MTX)
MTX inhibits purine and pyrimidine synthesis 
and suppresses methyltransferase activity with 
accumulation of polyamines, reduction of 
antigen- dependent T-cell proliferation, and pro-
motion of adenosine release [49]. These mecha-
nisms contribute to the toxicity of MTX and may 
increase the risk of infections, but its overall 
positive effect on the activity of autoimmune dis-
eases results in a reduction of risk factors for 
infections. Evidence of an increased prevalence 
of pneumonia or reactivation of latent infections 
with MTX therapy remains controversial [50]. 
Common opportunistic infections include 
Pneumocystis jiroveci pneumonia and herpes 
zoster infection. Accelerated nodulosis is a well- 
known complication of methotrexate therapy in 
rheumatoid arthritis patients, characterized by 
the rapid appearance of subcutaneous nodules 
(2 mm to several cm) on the hands, elbows, and 
feet [51]. In case of mild viral infections, MTX 
therapy can be continued. With bacterial infec-
tions that require antibiotic therapy, MTX should 
be discontinued until the antibiotic course has 
been completed, inflammatory markers have 
returned to baseline levels, and clinical symp-

toms are resolved. If opportunistic infections 
occur during MTX treatment, they can be severe 
and sometimes life threatening [52, 53].

 Azathioprine
Azathioprine halts DNA replication and blocks 
the purine synthesis pathway. The 6-thioguanine 
metabolites of azathioprine mediate its immuno-
suppressive effects. Chronic immunosuppression 
with azathioprine increases the risk of malig-
nancy as well as common and opportunistic 
infections. Leukopenia associated with its use 
can sometimes lead to severe infections.

 Cyclosporine
Cyclosporine complexes with cyclophilin and 
inhibits the phosphatase activity of calcineurin 
which is required for the transcription and trans-
lation of cytokine genes such as IL-2. IL-2 is nec-
essary for the activation of resting T lymphocytes. 
Infections reported with cyclosporine use are 
commonly viral, but bacterial and fungal infec-
tions can  also occur. These are summarized in 
Table 14.2.

 Other Non-immunosuppressive 
DMARDs
Several DMARDs including hydroxychloroquine 
and dapsone (both antimalarials), parenteral 
gold, sulfasalazine, tetracyclines, and bucilla-
mine are not associated with an increased risk for 
infections. Contrary to common perception, it is 
important for clinicians to recognize that 
DMARDs are less immunosuppressive than cor-
ticosteroids. Clinical trials have not shown a 
higher incidence of infection in patients receiv-
ing leflunomide, a pyrimidine synthesis inhibitor, 
compared to patients receiving placebo. However, 
leflunomide is not recommended for patients 
with immunodeficiency or serious infections. 
Disseminated fungal or viral infections or oppor-
tunistic infections have not been reported during 
clinical trials with leflunomide.

 Cyclophosphamide
Cyclophosphamide and chlorambucil are the 
only two pharmacological agents currently avail-
able that can modulate the population of memory 
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B cells. The introduction of cyclophosphamide 
led to a dramatic increase in survival of patients 
with Wegener’s granulomatosis [54]. Reversible 
myelosuppression is common with the use of 
cyclophosphamide, and the degree of leucopenia 
and neutropenia is proportional to the dose used. 
Also, its prolonged use can lead to bone marrow 
suppression. Studies have demonstrated that 
severe infection occurred in 15% of patients 
treated with cyclophosphamide. Community- 
acquired pneumonia was the most frequent infec-
tion followed by herpes zoster [55, 56]. Targeting 
a minimal white blood cell (WBC) count of 
3000–4000/microliter as a safe range, a reduction 
of the dose of cyclophosphamide when the white 
count falls below this level will prevent serious 
infections in patients receiving this drug.

 Biologics

 Anti-TNF-α Agents

Numerous studies have reported an increased 
rate of infections with anti-TNF-α therapies, 
especially reactivation of mycobacterial and 
dimorphic fungal infections. EBV-associated 
lymphoma is an additional risk of this class of 
agents. A Cochrane analysis found infliximab 
and certolizumab to be associated with an ele-
vated risk for serious infections in comparison to 
placebo [57]. Standard-dose and high-dose bio-
logical drugs (with or without traditional 
DMARDs) are associated with an increase in 
serious infections in rheumatoid arthritis com-
pared with traditional DMARDs alone; low-dose 
biological drugs are not associated with an 
increased rate of infections [58]. Particular cau-
tion should be exercised when using anti-TNFα 
therapy in patients with latent tuberculosis infec-
tion, and screening should be implemented to 
identify such patients prior to initiation of ther-
apy [59]. Cyclosporine A and anti-TNF-α agents 
seem to be safe, in terms of viral load and liver 
toxicity, in the treatment of HIV- or HCV-
infected patients with systemic autoimmune dis-
eases [60, 61].

 Anakinra (Anti IL-1)

Anakinra, an antagonist of the IL-1 receptor, is 
FDA approved for the treatment of rheumatoid 
arthritis and neonatal-onset multisystem inflam-
matory disease (NOMID). Anakinra in combina-
tion with other antirheumatic DMARDs is safe, 
with a rate of serious infections slightly higher in 
the anakinra group than in the placebo group 
(2.1% vs. 0.4%) [62].

 Rituximab (RTX)

Rituximab is a monoclonal antibody directed 
against the CD20 antigen on B lymphocytes and 
is indicated for the treatment of rheumatoid 
arthritis, granulomatosis with polyangiitis 
(Wegener’s granulomatosis), and microscopic 
polyangiitis. Most infections after RTX therapy 
are minor and involve the upper respiratory or 
urinary tracts. A slight increase in serious infec-
tions (5.2 versus 3.7 per 100 patient-years) over 
placebo in a large multicenter trial was reported 
[63]. The risk factors for severe infections include 
chronic lung and/or cardiac disease, extra- 
articular involvement, and low IgG before RTX 
treatment. This suggests that serum IgG should 
be checked and the risk–benefit ratio of RTX dis-
cussed for patients found to have low levels of 
IgG [64]. Given reports of humoral immunosup-
pression after RTX use, it is prudent to enumerate 
B-cell counts before initiating treatment [65, 66].

 Abatacept

Abatacept inhibits T-cell activation by binding to 
CD80 and CD86 on antigen presenting cells and 
is used for the treatment of RA unresponsive to 
DMARDs or biologics. Infections were more 
common in abatacept-treated patients than in 
placebo-treated patients (37.6% vs. 32.3%, 
respectively). The majority of infections were 
mild to moderate. The rate of serious infections 
was the same in abatacept-treated patients (2.3%) 
and placebo-treated patients (2.3%). The Orencia 
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and Rheumatoid Arthritis (ORA) data registry 
indicated that patients treated with abatacept had 
more comorbidities in clinical trials, and serious 
infections were slightly more frequent. In the 
ORA registry, predictive risk factors of serious 
infections include age and history of serious 
infections [67, 68].

 Natalizumab

Natalizumab is a monoclonal antibody against 
the alpha-4 subunit of integrin molecules that 
prevents the adhesion and transmigration of leu-
cocytes from vasculature to inflamed tissues. 
Natalizumab is used for the treatment of relaps-
ing multiple sclerosis and Crohn’s disease. 
Progressive multifocal leukoencephalopathy 
(PML) due to the reactivation of the polyoma JC 
virus is a rare and frequently fatal opportunistic 
infection that has been well reported in patients 
with rheumatic diseases. The contributions of 
predisposing factors such as underlying disease 
and immunosuppressive drugs are not completely 
understood. Natalizumab has the clearest pattern 
of a small but definite risk for PML [69].

 Differentiating Infections 
from Autoimmunity

It is well known that a higher degree of immuno-
suppression puts patients with autoimmune dis-
orders at greater risk of infections. When patients 
with underlying autoimmune disorders have a 
deterioration of their health, it is often challeng-
ing to differentiate between a newly acquired 
infection, reactivation of an existing infection, 
and worsening of the underlying autoimmune 
disease. As an example, granulomatosis with 
polyangiitis (formerly known as Wegener’s gran-
ulomatosis) is a small-vessel vasculitis character-
ized by granulomatous and necrotizing 
inflammation that affects the respiratory tract 
and/or kidneys. New-onset fever, cough, and dys-
pnea in a patient with granulomatosis with micro-
scopic polyangiitis in remission could arise due 

to many reasons. Cytomegalovirus infection and 
reactivation are common causes of pneumonitis. 
Cyclophosphamide and azathioprine used for the 
treatment of vasculitis have been proposed as 
causes of hypersensitivity pneumonitis [70]. 
Worsening of underlying disease is always a con-
cern and the Birmingham Vasculitis Activity 
Score (BVAS) is a valid, disease-specific activity 
index for patients with granulomatosis with poly-
angiitis that can be used as tool [71]. These 
patients warrant careful evaluation with serology, 
imaging, and bronchoalveolar lavage with cul-
ture to rule out potential infectious 
complications.

 Therapeutic Options 
for Autoimmunity-Associated 
Infectious Diseases

Therapeutic strategies should be directed at con-
trolling the infection as well as inhibiting the 
autoimmune response. A common approach is 
the use of antimicrobial agents and immunosup-
pressive treatments simultaneously. Another 
approach is using plasmapheresis to remove tem-
porarily autoantibodies triggering the disease 
flare. Since plasmapheresis does not eliminate 
autoantibody-producing plasma cells, B-cell- 
targeted therapies using monoclonal antibodies 
have become mainstream therapy. However, sup-
pression of B-cell function can result in hypo-
gammaglobulinemia and antibody deficiencies 
that can predispose to recurring infections. 
Immunoglobulin (Ig) G replacement therapy, 
both intravenous (IV) and subcutaneous (SC), 
has been used to treat secondary humoral immu-
nodeficiencies associated with B-cell-directed 
monoclonal antibody therapies [65, 66]. High- 
dose (1–2  g/kg) intravenous immunoglobulin 
(IVIG) has a long history as immunomodulatory 
therapy for a wide range of autoimmune disor-
ders [72]. IVIG targets both cellular and soluble 
mediators of autoimmunity and inhibits disease 
by multimodal, mutually nonexclusive mecha-
nisms such as anti-idiotypic antibodies to autoan-
tibodies, induction of B-cell tolerance, regulation 
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of the immunoglobulin repertoire, suppression of 
innate antigen-presenting cells, inhibition of 
T-cell help to B cells, and expansion of 
CD4+CD25+ regulatory T cells. The latter are 
critical for maintaining immune tolerance to pre-
vent autoimmunity. A combination of antimicro-
bial agents, immunosuppression, B-cell-targeted 
therapies, and immunomodulation by IVIG is a 
reasonable approach to treat autoimmunity and 
associated infections [9, 73–75].

Several new recommendations for the vacci-
nation of adults with autoimmune inflammatory 
diseases represent an important step forward in 
the prevention of infections in these high-risk 
patients [76]. The lay literature is rife with reports 
that vaccination against infectious diseases pre-
ceded the onset of rheumatologic disorders. 
However, a causal relationship has not been 
definitively established. Interestingly, influenza 
and pneumococcal vaccines have been found to 
be safe and, generally, protective in patients with 
systemic lupus erythematosus and rheumatoid 
arthritis [77]. Many patients with autoimmune 
disease are relatively poor responders to vaccine 
antigens and may require high-dose vaccines, 
additional boosters, and/or adjuvants. The pro-
tective value of vaccines in patients with autoim-
mune disease is well-established based on sound 
epidemiologic data, while the possibility that 
vaccines may induce or exacerbate autoimmune 
disease remains speculative [78]. Guidelines for 
vaccination of patients with autoimmune, inflam-
matory, and rheumatologic diseases should be 
followed to prevent infections [79]. Live vaccines 
such as measles, mumps, and rubella (MMR), 
varicella, Bacille Calmette-Guérin (BCG), and 
oral polio vaccine (OPV) are contraindicated in 
SLE patients with active disease or on high-dose 
immunosuppressive therapy as they can result in 
vaccine-acquired infection.

Toll-like receptor (TLR) antagonists, includ-
ing quinine-derived antimalarial drugs such as 
hydroxychloroquine and quinacrine, reduce 
mortality in SLE and reduce the incidence of 
infections. Antimalarials exert their therapeutic 
effects through inhibition of TLR7 and TLR9 

activation by blocking endosomal acidification; 
they should be used if not otherwise contraindi-
cated [80, 81].

 Future Directions

Strategies for suppressing the inflammatory 
response using anti-cytokine and monoclonal 
antibody-based therapies could pave the way for 
avoiding pathogenic autoimmunity without 
inhibiting protective immunity. Developing vac-
cines against pathogens inciting autoimmunity 
is an arduous task but could have tremendous 
preventive benefits. Using specific monoclonal 
antibodies to block the immune response to 
shared epitopes might be a strategy to prevent 
autoimmunity with molecular mimicry as its 
basis.

Research on the microbiome of the gut has 
significantly increased in recent years, and its 
role in the etiology of intestinal and extraintesti-
nal autoimmune diseases is now recognized. 
Development of therapies aimed at altering the 
behavior of the microbiome or understanding the 
metabolites generated that affect immunity is a 
fascinating new avenue in medicine that could 
prevent autoimmunity.

 Summary

Patients with autoimmune disorders become sus-
ceptible to common as well as opportunistic 
infections by various mechanisms. This suscepti-
bility may arise from the disease itself and/or 
from the use of immunosuppressive medications. 
While treatment-associated infections are possi-
ble, it is challenging to distinguish a flare up of 
the underlying autoimmune disease from an 
infection. There is increased morbidity and mor-
tality from infections in patients with autoim-
mune diseases; hence, it is important to recognize 
and treat any infections early. Greater efforts 
should be taken to prevent infections in these 
patients.
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 Introduction

Antimicrobial resistance may be intrinsic or 
acquired and is associated with poor clinical out-
comes and breakthrough infections during treat-
ment and prophylaxis. Given their frequent 
healthcare exposure, the immunocompromised are 
at higher risk for infection attributed to multidrug- 
resistant organisms. This increased risk, combined 
with identification through culturing techniques 
that can take several days, may lead to immuno-
compromised patients being placed empirically on 
antibiotics and antifungal agents that are not active 
against resistant organisms. Thus, patients with 
resistant infections may experience significant 
delays in receiving appropriate antimicrobial ther-
apy. Understanding the underlying mechanisms of 
antibiotic resistance is critical to both choosing 
appropriate active therapy and developing new 
antimicrobial agents. Resistance mechanisms, 
which will be reviewed below, are extensive and 
vary across species. The most common mecha-
nisms include alteration of drug target site, enzy-
matic drug inactivation, decreased bacterial 
membrane permeability, and drug efflux.

For each major drug class, this section will 
describe these common resistance mechanisms 
and organisms frequently harboring them, exam-
ples of resistance emerging in immunocompro-
mised patients, and alternative agents available 
for treatment of these resistant organisms 
(Table 15.1).

 β-Lactam Agents (Penicillins, 
Cephalosporins, and Monobactams)

 Mechanisms of Resistance

 Drug Inactivation
Resistance to β-lactam agents is frequently medi-
ated through bacterial production of β-lactamase 
enzymes. These enzymes are capable of hydro-
lyzing the β-lactam ring, leading to drug inactiva-
tion. Initially isolated from E. coli in 1940, the 
first β-lactamase was dubbed penicillinase for its 
ability to inactivate the then newly discovered 
penicillin (Abraham). In the 1940s, plasmid- 
mediated penicillin resistance quickly spread 
among Staphylococcus aureus and is now exceed-
ingly common (Barber). In the 1960s and 1970s, 
the world saw the emergence and expansion of 
TEM- and SHV-type β-lactamases  capable of 
inactivating penicillins and narrow-spectrum 
cephalosporins (Datta, Hawkey). Then, after the 
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development of third-generation cephalosporins, 
TEM- and SHV-type extended-spectrum 
β-lactamases (ESBLs) with the ability to hydro-
lyze extended-spectrum β-lactams were described 
in the 1980s (Kitzis). In the early 1990s, CTX-M- 
derived β-lactamases, also capable of extended- 
spectrum hydrolysis, were first recognized. This 
family of plasmid-mediated resistance spread rap-
idly worldwide, and CTX-M enzymes are now 
the world’s most prevalent ESBLs (Canton).

AmpC β-lactamases, like ESBLs, are capable 
of inactivating penicillins and most cephalospo-
rins, but not carbapenems. Unlike ESBLs, they 
are not effectively inhibited by β-lactamase 
inhibitors, like clavulanate and tazobactam. 

AmpC β-lactamase genes can be located both 
chromosomally and on plasmids and are often 
expressed at only a low level. However, the 
expression of these enzymes can be markedly 
upregulated upon exposure to β-lactam antibiot-
ics (Jacoby). Thus, organisms possessing AmpC 
β-lactamase genes may initially test susceptible 
to third-generation cephalosporins, like ceftriax-
one or ceftazidime, but subsequently develop 
resistance to these antibiotics during therapy due 
to the inducible expression of these enzymes 
(Choi, Chow).

β-Lactamases also play an important role in 
carbapenem resistance, but this will be  
discussed in the next section.

Table 15.1 Antibiotic classes with common mechanisms of resistance, organism expressing resistance, and available 
alternative agents

Agent class Mechanism of resistance Organism Alternative agents

β-Lactams β-Lactamases 
(non-carbapenemase)

Enterobacteriaceae Carbapenems
P. aeruginosa Fluoroquinolones
S. maltophilia Aminoglycosides
A. baumannii

PBPs MRSA Vancomycin
Daptomycin

S. pneumoniae Levofloxacin
Macrolides

Carbapenems Carbapenemases Enterobacteriaceae Polymyxin-based combination 
therapy

P. aeruginosa Ceftazidime-avibactam (if KPC- 
mediated resistance)Drug permeability A. baumannii

Drug efflux S. maltophilia 
(chromosomal)

+/− high-dose, prolonged infusion 
carbapenem if MIC ≤8 μg/mL

Fluoroquinolones DNA gyrase 
modification

Enterobacteriaceae β-lactams
P. aeruginosa Aztreonam

Aminoglycosides
Topoisomerase IV 
modification

MRSA Macrolides (not MRSA)
S. pneumoniae β-lactams

Daptomycin
Linezolid

Aminoglycosides Aminoglycoside- 
modifying enzymes

Enterobacteriaceae
P. aeruginosa
S. maltophilia β-lactams
A. baumannii Aztreonam

16S rRNA methylation Enterococcus spp. Fluoroquinolones
S. aureus

Glycopeptides/
lipopeptides

D-Ala-D-Ala 
modification

Enterococcus spp.
S. aureus (rare) Linezolid

Ceftaroline
D-Ala-D-Ala 
overproduction

S. aureus (rare) Telavancin
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 Alteration of Drug Target
If they avoid hydrolysis by β-lactamases, 
β-lactam antibiotics bind covalently to 
penicillin- binding proteins (PBPs) in the bacte-
rial cytoplasmic membrane, leading to inhibi-
tion of cell wall synthesis and eventual cell 
lysis. Certain Gram- positive bacteria, however, 
develop resistance by producing PBPs with low 
affinity for β-lactam antibiotics. Without the 
ability to adequately bind its intended target, 
the β-lactam can no longer effectively inhibit 
bacterial growth (Zapun).

 Bacteria Expressing This Form 
of Resistance

 Drug Inactivation
Among Gram-negative bacteria, β-lactamases 
are widespread and are commonly encountered 
in Enterobacteriaceae, Pseudomonas aerugi-
nosa, Acinetobacter baumannii, and 
Stenotrophomonas maltophilia. 
Enterobacteriaceae are an important family of 
bacteria that inhabit the gastrointestinal tract and 
are a common cause of Gram-negative bactere-
mia in immunocompromised hosts (Trecarichi). 
Prominent pathogens in this family include E. 
coli, Klebsiella pneumoniae, and Enterobacter 
species. ESBLs, like CTX-M, are most com-
monly identified in E. coli and Klebsiella species 
[12]. Enterobacteriaceae that most commonly 
harbor AmpC β-lactamases are often referred to 
as the SPICE organisms (Serratia marcescens, 
Providencia, indole- positive Proteus, 
Citrobacter, and Enterobacter species) (Jacoby).

 Alteration of Drug Target
Arguably the most clinically relevant bacterial 
alteration of a β-lactam drug target is seen in 
methicillin-resistant Staphylococcus aureus 
(MRSA). This resistance is most commonly 
mediated through the expression of the mecA 
gene. This gene encodes PBP2a, a penicillin- 
binding protein with low affinity for β-lactam 
antibiotics. This allows for resistance to methi-
cillin, nafcillin, oxacillin, cephalosporins (with 
the exception of some newer generation  

cephalosporins), and carbapenems. Ceftaroline 
and some newer cephalosporins retain activity 
against MRSA. The mecA gene is located on a 
staphylococcal chromosome cassette (SCCmec), 
a mobile genetic element, and was likely origi-
nally acquired from a coagulase-negative staph-
ylococcal species (Gutmann).

 Examples 
in the Immunocompromised

 Drug Inactivation
There are numerous reports documenting  
the emergence of ESBL-producing 
Enterobacteriaceae (ESBL-E) bacteremia in 
patients with hematologic malignancies. These 
reports suggest that in some regions, ESBL-E com-
prises 17–37% of all bacteremias due to 
Enterobacteriaceae in this population and that this 
incidence is increasing (Cornejo, Montassier, 
Mihu). Risk factors for ESBL-E bacteremia in 
immunosuppressed patients include recent hospital-
izations or antibiotic exposure, intensive care unit 
(ICU) admissions, and prolonged durations of hos-
pitalization and neutropenia (Cornejo, Gudiol, 
Kang, Kim, Oliviea, Ha). Mortality rates following 
ESBL-E bacteremia in patients with hematologic 
malignancies range from 13% to 45% and are 
higher when compared to non-ESBL- E bacteremias 
(Cornejo, Trecharichi, Gudiol, Kang, Kim, Ha, 
Metan, Yemisen). Inappropriate initial antibiotic 
therapy in ESBL infection has repeatedly been 
shown to be a risk factor for increased mortality 
(Cornejo, Gudiol, Kang, Hyle).

Data regarding the incidence of AmpC 
β-lactamase-producing Enterobacteriaceae 
(AmpC-E) infections in immunocompromised 
patients are limited; most clinical microbiology 
laboratories do not perform phenotypic or geno-
typic testing to detect AmpC β-lactamases. Some 
studies show that Enterobacter spp. (which typi-
cally harbor AmpC β-lactamases) cause 5–8% of 
Gram-negative bacteremias in patients with 
hematologic malignancies, making them the 
fourth most common cause of Gram-negative 
bacteremia in this population (Gudiol 2013; 
Trecarichi, Metan, Kara).
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 Alteration of Drug Target
Although S. aureus has been shown to be  
disproportionately prevalent among patients 
with hematological malignancy, the impact of 
MRSA in the immunocompromised has not 
been well defined (Skov). One study examining 
494 patients with MRSA and 505 patients with 
methicillin- sensitive S. aureus (MSSA) infec-
tions found that MRSA infection was more 
prevalent in patients with cancer. In that same 
study, patients with MRSA infection were 50% 
more likely to die in hospital (Hanberger). One 
study of 223 patients with cancer and MRSA 
bacteremia treated with vancomycin found a 
treatment failure rate of 54%. Hematologic 
malignancy and hematopoietic stem cell trans-
plantation (HSCT) were both found to be risk 
factors for MRSA-associated mortality 
(Mahajan). As vancomycin is widely used in 
this population, clinically overt MRSA infec-
tions may be thwarted from developing.

 Alternative Agents

 Drug Inactivation
Even when ESBL-E test susceptible to cefepime 
or piperacillin-tazobactam (PTZ), clinical data 
suggest that infections due to ESBL-E may not 
respond as well to these agents as compared to 
carbapenems. A propensity score-matched, obser-
vational study of ESBL-E bacteremias found that 
patients treated with cefepime were more likely to 
have a clinical or microbiological failure and had 
higher 30-day mortality than those who received 
carbapenem therapy (Lee). Additionally, a recent 
observational study of patients with ESBL-E bac-
teremia found that risk of death doubled when 
PTZ was used empirically instead of a carbape-
nem, despite all isolates being susceptible to both 
PTZ and carbapenems (Tamma).

The increase in mortality seen with cefepime 
and PTZ therapy may be because the minimum 
concentrations of these antibiotics required to 
inhibit growth of ESBL-E increases when the 
number of organisms inoculated is increased 
(Thomson). This “inoculum effect” is not seen 
with carbapenems. Based on current data,  

carbapenems remain the preferred agents for 
the treatment of ESBL-E bacteremias, regard-
less of cefepime or PTZ susceptibility results.

Carbapenems are also generally considered 
the first-line treatment for serious infections due 
to AmpC-E, given that they are stable to hydroly-
sis by most AmpC enzymes and do not exhibit an 
inoculum effect [60]. However, no randomized 
trials have been conducted to definitively deter-
mine the optimal therapy. Penicillins and third- 
generation cephalosporins, such as ceftriaxone 
and ceftazidime, should not be used as these 
organisms may upregulate AmpC expression and 
develop resistance on therapy. Cefepime, how-
ever, has relative stability against AmpC 
β-lactamases compared to other cephalosporins 
and may have a role in the treatment of AmpC-E 
infections. Two observational studies of AmpC-E 
infections showed no differences in outcomes 
between patients treated with either carbapenems 
or cefepime ([109], Lee). Limited observational 
data suggest that PTZ has similar effectiveness to 
carbapenems when AmpC-E test susceptible to 
PTZ (Marcos, Harris). Fluoroquinolones are 
another option in treating AmpC-E infections, 
and a recent meta-analysis demonstrated favor-
able outcomes with fluoroquinolones for this 
indication (Harris).

 Alteration of Drug Target
Numerous parenteral agents are currently avail-
able for invasive MRSA infections. These include 
vancomycin, daptomycin, linezolid, and ceftaro-
line. Each of these agents, however, has unique 
advantages and limitations; providers should 
consider patient factors, infection location, and 
susceptibility data when selecting an agent. For 
MRSA bacteremia, the Infectious Diseases 
Society of America (IDSA) currently recom-
mends the first-line use of either vancomycin or 
daptomycin (Liu). Daptomycin should be avoided 
in lung infections, however, given its inactivation 
by pulmonary surfactant. Ceftaroline, a 
 fifth- generation cephalosporin, has been 
approved for the treatment of complicated skin 
and soft tissue infection and community-acquired 
pneumonia, but not yet MRSA bacteremia. Also 
of note, in a randomized control trial, high-dose 
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trimethoprim- sulfamethoxazole failed to achieve 
non- inferiority to vancomycin for treatment of 
severe MRSA infections (Bashara).

 Carbapenems

 Mechanism of Resistance

 Drug Inactivation
In areas with high rates of carbapenem-resistant 
Enterobacteriaceae (CRE), the most common 
resistance mechanism is the presence of a car-
bapenemase. This is a β-lactamase enzyme 
capable of hydrolyzing and inactivating car-
bapenems and all other β-lactam agents. These 
enzymes are also stable against commonly used 
β-lactamase inhibitors. Although occasionally 
chromosomally encoded, genes that encode for 
carbapenemases are typically located on plas-
mids, and these genes can be transferred both 
within bacterial species and across different 
species and genera. To date, a number of car-
bapenemases have been described, including K. 
pneumoniae carbapenemase (KPC), New Delhi 
metallo-β- lactamase (NDM), OXA-48-type, 
Verona integron-encoded metallo-β-lactamase 
(VIM), and IMP-type enzymes. These different 
carbapenemases predominate in different geo-
graphical areas. KPC is common in the United 
States, South America, Italy, Greece, Israel, and 
China, whereas NDMs predominate in India and 
Pakistan, and OXA-48-type carbapenemases 
predominate in Mediterranean Europe, North 
Africa, and Turkey.

 Decreased Bacterial Membrane 
Permeability
A decrease in bacterial cellular membrane per-
meability can be accomplished through the 
downregulation or total absence of porins. 
Porins are proteins that cross the cellular mem-
brane, forming a pore through which various 
molecules, including carbapenems, can diffuse. 
This decrease in permeability to carbapenems, 
usually combined with background β-lactamase 
production or other resistance mechanisms, can 
lead to clinical carbapenem resistance (Trias).

 Bacteria Expressing This Form 
of Resistance

 Drug Inactivation
Carbapenemases are most commonly encountered 
in Gram-negative organisms. The naturally occur-
ring, chromosomally encoded carbapenemases are 
typically seen in S. maltophilia and Elizabethkingia 
meningoseptica. Carbapenemases acquired 
through plasmid transfer are more common in 
Enterobacteriaceae (including K. pneumoniae and 
E. coli), P. aeruginosa, and A. baumannii. These 
plasmids also frequently carry genes conferring 
resistance to other antibiotic classes, such as fluo-
roquinolones and aminoglycosides, leaving few 
treatment options (Satlin).

 Decreased Bacterial Membrane 
Permeability
P. aeruginosa is also capable of achieving carbape-
nem resistance through the downregulation of the 
porin OprD. When working in concert with under-
lying AmpC β-lactamase production and poten-
tially other efflux modifications, these isolates can 
become fully carbapenem resistant (Trias). Porins 
also play a role in carbapenem resistance seen in 
Enterobacteriaceae, specifically K. pneumoniae 
and Enterobacter species (Doumith).

 Examples 
in the Immunocompromised

The epidemiology of CRE infections in immuno-
compromised hosts is unclear and has only 
recently been investigated. In a study of neutro-
penic patients with hematologic malignancies, 
exposures to β-lactam-β-lactamase inhibitors, 
trimethoprim-sulfamethoxazole, glucocorticoids, 
and having a prior culture that grew CRE were 
independent risk factors for the development of 
CRE bacteremia (Satlin).

The overall reported mortality rates after CRE 
infections in patients with hematologic malignan-
cies are high, ranging from 44% to 72%. Two fac-
tors likely contribute to these high mortality rates. 
First, detection of CRE from blood cultures using 
traditional microbiologic methods typically takes 
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2–3  days, and most patients do not receive  
CRE-active therapy during this time. Second, the 
treatment options for CRE infections are limited 
due to their extensive resistance profiles.

 Alternative Agents

The optimal therapeutic regimen for CRE infec-
tions has yet to be identified; no large randomized 
clinical trials comparing treatment options have 
been completed. Observational studies of CRE 
bacteremia in the general population suggest that 
combination therapy with at least two antibiotics 
to which the infecting organism tests susceptible 
is more effective than monotherapy [119]. These 
studies also suggest that despite the presence of 
carbapenemases, adjunctive therapy with a car-
bapenem, in combination with active agents, may 
be associated with decreased mortality. It is 
important to note that these improved outcomes 
were observed when high doses and prolonged 
infusions of carbapenems were used (e.g., 2 gm. 
of meropenem infused over 3 h, every 8 h) and 
when the minimum inhibitory concentration of 
the carbapenem was ≤8 mg/L.

Ceftazidime-avibactam is a new agent with 
potent in vitro activity against KPC-producing, but 
not NDM-producing, Enterobacteriaceae. This 
compound was recently approved in the United 
States for complicated intra-abdominal and uri-
nary tract infections. It represents the first approved 
β-lactam/β-lactamase inhibitor showing activity 
against KPC-producing CRE (Castanheira). 
However, clinical trials that led to approval of this 
agent enrolled very few patients with CRE infec-
tion or immunocompromised patients (Liscio).

 Fluoroquinolones

 Mechanism of Resistance

 Alteration of Drug Target Site
The primary mechanism underlying fluoroquino-
lone resistance is spontaneously occurring muta-
tions in chromosomal genes leading to alteration 
of drug target site. In Gram-negative organisms, 

this occurs in DNA gyrase (topoisomerase II), 
while in Gram-positive bacteria, topoisomerase 
IV is altered. These enzymes are important in the 
formation of both positive and negative super-
coils in DNA or, in other words, the winding and 
unwinding of bacterial DNA strands. The 
enzymes’ structures consist of A and B subunits 
encoded by the gyrA and gyrB, respectively, for 
DNA gyrase and parC and parE, respectively, for 
topoisomerase IV.  The most common forms of 
resistance are due to mutations to the A subunit, 
although B subunit mutations have also been 
described (Wolfson). These structural changes to 
DNA gyrase and topoisomerase IV lead to a 
decrease in fluoroquinolone binding affinity and 
reduce their efficacy.

Interestingly, plasmid-mediated quinolone 
resistance (qnr) genes have recently been identi-
fied in Enterobacteriaceae. These qnr gene prod-
ucts protect DNA gyrase and topoisomerase IV 
from fluoroquinolone binding. Qnr genes are, by 
themselves, not sufficient for clinical resistance, 
but they enable prolonged survival during drug 
exposure and widen the available window for 
selection of chromosomal mutations (Tran).

 Bacteria Expressing This Form 
of Resistance

 Alteration of Drug Target
Rates of fluoroquinolone resistance are rising 
across Gram-negative species and have been 
linked to the frequent and widespread use of 
these agents. Among Gram-negative bacteria, the 
Enterobacteriaceae and P. aeruginosa are par-
ticularly problematic (Lautenbach, Polk, 
Neuhauser). Indeed, one US cancer center saw a 
rise in fluoroquinolone-resistant E. coli bactere-
mia from 28% in 1999 to 60% in 2008 (Mihu). 
Regarding Gram-positive species, MRSA (more 
commonly than MSSA) frequently harbors fluo-
roquinolone resistance [113]. Although the rate 
of fluoroquinolone resistance among 
Streptococcus pneumoniae has remained relativ-
ity low in the United States, it appears to be 
increasing worldwide (Chen, Hooper).
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 Examples 
in the Immunocompromised

Fluoroquinolone used as antimicrobial  
prophylaxis during prolonged chemotherapy-
induced neutropenia is a common practice. 
Current IDSA guidelines recommend fluoro-
quinolone prophylaxis with levofloxacin or 
ciprofloxacin in high- risk patients with 
expected durations of prolonged and profound 
neutropenia (ANC ≤100 cells/mm3 for 
>7 days) (Freifeld). This regimen importantly 
targets both P. aeruginosa and other  
Gram- negative organisms, like the 
Enterobacteriaceae, which are frequent causes 
of life-threatening infections in this patient 
population.

The ultimate impact of fluoroquinolone prophy-
laxis, however, is not entirely clear. A meta- analysis 
completed in 2005 showed a significant survival 
benefit for neutropenic patients placed on prophy-
laxis [37]. That being said, there is growing concern 
surrounding bacterial resistance and fluoroquino-
lone prophylaxis. The use of fluoroquinolones in 
patients with cancer has been well linked to increas-
ing rates of resistance at individual cancer centers 
(Leibovici, Reuter, Kern, Martino, Mihu). Indeed, 
two of these centers found that bacterial resistance 
rates fell after discontinuing routine fluoroquino-
lone prophylaxis without finding a significant 
impact on patient morbidity (Kern, Martino). More 
recently, a single center study found that fluoroqui-
nolone prophylaxis in patients with cancer was also 
significantly associated with the emergence of 
MRSA, multidrug- resistant E. coli, and multidrug 
resistance P. aeruginosa infections (Rangaraj 2010). 
Given these concerns, some advocate that preva-
lence monitoring of fluoroquinolone resistance 
among Gram-negative organisms should be per-
formed at institutions where routine fluoroquino-
lone prophylaxis is employed.

 Alternative Agents

For Gram-negative infections resistant to fluo-
roquinolones, multiple alternative agents are 
available for therapy. For patients with a severe 

β-lactam allergy, monobactams (aztreonam) 
and aminoglycosides can be considered as these 
agents provide broad Gram-negative and anti- 
pseudomonal coverage. The aminoglycosides, 
however, are limited by nephrotoxicity, otoves-
tibular toxicity, and historical data suggest that 
aminoglycoside monotherapy is associated 
with comparatively poor outcomes after Gram- 
negative bacteremia in neutropenic patients 
(Bodey). If there is no concern for β-lactam 
allergy, and depending on the organism and 
type of infection, β-lactams, β-lactam-β-
lactamase inhibitor (BL-BLI) combinations, 
cephalosporins, and carbapenems are other 
potential alternatives.

Fluoroquinolones are generally most reliable 
for certain Gram-positive infections like S. pneu-
monia or Enterococcus species. This is due to cur-
rent rates of resistance, limited potency against 
these organisms, and their propensity for rapid 
development of resistance while on therapy. For 
suspected or confirmed S. pneumoniae infections, 
β-lactams and macrolides are both potential alter-
natives. However, treatment regimens should take 
into account location and severity of the infection.

 Aminoglycosides

 Mechanism of Resistance

 Enzymatic Drug Inactivation
The prominent mechanism of aminoglycoside 
resistance is mediated through the action of 
aminoglycoside- modifying enzymes. The genes 
for these proteins can be present chromosomally 
or spread through plasmids or transposons. This 
modification and inactivation is achieved through 
drug phosphorylation, acetylation, or nucleoti-
dylation and generally occurs during the transport 
of aminoglycosides across the cytoplasmic mem-
brane. Once modified, the drug cannot no longer 
effectively bind its intended target site (Smith).

 Alteration of Drug Target Site
It is increasingly recognized that aminoglycoside 
resistance can also be mediated through target site 
alteration. Aminoglycosides act by binding the 

15 Antibacterial and Antifungal Agents: The Challenges of Antimicrobial-Resistant Infections…



304

bacterial 16S rRNA and subsequently inhibiting 
protein synthesis. Methylation of this 16S rRNA, 
however, can interfere with aminoglycoside bind-
ing and greatly diminish drug efficacy. There are 
numerous identified methyltransferases responsi-
ble for 16S rRNA methylation, including the Rmt/
Arm families (Zhou). This alteration confers 
high-level resistance to all currently available par-
enteral aminoglycosides. Unfortunately, this 
mechanism appears to be increasingly encoun-
tered worldwide (Fritsche, Yamane, Dhoi).

A variety of other mechanisms not discussed 
here, including a decrease in bacterial cellular 
membrane permeability and drug efflux, also 
have roles in aminoglycoside resistance. These 
generally provide low-level resistance, but can 
work together in concert to produce fully resis-
tant clinical isolates (Houghton).

 Bacteria Expressing This Form 
of Resistance

 Enzymatic Drug Inactivation
Aminoglycoside-modifying enzymes have been 
identified in a range of in Gram-negative bacte-
ria, like Enterobacteriaceae, P. aeruginosa, S. 
maltophilia, and A. baumannii. Resistance is 
more likely to be seen in multidrug-resistant 
organisms, such as CRE or ESBL-E (Haidar). 
This is likely because these modifying genes are 
commonly present on plasmids also carrying 
genes conferring resistance to other antibiotic 
classes. Importantly, aminoglycoside-modifying 
enzymes are also seen in Gram-positive bacteria, 
such as Staphylococcus and Enterococcus spe-
cies (Ardia, Leclercq, Niu, Feizaba). Although 
the use of aminoglycosides for Staphylococcal 
infections has fallen out of favor, the propensity 
of these genes to also accompany β-lactamases 
results in a loss of synergistic combination ther-
apy for serious enterococcal infections.

 Alteration of Drug Target Site
P. aeruginosa and K. pneumoniae isolates pro-
ducing 16S rRNA methyltransferase were first 
reported in 2003 (Galimand, Yokoyama). Since 
that time, they have been increasingly detected in 

Enterobacteriaceae, P. aeruginosa, and other 
Gram-negative organisms, including 
Acinetobacter species (Fritsche, Zhou, Doi, 
Yamane). Given the ability of these genes to 
spread through both horizontal transfer and 
clonal expansion, the prevalence of this resis-
tance is expected to rise.

 Examples 
in the Immunocompromised

As described before, CRE are an expanding threat 
to the immunocompromised. Given the horizontal 
transfer of plasmids carrying multiple antibiotic 
resistance genes, these multidrug- resistant organ-
isms are frequently resistant to aminoglycosides in 
addition to carbapenems. Indeed, aminoglycosides 
are not reliably active against CRE, as almost all 
are resistant to  tobramycin and approximately one-
half are resistant to gentamicin and amikacin 
(Marquez, Sanchez). However, aminoglycosides 
remain viable options for treatment of multidrug-
resistant P. aeruginosa. A study completed in 
Turkey found that in patients with high-risk hema-
tologic malignancy, roughly 10% of P. aeruginosa 
bloodstream isolates were resistant to amikacin 
(Kara). Aminoglycosides, unfortunately, have high 
toxicity rates and are associated with poor out-
comes in oncology patients with P. aeruginosa 
bacteremia compared to the use of β-lactam  
agents (Bodey).

 Alternative Agents
Aminoglycosides are generally used only syner-
gistically in Gram-positive infections but have a 
primary role in combination with beta-lactams 
against a broad range of aerobic Gram-negative 
organisms, including Enterobacteriaceae, P. aeru-
ginosa, and Acinetobacter species. If aminoglyco-
side resistance is suspected or confirmed, then 
providers may be able to choose from fluoroquino-
lones, β-lactams, BL-BLI combinations, cephalo-
sporins, and carbapenems as potential alternatives. 
As stated previously, however, frequently amino-
glycoside resistance will coincide with multiple 
other antibiotic resistance mechanisms. In the set-
ting of CRE infections, last resort regimens include  
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polymyxins (colistin and polymyxin B),  
tigecycline, and fosfomycin. Unfortunately, each 
of these treatment options has major limitations.

 Glycopeptides and Lipopeptides

 Mechanism of Resistance

 Alteration of Drug Target Site
Glycopeptides (vancomycin and teicoplanin) 
function by binding the C-terminal 
D-Alanine–D-Alanine (D-Ala-D-Ala) site of late 
peptidoglycan precursors, ultimately preventing 
cross-linking and inhibiting proper cell wall syn-
thesis. Resistance can occur through modifica-
tion of the binding site D-Ala-D-Ala. Most 
commonly, the vanA gene encodes for peptido-
glycan precursors with a D-alanine-D-lactate ter-
minus (D-Ala-D-Lac), diminishing glycopeptide 
binding affinity and drug efficacy. The vanA gene 
can be either chromosomally or plasmid encoded, 
with the latter allowing for gene transfer to other 
species and genera through conjugation. Although 
encountered less frequently, vanB, vanC, vanD, 
vanE, and vanG genes have also been described 
conferring vancomycin resistance (Reynolds).

Daptomycin, a lipopeptide, inserts into the bac-
terial cell membrane and combines with other drug 
molecules to form aggregates. This aggregation 
leads to the development of ion channels, causing 
subsequent rapid bacterial cell depolarization and 
ultimate cell death. Resistance of Gram-positive 
bacteria to daptomycin remains rare. A clear resis-
tance mechanism has yet to be elucidated but likely 
involves interfering with the ability of daptomycin 
to bind and interact with the bacterial cell wall. For 
example, a gain-of- function mutation in the mprF 
gene leads to an increased ratio of lysyl-phosphati-
dylglycerol to phosphatidylglycerol present in the 
cell wall. This decrease in phosphatidylglycerol 
limits both drug interaction with the cell membrane 
and formation of functional aggregates (Friedman).

 Reduced Drug Availability
Reduced susceptibility to glycopeptides can also 
be achieved through overproduction of the drug’s 
target site. In vancomycin-intermediate S. aureus 

(VISA) isolates, reduced susceptibility to  
vancomycin is achieved by the formation of an 
unusually thick bacterial cell wall. This increase 
in D-Ala-D-Ala binding sites decreases the over-
all availability of vancomycin and increases its 
minimum inhibitory concentration (Hiramatsu). 
The underlying genetic changes responsible for 
this thickened cell wall are not well understood. 
However, mutations in several different genes, 
including vraR, graRS, and walRK, have all 
been identified as potential mechanisms 
(Howden).

 Bacteria Expressing This Form 
of Resistance

 Alteration of Drug Target Site
Glycopeptide resistance is most often encoun-
tered in Enterococcus spp., like E. faecalis and E. 
faecium. Vancomycin-resistant Enterococcus 
(VRE) is increasingly encountered, with 2006–
2007 surveillance data revealing vancomycin 
resistance in 33% of pathogenic Enterococcus 
species (Hidron NHSN). Data from the UK, 
Europe, and Middle East suggest a lower per-
centage of VRE when compared to the US, closer 
to 10% (Brown, Werner, Fontana, Emanaini).

In 2002, the first vancomycin-resistant S. 
aureus (VRSA) isolate was reported in the United 
States. Subsequent DNA sequencing of this iso-
late revealed the presence of the vanA gene, 
likely transferred from an accompanying VRE 
infection. Since 2002 there have been at least 13 
additional cases of VRSA identified, with a 
majority of cases from patients where VRE was 
also isolated (Sievert). Gene transfer of vanA 
from VRE to S. aureus has since been recreated 
in vitro (de Niederhäusern).

Although lipopeptide resistance is rare, it 
appears to occur more frequently in Enterococcus 
spp. compared to S. aureus. Descriptions of overt 
daptomycin-resistant Enterococcus infections are 
limited to case reports (Kanafani, Long, Hidron). 
In S. aureus, treatment failures and non- 
susceptible daptomycin minimum inhibitory 
concentrations have been reported (Fowler, 
Hayden, Marty).
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 Reduced Drug Availability
The first S. aureus isolate with intermediate 
susceptibility to vancomycin was reported in 
1997. There has subsequently been numerous 
published clinical infections with VISA 
(Fridkin). Common factors in these cases 
include ongoing or recent hemodialysis and 
prolonged vancomycin exposure in the months 
preceding infection. The burden of these iso-
lates, however, remains low. Surveillance data 
from the US and Europe in 2007 found S. 
aureus isolates with vancomycin MICs ≥4 mcg/
mL represented less than 0.3% of all MIC val-
ues (Tenover).

 Examples 
in the Immunocompromised

VRE are more frequently encountered in the 
immunocompromised population. A retrospective 
study at one cancer institution found that VRE 
was responsible for 54% of all bacteremias in the 
first 30 days following HSCT (Kamboj). Another 
center found that VRE colonization was common 
among HSCT patients, occurring in 40% of cases. 
Of those patients colonized, 34% subsequently 
developed VRE bloodstream infections 
(Weinstock). In the immunocompromised, VRE 
Infection has been associated with prolonged hos-
pital stays and increased morbidity and mortality 
(Vydra). Mortality following VRE infection is 
high, approaching 40% in some studies, but attrib-
utable mortality due to VRE infection is unclear 
(Peel, Vydra). It may be that infection with VRE 
is more a marker of disease severity in high-risk, 
critically ill patients (Avery).

 Alternative Agents

 Glycopeptides
Over the last two decades, alternative therapies 
for glycopeptide-resistant organisms have 
expanded. For invasive VRE infections, granted 
the isolate is not ampicillin-sensitive, both line-
zolid and daptomycin are the mainstays of ther-
apy. There is limited clinical trial data, however, 

establishing efficacy of these agents. Data  
surrounding the use of linezolid are primarily in 
compassionate use settings, where outcomes were 
generally favorable (Birmingham, El-Khoury). 
However, significant adverse effects to linezolid 
can occur, especially during prolonged therapy, 
including thrombocytopenia, anemia, lactic aci-
dosis, and peripheral neuropathy. Given the 
potential to induce serotonin syndrome, care must 
also be taken when administered with selective 
serotonin reuptake inhibitors. Ceftaroline has no 
activity against Enterococcus species and should 
not be used as primary therapy for VRE infec-
tions. There may be some data, however, for its 
use synergistically with daptomycin (Sakoulas).

 Lipopeptides
Alternatives to daptomycin may need to be con-
sidered based on the infecting organism, site of 
infection, patient allergy, or drug side effects 
(including elevations in serum creatine kinase 
levels). Similarly to glycopeptides, linezolid 
and ceftaroline are possible alternative thera-
pies. Additionally, the lipoglycopeptides, 
including telavancin, are newer agents available 
for Gram- positive infections. These agents 
share similar mechanisms to the glycopeptides. 
The bactericidal potency of telavancin is higher, 
however, and thus retains activity against VISA, 
VRSA, and some VRE isolates (Leuthner). 
However, telavancin has only received approval 
for acute bacterial skin and soft tissue infec-
tions due to Gram-positive pathogens and hos-
pital-acquired pneumonia when other 
alternatives are not suitable.

 Antifungal Agents

There are three major classes of antifungal 
agents: triazoles (fluconazole, itraconazole, vori-
conazole, posaconazole, isavuconazole), poly-
enes (nystatin, various formulations of 
amphotericin B), and echinocandins (caspofun-
gin, micafungin, anidulafungin) (McCarthy). 
Below, we review what is known about the resis-
tance mechanisms associated with these agents, 
examine the challenges associated with treating 
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these organisms, and explore how novel  
diagnostic platforms may aid in the selection of 
appropriate antimicrobial therapy.

 Triazole Resistance

The triazole drugs are the largest class of antifun-
gals used in the clinical practice and as agricultural 
fungicides. These agents, which include ketocon-
azole, fluconazole, voriconazole, itraconazole, 
posaconazole, and isavuconazole, are becoming 
less effective in treating some medical mycoses 
due to the emergence of less susceptible fungal 
isolates (Snelders). Resistance to azoles used in 
medicine has arisen, in part, because of the use of 
prophylaxis in susceptible patients and prolonged 
treatment courses in those with known infection.

Triazole resistance can arise due to single 
mutations in the drug target lanosterol 
14α-demethylase (Erg11p/CYP51) (Warrilow). 
The CLSI M27-A3 methodology requires read-
ing MIC endpoints for triazoles visually in order 
to identify the lowest concentration with a promi-
nent reduction in growth as compared with the 
control. This method is robust and reproducible 
but may be time-consuming and labor-intensive. 
In this setting, other platforms have recently 
emerged to aid in the detection of triazole resis-
tance. Aspergillus fumigatus is the most common 
cause of invasive mold infection in immunocom-
promised patients. The commercially developed 
PathoNostics AsperGenius® species assay is a 
multiplex real-time PCR capable of detecting 
aspergillosis and genetic markers associated with 
azole resistance that is validated for testing bron-
choalveolar lavage (BAL) fluids, replacing the 
requirement for culture to differentiate suscepti-
ble from resistant A. fumigatus strains (White).

The assay detects TR34, L98H, T289A, and 
Y121F mutations, known as resistance associated 
mutations (RAMs), in CYP51A, a gene that 
encodes cytochrome p450 sterol 14α- 
demethylase, the target of azoles. A large retro-
spective, multicenter study evaluated the diagnos-
tic performance of the AsperGenius® on BAL 
fluid and correlated the presence of these RAMs 
with azole treatment failure and mortality in 

patients with hematologic disease and suspected 
invasive aspergillosis (Chong). Two hundred and 
one patients contributed one BAL sample, 88 
served as positive controls, and 113 were negative 
controls. PCR was positive in 74 of 88 positive 
controls, and azole treatment failure was observed 
in 6 of 8 patients with a RAM compared with 12 
of 45 patients without RAMs (P  =  0.01). The sen-
sitivity, specificity, positive predictive value, and 
negative predictive value were 84%, 80%, 76% 
and 87%, respectively. A 6-week mortality was 
nearly three times higher in patients with RAMs 
(50.0% versus 18.6%; P  =  0.07) suggesting that 
assay had a good diagnostic performance on BAL 
fluid and that detection of RAMs was associated 
with poor prognosis.

This promising platform has distinct limita-
tions. Although more than 15 Cyp51A RAMs 
have been described, only four appear in the cur-
rent iteration of the assay and these mutations 
tend to originate from the environment, not from 
prolonged azole treatment. Other non-genotype 
mechanisms of resistance include increased copy 
number of CYP51A, efflux, and mutation of 
components of mitochondrial complex I. Given 
the potentially profound impact on patient care—
early detection of RAMs can lead to prompt 
adaptation of the antifungal regimen—further 
development of this real-time multiplex PCR 
assay and others are needed to incorporate addi-
tional RAMs, including non-Cyp51A mecha-
nisms that also confer acquired azole resistance 
to A. fumigatus and other filamentous fungi [20–
22]. Other platforms, including matrix-assisted 
laser desorption ionization–time of flight mass 
spectrometry (MALDI-TOF MS), which relies 
on the generation of a microorganism’s “protein 
fingerprint,” are currently being evaluated as a 
tool for triazole susceptibility testing (Becker).

 Polyene Resistance

Polyenes represent a class of biologically active 
fungal metabolites isolated from the genus 
Streptomyces, an aerobic actinomycete obtained 
from soil (Donovick). While more than 100 poly-
ene agents have been described, formulations of 
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amphotericin B are the most commonly used 
drugs to treat fungal infections in humans. 
Resistance to amphotericin B is uncommon, but 
it is increasing in the context of emerging patho-
gens, such as Candida lusitaniae and Candida 
guilliermondii, as well as species of Aspergillus, 
Fusarium, Scedosporium, and Trichosporon.

Amphotericin B acts mainly at the plasma 
membrane and impairs membrane barrier func-
tion (Broughton). Susceptibility to polyenes 
depends on membrane structure, including ste-
rols and other components such as phospholip-
ids. Sterols are essential components of 
eukaryotic cells, and ergosterol is the principal 
sterol in the fungal cell membrane. Similar to 
mammalian cholesterol, ergosterol serves as a 
bio-regulator of membrane fluidity and of mem-
brane integrity and permeability. Amphotericin B 
has toxic effects on mammalian cells. It has been 
shown that in the presence of serum, amphoteri-
cin B binding is not limited to membrane- binding, 
but also to binding with low density lipoprotein 
(LDL) receptors. These toxic effects may be due 
to its capacity to modify or weaken the structure 
of LDLs by an oxidative process.

Intrinsic resistance to amphotericin B is rare 
among pathogenic fungi infecting humans, and 
acquired resistance during therapy is even less 
common. However, resistant strains have been 
identified. Identification of a particular pathogen 
to the species level helps to predict possible poly-
ene resistance and can be extremely important to 
help guide the choice of antifungal therapy. For 
example, most isolates of Aspergillus terreus are 
resistant to amphotericin B in  vitro (Blum). 
Clinical resistance, i.e., failure of antifungal ther-
apy, is multifactorial and depends on a variety of 
factors, such as the immune status of the host, 
pharmacokinetics of the antifungal agent, and the 
species of infecting fungus. In many instances, 
resistance to amphotericin B may not be related 
to the MIC but to failure of the antifungal agent 
to penetrate into infected tissue.

The MIC of amphotericin B can vary depend-
ing upon the test format, type of media, and the 
fungal species being evaluated. The CLSI has 
developed a standardized broth dilution method-
ology for in vitro susceptibility testing of Candida 

species against amphotericin B, but this method 
cannot always distinguish between amphotericin 
B-susceptible and amphotericin B-resistant iso-
lates due to the narrow range of MIC values that 
is generated.

There is a narrow range of MIC values 
(0.06–2  μg/mL) for amphotericin B against 
Candida species; therefore, a one-dilution shift 
in a breakpoint can greatly alter how suscepti-
bility or resistance is reported. Candida spp. 
with MIC >1 μg/mL are considered resistant to 
amphotericin B.  Limitations with the current 
 methodologies have precluded the establish-
ment of interpretative MIC breakpoints for 
amphotericin B for yeasts and molds.

 Echinocandin Resistance

Echinocandins inhibit the synthesis of glucan in 
the fungal cell wall via noncompetitive inhibition 
of the enzyme 1,3-β glucan synthase and are 
often the treatment of choice for invasive candi-
diasis. Acquired resistance of Candida species to 
echinocandins is typically mediated via acquisi-
tion of point mutations in the FKS genes encod-
ing the major subunit of its target enzyme and 
MICs against Candida isolates occasionally 
exceed the breakpoints for resistance (Perlin). 
This observation has led to concerns about the 
sensitivity of the CLSI-recommended methodol-
ogy in identifying resistant isolates and led to a 
revision in echinocandin interpretive breakpoints 
by considering factors such as relative differ-
ences in susceptibility among Candida spp., epi-
demiological MIC cutoff values (ECVs), 
molecular mechanisms of resistance, β-1,3-D- 
glucan synthase enzyme kinetics, pharmacoki-
netic (PK) and pharmacodynamic (PD) data, and 
published clinical data linking MICs with thera-
peutic outcomes (Pfaller).

Although the echinocandins have been in clini-
cal use since 2001, there have been numerous 
reports of echinocandin resistance in patients with 
invasive candidiasis. In almost all cases, the echino-
candin resistance mechanism implicates the drug 
target, Fks, particularly in highly conserved hot 
spots regions (Pham). However, more resistance 

M. W. McCarthy et al.



309

mechanisms may remain to be described given that 
Fks mutations have not been identified in some 
echinocandin-resistant isolates.

A novel and highly accurate diagnostic plat-
form has recently been developed for rapid iden-
tification of FKS mutations associated with 
echinocandin resistance (Zhao). The assay uses 
allele-specific molecular beacon probes and 
DNA melt analysis and has the potential to over-
come the deficiencies of existing in vitro suscep-
tibility based assays to identify echinocandin 
resistance. Susceptibility testing is warranted in 
immunocompromised patients as well as those 
with prior exposure to these agents.

 Emergence of Multidrug-Resistant 
Organisms

Candida auris is a novel ascomycetous yeast spe-
cies first isolated from the external ear canal of a 
patient in a Japanese hospital in 2008 (Clancy). 
The organism has since become the first globally 
emerging fungal pathogen that exhibits multi-
drug resistance as well as a strong potential for 
nosocomial transmission. The rapid spread across 
four continents may be indicative of increasing 
selection pressures from the widespread use of 
antifungal agents, and molecular typing suggests 
that the clinical isolates are highly related within 
each country but distinct between continents 
(Lockhart). In some cases, C. auris is resistant to 
all existing antifungal agents; in other cases, it 
may demonstrate high-grade triazole resistance 
coupled with echinocandin susceptibility. 
However, there are reports of rapid acquisition of 
echinocandin resistance while on therapy.

The emergence of antifungal resistance to 
the most commonly used classes of drugs—tri-
azoles, polyenes, and echinocandins—is an 
expanding public health threat, underscored by 
the paucity of novel antifungal compounds in 
preclinical or clinical development (Srinivasan). 
Successfully confronting antifungal resistance 
will require strategic investment in novel diag-
nostic platforms, therapeutics, and public 
health education, as well as enhanced 
approaches to chemoprophylaxis.

 Conclusions and Future Directions

The immunocompromised are an incredibly  
vulnerable population, who are at risk for a num-
ber of bacterial and fungal infections with both 
complicated resistance patterns and mechanisms. 
This chapter reviewed some of the most relied 
upon classes of antimicrobial agents with an 
emphasis on common bacteria and fungi 
 expressing resistance, examples of emergence in 
the immunocompromised, and alternative anti-
microbial therapies. Resistance may be encoun-
tered in the drug-exposed or drug-naïve patients 
and is particularly challenging when it concerns 
infection with acquired resistance that cannot be 
predicted from the species identification itself. 
Due to the expanding spectrum of causative 
agents, fast and accurate pathogen detection sys-
tems are necessary to identify resistant organisms 
to confront the expanding threat of drug-resistant 
infections in patients with immune impairment.

Early recognition of resistant pathogens is 
essential in the initiation of antimicrobial ther-
apy targeted against these organisms. Screening 
by surveillance cultures or by PCR swabs of 
patients undergoing cancer chemotherapy or 
HSCT may identify patients who are colonized 
with resistant organisms allowing targeted 
empirical therapy. Advances in T2 technology 
and rapid multiplexed molecular systems applied 
to blood, urine, and BAL fluid may detect resis-
tant pathogens to guide preemptive therapy of 
documented infections.

A new generation of antibacterial and antifun-
gal agents is being developed against resistant 
pathogens. Novel beta-lactamase inhibitors, tet-
racyclines, cephalosporins, pleuromutilins, pep-
tides, and other molecules offer potentially new 
options for treatment of MDR Gram-negative 
bacillary pathogens, while tri-terpene (1→3)-β-D- 
glucan synthase cell wall biosynthesis inhibitors, 
glycosylphosphatidylinositol inhibitors, and 
orotomides are new antifungal agents designed 
for treatment of resistant pathogenic fungi. 
Carefully conducted predictive preclinical stud-
ies and thoughtfully designed clinical trials in 
immunocompromised hosts are being pursued to 
meet the challenges of these organisms.
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While the technical and regulatory hurdles 
associated with antimicrobial drug development 
are well-documented, several new developments 
are cause for optimism. On August 29, 2017, the 
US Food and Drug Administration (FDA) 
approved meropenem/vaborbactam fixed combi-
nation for the treatment adults with complicated 
urinary tract infections (cUTI). The decision was 
based on substantial preclinical and clinical data, 
including two recent trials involving hundreds of 
adults with cUTI. Meropenem/vaborbactam rep-
resents a powerful new treatment option to 
address antibiotic-resistant pathogens, including 
Klebsiella pneumoniae carbapenemase (KPC)-
producing bacteria that exhibit resistance to most 
antimicrobial agents. Vaborbactam is a new 
boron-based inhibitor of several classes of 
β-lactamases that has been developed in combi-
nation with meropenem for the treatment of 
resistant bacterial pathogens, and recent work 
suggests this combination may one day be used 
to address other forms of infection, including 
bacteremia and lower respiratory tract infection.

This is but one of many new compounds in 
development. Another new agent, cefiderocol (for-
merly known as S-649266), is a novel siderophore 
cephalosporin that has significant antimicrobial 
activity against a variety of MDR bacteria, includ-
ing strains that produce carbapenemases such as 
Klebsiella pneumoniae carbapenemase (KPC) and 
New Delhi metallo-β-lactamase (NDM)-1. 
Siderophores are small, high-affinity, iron-chelat-
ing compounds that are produced by a variety of 
bacteria and fungi and are among the strongest 
soluble Fe3+-binding agents known. One poten-
tially powerful application is to use the iron trans-
port abilities of siderophores to carry drugs into 
cells by preparation of conjugates between sidero-
phores and antimicrobial agents, which has some-
times been referred to as the “Trojan Horse” 
approach. We are encouraged by this ingenious 
strategy for the development of anti-infective ther-
apies and believe it will serve as a model for other 
drugs in development. Circumventing bacterial 
mechanisms of resistance will require creativity as 
well as sustained investment to meet the needs of 
the expanding population of patients who are  
susceptible to these potentially deadly infections.
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 Introduction

Management of viral infections is challenging 
because viruses are intracellular parasites that 
use many of the host’s own pathways to replicate 
and propagate, and therefore antiviral agents 
need to target specific viral components, for 
example, thymidine kinase for herpes simplex 
viruses, to avoid potential damage to the host cell 
[1]. Viral infections are common and have the 
potential for severe morbidity and mortality in 
immunocompromised patients; thus, ample 
knowledge of their diagnosis, management, and 
treatment is of utmost importance for the clini-
cian. This chapter will provide an overview of the 
main antiviral agents that are used for immuno-
compromised patients, including patients with 
cancer and stem cell and solid organ transplant 
recipients, focusing on their clinical indications.

 Antiviral Agents for Herpesviridae

 Commonly Used Antiviral Agents

 Acyclovir
Acyclovir (ACV) acts through the function of two 
herpesvirus enzymes: thymidine kinase and DNA 
polymerase. As acyclovir is a nucleoside analog 
(9-[2-hydroxymethyl] guanine) of guanosine, after 
its intracellular uptake, this drug is converted to 
acyclovir monophosphate by virally encoded thy-
midine kinase (the first involved enzyme) and sub-
sequently converted to acyclovir triphosphate in 
the cell. Acyclovir triphosphate competitively 
inhibits viral DNA polymerase (the second 
involved enzyme) by acting as an analog to deoxy-
guanosine triphosphate (dGTP). The incorporation 
of acyclovir triphosphate into DNA results in pre-
mature chain termination of the viral DNA since 
the absence of a 3′ hydroxyl group prevents the 
attachment of additional nucleosides [2]. Acyclovir 
is active against herpes simplex virus types 1 
(HSV-1) and 2 (HSV-2) and varicella-zoster virus 
(VZV), although it is ten times more potent against 
HSV-1 and -2 than VZV. Cytomegalovirus (CMV), 
which does not encode for thymidine kinase, is 
resistant to acyclovir at clinically achievable blood 
levels of the drug. In addition, acyclovir inhibits 
the replication of Epstein-Barr virus (EBV) in the 
lytic phase, but it has no effect on EBV infections 
in the latent or persistent phases [3]. Valacyclovir, 
which is a prodrug of acyclovir, has 55% more oral 
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bioavailability than oral acyclovir and exactly the 
same mechanism of action.

Clinical Uses The US Food and Drug 
Administration (FDA) approved acyclovir in 
1982 and valacyclovir in 1995. The FDA indica-
tions for the oral formulations include cold sores 
(herpes labialis), genital herpes (initial or recur-
rent episode), and reduction of transmission of 
genital herpes, as well as herpes zoster. In stem 
cell and solid organ transplant recipients, acyclo-
vir has been used for prophylaxis in patients with 
positive IgG antibodies to HSV [4, 5]. The use of 
acyclovir for herpes simplex infections or erup-
tions in immunocompromised patients has been 
associated with shorter duration of virus shed-
ding, less pain at the site of eruption, and faster 
scabbing and healing of the lesions, as well as 
prevention of recurrent HSV infections [6]. 
Table 16.1 describes dosing of acyclovir for its 
most common clinical indications.

Prophylaxis with acyclovir is recommended 
for patients after hematopoietic cell transplanta-
tion and is seropositive for HSV or VZV [11], 

hematological malignancies who are undergoing 
chemotherapy with purine analogs, second-line 
chemotherapy or treatment containing corticoste-
roids, and those with CD4 counts <50 cells/mm3 
or prolonged grade III or IV neutropenia [12, 13]. 
In addition, prophylaxis is strongly recom-
mended for patients receiving alemtuzumab, but 
not for patients receiving rituximab [12, 13].

For hematopoietic stem cell transplant (HCT) 
recipients, acyclovir is started immediately after 
transplantation for the prevention of mucocutane-
ous HSV reactivation. The intravenous route is pre-
ferred (5  mg/kg intravenously every 12  h, for 
patients with normal renal function) when signifi-
cant chemotherapy-induced mucositis is present 
[14, 15]. Long-term prophylaxis is preferred to 
decrease the frequency of HSV and varicella- zoster 
virus (VZV) reactivation [11, 16]. Most centers 
continue prophylaxis up to 6 months or beyond if 
patients continue to require systemic immunosup-
pression [11]. In contrast, in solid organ transplant 
recipients, prophylaxis for HSV reactivation is 
most effective in the first 4 weeks after transplanta-
tion [5], and prophylaxis for VZV is not offered 
regularly. Disseminated and complicated HSV or 

Table 16.1 Dosing recommendations for acyclovir* [7–10, 23]

Mucocutaneous 
HSV Genital HSV VZV Encephalitis Prophylactic dose

Acyclovir 
oral

400 mg every 
8 h or 200 mg 
every 4 h for 
7–10 days

200 mg every 
4 h or 400 mg 
every 8 h 
recurrence 
400 mg every 
12 h

800 mg every 4 h for 
7–10 days (not 
recommended for 
immunocompromised 
host)

Not 
recommended

400 mg twice 
daily or 200 mg 
3–5 times daily

Acyclovir 
IV

5 mg/kg every 
8 h for 
7–10 days

If severe, 
5 mg/kg every 
8 h for 
7–10 days

10 mg/kg every 8 h 
(when improvement is 
noted, can transition to 
oral route)

10 mg/kg 
every 8 h for 
2–3 weeks

Valacyclovir 
oral

1000 mg every 
12 h for 5 to 
10 days or 2 g 
twice daily for 
1 day

For first 
episode, 
1000 mg every 
12 h; for 
recurrent 
infection, 
500 mg every 
12 h for 5 to 
10 days

1000 mg every 8 h for 
7–10 days (may need 
longer treatment)

Not 
recommended

500 to 1000 mg 
daily

HSV herpes simplex virus, VZV varicella-zoster virus, IV intravenous
*For intravenous use, maintain adequate hydration prior to and during the treatment. The doses in this table are for adult 
patients with normal kidney function. Doses need to be adjusted in patients with renal impairment
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VZV infections, including encephalitis, should be 
treated with high-dose intravenous acyclovir 
(10 mg/kg/ every 8 h, renally adjusted).

Pharmacokinetics Oral bioavailability of acy-
clovir is about 20–30%, decreasing with higher 
doses; therefore, the intravenous formulation 
should be used for serious infections such as 
HSV encephalitis and may be considered in cer-
tain cases of disseminated varicella infection [16, 
17]. Excretion is predominantly renal, both by 
glomerular filtration and tubular secretion, and 
dosage modifications are required in the presence 
of renal insufficiency [18]. In contrast, valacyclo-
vir has better bioavailability than oral acyclovir, 
with serum bioavailability of 54–70% [19].

In obese patients (e.g., BMI ≥30  kg/m2), 
weight-based dosing should be scaled to ideal 
body weight rather than actual body weight to 
avoid an increased risk of toxicity as acyclovir is 
hydrophilic, is not highly bound to plasma pro-
teins, and distributes mainly into body fluids and 
non-adipose tissue [20].

Adverse Effects Acyclovir is remarkably well 
tolerated in most patients. There are, however, 
several important potential adverse effects.

Acute Renal Failure Acute renal failure, pro-
duced by the precipitation of relatively insoluble 
acyclovir crystals in the renal tubules, is an occa-
sional complication of intravenous therapy [7, 8]; 
rarely, interstitial nephritis may occur. The risk 
can be minimized by prior hydration (with the 
urine output maintained above 75  mL/h) and 
slow drug infusion (over a 1- to 2-h period) [21].

Neurologic Toxicities Rare reports of neurologic 
toxicity, particularly in patients with chronic kid-
ney disease, include headaches, agitation, trem-
ors, delirium, and hallucinations. Severe 
neurotoxicity, characterized by delirium and 
coma, has been described at doses as low as 
800 mg twice daily in patients requiring dialysis. 
The potential for this complication is greater in 
patients treated with peritoneal dialysis, which is 

associated with minimal removal of acyclovir 
[22].

Mechanism of Resistance Concern for acyclo-
vir resistance associated with long-term use has 
been raised, and reports of resistant isolates to 
acyclovir in HCT recipients have been published. 
The incidence of acyclovir-resistant HSV infec-
tions in HCT recipients has been reported as 
between 7% and 36% [24, 25]. Some reports sug-
gest that acyclovir resistance may develop more 
frequently during short-term prophylaxis or dur-
ing repeated treatment for recurrent infections 
than during long-term prophylaxis [26].

Three mechanisms have been shown to confer 
resistance to acyclovir in HSV: (1) reduced or 
absent thymidine kinase (the most common), (2) 
altered thymidine kinase activity resulting in 
decreased acyclovir phosphorylation, and (3) 
altered viral DNA polymerase with decreased 
affinity for acyclovir triphosphate (rare).

 Other DNA Polymerase inhibitors 
Penciclovir
Penciclovir is a guanosine analog that, after 
phosphorylation to penciclovir triphosphate, 
inhibits DNA polymerase, selectively inhibiting 
herpes viral DNA synthesis and replication. It is 
poorly absorbed orally, but it is available as a 
topical agent for local therapy of mucocutaneous 
herpes infections. Reported side effects of penci-
clovir include application site reaction, hyperes-
thesia, and taste changes [27].

 Famciclovir
Famciclovir is a guanosine analog prodrug of pen-
ciclovir that, like penciclovir, acts through inhibi-
tion of the viral DNA polymerase after 
phosphorylation to penciclovir triphosphate. 
Famciclovir has excellent oral bioavailability and a 
prolonged in  vitro intracellular half-life, which 
results in persistent antiviral activity [28, 29]. It is 
approved by the FDA for the treatment of herpes 
labialis, herpes zoster, and genital herpes, includ-
ing recurrent cases [30, 31]. Famciclovir is also 
eliminated by the kidneys and requires renal adjust-
ment in cases of abnormal renal function [29].
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 Ganciclovir
Ganciclovir (GCV, 9-[(1,3-dihydroxy-2- 
propoxy)methyl]guanine, or DHPG) is a syn-
thetic analog of guanosine. It is initially 
phosphorylated to ganciclovir 5′-monophosphate 
by a viral kinase, encoded by the CMV gene 
UL97. Ganciclovir monophosphate is phosphor-
ylated by cellular kinases in cells infected by 
CMV and HSV; this phosphorylation yields gan-
ciclovir diphosphate and ganciclovir triphos-
phate. The triphosphorylated ganciclovir is a 
competitive inhibitor of dGTP, blocking its incor-
poration into DNA, inhibiting viral DNA poly-
merase, and also serving as a poor substrate for 
DNA chain elongation [32].

Clinical Use Due to the poor bioavailability of 
oral ganciclovir (<5%) [28], the most commonly 
used products are intravenous ganciclovir or its 
oral prodrug valganciclovir [33, 34]. Ganciclovir 
is mainly used for the management of CMV 
infection, but it also inhibits the replication of 
other herpes viruses in  vitro, including HSV-1, 
HSV-2, EBV, VZV, and human herpes viruses 6 
and 7 (HHV-6 and HHV-7), but not human her-
pes virus 8 (HHV-8) [1].

Intravenous ganciclovir is recommended for 
induction treatment of severe CMV infection, 
including CMV reactivation, retinitis, colitis, 
esophagitis, and pneumonia, in solid organ and 
HCT recipients [35]. Oral valganciclovir is FDA 
approved for the treatment of CMV retinitis in 
patients with acquired immunodeficiency syn-
drome (AIDS) and for prevention of CMV disease 
in kidney, heart, and kidney-pancreas transplant 
patients at risk for CMV disease (see below) [36].

In solid organ transplant recipients, ganciclo-
vir and valganciclovir have been used for CMV 
prophylaxis, depending on the type of transplant 
and patient and donor CMV sero-status. High- 
risk patients, defined according to seropositivity 
of the recipient (R) and/or donor (D) for CMV 
antibodies (R+ or D+/R−), receive prophylaxis 
for 3–6 months after most solid organ transplants, 
except for lung transplants, where patients 
receive 6–12  months of posttransplant prophy-
laxis [5]. On the other hand, D−/R− solid organ 

transplant recipients receive preemptive therapy 
in which antiviral therapy is begun following 
diagnosis of CMV reactivation (described below) 
[37]. The good bioavailability of valganciclovir 
and lessen pill burden compared with oral ganci-
clovir make it the preferred drug for prophylaxis, 
even in liver transplant recipients [38, 39]. 
Interestingly, the implementation of these pro-
phylaxis recommendations has shifted the peak 
incidence of CMV disease in solid organ trans-
plant recipients from the first 3–6  months after 
transplantation, when prophylaxis is usually dis-
continued [40].

On the other hand, for HCT recipients, due 
mostly to adverse effects of ganciclovir, includ-
ing bone marrow suppression [41], preemptive 
strategies are widely preferred as a prevention 
method by most transplant centers. In most insti-
tutions, CMV preemptive strategy consists of 
close monitoring of CMV by either antigenemia 
or by PCR, with therapy initiated at a certain 
threshold of CMV viral load; however, its suc-
cess depends largely on structured standard-of- 
care practices and close monitoring [40, 42, 43].

Pharmacokinetics Ganciclovir is excreted, 
unmodified, in the urine; therefore, dosage 
adjustment is required in patients with impaired 
renal function [44, 45].

Valganciclovir has an oral bioavailability of 
around 60% and thus is an excellent option for 
the outpatient management of CMV [28, 46].

Adverse Effects Bone marrow toxicity is a fre-
quent side effect of ganciclovir. Neutropenia in 
ganciclovir recipients is dose-dependent and 
results from the inhibition of DNA polymerase in 
hematopoietic progenitor cells [47]. The inci-
dence of neutropenia defined by a neutrophil 
count of less than 1000/μL, associated with 
 ganciclovir, ranges between 21% and 31% in 
HCT recipients [48] and around 10% in solid 
organ transplant patients [49]. Furthermore, 
thrombocytopenia and anemia have been 
described in 19% and 2% of patients, respec-
tively [50]. Other more rare side effects are fever, 
ataxia, confusion, and elevation of liver enzymes.
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Mechanisms of Resistance Ganciclovir resis-
tance can occur in patients receiving prolonged 
therapy with either intravenous ganciclovir or 
oral valganciclovir. Depending on the trans-
planted organ, the incidence of ganciclovir- 
resistant virus in transplant recipients could vary 
between 5% and 10% [51].

Mutations in the UL97-encoded CMV phos-
photransferase have been associated with resis-
tance [13], as have alterations in UL54-encoded 
viral DNA polymerase. It has been postulated 
that UL97 mutations arise first and confer moder-
ate resistance to ganciclovir but not to other 
CMV-directed antivirals, such as cidofovir or 
foscarnet. With continued therapy, DNA poly-
merase mutations may subsequently appear, 
leading to high-level resistance to ganciclovir 
with cross-resistance to cidofovir and, some-
times, to foscarnet [52].

 Foscarnet
Foscarnet (FCN) is a pyrophosphate analog 
whose mechanism of action is noncompetitive 
inhibition of the pyrophosphate-binding site of 
DNA viral polymerase, preventing the cleavage 
of the pyrophosphate from deoxynucleotide tri-
phosphates and blocking DNA chain elongation. 
Foscarnet inhibition of viral polymerase does not 
require previous phosphorylation or activation by 
a viral kinase [53].

Clinical Use Foscarnet is usually used as 
second- line therapy, mainly for CMV when gan-
ciclovir is contraindicated or not well tolerated, 
for acyclovir-resistant HSV, for HHV-6 viremia 
and/or encephalitis, and occasionally for VZV 
infections [53]. Its use is limited because of sig-
nificant toxic effects, including renal dysfunction 
(see Adverse Effects, below). In our institution, 
because of concerns of myelosuppression that 
could be related to ganciclovir, foscarnet is fre-
quently used, especially during the first few 
weeks after stem cell transplantation for the man-
agement of CMV infections [43].

Pharmacokinetics Foscarnet has poor oral bio-
availability and is therefore administered intrave-

nously. It is excreted solely by the kidneys. 
Clearance decreases with impaired renal func-
tion, and doses must be adjusted in patients with 
renal insufficiency. Renal toxicity can be mini-
mized with hydration; therefore, it is recom-
mended to use 0.5–1 L of normal saline at 0.9% 
with each infusion. This infusion should be used 
with caution in patients with impaired cardiac 
function. Due to its toxicity profile, foscarnet is 
not recommended for prophylaxis.

Adverse Effects Specific toxic effects are some-
what difficult to measure, given that foscarnet is 
used mainly in patients with significant underly-
ing illnesses who are often receiving multiple 
medications. The most important adverse effects 
of foscarnet are decreased renal function, electro-
lyte abnormalities, and infusion-related nausea. 
Genital ulcerations  and neurotoxicity, including 
seizures, have also been documented [53, 54].

Renal Toxicity Foscarnet appears to be directly 
toxic to renal tubular cells. Although tubular dam-
age is probably the principal factor underlying 
foscarnet-induced renal dysfunction, the finding 
of crystals in the glomerular capillaries of three 
patients suggests that other mechanisms may con-
tribute to renal injury [55]. In one case report, a 
patient developed crystal nephropathy and multi-
organ failure after the use of foscarnet [56].

Electrolyte Abnormalities Hypocalcemia is a 
well-established side effect of foscarnet, possibly 
the result of complex formation between the drug 
and free calcium. Hypomagnesemia is also com-
monly found and may contribute to the develop-
ment of both hypocalcemia and hypokalemia 
[53].

Genital Ulcerations Genital ulcerations have 
been associated with foscarnet therapy and are 
possibly caused by a topical toxic effect of the 
drug when concentrated in urine [1]. These geni-
tal lesions are reversible and potentially prevent-
able with careful urinary hygiene [56].
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Mechanism of Resistance Foscarnet resistance 
can result from mutations in the CMV UL54 
gene, which encodes the DNA polymerase 
required for viral replication. Mutations in this 
gene reduce antiviral affinity [57]. UL54 muta-
tions can emerge during therapy with foscarnet 
and can also emerge in the presence of prolonged 
ganciclovir exposure, after the development of 
UL97 mutations (which confers resistance to 
ganciclovir but not to foscarnet) [57] (Table 16.2).

 Cidofovir
Cidofovir (CDV) is a monophosphate nucleotide 
analog that inhibits viral synthesis after undergo-
ing cellular phosphorylation to its diphosphate 
form [2]. It competitively inhibits the incorpora-
tion of deoxycytidine triphosphate into viral 
DNA by viral DNA polymerase. Incorporation of 
the drug disrupts further chain elongation. Similar 
to foscarnet, cidofovir does not require phosphor-
ylation (and hence activation) by a viral kinase 
[59, 60].

Clinical Use The clinical importance of cidofo-
vir relies on its activity against herpesviruses, 
adenovirus, and polyomavirus. Its clinical effi-
cacy has been mainly demonstrated in HIV- 
positive patients with CMV retinitis where 
intravenous cidofovir is approved at a dosing of 
5 mg/kg intravenously once weekly for 2 weeks 
and then every other week [2, 61]. Few case 
reports on cidofovir use in HCT recipients with 
CMV retinitis have been published, mostly in 

patients with resistance to ganciclovir, with good 
clinical response [62, 63].

In HCT recipients, a small pilot study was 
done to determine the efficacy and toxicity of 
cidofovir as preemptive therapy for 
CMV. Cidofovir was given at 5 mg/kg with pro-
benecid and hydration, weekly for a maximum of 
4 weeks. Twenty patients received treatment for 
CMV disease (mostly pneumonia), with half of 
them experiencing good response to cidofovir; 
but adverse events, including severe vomiting, 
renal dysfunction, and uveitis, were common [64, 
65]. Preemptive therapy has not been further 
studied. Cidofovir is mostly used as salvage ther-
apy for the treatment of complicated CMV and 
HSV infections especially when ganciclovir- 
and/or foscarnet-resistant CMV is documented or 
suspected as cidofovir retains activity against 
resistant thymidine kinase-negative HSV strains 
and resistant CMV strains with mutations in the 
UL97 gene [28, 60]. Cidofovir use is however 
limited by its adverse effects (see below). Other 
uses include therapy for adenovirus infection 
(with a dose of 1  mg/kg three times per week 
used to try to avoid nephrotoxicity) [66, 67] and 
BK virus infection (at doses of 0.25– to 5 mg/kg 
with and without oral probenecid g 3  h before 
and 1 g 3 h and 9 h after cidofovir administration) 
[68–71]. In small case series, low dose of cidofo-
vir without probenecid achieved higher urinary 
concentration and reduce nephrotoxicity, repre-
senting a safe and probably efficacious option 

Table 16.2 Dosing recommendations for ganciclovir and foscarnet* [58]

HSV reactivation CMV treatment
Maintenance therapy or prophylaxis for 
CMV

Ganciclovir Not indicated 5 mg/kg IV every 12 h for 
2–3 weeks

5 mg/kg IV daily is used after treatment 
or for prophylaxis in intestinal transplant 
or patients for whom the oral route is not 
an option (e.g., severe mucositis)

IV therapy is preferred for 
organ disease

Valganciclovir Not indicated 900 mg oral twice daily for 
2–3 weeks

900 mg oral daily

Foscarnet 40 mg/kg every 
8–12 h for 
10–14 days or until 
improvement

60 mg/kg every 8–12 h OR 
90 mg/kg IV every 12 h for 
2–3 weeks, followed by 
maintenance dosing

Between 90 and 120 mg/kg daily

For intravenous use, maintain adequate hydration prior to and during the treatment. The above doses are for adult 
patients with normal renal function. Dose adjustment is required in patients with renal impairment
*Recommend consultation with a clinical pharmacy specialist for dosing and monitoring
HSV herpes simplex virus, CMV cytomegalovirus, IV intravenous
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[70, 71]. The use of cidofovir is most commonly 
once a week for 2 weeks and then two injections 
at 2-week interval [69]. Further studies are still 
needed to determine and standardized doses and 
frequency of cidofovir therapy for BK in HCT 
patients.

Pharmacokinetics Over 80% of cidofovir is 
excreted unchanged in the urine within 24 h of 
administration, with a half-life of 2.4–3.2 h; how-
ever, cidofovir diphosphate, an active metabolite, 
is eliminated more slowly, with first- and second- 
phase intracellular half-lives of 24 and 65  h, 
respectively. This property permits the drug to be 
dosed every 2  weeks. Patients should receive 
around a liter of normal saline (0.9%) over 1–2 h 
immediately preceding cidofovir and, if they can 
tolerate the fluid load, a second liter either during 
or immediately following cidofovir administra-
tion. The volume of administered normal saline 
(0.9%) may require modification in patients with 
cardiac dysfunction. Patients must also receive 
probenecid (2 g orally 3 h prior to cidofovir and 
1 g orally 2 and 8 h following cidofovir), which 
may prevent damage to proximal renal tubular 
epithelial cells by preventing the uptake of cido-
fovir into these cells [1, 72, 73].

Adverse Effects The most significant toxic 
effect of cidofovir is renal dysfunction, which has 
been reported in approximately 24% of patients 
receiving the medication in clinical trials [74]. 
Renal toxicity can be reduced by co- administration 
with hydration with normal saline and probene-
cid as described above [72]. Serum creatinine and 
urine protein (the dipstick method is acceptable) 
should be checked within 48 h before each dose 
of cidofovir, and dose reduction or discontinua-
tion may be required when there is evidence of 
renal dysfunction. This adverse event is usually 
reversible with discontinuation of the drug; how-
ever, a few cases of end-stage renal disease asso-
ciated with the use of cidofovir in HIV- positive 
individuals have been reported [73]. Cidofovir 
has also been rarely associated with the emer-
gence of a Fanconi-type syndrome, with protein-
uria, glycosuria, and bicarbonate wasting [75].

Topical or intralesional use of cidofovir may 
also be associated with renal dysfunction, 
although this is rare; monitoring of renal function 
is advised [61]. The systemic absorption of cido-
fovir after topical application is probably higher 
if it is applied to non-intact skin. At MD Anderson, 
we evaluated the pharmacokinetics of intravesic-
ular cidofovir in six patients; intravesicular instil-
lation of cidofovir resulted in systemic exposure 
as high as 74% in some patients. Only two of six 
patients were able to tolerate the treatment. The 
primary cause of non-tolerance was lower 
abdominal pain, and one patient had a significant 
increase in serum creatinine [76].

Ophthalmic Side Effects Anterior uveitis sec-
ondary to low-dose cidofovir has been reported 
and is associated with renal dysfunction (creati-
nine clearance <30 mL/min) [77, 78].

Gastrointestinal Side Effects Nausea and vomit-
ing are common side effects of probenecid and 
may be reduced by administering the drug with 
food and/or an antiemetic.

Rare side effects include neutropenia and rash, 
which could be managed with an antihistamine if 
appropriate [1].

Mechanism of Resistance Based on cidofovir 
mechanism of action, resistance to the drug is 
related to mutations in the viral DNA polymerase 
gene UL54 [60]. A report of patients with CMV 
retinitis described development of reduced sus-
ceptibility to cidofovir with long-term use (mean 
of 17 weeks); however, there was no difference in 
the clinical outcome in terms of progression of 
retinitis [79].

 Brivudin
Brivudin is a 5′-halogenated thymidine nucleo-
side analog that is highly active against HSV-1 
and VZV. Its mechanism of action involves com-
petitive inhibition of the viral DNA polymerase 
[28]. It is available in some countries, but not in 
the United States, for the treatment of herpes zos-
ter and herpes simplex [80].
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 Other Antivirals and Investigational 
Drugs

 Leflunomide
Leflunomide belongs to a family of drugs called 
malonitrilamides and is an isoxazole derivative 
used for the treatment of rheumatoid arthritis. 
Leflunomide is structurally unrelated to other 
immunomodulatory disease-modifying anti-
rheumatic drugs. Its antiviral activity is a result 
of its inhibition of phosphorylation of one or 
more viral structural phosphoproteins, thus 
leading to an inhibition of the assembly of the 
mature infectious virion [81, 82]. As adjuvant 
antiviral therapy, leflunomide has been used to 
treat CMV infection in renal allograft recipients, 
patients undergoing allogeneic HCT, and 
patients suffering from BK virus nephropathy 
[83–85].

 Brincidofovir
Brincidofovir (CMX001, Chimerix, Durham, 
NC, USA), an investigational antiviral agent, is 
a hexadecyloxypropyl-cidofovir with broad- 
spectrum activity against dsDNA viruses. The 
lipid conjugate of cidofovir is converted intra-
cellularly into the active antiviral cidofovir 
diphosphate. The lipid conjugation results in 
oral bioavailability, higher intracellular con-
centrations of active drug, lower plasma con-
centrations of cidofovir, and increased antiviral 
potency against dsDNA viruses [86]. In a phase 
2 trials, the incidence of CMV events was lower 
among allogeneic HCT recipients who received 
brincidofovir when compared with placebo 
(10% vs. 37%; P= 0.002). In December 2015, 
the company reported the results from the 
phase 3 SUPPRESS trial, in which brincidofo-
vir did not reach its primary endpoint for the 
prevention of clinically significant CMV infec-
tion through week 24 after transplantation. 
Diarrhea was the most common adverse event 
in patients receiving the medication. The dose 
used in these two trials was 100  mg twice 
weekly. Neither myelosuppression [87] nor 
nephrotoxicity has been reported, as brincido-
fovir is not concentrated in the renal proximal 
tubules [75].

 Maribavir
Maribavir (Shire, Lexington, MA, USA) is an 
investigational benzimidazole nucleoside that 
prevents viral DNA synthesis by inhibition of 
UL97 (CMV-encoded protein kinase). UL97 
kinase is an early viral gene product involved in 
viral DNA elongation, DNA packaging, and 
egress or shedding of capsids from viral nuclei. 
Maribavir, unlike ganciclovir, does not require 
phosphorylation for antiviral activity. It is more 
potent than ganciclovir against CMV and is 
effective against ganciclovir-resistant CMV 
strains [88]. Maribavir showed promise in a 
phase 2 clinical trials and was granted “fast- 
track” status by the FDA, but in a phase 3 trial, it 
failed to meet the primary endpoint of prevention 
of CMV disease when the medication was initi-
ated after engraftment. The low dose used in the 
trials for maribavir prophylaxis, 100  mg twice 
daily, has been considered in part responsible for 
the lack of efficacy [89, 90]. In a phase 2 trial of 
maribavir for refractory CMV cases, four of six 
patients had no detectable CMV DNAemia 
within 6 weeks of starting maribavir therapy. One 
patient developed maribavir-resistance muta-
tions. The results of a phase 2, double-blind-dose 
ranging study for the treatment with maribavir of 
CMV resistant or refractory to ganciclovir or fos-
carnet in HCT or solid transplant recipients were 
recently presented at the American Society 
of  Bone Marrow  Transplant meeting in 2017 
[91]. Maribavir up to 1200 mg twice a day was 
effective for treatment of CMV infection resis-
tant or refractory to prior therapy on HCT and 
SOT recipients and supported the safety of 
maribavir administered for up to 24 weeks [91]. 
No nephrotoxicity or hematological toxicity has 
been reported to date [92].

 Letermovir
Letermovir (Merck, Kenilworth, NJ, USA) is a 
new antiviral that is under investigation. Its 
mechanism of action involves the viral terminase 
subunit pUL56 (exclusive to virus), which is a 
component of the terminase complex involved in 
viral DNA cleavage and packaging. Because of 
its novel mechanism of action, letermovir is 
promising as a potential new treatment option for 
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patients infected with CMV strains with UL97 
and UL54 mutations. Initial clinical data on the 
use of letermovir in a patient infected with a 
multidrug- resistant CMV strain who had multi- 
organ CMV disease appear to support the in vitro 
data [93]. Letermovir is highly specific for human 
CMV, as it has no activity against other herpesvi-
ruses or any other virus. In a phase 2 trial, leter-
movir, when compared to placebo, was effective 
in reducing the incidence of CMV infection in 
recipients of allogeneic HCT.  The higher leter-
movir dose used in that study was 240  mg per 
day, with minimal adverse events [94]. The 
results of the phase 3 randomized, double-blind, 
placebo-controlled trial of letermovir for preven-
tion of CMV infection in adult CMV-seropositive 
recipients of allogeneic HCT in over 500 patients 
were recently reported at the American Society 
of Bone Marrow Transplant meeting, and leter-
movir prophylaxis was effective in reducing clin-
ically significant CMV infection and was overall 
well tolerated [95]. Based on these findings, in 
November 2017 the FDA approved Letermovir 
for prophylaxis of CMV infection in adult CMV-
seropositive recipients of an allogeneic hemato-
poietic stem cell transplant. https://www.
accessdata.fda.gov/drugsatfda_docs/nda/2017/2
09939Orig1s000,209940Orig1s000Approv.pdf. 
Accessed April 6, 2018.

 Antiviral Agents for Respiratory 
Viruses

 Commercially Available Antiviral 
Agents

 M2 Inhibitors Amantadine 
and Rimantadine
The mechanism of action of M2 inhibitors is 
inhibition of the ion channel function of the M2 
protein of influenza A viruses; these drugs act by 
blocking penetration, uncoating, and assembly of 
the virus [96].

Clinical Use Both M2 inhibitors are effective 
against influenza A; however, the development of 
resistance and lack of effects against influenza B 
have limited their use, and they are no longer rec-

ommended as first-line therapy for influenza A 
[97].

Pharmacokinetics Amantadine has good bio-
availability, 86–90% with a half-life of 17 h (lon-
ger, 29 h, in adults 60 years of age or older). It is 
dosed at 100  mg orally twice a day in adults 
younger than 60  years or daily in adults older 
than 60  years. Dose adjustment is required for 
renal impairment, and the same dosing is used for 
treatment and prophylaxis.

Adverse Effects The most common adverse 
effects are gastrointestinal symptoms, including 
nausea and anorexia, and central nervous systems 
symptoms, such as nervousness, anxiety, and dif-
ficulty concentrating [96].

Mechanisms of Resistance Due to the high 
incidence of resistance to M2 inhibitors, these 
drugs should not be used as first-line therapy or 
chemoprophylaxis for currently circulating influ-
enza A viruses, in immunocompromised patients 
in particular [97, 98]. The mechanism of resis-
tance to this drug class is mutations to the pore- 
lining residues of the ion channel, leading to the 
inability of amantadine and rimantadine to enter 
the channel in their usual way. Resistance of 
influenza 2009 H1N1 and H3N2 strains to the 
M2 inhibitors is usually recognized early during 
outbreaks and frequently develops over the 
course of treatment, particularly in immunocom-
promised patients [99].

 Neuraminidase Inhibitors
Neuraminidase inhibitors (NAIs) interfere with 
the release of progeny influenza virus from 
infected cells, thereby preventing new rounds of 
replication. The main NAIs are oseltamivir, zana-
mivir, and peramivir. Oseltamivir is administered 
orally. In immunocompromised patients, 
increased doses of oseltamivir (150  mg twice 
daily, adjusted to renal function) have been evalu-
ated compared with standard doses; however, a 
beneficial impact on clinical outcomes of high- 
dose oseltamivir has not been conclusively dem-
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onstrated [100]. Zanamivir is most commonly 
given in inhaled form, but intravenous zanamivir 
has undergone evaluation in a phase 3 trial and is 
available for compassionate use from its manu-
facturer via an FDA emergent investigational new 
drug application in the United States [101] and 
the compassionate use program in Europe [102]. 
Peramivir is available in Japan and South Korea 
and was recently approved in the United States. It 
is active against influenza A and B and is indi-
cated for the treatment of influenza infection in 
adults. Peramivir is the first NAI that is FDA 
approved for intravenous use and is administered 
as a single intravenous dose; however, longer 
duration may be considered for severe disease 
[86]. It should be considered for patients who are 
unable to tolerate oral or enteric administration of 
drugs. However, further studies are needed to 
determine the efficacy and safety of peramivir in 
immunocompromised patients [103].

Clinical Use Zanamivir, oseltamivir, and pera-
mivir have activity against influenza A and B. For 
optimal effect, therapy should be initiated as 
close to the onset of symptoms as possible. 
Initiating therapy during the first 48 h of onset of 
symptoms is recommended as it decreases com-
plications, including intensive care unit (ICU) 
admission [101]; prompt initiation of therapy, 
preferably within 24–48 h of onset of symptoms, 
is essential to prevent complications in patients 
with cancer, including HCT recipients [104]. 
However, in immunocompromised patients, 
including patients with hematological malignan-
cies and transplant recipients, even late initiation 
has been associated with improved outcomes 
[101, 105]. Furthermore, prophylaxis for 10 days 
is recommended for immunocompromised 
patients in close contact with influenza.

Mechanism of Resistance Resistance to NAIs 
among the influenza viruses is an emerging prob-
lem of serious epidemiological and clinical 
implications. A specific mutation in the seasonal 
influenza A/H1N1 virus strains, H275Y 
(histidine- to-tyrosine substitution in the neur-
aminidase), has been reported worldwide [106–
108], including in immunocompromised patients 

[109, 110]. Of note, this specific mutation 
(H275Y) confers resistance to oseltamivir and 
peramivir as well [111, 112]. A recent meta- 
analysis including 19 studies reported a pooled 
incidence rate of 2.6% for oseltamivir resistance 
[113]. However, higher rates of resistance (up to 
68%) were found in Europe for influenza A/
H1N1 related to the H275Y mutation in the neur-
aminidase during the 2007–2008 winter season 
[114]. Furthermore, although rare, some instances 
of oseltamivir-resistant H3N2 strains have been 
detected worldwide [96].

The treatment of choice for oseltamivir- 
resistant influenza with the H275Y mutation is 
zanamivir, and a few reports of good outcomes 
with the use of zanamivir in HCT recipients can 
be found in the literature [115, 116]. Nonetheless, 
it is important to note that zanamivir resistance 
has also been described, including nine strains 
with a mutation in the neuraminidase gene of a 
substitution of glutamine for lysine at position 
136 (Q136K), and the presence of resistance was 
not associated with exposure to zanamivir [117]. 
Consequently, suboptimal clinical response 
within 3–5  days of antiviral therapy initiation 
and/or worsening infection despite ongoing 
 therapy in patients with influenza infection 
should raise suspicion of an oseltamivir-resistant 
strain and consideration for resistance testing as 
well as change of therapy to zanamivir with or 
without rimantadine [118, 119].

Adverse Effects Oseltamivir is administered 
orally, and its most common side effects are gas-
trointestinal (mainly nausea, so it is better toler-
ated with food), behavioral disturbance, and 
delirium.

Zanamivir, because it is administered by inha-
lation, is not well tolerated in patients with 
chronic obstructive pulmonary disease and 
asthma (i.e., underlying airway disease).

Peramivir, administered intravenously, has 
also been associated with neurological side 
effects (including delirium and behavioral distur-
bance), as well as neutropenia and elevation of 
creatinine kinase and liver function test results 
[96].
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 Ribavirin
Ribavirin is a nucleoside analog that resembles 
guanosine. As a monophosphate, ribavirin inhib-
its dehydrogenase enzyme, which is essential for 
the synthesis of guanosine triphosphate, and 
results in a drop of the cellular deposits of guani-
dine necessary for viral growth. It also inhibits 
mRNA, affecting the production of viral 
proteins.

Clinical Use Ribavirin is active against respira-
tory syncytial virus (RSV), among other respira-
tory viruses in  vitro including human 
metapneumovirus [120] and parainfluenza [121] 
. The only FDA-approved indication for aerosol-
ized ribavirin is the treatment of RSV infection in 
hospitalized high-risk infants and young children 
[122, 123].

As infections due to RSV are a significant 
cause of morbidity and mortality in HCT recipi-
ents, ribavirin-based antiviral therapy has been 
used on this population for treatment of lower 
tract respiratory infection and high-risk patients 
at the upper respiratory tract infection stage 
[124]. Ribavirin is not FDA-approved for this 
indication. Risk factors for progression to lower 
tract respiratory infection have been identified 
from multiple studies and include infection dur-
ing pre-engraftment or within 30 days of the con-
ditioning regimen, lymphopenia, age older than 
40 years, low lymphocyte and neutrophil counts, 
as well as graft-versus-host disease and/or corti-
costeroid usage [124, 125]. At MD Anderson 
Cancer Center, an immunodeficiency scoring 
index has been developed with the aim of strati-
fying patients into low, moderate, or high risk for 
worse outcomes and thereby determining the 
need for ribavirin-based therapy, and this scoring 
index is systematically used at our institution for 
HCT recipients [126].

The effect of aerosolized ribavirin for the 
treatment of RSV in the HCT setting was evalu-
ated in a systematic review by Chemaly et  al., 
concluding that among patients whose infection 
progressed to lower tract respiratory infection, 
those treated with aerosolized ribavirin and an 
immunomodulator (either palivizumab or intra-
venous immunoglobulins) had a lower mortality 
rate (24%) than those treated with aerosolized 

ribavirin alone (50%) or with intravenous or oral 
ribavirin with or without an immunomodulator 
(54%; P < 0.001) [125].

Whether these benefits are clinically relevant 
and cost-effective remains a subject of continued 
controversy, especially recently with the major 
price increase of aerosolized ribavirin. As an 
alternative, several studies have evaluated the use 
of oral ribavirin instead [127]. Khanna et  al. in 
2004 reported that oral ribavirin had a good 
safety profile in 34 patients, but could not draw a 
strong conclusion in terms of its efficacy [128]. 
Furthermore, a recent study by the Mayo Clinic 
concluded that oral ribavirin therapy might not 
improve clinical outcomes in hematologic malig-
nancies [129]. Thus, the effect of oral ribavirin on 
RSV infection, optimal dosing and length of ther-
apy, and the patient population who may benefit 
from it require further study. For intravenous for-
mulation of ribavirin, a few case series have been 
published with good results; however, further tri-
als are needed [130, 131]. The recent NCCN 
guidelines acknowledge the lack of standard for 
the treatment of RSV infection and designated 
the oral or aerosolized route of ribavirin as cate-
gory 3 [132].

Pharmacokinetics For the oral formulation, the 
dose commonly used at least at our center is 
between 10 and 20 mg/kg/day divided into three 
doses. The dosing has to be renally adjusted [125, 
133].

Aerosolized ribavirin can be administered 
using two different schedules. Standard therapy 
consists of 6 g of the drug administered continu-
ously with a small-particle aerosol generator over 
12–18 h daily, for 3–7 days. Particles of 1–2 μm 
in diameter are generated and are small enough to 
reach the lower airways. Alternatively, another 
schedule of 6 g administered over 2–3 h every 8 h 
has been used and is probably preferred because 
it was shown to be equally effective as the stan-
dard therapy but may reduce environmental con-
tamination and allows more patient-care time 
[134, 135].

Adverse Events For the aerosolized formula-
tion, the most common side effects are cough and 
bronchospasm. Other reported side effects are 

16 Antiviral Treatment and Prophylaxis in Immunocompromised Hosts



328

eye redness; blurred vision; chest pain or discom-
fort; decreased pulmonary function; bluish color 
of fingernails, lips, skin, palms, or nail beds; con-
fusion; dizziness; or faintness. Ribavirin has 
demonstrated significant teratogenic and/or 
embryocidal potential in all animal species. The 
National Institute of Occupational Safety and 
Health recommends avoiding unnecessary occu-
pational exposure to such drugs wherever possi-
ble. Hospitals are encouraged to conduct training 
programs to minimize potential occupational 
exposure to aerosolized ribavirin. Health-care 
workers who are pregnant should consider avoid-
ing direct care of patients receiving this drug.

For the oral and IV formulations of ribavirin, 
the main side effects are hemolytic anemia, 
which may require dose reduction or discontinu-
ation of the medication, leukopenia, and 
hypocalcemia.

Ribavirin is contraindicated in pregnant 
women, and a negative pregnancy test should 
precede its use in women of childbearing age. 
Given the long half-life of ribavirin, it is also rec-
ommended that women who receive ribavirin and 
the female partners of men who receive ribavirin 
avoid pregnancy for 6 months after completion of 
treatment.

 New Investigational Drugs

 DAS181
DAS181 (Ansun BioPharma, Inc., San Diego, 
CA) is a recombinant fusion protein containing a 
sialidase catalytic domain that cleaves sialic acid 
receptors that are recognized by human and influ-
enza strains, and a respiratory epithelium anchor-
ing domain amphiregulin, which prolongs 
DAS181 retention on epithelial surfaces. This 
mechanism of action differs from that of neur-
aminidase inhibitors that prevent the virus from 
binding to and cleaving this receptor [136]. DAS 
181 is administered through inhalation and has 
shown preclinical activity against numerous 
strains of influenza and parainfluenza viruses 
[137]. Parainfluenza and influenza viral shedding 
are reduced by the compound, and in phase 1 
clinical trials, DAS181 was well tolerated for up 

to 7 days when 20 mg was administered daily for 
5–7 days [138]. A phase 2 trial and an open-label 
trial in immunocompromised patients are cur-
rently under way [4].

Clinical Use Although not FDA approved, 
DAS181 has been studied in influenza and para-
influenza infections. Case reports have been pub-
lished about its use in immunocompromised 
hosts with good results [139].

Adverse Effects Administration of DAS 181 for 
over 5 days was associated with the drug being 
absorbed and inducing antibodies that can pre-
cipitate respiratory symptoms, hypersensitivity, 
pneumonitis, and decreases in FEV1 [138]. 
Thrombocytopenia and liver test abnormalities 
have also been associated with DAS181 adminis-
tration [140].

 GS-5806
GS-5806 (Gilead Science, Foster City, CA, USA) 
is an oral small-molecule antiviral fusion inhibi-
tor being evaluated for the treatment of 
RSV. GS-5806 is believed to block RSV replica-
tion by inhibiting RSV F-mediated fusion of 
RSV RNA.  The results of a phase 2a trial in 
healthy adult volunteers infected with RSV 
showed that the medication achieved its primary 
and secondary endpoints of lower viral load and 
better symptom-diary scores when compared to 
placebo [141].

 Favipiravir
Favipiravir (T705, Toyama Chemical, Tokyo, 
Japan) is an investigational antiviral drug that 
functions as a nucleotide analog and inhibitor of 
the viral RNA polymerase of influenza types A, 
B, and C, including oseltamivir-resistant strains 
[96]. Synergy with oseltamivir has been demon-
strated in preclinical models [142, 143], and 
favipiravir is currently undergoing phase 3 clini-
cal trials in the United States, Europe, and Latin 
America.

 Laninamivir
Laninamivir (CS-8958; Biota pharma, Alpharetta, 
GA, USA) is a long-acting neuraminidase inhibi-
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tor administered via a dry-powder inhaler and 
was as effective as oseltamivir in a large double- 
blinded randomized study for what kind of infec-
tion. The drug is potentially effective against 
oseltamivir-resistant influenza A virus and is cur-
rently available in Japan [96].

 Antivirals for Hepatitis B and C

 Antiviral Agents for Hepatitis B

The morbidity and mortality in patients with 
chronic hepatitis B who have immune suppres-
sion are high; therefore, it is recommended that 
all such patients (including those undergoing 
chemotherapy for hematological or oncological 
malignancies, solid organ transplant recipients, 
and bone marrow or stem cell recipients) have 
their hepatitis B virus (HBV) status assessed by 
testing for serum hepatitis B surface antigen 
(HBsAg) and hepatitis B core (HBc) antibodies. 
The risk of reactivation in HBsAg-positive 
patients undergoing chemotherapy for hemato-
logical malignancies is between 33% and 67%. 
This risk is increased significantly in regimens 
containing high doses of steroids and/or ritux-
imab [144, 145].

Therapy is indicated for patients with active 
hepatitis, and prophylaxis is indicated for HBsAg 
positive. For patients that are anti-HBc antibody 
carriers, especially if they are undergoing immu-
nosuppressive therapies including stem cell 
transplant and myelosuppressive chemotherapy, 
prophylaxis with antivirals is the preferred 
option. For patients with hematological malig-
nancies, autoimmune diseases, solid tumors, or 
HIV and for HCT recipients, therapy should be 
limited to the periods of immunosuppression and 
subsequent immune-reconstitution. Individuals 
with HBV anti-core antibodies not undergoing 
prophylaxis should be closely monitored (i.e., 
monthly and/or when evidence of new transami-
nitis) with HBV DNA by PCR in blood and for 
HBsAg with the aim of starting antiviral therapy 
if reactivation occurs [145]. Antiviral agents 
approved for the treatment of chronic hepatitis B 
include entecavir, lamivudine, tenofovir, and 
adefovir.

As complete eradication of hepatitis B virus is 
an exceedingly rare, patient with chronic hepati-
tis B infection who undergo solid organ or hema-
topoietic cell transplantation should be evaluated 
by a liver specialist to determine the long-term 
need for antiviral therapy (ref).

 Entecavir
Entecavir, a nucleoside analog of guanosine, 
inhibits reverse transcriptase and incorporates 
into viral DNA (nucleoside reverse transcriptase 
inhibitor). The dose of entecavir varies if it is 
used for nucleoside-naïve patients (0.5 mg orally 
once daily) or if the patient is nucleoside refrac-
tory or has decompensated liver disease (1  mg 
orally once daily) [28]. Entecavir has a higher 
barrier to resistance than lamivudine and requires 
at least three mutations for phenotypic resistance. 
The rate of resistance in nucleoside-naive patients 
is very low (less than 1% after 5 years); however, 
patients with preexisting mutations (i.e., 
rtM204V/I) have a higher rate of entecavir resis-
tance (up to 51% after 5 years) [28, 146].

Adverse effects of entecavir include headache, 
fatigue, nausea, and diarrhea; however, more 
complicated events such as lactic acidosis have 
been reported in patients with renal dysfunction.

 Lamivudine
Lamivudine is a nucleoside analog of cytosine, 
which is phosphorylated into lamivudine triphos-
phate (active metabolite), and is then integrated 
into the viral DNA by a HBV polymerase, caus-
ing DNA chain termination [28]. Lamivudine has 
the lowest barrier to resistance, which develops 
with one mutation (rtM204V). After 4  years of 
lamivudine monotherapy, rtM204V/I develops in 
up to 70% of patients [28, 147]. Lamivudine is 
excreted renally, requiring dose adjustment for 
patients with creatinine clearance <50 mL/min.

Adverse events for lamivudine include hepatic 
steatosis, lactic acidosis, and hepatic flares after 
discontinuation of drug.

 Acyclic Diphosphonates
The three drugs in this class are adefovir dipiv-
oxil (adefovir), tenofovir disoproxil fumarate 
(TDF), and the new approved prodrug tenofovir 
alafenamide (TAF) [148]. They are analogs of 
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adenosine monophosphate that undergo intracel-
lular phosphorylation to their active metabolite, 
which inhibits the HBV polymerase competi-
tively with deoxyadenosine 5-triphosphate, 
resulting in DNA chain termination [28]. TDF is 
the most potent antiviral for the treatment of hep-
atitis B and is the preferred agent in cases of 
lamivudine resistant where entecavir mutations 
are unknown [149]. TAF has not been studied in 
HCT or solid organ transplant recipients yet; 
however, in two phase 3 studies, once daily 
25 mg of TAF was non-inferior to TDF in treat-
ment naïve and experienced patients with chronic 
hepatitis B infection. Adefovir is the least potent 
agent against hepatitis B.

The major adverse effect of this class of drugs 
is nephrotoxicity. When compared to TDF, TAF 
has shown to be associated with less renal toxici-
ties, which makes it a safer option.

 Antiviral Agents for Hepatitis C

The treatment of hepatitis C has evolved rapidly 
in recent years with new regimens; the previous 
standard therapy (peginterferon-α in combination 
with ribavirin) has been replaced with the use of 
direct-acting antiviral agents (DAAs) and 
interferon- free regimens. Few studies have been 
carried out in immunocompromised patients. The 
review of new hepatitis C antiviral agents is 
beyond the scope of this chapter, and it has grown 
exponentially over the last few years (Table 16.3) 
[150–152]. Choice of regimen is based on geno-
type, study results on optimal efficacy, favorable 
tolerability and toxicity profiles, and duration. A 
recent publication reviews the clinical perspec-
tive of hepatitis C burden in oncological patients 
and presents a great outline of antiviral treatment, 
drug-drug interactions, and side effects [153]. It 
is important to remember initial evaluation for 
hepatitis B coinfection and monitoring for 
 hepatitis B reactivation on those patients with 
coinfection that are not on hepatitis B therapy. 
Trials in patients before and after liver transplan-
tation are underway [154]. Guidelines for the 
diagnosis and management of HCV are updated 
on a continuous basis, as new medications are 

validated in clinical trials, and can be accessed at 
www.hcvguidelines.org. Limited data are avail-
able for treatment of HCV infection in HCT 
recipients; recommendations for screening, fol-
low-up, and management of hepatitis C in HCT 
and solid organ recipients have been published 
[155, 156].

 Conclusions and Future 
Perspectives

Viral infections continue to be an important cause 
of morbidity and mortality in immunocompro-
mised patients. In-depth understanding of the 
indications for prophylaxis and treatment of these 
viral infections is of utmost importance for clini-
cians caring for immunocompromised patients.

The testing of new antiviral agents in clinical 
trials continues to expand. We are currently wit-
nessing the rapid development of new drugs for 
hepatitis C virus and at a lower-scale for CMV 
and respiratory viruses. Due to the compromised 
status of the host and risk for invasive viral infec-
tions, in addition to prolonged exposure to antivi-
ral agents in many instances, development of 
viral resistance may become problematic in 
these patients. Further research is needed for the 

Table 16.3 Direct antiviral (DAA) treatment – medica-
tion class

NS3/NS4A (protease inhibitors)
Hepatitis C NS3 protease is a nonstructural protein 
responsible for polyprotein processing of viral 
replication proteins, such as grazoprevir (combined 
with elbasvir [NS5A] – Zepatier, Merck, New Jersey, 
USA)
NS5A polymerase inhibitors
The nonstructural (NS) 5A protein controls 
phosphorylation/hyperphosphorylation and plays a 
vital role in HCV viral replication. NS5A inhibitors 
limit viral replication such as ledipasvir (combined 
with sofosbuvir – Harvoni, Gilead Sciences, Inc., 
Foster City, CA, USA), velpatasvir (combined with 
sofosbuvir – Epclusa, Gilead Sciences, Inc., Foster 
City, CA, USA)
NS5B polymerase inhibitors
Nonstructural protein 5B RNA-dependent RNA 
polymerase synthesizes the HCV RNA template 
directly. NS5B inhibitors terminate viral replication; 
such as sofosbuvir (Sovaldi, Gilead Sciences, Inc., 
Foster City, CA, USA)
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development of new antivirals that improve out-
comes and combat resistance. Finally, evaluating 
novel strategies including monoclonal antibod-
ies, viral- specific T-cell infusions, and strategies 
focusing on attacking viral reservoirs for latent 
viruses such as HPV and EBV – similar to the 
“kick-and- kill strategies” that have been investi-
gated in HIV – may be on the frontier of the anti-
viral treatment for immunocompromised patients 
at high risk for opportunistic viral infections.
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Role of Immunoglobulin Therapy 
to Prevent and Treat Infections

Aspasia Katragkou, Emmanuel Roilides, 
and Thomas J. Walsh

 Immunoglobulin Use 
in Therapeutics and Historical 
Overview

Immunoglobulin therapy has been used for the 
prevention and treatment of infectious disease 
before the introduction of antimicrobial agents 
into the clinical practice. In the early 1890s, Emil 
von Behring and Shibasaburo Kitasato set the 
basis of “serum therapy” showing that antibody 
preparations derived from the serum of immu-
nized animals have the ability to protect against 

bacterial toxins [115]. Ehrlich’s subsequent work 
contributed to the conception of passive immu-
nity, demonstrating that increasing doses of bac-
terial toxins could provide immunity against 
lethal doses of toxin [68]. Cenci first used human 
serum in 1907 for the prevention of measles and 
thereafter for the prevention of pertussis and 
mumps [45]. Systemic administration of “serum 
therapy” was widely used in the 1930s for the 
treatment of bacterial and viral infections; how-
ever its use was often associated with adverse 
reactions due to administration of large amounts 
of animal proteins, ranging from fever and chills 
to “serum sickness,” a form of immune complex 
disease, characterized by rash, proteinuria, and 
arthralgias [45]. After improvements in antibody 
purification methods, which reduced serum tox-
icity, the role of “serum therapy” was further 
expanded. In the pre-antibiotic era, serum ther-
apy significantly reduced the mortality in some 
infectious outbreaks such as meningococcal and 
Haemophilus influenzae meningitis, pneumococ-
cal pneumonia, and diphtheria. The efficacy of 
serum therapy varied with the type and severity 
of the infections and the timing of treatment 
administration in relation to symptom onset [27, 
28, 43]. For some infections like whooping 
cough, anthrax, dysentery (Shigella dysenteriae), 
and gas gangrene, the efficacy of “serum ther-
apy” was uncertain, while for other pathogens 
like Staphylococcus, Mycobacterium, and 
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Salmonella species, no consistently effective sera 
were produced [28].

With the discovery of antibiotics in 1940s, the 
interest in “serum therapy” for the treatment of 
infectious disease waned. The initial interest in 
using combination therapies with antibiotics and 
serum was abandoned, as the potential benefits 
were marginal. Antimicrobial chemotherapy 
proved to be less toxic and more effective than 
serum therapy in the treatment of infections. 
However, Dr. Cohn’s discovery of purified anti-
bodies through cold ethanol fractionation of 
plasma during the Second World War revived the 
interest in antibody treatment especially for 
infections not able to be treated with antibiotics. 
The fractionation procedure stabilizes the prod-
uct, denatures most viruses, and assures a more 
uniform antibody content. Cohn fraction (IgG 
from plasma after cold alcohol fractionation) was 
initially used for prophylaxis against prevalent 
and life-threatening infections, such as measles. 
It was not until 1952 that Bruton reported for the 
first time the use of immunoglobulin preparation 
injected subcutaneously for the treatment of a 
young boy with agammaglobulinemia [21]. 
Thereafter, the use of immunoglobulin injected 
intramuscularly became established as the stan-
dard therapy for primary immunodeficiencies, 
lasting until the development of purer and safer 
intravenous immunoglobulin preparation in the 
early 1980s [86].

The advent of hybridoma technology, which 
allows continuous generation of large quantities 
of monoclonal antibodies specific to antigens of 
interest and the generation of humanized anti-
bodies, revolutionized antibody therapeutics 
[63]. Monoclonal antibody technology offers 
supply advantage, reduces the risks of adverse 
events, and decreases lot-to-lot variation. In the 
mid-1980s a monoclonal antibody (mAb) to CD3 
was introduced into clinical practice to prevent 
organ rejection. Almost a decade later, the 
humanized mAb palivizumab (Synagis®, a 
humanized mouse monoclonal antibody to pre-
vent RSV pulmonary infections in high-risk 
patients, especially infants) was licensed. 
Palivizumab was 50-fold more potent than the 
polyclonal product, resulting in reduced volume 

of administration and intramuscular use [45]. 
During the last three decades, 30 therapeutic 
mAbs have been licensed, mainly for treatment 
of malignancies and rheumatic or autoimmune 
diseases, but only two were licensed for infec-
tious diseases (palivizumab and raxibacumab: 
human mAb to anthrax toxin). Although the use 
of mAbs to treat infectious diseases does not 
depend on discrimination between self-antigen as 
there are large antigenic differences between the 
microorganism and the host, the pace of discov-
ery and development of new mAbs against infec-
tious disease is limited. Currently, the areas of 
mAbs development have been focused on viral 
diseases without available vaccines [HIV, Ebola, 
severe acute respiratory syndrome (SARS), 
Middle East respiratory syndrome, Marburg 
virus], viral disease with limited effective antivi-
ral drugs (influenza, rabies), and bacterial toxin- 
mediated disease (anthrax, Clostridium difficile 
colitis). In the clinical setting, therapeutic mAbs 
can be used when there are nosocomial/iatro-
genic outbreaks. For example, a new approach to 
the prevention of recurrent C. difficile infection is 
the administration of mAbs against C. difficile 
toxins (in addition to antibiotic therapy) as a form 
of passive immunity. Actoxumab and bezlotox-
umab are fully human monoclonal antibodies 
that bind and neutralize C. difficile toxins A and 
B, respectively. A double-blind randomized 
placebo- controlled phase 3 trial showed that a 
single intravenous dose of bezlotoxumab when 
given with standard-of-care antibiotics provided 
protection against recurrent C. difficile infection 
for up to 12 weeks that was superior to that pro-
vided by treatment with standard-of-care antibi-
otics alone [114]. Other therapeutic mAbs can be 
applied in drug resistance (Staphylococcus 
aureus, VRSA), pandemic outbreaks (Ebola 
virus), bioterrorism attacks (Bacillus anthracis), 
emerging infectious diseases (Nipah or Hendra 
virus), and use in high-risk host groups or in 
severe diseases (respiratory syncytial virus, cyto-
megalovirus retinitis in HIV patients, hepatitis C 
virus, influenza virus). Another application of 
therapeutic mAbs concerns their use as adjunct 
therapies that have anti-inflammatory or immune 
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modulatory roles (mAbs against TNF-α and other 
immune mediators) [45, 55].

 Immunoglobulins: Types 
and Characteristics

Immunoglobulins are glycoprotein molecules 
that are produced by plasma cells in response to 
antigens or immunogens and which function as 
antibodies. Serum contains a heterogeneous 
immunoglobulin pool that reflects the host 
response to endogenous microbiota and the 
immunological memory of the host for a variety 
of acquired microbial agents [26]. Different 
immunoglobulins can differ structurally; how-
ever, they are built from the same basic units.

There are five classes of immunoglobulin, 
classified according to the type of heavy chain 
they possess (Table  17.1) [70]. Each class of 

immunoglobulins has a specific function, and 
deficiency of each class leads to particular dys-
function of immune system. Serum IgM predom-
inates in the acute immune response to most 
antigens and is the most efficient complement- 
fixing immunoglobulin. Immunoglobulin class 
switching subsequently occurs, leading to a pre-
dominance of IgG, which is responsible for pro-
tection during the first infectious attack and 
long-term protection via memory B cells. 
Secretory IgA, due to its abundance in mucosal 
secretions, provides primary defense mechanism 
against some mucosal infections. IgE primarily 
defends against parasitic invasion [2].

Immunoglobulins together with T cells are the 
key mediators of adaptive immunity, and defi-
ciencies in either of these two arms of the adap-
tive immune system can result in higher host 
susceptibility to bacterial, fungal, or viral infec-
tions [76]. Immunoglobulins interact with the 

Table 17.1 Properties of human serum immunoglobulin isotypes

IgG
IgG1 IgG2 IgG3 IgG4 IgA IgM IgE IgD

Molecular 
weight (x1000)

146 146 170 146 320 900 73 70

Heavy chain γ1 γ2 γ3 γ4 α μ ε δ
In vivo serum 
half-life (days)

21–
23

20–
23

7–8 21–
23

6 5 2.5 3

Percent of total 
Ig

66% 23% 7% 4% 13% 6% 0.02% 0.2%

Activate 
classical 
complement 
pathway

+ +/− ++ − − +++ − −

Crosses 
placenta

+ +/− + + − − − −

Present on 
membrane of 
mature B cells

− − − − − + − +

Bind to Fc 
receptor of 
phagocytes

++ +/− ++ + − ? − −

Mucosal 
transport

− − − − ++ + − −

Distribution Intravascular and 
extravascular

Intravascular 
and secretions

Mostly 
intravascular

Basophils, mast 
cells in saliva 
and nasal 
secretions

Lymphocyte 
surface

Structure Monomeric Dimeric Pentameric Monomeric Monomeric

++, high; +, moderate; +/− minimal; ?, questionable

17 Role of Immunoglobulin Therapy to Prevent and Treat Infections
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cellular immune compartment at multiple levels 
aiming different cells, including dendritic cells, 
the monocyte/macrophage system, granulocytes, 
natural killer cells, and various subsets of T cells 
and B cells [38, 102]. Understanding the mecha-
nisms of interactions between immunoglobulins, 
immunomodulatory molecules, and cells of the 
immune system, both innate and adaptive, is the 
basis for understanding the future therapeutic 
perspectives of immunoglobulins [38].

Immunoglobulins, upon binding of a specific 
antigen, stimulate significant direct and indirect 
“effector functions.” Classically, in bacterial dis-
ease, immunoglobulins neutralize toxins, facili-
tate opsonization, and, with complement, 
promote bacteriolysis. In viral diseases, immuno-
globulins block viral entry into uninfected cells, 
promote antibody-directed cell-mediated cyto-
toxicity by natural killer cells, and neutralize 
virus alone or with the participation with the 
complement [62]. Furthermore, more recent 
studies have demonstrated the immunomodula-
tory functions of antibodies, including the poten-
tial for antibody therapy to reduce damage from 
the host inflammatory response to major infec-
tions [24, 25].

Notably, IgG can exert pro- and anti- 
inflammatory activities depending on its concen-
tration. Low dose of IgG has pro-inflammatory 
activity and requires complement activation or 
binding of the Fc fragment from IgG to IgG- 
specific receptors (FcγR) on innate immune 
effector cells. This results in receptor clustering, 
recruitment of secondary effector functions, and 
subsequent activation of signaling pathways, 
leading to an increase in intracellular calcium 
levels and cell activation. By comparison, high 
concentrations of IgG have anti-inflammatory 
properties. The mechanisms proposed for this 
mode of action are modulation of the expression 
and function of FcγRs, interference with activa-
tion of the complement cascade and the cytokine 
network, neutralization of autoantibodies, and 
regulation of cell proliferation [38].

 Immunoglobulin Preparations

The immunoglobulin preparations used in pas-
sive immunization are the standard human serum 
immunoglobulin, which is available in three 
forms: immune globulin (IG) for intramuscular 
use (IMIG), intravenous use (IVIG), and subcuta-
neous use (SCIG). IMIG is used primarily for the 
prevention of certain infections, such as hepatitis 
A, measles, and rubella, and less commonly for 
the treatment of antibody immunodeficiencies. 
IVIG is used in the treatment of primary and sec-
ondary antibody deficiencies, many immunoreg-
ulatory disorders (e.g., immune thrombocytopenic 
purpura, Kawasaki disease), and neurologic dis-
orders (e.g., Guillain-Barré syndrome, peripheral 
neuritis). IGSC is used exclusively for the anti-
body deficiencies.

IVIG preparations comprise the pooled frac-
tion of serum from ~3000 to 60,000 donors, 
which is generated by a cold ethanol precipita-
tion, providing, thus, a broad spectrum of opsonic 
and neutralizing IgG antibodies. Opsonic and 
neutralizing IgG antibody content varies with 
each product batch, primarily due to differences 
in the local pathogen ecology of donor exposure. 
IgG and complement proteins are the principal 
classes of opsonins contributing to bacterial 
clearance. In addition to IgG, varying amounts of 
immunoglobulin isotypes, especially IgA, can be 
found in the IVIG preparation. Regarding the dif-
ferent human IgG subclasses (IgG1-IgG4), IVIG 
preparations reflect the hierarchy present in the 
serum, consisting mainly of IgG1 and IgG2 and 
containing much smaller amounts of the other 
IgG subclasses. Only the product Pentaglobin® 
(Biotest, Germany) is IgM-enriched [93]. The 
clinical use of IVIG can be distinguished by the 
infused amount [92]. The principal manufactur-
ing process in all current IgG preparations is cold 
ethanol fractionation with product-specific addi-
tional processes for manufacturing. The com-
monest processes for virus reduction include 
solvents/detergent, low pH (pH 4), incubation, 
nanofiltration, and chromatography [93]. Other 
major quality control practices in the production 
process, besides viral reduction, include the 
depletion of blood coagulation factors and the 
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removal of IgG aggregates, since these aggre-
gates could result in a cytokine release syndrome 
owing to the ubiquitous activation of innate 
immune effector cells via activating FcγRs. IgG 
aggregations are absent from the majority of 
IVIG preparation; however, depending on the 
provider and batch, up to 1–10% of IgG can be 
found in dimeric form in most IVIG preparations 
[92].

 Immunoglobulins and Clinical 
Indications

The two major indications for which immuno-
globulins are used are IgG replacement therapy 
and anti-inflammatory therapy in a variety of 
acute and chronic autoimmune diseases. Apart 
from immunoglobulin replacement therapy, cur-
rently licensed application of immunoglobulin 
(IVIG) administration includes Guillain-Barré 
syndrome, Kawasaki disease, and chronic inflam-
matory demyelinating polyneuropathy. Licensed 
indications, however, only account for approxi-
mately 40–50% of the worldwide immunoglobu-
lin sales, as most immunoglobulin administrations 
are “off-label” [76]. The use of immunoglobulins 
for infectious disease can involve the passive 
transfer of antibodies for pre-/postexposure pro-
phylaxis or for treatment. Passive immunization 
provides temporal immunity to unimmunized 
individuals either prophylactically or therapeuti-

cally. The different forms of passive immuno-
therapies are shown in Table 17.2 [96].

The technology of ethanol fractionation of 
plasma resulted in products used for the treat-
ment and prophylaxis of infectious diseases 
(Table  17.3). Human immune sera have fewer 
adverse effects, but there are concerns about 
availability, potency, and consistency.

Table 17.4 summarizes the adverse reactions 
of immunoglobulin used in the prevention and 
treatment of infectious diseases.

 Immunoglobulins to Prevent 
Infections in Immunodeficiencies

Administration of immunoglobulins is indicated 
for the majority of patients with primary immune 
deficiencies and for patients with combined 
immune deficiencies and for those with second-
ary immune deficiency with significant antibody 
deficiency. The benefits of replacement immuno-
globulin therapy for the prevention of infections 
in patients with antibody deficiencies are well 
established and pertain to the reduction of the 
incidence and the severity of infections and pre-
vention long-term deterioration in organ function 
[12, 13].

Primary immune deficiencies (PIDD) are one 
of the US Food and Drug Administration (FDA)-
approved indications for immunoglobulin ther-
apy. Over 80% of all PIDD involve 
antibody-mediated immunity; however, each 
individual disorder has a different immunopatho-
genesis in terms of the number of B cells in the 
blood and B-cell function. Moreover, any persist-
ing endogenous antibody production varies both 
between specific conditions and within individ-
ual disorders [10, 35, 97]. Table 17.5 describes 
the PIDD for which immunoglobulin replace-
ment is or may be efficacious. The recommenda-
tions for immunoglobulin replacement treatment 
in primary and secondary immune deficiencies 
are shown in Table 17.6 [32, 84, 97]. The main 
indications are primary antibody deficiencies 
including agammaglobulinemia (autosomal 
recessive or X-linked) and common variable 
immunodeficiency disorders. Rarely, other 

Table 17.2 Different forms of passive immunotherapy

Animal antisera and antitoxins (e.g., diphtheria 
antitoxin)
Human immune serum globulins for general use
  Immunoglobulins for intramuscular use (normal and 

specific immunoglobulins)
  Immunoglobulins for intravenous use (human and 

enriched immunoglobulins)
Special human immune serum globulins (e.g., hepatitis 
B immunoglobulin)
Humanized monoclonal antibodies

Modified from Annals of Internal Medicine 1987; 107: 
367–382. Intravenous Immunoglobulins as Therapeutic 
Agents & Biologicals 2012; 40: 196. “Role of passive 
immunotherapies in managing infectious outbreaks”

17 Role of Immunoglobulin Therapy to Prevent and Treat Infections
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 antibody deficiencies, such as IgG subclass defi-
ciency, may be managed by immunoglobulin 
replacement. In these immunodeficiencies, a trial 
of 12 months may be indicated if there is a sub-
stantial infection burden. On the contrary, for 
selective IgA deficiency, immunoglobulin 
replacement is not required or recommended, as 
anaphylactic reactions may occur during IVIG 
infusions. Combined immunodeficiencies with 
antibody deficiency also benefit from immuno-
globulin therapy until the defects in cell- mediated 
immunity are corrected by hematopoietic stem 
cell transplantation. However, B-cell function is 
not restored universally after transplantation, and 
immunoglobulin therapy may be continued [86]. 
It is important that each patient receives a thor-
ough evaluation before starting immunoglobulin 

therapy especially those with partial antibody 
defects.

The American Academy of Allergy, Asthma, 
and Immunology, based on a 2006 review of evi-
dence, recommends for PIDD the dose of 400–
600 mg/kg of IVIG every 4 weeks, titrating the 
dose and interval between infusions to achieve a 
trough IgG level at least greater than 500 mg/dl in 
agammaglobulinemic patients [84]. However, 
recent evidence suggests that the goal of IgG 
replacement therapy should be to reduce or pre-
vent serious or recurrent infections instead of 
aiming to achieve a specific IgG level. The clini-
cians should identify for each patient with PIDD 
an individual “biological” IgG level with which 
the patient achieves the best clinical outcome 
instead of trying to reach a specific IgG level [16, 
17].

The two modes of IgG replacement (IVIG and 
SCIG) have significant pharmacokinetic differ-
ences, which are important to know when choos-
ing the mode of IgG delivery or switching from 
IVIG to SCIG. SCIG causes sustained release of 
IgG and thus attains higher IgG trough levels; 
this mode of delivery may benefit the 10–15% of 
patients who show increased risk of infection 
during the 3rd and 4th weeks after receiving 
IVIG or who experience extreme lethargy during 
the same period. IVIG achieves higher peak lev-
els (160% higher than that obtained by SC infu-
sion), and this mode of delivery is usually initially 
preferred for patients with PIDD who are very 
symptomatic (present with pneumonia or other 
serious infectious such as sepsis) and who pres-
ent with pneumonia or for those with other medi-
cal problems such as sepsis [16].

IVIG has also been used in a number of dis-
eases that cause secondary humoral immunodefi-
ciency. While for the majority of secondary 
immunodeficiencies, the use of IVIG was sup-
ported only by anecdotal reports, and B-cell 
chronic lymphocytic leukemia (CLL) and pediat-
ric HIV infection are FDA-approved indications. 
For both, CLL and HIV, infections are the most 
common complications. IVIG has been shown to 
be a useful prophylactic therapy against infec-
tions in such patients [29, 53, 54, 72, 95, 110].

Table 17.4 Adverse effects due to immunoglobulin 
therapy

Adverse reaction Frequencya Severity
Infusion site pain, 
swelling, erythema

Up to 75% 
in SCIG

Usually 
mild

Anxiety 20–40%
Malaise, fatigue
Myalgia, arthralgia, back 
pain
Fever, chills, flushing
Tachycardia
Hypo-/hypertension
Headache Mild to 

moderate
Aseptic meningitis <5% Moderate
Hyponatremia Moderate
Neutropenia Mild/

transient
Hemolytic anemia Moderate 

to severe
Interference with vaccine 
effectiveness and/or 
immunodiagnosis

N/A

Eczema
Renal impairment
Anaphylactoid reaction <0.1%
Severe thrombosis
Blood-borne infectious 
diseases

Modified from: Peter and Chapel [86]
SCIG subcutaneous immunoglobulin, N/A not applicable
aFrequencies are for patients using long-term therapy
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Table 17.5 Primary immunodeficiencies and immunoglobulin replacement

Primary immunodeficiency Immunologic findings
Immunoglobulin 
replacement

Immunoglobulin 
cessation

Antibody deficiency
X-linked or autosomal 
agammaglobulinemia

<1% normal B cells, 
agammaglobulinemia, poor specific 
antibodies

Absolute indication, 
start immediately

Lifelong 
replacement

Common variable 
immunodeficiency 
disorders (CVID)

Hypogammaglobulinemia, poor 
specific antibodies, variable T-cell 
abnormalities

Absolute indication, 
start immediately

Lifelong 
replacement

IgG subclass deficiency 
with IgA deficiency

IgG subclass deficiency (usually 
IgG2), absent IgA, poor specific 
antibodies

Replacement only in 
symptomatic patients 
(clinically significant 
infections)

Reassessment for 
efficacy after 
12-month treatment 
trial

Selective IgG subclass 
deficiency

Single IgG subclass deficiency, 
normal total IgG, poor specific 
antibodies

Replacement may not 
be necessary

Specific antibody 
deficiency with recurrent 
infections

Normal IgG, IgA, IgM, abnormal 
IgG antibody responses to protein 
and/or unconjugated polysaccharide 
vaccines

Consider replacement 
if patient has vaccine 
unresponsiveness and 
clinically significant 
infections

Reassessment for 
efficacy after 
12-month treatment 
trial, watch for 
development of 
more severe 
antibody failure

Transient 
hypogammaglobulinemia 
of infancy

Low serum IgG and IgA, poor 
specific antibodies

Preferable to use 
prophylactic 
antibiotics as 
deficiency is transient, 
some are given 
replacement for a 
period

Replacement 
stopped after some 
months to ascertain 
recovery

Combined immunodeficiencies
Severe combined 
immunodeficiencies 
(SCIDs)

Absent or severely reduced 
lymphocytes and no antibody 
production

Replacement is 
required prior to 
HSCT

If B-cell 
reconstitution fails, 
replacement may 
still be required 
after HSCT

NEMO deficiency Reduced IgG; IgA or IgM may be 
increased; B cells present

Replacement is 
required

Cessation 
inappropriate except 
after successful 
HSCT

X-linked 
lymphoproliferative 
syndromes

May have reduced B cells and low 
IgG and IgA levels post EBV 
infection

Consider replacement Cessation 
inappropriate unless 
HSCT is successful

Hyper-IgE syndromes IgE elevated, sometimes reduced 
class switching and low levels of IgA 
and IgG subclasses with poor 
antibody responses

Replacement in 
selected patients

Cessation 
inappropriate if 
antibody failure 
confirmed

Wiskott-Aldrich syndrome Decreased lymphocytes, variable 
defects in T-, B-, and NK-cell 
function, variable IgM, normal or 
elevated IgA, elevated IgG and IgE, 
often abnormal IgG antibody 
response to unconjugated 
polysaccharide vaccines

Consider replacement Cessation 
inappropriate if 
antibody failure 
confirmed until 
successful HSCT

(continued)

A. Katragkou et al.



349

Administration of IVIG in CLL patients with 
hypogammaglobulinemia has been shown to 
decrease the rate of bacterial infections; however, 
decision analysis modeling showed that this 
decrease might not improve the length or quality 
of treated patients’ lives, and, furthermore, it is 
extraordinarily expensive [110]. The prophylac-
tic administration of IVIG in CLL patients has 
not been studied extensively, and, thus, there are 
no guidelines to define the patient population that 
would benefit from this treatment; also the opti-
mal dosing and timing of IVIG administration 
remained to be defined. Some experts support the 

use of IVIG in selected cases, depending on the 
history of the patient and especially in patients 
that IVIG has been shown to work in the past.

IVIG therapy together with antiviral therapy 
was beneficial in infants and children with AIDS 
and hypogammaglobulinemia or two or more 
bacterial infections in the previous year. Other 
indications for IVIG therapy in HIV-infected 
patients include those with severe parvovirus 
B19 or measles infection [72, 95, 119]. However, 
it is important to note that these studies occurred 
before the era of highly active antiretroviral treat-
ment for HIV [84].

 Transplantation

IVIG has been utilized in allogeneic bone mar-
row transplantation (BMT) in an attempt to 
decrease the incidence of cytomegalovirus 
(CMV) infection, infections due to other patho-
gens, and graft-versus-host disease (GVHD). 
Immunoglobulin use in the setting of BMT is 
FDA approved. The rationale for using IVIG in 
transplantation is that the administration of 
 passive antibodies may prevent infections in 
these immunocompromised patients and espe-
cially infections caused by CMV [84]. Several 
randomized controlled trials provided the basis to 
recommend IVIG after allogeneic BMT [19, 31, 
46, 87, 98, 116, 117]. Meta-analysis of these tri-
als found significant reduction of fatal CMV 
infections, CMV pneumonia, non-CMV intersti-
tial pneumonia, and transplant-related mortality 

Table 17.5 (continued)

Primary immunodeficiency Immunologic findings
Immunoglobulin 
replacement

Immunoglobulin 
cessation

Ataxia-telangiectasia Partial antibody deficiency in some 
cases

Replacement in 
selected patients

Cessation 
inappropriate if 
antibody failure 
confirmed

Hyper-IgM syndromes Normal or elevated IgM, low or 
absent IgG, IgA and IgE, poor 
specific antibodies, variable T-cell 
abnormalities

Start replacement at 
the time of diagnosis 
until successful HSCT

Cessation 
inappropriate

Modified from Peter and Chapel, Immunotherapy 2014; 6: 853–869, Albin and Cunningham-Rundles, Immunotherapy 
2014; 6: 1113–1126
EBV Epstein-Barr virus, HSCT human stem cell transplantation, NEMO NF-κΒ essential modulator

Table 17.6 Recommendations for the use of immuno-
globulins in immune deficiencies

Benefit Disease
Definitely 
beneficial

Primary immune defects with absent B 
cells
Primary immune defects with 
hypogammaglobulinemia and impaired 
specific antibody production

Probably 
beneficial

Chronic lymphocytic leukemia with 
reduced IgG and history of infections
Prevention of bacterial infections in 
HIV-infected children
Primary immune defects with 
normo-gammaglobulinemia and 
impaired specific antibody production

Unlikely to 
be 
beneficial

Isolated IgA deficiency
Isolated IgG4 deficiency

The recommendations for immunoglobulin indications 
according to the Primary Immunodeficiencies Committee 
of the American Academy of Allergy, Asthma, and 
Immunology; 2006
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among patients receiving prophylactic IVIG [11]. 
While an improvement in survival was reported 
in some studies [46, 49, 118], a more recent 
meta-analysis showed that IVIG or hyperimmune 
CMV-IVIG had no effect on the reduction of all-
cause mortality [90]. Collectively, the data 
regarding the benefit of prophylactic administra-
tion of IVIG after BMT remain controversial and 
contradictory. In addition, until currently, there is 
no consensus on the type, schedule, dose, and 
patients benefiting from IVIG. Subsequent stud-
ies suggested that double prophylaxis consisting 
of high-dose IVIG and ganciclovir was more suc-
cessful than either treatment alone in reversing 
CMV pneumonia in patients after BMT [39, 69].

The American Society for Blood and Marrow 
Transplantation does not recommend the routine 
use of IVIG to hematopoietic cell transplant 
recipients for prophylaxis for CMV disease or for 
bacterial infections within the first 100 days after 
transplantation. For patients with severe hypo-
gammaglobulinemia (IgG <400  mg/dl), IVIG 
prophylaxis of bacterial infections may be con-
sidered. IVIG dose and frequency for these 
patients should be individualized to maintain 
trough serum IgG concentrations >400  mg/dl 
[103]. Routine use of IVIG appears to offer little 
benefit to patients with malignancies undergoing 
HLA-identical sibling BMT [84]. Given that the 
landscape of patients receiving BMT is evolving, 
it is likely that the available data are outdated, 
and more updated randomized trials are war-
ranted to inform clinical practice.

GVHD and infection are major complications 
of allogeneic BMT. In vitro and in vivo experi-
mental models showed that the prevention of 
acute GVHD by IVIG is mediated by the induc-
tion of apoptosis of activated alloreactive CD4+ 
expressing CD134+ donor T cells and reducing 
the amount of IFN-γ produced by donor T cells 
[22]. IVIG was shown to decrease the severity of 
acute GVHD in recipients of allogeneic BMT 
[98, 116, 117]. On the contrary, administration of 
IVIG prophylaxis has no effect on the incidence 
or mortality of chronic GVHD on BMT [99]. 
While there is no consensus on the optimal dose 
of IVIG, it appears that the incidence of acute 
GVHD is less in patients receiving higher doses 

of IVIG. The benefits of IVIG appear to correlate 
with IgG trough levels where acute GVHD was 
less frequent among patients achieving maxi-
mum serum IgG levels ≥3000  mg/dl after the 
administration of IVIG. Trough serum IgG levels 
>1200  mg/dl were associated with less severe 
acute GVHD [1, 33, 40].

Over the last decade, IVIG usage in solid 
organ transplantation has increased significantly. 
There are encouraging data on the role of IVIG 
for the treatment of antibody-mediated rejection, 
desensitization to HLA and/or ABO antigens, as 
well as prevention and treatment of infectious 
complications for patients undergoing solid 
organ transplantation [74, 94]. There is also some 
evidence that IVIG may be useful for the treat-
ment of autoimmune cytopenias after solid organ 
transplantation [91]. Dosing of IVIG is empiric 
although higher than those for replacement ther-
apy. Especially for the treatment of antibody- 
mediated rejection, the dose is 1–2  gm/kg [23, 
38, 58, 60, 61, 76]. The use of higher doses of 
IVIG is related to higher rates of adverse events. 
These include aseptic meningitis thrombotic 
events and bronchospasm [59].

 Immunoglobulin Therapy for Sepsis 
and Septic Shock

Sepsis is the systemic inflammatory response of 
the host to an infectious insult. Severe sepsis is 
characterized by acute organ dysfunction, while 
septic shock is characterized by hypotension, 
which is refractory to fluid replacement, or by 
hyperlactatemia [9]. Severe sepsis and septic 
shock represent one of the oldest and most press-
ing problems in medicine. Care of patients with 
sepsis has improved over the last decades; 
 however, the incidence of sepsis is increasing 
along with morbidity and mortality rates espe-
cially in critically ill adults. Worldwide, the 
annual incidence of severe sepsis lies between 
100 and 300 cases per 100,000 population, and 
mortality for severe sepsis and septic shock 
reaches 30% and 50%, respectively [8, 56, 73, 
109]. While our understanding of the underlying 
biologic features of sepsis has made significant 
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progress, the clinical assessment of several new 
strategies for implementation for sepsis treatment 
has led to disappointing results [3, 7, 15, 18, 
108]. There have been more than 100 randomized 
clinical trials of strategies to modify the systemic 
inflammatory response during sepsis; however, 
no strategy showed to improve dramatically the 
survival of patients with sepsis [71].

The development of highly purified human 
plasma-derived polyclonal IVIGs presented a 
very compelling therapy for severe infections 
including sepsis and septic shock. IVIGs have 
broad and potent activity against microorgan-
isms, their extracellular products, and potent 
immunomodulatory effects [78]. IVIG prepara-
tions, in particular IgM-enriched preparations, 
contain antibodies against lipopolysaccharides of 
Escherichia coli, Pseudomonas aeruginosa, and 
Klebsiella spp. [104]. The effects of IVIGs on the 
sepsis-induced host response seem to be pleo-
tropic, not yet completely clarified, and are likely 
to be secondary to both suppression of synthesis 
and direct scavenging of upstream and down-
stream mediators of the host response and com-
plex immunomodulatory effects [93].

The cellular effects of immunoglobulins are 
mediated through the IgG constant fragment 
(Fc). Immunoglobulin acts as an adaptor between 
the innate and adaptive immune system by inter-
acting with Fc, which mediate both pro- and anti- 
inflammatory signals. IVIGs have direct 
antibacterial effects through pathogen recogni-
tion and increased clearance. IVIGs also have 
anti-inflammatory properties mediated by the 
scavenging of bacterial toxins and pro- 
inflammatory cytokines, by immune cell deple-
tion, by the blockade of activating receptors, and 
by modulating FcγR expression, dendritic cell 
activity, and T-cell expansion [77, 92, 93].

The challenging pathobiology of sepsis is 
associated with acquired hypogammaglobu-
linemia, which seems to prevent optimal patho-
gen clearance and pathogen toxin scavenging 
[100, 107, 113]. Furthermore, sepsis, by causing 
endothelial dysfunction and capillary leak 
together with the iatrogenic fluid resuscitation- 
related increase in extravascular volume, eventu-
ally causes an alteration in the distribution of 

immunoglobulins [93]. Consequently, it is logi-
cal to predict that the administration of IVIG dur-
ing sepsis would be of benefit.

In the clinical setting, the role of IVIG as an 
adjunctive treatment in sepsis has been contro-
versial for years. A number of randomized 
placebo- controlled clinical trials in adult critical 
care patients evaluating standard polyclonal 
IVIG- or IgM-enriched polyclonal adjunctive 
therapy in severe sepsis as well as the meta- 
analyses of these trials have been published [5, 
65, 67, 75, 88, 105]. Positive findings of con-
trolled trials and anecdotal reports have been 
criticized for methodological weakness including 
the small number of the patients and adequacy of 
blinding. The more recent studies, which were 
more meticulously designed, have shown much 
less effect of IVIG than older, smaller, and less 
well-designed studies [50]. Of note, the studies 
that used albumin as control showed less benefit 
of IVIG than those that did not [41]. The Score- 
Based Immunoglobulin G Treatment in Sepsis 
(SBITS) study, one carefully designed, large 
study representing almost half of all the adults 
studied to date, showed no reduction in mortality 
by IVIG in patients with score-defined sepsis and 
sepsis-induced multi-organ failure [113].

The first clinical trial, which evaluated the 
effect of IgMA-enriched immunoglobulin prepa-
ration (7.8  g IgM, 7.8  g IgA, and 49.4  g IgG), 
which have shown to contain superior antibody 
content against bacterial lipopolysaccharides, in 
an appreciable number of neutropenic patients 
with hematologic malignancies and sepsis or sep-
tic shock, showed that immunoglobulins had no 
beneficial effects [51]. However, as the editor 
comments, the study, with a high evidence level, 
demonstrates that neutropenic patients with 
malignancies and low-grade sepsis with no or 
only one organ failure will not benefit from 
adjunctive IVIG treatment [111].

The prophylaxis and treatment of neonatal 
sepsis has been a major global priority, and large 
international trials have been carried out testing 
IVIG ( [57, 79–83]; Group et al. 2011). Mortality 
during hospital stay in infants with clinically sus-
pected infection at trial entry was not signifi-
cantly different after IVIG treatment [81]. The 
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results of the International Neonatal 
Immunotherapy Study (INIS) and recent meta- 
analyses showed that IVIG did not reduce mor-
tality during hospital stay or major disability at 
2  years of age in infants with sepsis [48, 83]. 
Based on the results of the INIS trial (3493 sub-
jects), routine administration of IVIG to prevent 
mortality in infants with sepsis is not currently 
recommended [48].

When considering the administration of IVIG 
during sepsis, important aspects that should be 
taken into account are the dose, the type, the tim-
ing, and pharmacokinetics of IVIG [6, 50]. While 
dose-ranging studies have not been completed, 
studies that used high (>1  g/kg body weight) 
doses of IVIG demonstrated better effects. This 
seems plausible given the clinical observations in 
other inflammatory conditions, such as Kawasaki 
disease, where greater effect was noted with 
higher doses [52]. The type of IVIG may have an 
important effect, possibly in favor of a greater 
pooled effect of IgMA-enriched compared with 
standard preparations of IVIG.  IgMA-enriched 
preparations are associated with greater comple-
ment inactivation and improvement in microvas-
cular perfusion in experimental models [112]. 
However, collectively, the results from animal 
models and in vitro experiments show contradic-
tory results and do not allow for a definite conclu-
sion regarding the superiority of one specific 
immunoglobulin preparation in patients with sep-
sis. In an efficacy study, administration of poly-
valent IgG versus IgMA in selected patients at 
high risk for sepsis was associated with a compa-
rable improvement in disease severity [89].

Regarding the timing of IVIG administration 
during sepsis, there is probably a “window of 
opportunity” in the first days that follow clinical 
presentation of sepsis [14]. If this window is 
missed, probabilities of success could be greatly 
diminished [6]. Pharmacokinetic studies of IVIG 
in sepsis have not been performed yet. Data for 
dosage selection in current practice are primarily 
derived from studies in volunteers and in patients 
with primary immune deficiencies and other indi-
cations for immunomodulation. Existing phar-
macokinetic studies also do not address 
immunoglobulin clearance or area under the 

curve parameters and target serum immunoglob-
ulin concentrations [64]. In addition, it is still 
unknown whether the main goal of IVIG in sep-
sis is to refill low levels of endogenous immuno-
globulins or alternatively whether IVIG could 
exert a beneficial effect regardless of these levels 
[6].

Most studies evaluating the use of IVIG for 
sepsis are small; some have methodological flaws 
and high-quality, large studies showed no effect 
[48, 113]. Given immunoglobulin high-cost, lim-
ited supply and the lack of strong evidence to 
support their beneficial effect, widely used guide-
lines either neglect or grade as a weak recom-
mendation the use of polyclonal IVIG in sepsis 
[36]. While clinical judgment may guide immu-
noglobulin use in individual cases, particularly 
those due to Gram-negative etiologies or strepto-
coccal toxic shock syndrome, these practices are 
based largely on theoretical rationale, anecdotal, 
and retrospective clinical observations [50, 66, 
106].

The effect of monoclonal antibodies against 
tumor necrosis factor (TNF)-α has been evalu-
ated in a series of trials on different anti-TNF-α- 
directed therapies [4, 30, 37, 42]. The 
long-anticipated sepsis trial (MONARCS 
[Monoclonal Anti-TNF, A Randomized 
Controlled Sepsis trial]) reported that afeli-
momab, which is made up of the Fab component 
of a monoclonal antibody against TNF-α, in 
patients with severe sepsis and elevated IL-6 lev-
els decreased mortality and had a safety profile 
similar to placebo [85]. However, combining the 
results of these studies, a small improvement in 
mortality can be detected [34, 47]. As sepsis is 
increasingly being considered as an exaggerated, 
poorly regulated innate immune response to 
microbial products, by the time of diagnosis, an 
entire network of cytokines has already been acti-
vated. In this regard, the results of the previous 
studies would have been anticipated, as it seems 
unlikely that therapy aimed at only one cytokine 
would by itself have the highly significantly 
impact on sepsis mortality [34].
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 Future Directions

Immunoglobulins have been used widely in med-
icine for a variety of diseases including infectious 
diseases. While the two major indications for 
immunoglobulin use are as replacement and anti- 
inflammatory therapy in a variety of acute and 
chronic autoimmune diseases, their use in the 
prevention and treatment of infectious diseases is 
emerging as an attractive option especially in the 
era of multi-antibiotic resistance. Many aspects 
of immunoglobulin therapy remain controversial 
and contradictory. Consequently, immunoglobu-
lin use is sometimes determined by clinical judg-
ment or expert opinion, which is based largely on 
theoretical rationale, anecdotal, and retrospective 
clinical observations. Gaps of knowledge that 
need to be addressed are certain categories of 
patient populations that would benefit from 
immunoglobulin treatment or prophylaxis, the 
optimal immunoglobulin dosing, and duration, as 
well as timing of administration.

Monoclonal antibody technology has opened 
a new era in antibody therapy. On many occa-
sions, human monoclonal antibodies have better 
therapeutic properties than immunoglobulins 
including low toxicity, longer protective immu-
nity, higher than natural protection, and high 
specificity. Several antibodies for the treatment 
of bacterial and viral infections have been devel-
oped [101]. However, some challenges need to be 
overcome before they become preferred agents 
for the treatment and prophylaxis against infec-
tious diseases.

Biofilms are now acknowledged to contribute 
to a plethora of chronic and recurrent infections. 
While treatment or eradication of biofilm-related 
infections is still challenging, there are sufficient 
in vitro and preclinical data to support the use of 
antibodies directed against extracellular DNA- 
binding proteins entrapped into the extracellular 
biofilm polymeric substance [20, 44]. While still 
an area of ongoing preclinical and clinical 
research, this use of antibodies constitutes a 
novel therapeutic approach for treatment of 
biofilm- related infections.
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 Introduction

Vaccination remains the single most effective 
means available to prevent infectious diseases 
and mitigate their impact on the health of indi-
viduals. However, conditions that result in 
impairment of adaptive immunity both increase 
the risk and severity of these infections, as well 
as decreasing the efficacy of immunizations, pos-
ing unique challenges to medical care of these 
vulnerable patients. In addition, the complex 
relationships between the immunity of the sub-
ject and the mechanisms by which vaccines stim-
ulate the immune system raise safety concerns as 
well, particularly related to the safety of live vac-
cines in this population, and the possibility that 
non-specific stimulation of the immune system 
could precipitate transplant rejection or increas-
ing autoimmunity.

In this brief review, we will discuss the evi-
dence supporting safety, immunogenicity, and 
efficacy of selected commonly used vaccines 
specifically in immunocompromised patient pop-
ulations. Although the prevalence of immuno-
compromising conditions and treatments is 
steadily increasing, in many cases relatively little 
data are available regarding vaccine performance 
in specific populations. Where available, existing 

guidelines for immunization of specific popula-
tions will also be referenced.

The term “immunocompromised” can be used 
to describe a wide variety of patient populations 
with both intrinsic and iatrogenic mechanisms of 
altered immunity. Consequently, the safety and 
immunogenicity of vaccines can vary widely 
according to the severity and mechanism of the 
immune compromising condition. This review 
will focus on two of the most common types of 
immunocompromise in the United States and 
other developed countries, infection with human 
immunodeficiency virus (HIV), and medical 
immunosuppression designed to combat organ 
rejection after solid organ transplantation (SOT) 
and graft-versus-host disease (GVHD) after allo-
geneic hematopoietic stem cell transplantation 
(HSCT).

 Influenza Vaccine

Influenza has been shown to result in more severe 
disease and increased rates of complications in a 
variety of immunocompromising conditions, 
including transplantation and HIV. Although cur-
rent influenza vaccines are primarily designed to 
induce neutralizing antibodies, the greatest 
impact of immunocompromising conditions is 
typically in those cases where T cell immunity is 
impaired. Such individuals can exhibit extremely 
prolonged viral shedding and frequent 
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 development of antiviral resistance when treated 
with antiviral agents.

 Available Vaccines

Both live attenuated influenza vaccines (LAIV) 
and inactivated influenza vaccines (IIV) have 
been developed, although LAIV is not generally 
recommended for use in immunocompromised 
patients. Recent years have seen a substantial 
expansion in the number of different approaches 
to generation of inactivated influenza vaccines, 
and there are multiple options currently licensed 
for use in the United States and other countries. 
Traditional inactivated vaccines are generated by 
propagation of the target viruses in eggs, purifica-
tion and chemical inactivation of the virions, fol-
lowed by disruption of virions and purification of 
the hemagglutinin (HA) and neuraminidase (NA) 
proteins by a variety of means, leading to so- 
called “subvirion,” “split-virus,” or “purified sub-
unit” vaccines. The final product is a mixture of 
antigens of influenza A (H1N1), A (H3N2), and 
B viruses, a trivalent formulation referred to as 
IIV3. Over the last several decades, influenza B 
viruses have evolved into two antigenically dis-
tinct lineages (Yamagata and Victoria), and many 
recent vaccines are designed to include both B 
lineages in a quadrivalent formulation or IIV4.

Influenza vaccines can also be produced in 
mammalian cell culture (ccIIV4) or by express-
ing the relevant HA proteins in a baculovirus 
expression system (RIV4). Although most inacti-
vated influenza vaccines are administered intra-
muscularly, one formulation is designed to be 
administered intradermally (ID IIV4). Studies in 
healthy adults have suggested that these alterna-
tive formulations and modes of administration 
result in antibody titers that are not inferior to 
those seen with standard approaches.

Two approaches have been evaluated in 
attempts to improve the protective efficacy of 
vaccination of older adults. The standard dose 
of inactivated influenza vaccine is a content of 
not less than 15  mcg of each HA protein, as 
assessed by single radial immunodiffusion. The 
use of a higher dose (60 mcg of each HA) is well 

tolerated and associated with significantly 
higher levels of antibody response and is 
licensed in the United States. This vaccine has 
demonstrated improved protective efficacy in 
adults over 65  years old in a randomized trial 
(HD IIV3) [1]. A formulation of inactivated vac-
cine with the squalene-based adjuvant MF59 
(aIIV3) has been used in older adults in Europe 
for many years [2] and was also recently 
licensed in the United States based on non-infe-
riority of the immune response compared to 
standard vaccine.

Production of current live attenuated influenza 
vaccine (LAIV) relies on the exchange of gene 
segments between a well-characterized master 
donor virus, which contributes the genes govern-
ing attenuation of the vaccine virus, and the tar-
get strain of influenza, which donates the genes 
for the HA and NA.  In the United States, the 
licensed LAIV is based on the master donor A/
Ann Arbor/6/60 and B/Ann Arbor/6/66 viruses. 
A different LAIV based on the master donor 
virus A/Leningrad/66 is licensed in Russia and 
some other countries.

 Safety and Immunogenicity 
in Immunocompromised Hosts

Because influenza vaccines are recommended for 
administration annually in all individuals, there 
have been many opportunities to evaluate vaccine 
performance in a variety of immunocompro-
mised patient populations. In general, these stud-
ies have shown diminished immunogenicity 
reflective of the degree of immune suppression 
and a safety profile similar to that in the general 
population.

Extensive studies have been done to evaluate 
influenza vaccination in persons living with 
HIV. Responses to inactivated vaccines in adults 
and children, as measured by serum titers, gener-
ally correlate with CD4 cell count numbers, with 
better responses seen in those with CD4 counts 
above 200/μl, and with HIV viral load, with best 
responses seen in those with undetectable loads. 
Randomized prospective trials in relatively well- 
controlled individuals with HIV in the United 
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States [3] and Africa [4] have demonstrated  levels 
of vaccine efficacy against laboratory confirmed 
influenza that are similar to those seen in healthy 
populations.

Studies in stem cell transplant populations 
have been less extensive but also support the use 
of vaccine in these individuals. During the 2009 
H1N1 pandemic, several studies were done to 
evaluate pandemic vaccines, which generally 
showed that the immune response to a single 
dose was substantially less than that seen in age 
matched healthy controls for both solid organ 
transplant as well as stem cell transplant recipi-
ents. However, a second dose of pH1N1 vaccine 
substantially improved the proportion of recipi-
ents judged to be seroprotected on the bases of an 
HAI antibody titer of 40 or greater [5, 6]. Studies 
using seasonal vaccine formulations have been 
less extensive but have also demonstrated lower 
levels of immune response in these patients than 
healthy controls. In contrast to pH1N1 vaccine, 
administration of subsequent booster doses of 
seasonal vaccines to transplant recipients does 
not appear to substantially improve responses 
[7]. Several features have been shown to impact 
the immune response. In HSCT, these have 
included better responses in autologous com-
pared to allogeneic transplants, and increasing 
time since transplantation, and worsened 
responses with the use of myeloablative therapy 
as opposed to reduced intensity, and the presence 
of graft-versus-host disease [8], as well as the 
effects of the specific immunosuppressive che-
motherapy being used.

Solid organ transplant recipients have simi-
larly decreased immune responses. In addition to 
the time since transplantation and the general 
state of immunosuppression, mycophenolate is 
associated with decreased responsiveness to 
influenza vaccine [9, 10]. Sirolimus may associ-
ate with relatively better influenza vaccine 
responses [11] than other forms of 
immunosuppression.

Given that high-dose and standard-dose sea-
sonal vaccines administered with MF59 are 
intended to improve the immune response in 
older recipients, it is logical to ask whether these 
approaches would also enhance immunity in 

immunocompromised populations. In many 
countries, pH1N1 vaccine was administered with 
the oil-in-water adjuvant AS03. Not all studies 
have shown significant enhancement of antibody 
response with AS03 in transplant recipients [12], 
although the adjuvant did allow substantial dose 
sparing [13], with equivalent responses seen with 
lower doses of HA antigen. Small trials of high- 
dose vaccine in transplant recipients have sug-
gested increases in seroresponses to the high 
dose [14].

In both allogeneic HSCT recipients and SOT 
recipients, there is concern regarding whether the 
immune stimulus of vaccination, with or without 
an adjuvant, might non-specifically stimulate the 
immune system to cause increased severity of 
graft-versus-host disease or organ rejection. 
Several studies have documented minor and tran-
sient increases in allogeneic anti-HLA antibodies 
following influenza (and other) vaccines. 
However, the weight of evidence does not sup-
port a significant association between vaccina-
tion and the development of autoimmune adverse 
events.

As a live vaccine, LAIV would not normally 
be recommended for use in immunocompro-
mised subjects in any case. However, there are a 
number of studies that have evaluated LAIV in 
adults [15] and children [16] with well-controlled 
HIV infection, showing that the rate of adverse 
events and the shedding of the vaccine virus were 
similar to that observed in healthy adults and 
children. Similar studies have not been performed 
in patients with other types of 
immunosuppression.

The risk of transmission of LAIV from house-
hold contacts is low. In the most definitive study 
of potential transmission of LAIV, children 
attending day care were randomized to receive 
LAIV or placebo, and viral shedding was fol-
lowed in both groups. There was evidence of 
transmission from child to child in two subjects, 
for an estimated transmission rate among suscep-
tible contacts under close quarters of less than 
2% [17]. Shedding of the vaccine virus by adults 
is much less frequent [18], and the likelihood of 
transmission would be predicted to be much 
lower.
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 Guidelines for Use

Because immunocompromised individuals are at 
higher risk for influenza and influenza complica-
tions, and with an extensive safety record in both 
healthy and immunocompromised adults, guide-
lines from a variety of organizations recommend 
annual vaccination of immunocompromised sub-
jects and individuals with HIV [19]. Where pos-
sible, delaying vaccination until 6  months after 
transplant can result in improved immune 
responses, but if the normal timing of influenza 
vaccine occurs earlier than 6  months, it would 
still be recommended to administer vaccine.

LAIV is not recommended for use in immuno-
compromised subjects, although because of the 
low risk of transmission, use in household con-
tacts was generally considered acceptable except 
in cases of very severe immunocompromised. 
Recent observational studies have suggested that 
the effectiveness of LAIV, particularly against 
pH1N1 viruses, has declined substantially and is 
now inferior to that of IIV in comparable popula-
tions. The reasons for this are unclear, but at this 
time, LAIV is not recommended for routine use 
in the United States [20]. Similar studies of the 
effectiveness of LAIV based on the Russian mas-
ter donor viruses are not available.

 Hepatitis B Vaccine

 Available Vaccines

Hepatitis B vaccines contain the hepatitis B sur-
face antigen (HBsAg), generated by expression 
of recombinant DNA in yeast or mammalian 
cells, and are formulated to contain 10  mcg or 
40 mcg of HBsAg. Two single antigen vaccines 
are currently available in the United States, and 
general guidelines recommend a three-dose 
schedule at 0, 1, and 6  months, although other 
schedules have been shown to give similar results.

 Safety and Immunogenicity 
in Immunocompromised Hosts

Generally, the responses of transplant recipients 
to hepatitis B vaccine are substantially dimin-
ished compared to healthy controls. For solid 
organ transplant recipients, vaccination of the 
recipient prior to transplant has generally been 
associated with better responses [21], even 
though the recipient may have significant com-
promise related to the conditions requiring trans-
plantation. After transplant, responsiveness is 
affected by the time posttransplant, with best 
responses after 2  years, and other features of 
immune competence [22, 23]. In HIV, responses 
to HBV vaccination are inversely associated with 
HIV viral load [24]. Attempts to improve the 
immune response have included the use of high- 
dose vaccine, multiple additional doses, and 
adjuvants such as AS04 [25, 26] and monophos-
phoryl lipid A (MPL) [27], with limited success.

Transplant recipients with resolved hepatitis B 
infection (i.e., HBcAb positive but DNA nega-
tive), or recipients of livers from donors with 
resolved hepatitis B, are at high risk of reactiva-
tion following transplantation. The standard 
approach to prophylaxis of recurrent HBV in 
these patients is the use of long chronic antiviral 
suppression and the use of hepatitis B immune 
globulin (HBIG). Vaccination represents a poten-
tial alternative approach to prevention [28], espe-
cially in HBV-negative recipients of core 
antibody-positive livers.

 Guidelines for Use

Most authorities recommend HBV vaccination of 
antibody-negative candidates prior to transplan-
tation and for susceptible solid organ transplant 
recipients after transplantation. HBS antibody 
titers should be assessed, and if the patient does 
not achieve a titer of >10  mIU/mL, a second 
three- or four-dose series should be administered 
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[29]. For subjects on hemodialysis, the high-dose 
vaccine should be administered. Although there 
are limited data in HSCT recipients, antibody- 
negative subjects should be vaccinated [19]. 
Because immunogenicity is poor in the immedi-
ate posttransplant period, vaccination should be 
done 6 months or more following transplant [30]. 
Vaccination should be further delayed in patients 
receiving rituximab, which can interfere with 
vaccine responses for many months after 
administration.

 Pneumococcal Vaccine

Patients with immunosuppressive conditions, 
especially those that affect phagocytic function 
or the reticulo-epithelial system, are at increased 
risk for invasive disease due to encapsulated 
organisms including Streptococcus pneumoniae. 
Invasive pneumococcal disease is recognized as 
an important problem following HSCT, with 
patients with chronic GvHD [31] and hyposplen-
ism defining a high-risk group within this popu-
lation [32].

 Available Vaccines

Current pneumococcal vaccines are primarily 
designed to induce opsonizing antibody against 
the bacterial capsule, which subsequently medi-
ates opsonophagocytosis of the bacteria by neu-
trophils and other phagocytic cells and killing of 
the bacteria. As such, the immunogenicity of 
pneumococcal vaccines is primarily assessed by 
the ability to induce functional, opsonophago-
cytic antibody (OPA). Over 90 antigenically dis-
tinct serotypes of pneumococcus are recognized, 
complicating the process of achieving broad pro-
tection. However, the distribution of serotypes 
associated with invasive disease is more narrow, 
and current vaccines are formulated to include 
those serotypes most frequently associated with 
disease in the target population.

Two types of vaccines are available for pre-
vention of pneumococcal disease. The current 
pneumococcal polysaccharide vaccine (PPV) 
contains 23 serotypes of pneumococcal capsule 
at a dose of approximately 25 mcg per serotype 
(PPV-23), while the polysaccharide conjugate 
vaccine (PCV) contains a smaller number of 
serotypes chemically conjugated to a carrier pro-
tein. As an antigen made of repeating subunits, 
polysaccharides can generally stimulate B cells 
directly and are referred to as T-independent anti-
gens. However, because polysaccharides do not 
recruit T cell help, the antibody response does not 
undergo affinity maturation, and the response 
generally does not boost with subsequent doses. 
Importantly, the developing immune system does 
not gain the ability to respond to these polysac-
charides until ages 2–4 years, depending on the 
serotype. However, if the polysaccharide is 
chemically linked to a carrier protein, the immune 
response transitions to a T cell-dependent 
response, which is boostable and can induce 
strong immune responses in infants. A disadvan-
tage of this approach is that the valency of the 
vaccine is more limited, with 13 serotypes being 
the largest number included in currently available 
conjugated vaccine (PCV-13). Thus, current 
strategies for immunization typically use both 
approaches in sequence to generate the broadest 
possible response.

 Safety and Immunogenicity 
in Immunocompromised Hosts

Polysaccharide pneumococcal vaccines have 
been studied extensively in a variety of immuno-
compromised populations. Studies in patients 
with HIV have shown a reduced anticapsular 
antibody response following PPV-23  in HIV 
patients compared to healthy controls, with a 
more rapid decline in antibody titers after vacci-
nation as well [33–35]. Responses have not 
always correlated with CD4 cell counts, but 
there is a suggestion of improved responses after 
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successful antiretroviral therapy [36, 37]. As is 
true in healthy individuals [38], revaccination 
with PPV-23 generally leads to modest increases 
in antibody, which do not reach the same levels 
as after primary vaccination [34].

The efficacy of pneumococcal polysaccharide 
vaccination in HIV-infected adults has been eval-
uated in one randomized, controlled trial con-
ducted in Uganda, [39] which did not show 
reduced rates of invasive pneumococcal infection 
or pneumonia in vaccine recipients. A number of 
observational studies have also attempted to 
assess the effectiveness of PPV in this popula-
tion. In the largest such study, conducted in over 
23,000 HIV-infected adults, PPV-23 was associ-
ated with an overall lower risk of pneumonia 
[40]. The effectiveness of the vaccine in this 
study was inversely associated with viral load at 
the time of vaccination, with reduced effective-
ness with higher viral loads.

Studies in transplant recipients have also 
shown diminished responses to PPV-23. Antibody 
responses tend to be less vigorous than in healthy 
controls, and titers decline more quickly. As is 
true in other populations, revaccination typically 
results in modest increases in antibody that do 
not reach the level achieved after primary vac-
cine. In hematologic transplant, the response 
tends to improve with time since vaccination 
[41–43].

Pneumococcal conjugate vaccines have been 
shown to generate superior responses in several 
situations [44, 45]. However, immunocompro-
mised patients may be more likely to be infected 
with serotypes not covered by the conjugate vac-
cine [46]. PCV vaccination may be given begin-
ning as early as 3  months after stem cell 
transplantation [47], with good responses to a 
subsequent booster dose of PPSV [48]. In solid 
organ transplant, there may be relatively less ben-
efit to the booster dose, [49] because the effects 
of immunosuppression time since transplant is 
predictive of the response to PCV in organ trans-
plant recipients [50]. In liver transplant recipi-
ents, administration of PCV-7 followed by 

PPV-23 8 weeks later was not better than PPV-23 
alone, suggesting that in adult transplant recipi-
ents, PPV-23 should remain the standard of care 
[51].

More recently, a randomized, placebo- 
controlled trial of two doses of a 7-valent pneu-
mococcal conjugate vaccine in predominantly 
HIV-infected Malawian adolescents and adults 
who had recovered from documented invasive 
pneumococcal disease found that the PCV-7 vac-
cine was associated with a significantly lower 
risk of subsequent invasive pneumococcal dis-
ease due to the vaccine serotypes (plus serotype 
6A) [52].

 Guidelines for Use

Because immunocompromised patients are at 
higher risk for invasive pneumococcal infection, 
they represent an important target group for vac-
cination. Of the two types of vaccines, conju-
gated vaccines have the advantage of allowing 
boosting at the expense of a limited number of 
serotypes, while the polysaccharide vaccine con-
tains a greater range of serotypes but generates 
progressively lower responses with subsequent 
doses as a general finding. Therefore, a strategy 
using both vaccines, with priming by PCV and 
subsequent dose of PPV to increase serotype cov-
erage, might be ideal. This strategy has been 
shown to generate superior responses in healthy 
older adults [53]. Therefore, most guidelines rec-
ommend initial vaccination with PCV followed 
by PSV in transplant recipients [19].

Recommendations in HIV-infected patients 
are similar to those for healthy adults, and recom-
mended schedules are based on age [19]. This 
would include initial vaccination with PCV in 
childhood, with a booster dose of PPV to increase 
the number of serotypes in later childhood. For 
adults with HIV, vaccination with PCV followed 
by PPV is recommended.
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 Measles-Mumps-Rubella (MMR) 
Vaccine

Severe measles is a recognized complication of 
immunosuppression of various types. Monitoring 
of antibody levels after allogeneic stem cell 
transplantation has suggested that there can be a 
gradual loss of immunity to measles in the 
months following transplantation, particularly in 
individuals with vaccine-acquired immunity 
[54–56].

 Available Vaccines

Measles, mumps, and rubella vaccines are all live 
attenuated vaccines that were generated using 
traditional methods designed to adapt representa-
tive wild-type viruses to growth conditions that 
resulted in attenuated viruses that maintained 
their immune characteristics but were unable to 
cause illness. In the United States, measles vac-
cine is based on the Edmonston strain of measles 
virus, further passaged in cell culture to create 
the Moraten strain, the mumps vaccine is based 
on the Jeryl Lynn strain (named for the daughter 
of Maurice Hilleman, from whom the virus was 
originally obtained), and the rubella vaccine is 
based on the RA 27/3 isolate. Each of these 
viruses was extensively passaged and adapted to 
grow in various cell lines, resulting in relative 
attenuation in humans. The vaccines are typically 
formulated as a multivalent preparation (MMR) 
and administered intramuscularly.

 Safety and Immunogenicity 
in Immunocompromised Hosts

Although live vaccines are generally not recom-
mended for use in individuals with immunosup-
pression, there is extensive experience with use 
of MMR in young, HIV-infected children. 
Generally, HIV-infected children have poor 
responses to measles vaccine compared to healthy 

controls [57]. Measles seroprotection rates at age 
24 months were lower in HIV-infected than HIV- 
uninfected children [58]. An early, two-dose 
schedule at 6 and 9 months was immunogenic in 
children in Malawi, but response rates were lower 
among HIV-infected children [59]. However, 
children on HAART have higher response rates 
to measles [60] as well as to subsequent doses 
[61] than untreated children.

Vaccine is well tolerated in HIV-infected chil-
dren [59]. However, rare serious complications 
have been reported in severely immunosup-
pressed patients [62, 63].

MMR vaccine has been used in children 
awaiting organ transplant with good responses to 
all three components [64]. However, loss of anti-
body to MMR is common with chemotherapy or 
other immunosuppressive treatments [65, 66] or 
after HSCT [67]. There is limited data on the 
safety and immunogenicity of MMR post trans-
plantation. Early measles vaccination after BMT 
has been well tolerated and immunogenic [68]. 
Immunization of solid organ transplant recipients 
was safe in children who were not severely 
immunosuppressed [69].

 Guidelines for Use

Most HSCT patients loose immunity to measles 
following transplantation, and MMR can be con-
sidered 2  years after transplantation in patients 
without chronic GVHD or ongoing immunosup-
pression [19]. Adults who have natural measles 
immunity do not loose antibody as readily, and it 
is recommended that serology can be performed 
prior to vaccination, and vaccine be administered 
only to seronegatives. Because of lack of safety 
and effectiveness data, MMR vaccine is not rec-
ommended for use following solid organ trans-
plantation [19, 70].

MMR vaccination is recommended for all 
asymptomatic HIV-infected persons who do not 
have evidence of severe immunosuppression 
(age-specific CD4+ T-lymphocyte percentages of 
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≥15%) and for whom measles vaccination would 
otherwise be indicated evidence of severe immu-
nosuppression (age-specific CD4+ T-lymphocyte 
percentages ≥15%) for whom measles vaccina-
tion would otherwise be indicated. Similarly, 
MMR vaccination should be considered for 
mildly symptomatic HIV-infected persons for 
whom measles vaccination would otherwise be 
indicated who do not have evidence of severe 
immunosuppression [71].

 Varicella and Zoster Vaccines

The varicella-zoster virus (VZV) is an alpha- 
herpes virus found throughout the human popula-
tion worldwide. Primary infection with VZV 
results in varicella (chicken pox), a once common 
childhood illness presenting with fever and 
 characteristic vesicular eruptions. Reactivation of 
infection along the latently infected dorsal root 
ganglia is called zoster and presents with a local-
ized painful vesicular rash [72].

Immunocompromised patients, particularly 
those with impaired cell-mediated immunity, are 
unable to control cell-associated viremia and are 
at risk for severe life-threatening illness both 
with primary infection and with reactivation [73]. 
Disseminated disease occurs in up to 36% of 
immunocompromised patients with primary or 
reactivation varicella disease. This most com-
monly involves the lungs, liver, or central ner-
vous system and can be hemorrhagic in 
presentation [74].

 Available Vaccines

There are two live attenuated vaccines available 
for primary prevention of varicella and one for 
the prevention of zoster reactivation. All three 
vaccines contain the Oka strain of the varicella- 
zoster virus, a clinical isolate passaged repeat-
edly in guinea pig embryo fibroblasts and used in 
the first live attenuated varicella vaccine by 
Takahashi et al. in the 1970s [75]. The two for-
mulations of the varicella vaccine licensed for 
use in the United States are the monovalent 

Varivax [76] and the polyvalent ProQuad (MMR- 
V) [77] which also contains live measles, mumps, 
and rubella vaccine. Consequently, MMR-V is 
formulated with a slightly higher concentration 
of Oka varicella virus (9772 plaque-forming 
units compared to 1350 for Varivax). Zostavax, 
which is intended for use in varicella-immune 
adults, contains 19,400 PFU or approximately 20 
times that of Varivax [76].

 Safety and Immunogenicity 
in Immunocompromised Hosts

Live vaccines are generally not recommended for 
use in individuals with significant immunocom-
promise. However, the risk of severe illness as a 
consequence of varicella primary infection or 
zoster reactivation is highest in these popula-
tions, and there has therefore been significant 
interest in the safety and efficacy of these vac-
cines in immunocompromised populations.

Many of the early studies of live varicella vac-
cines were performed in immunosuppressed chil-
dren. An early study of single dose Varivax (1500 
PFU) in 307 children with acute lymphoblastic 
leukemia in remission for 9 months demonstrated 
that the vaccine was well tolerated and was asso-
ciated with a significant decrease in attack rate of 
primary varicella, conferring approximately 80% 
protection. These patients had normal cell- 
mediated immunity prior to vaccination based on 
response to phytohemagglutinin and skin testing 
with multiple antigens, and maintenance chemo-
therapy was held for a week before and a week 
after vaccination. Breakthrough varicella was 
mild, and the major side effect in leukemic chil-
dren receiving maintenance chemotherapy was 
development of vaccine-associated rash [78]. 
Efficacy in smaller studies of patients with lym-
phoma and solid tumors was 90% and 90.7%, 
respectively [79].

In a subsequent study of acute leukemic chil-
dren also in remission, seroconversion was noted 
in 88% of patients after the first dose of Varivax 
and in 98% of patients after one or two doses. 
Loss of antibody was noted in 20% at 1  year, 
25% at 3 years, and 30% at 5 years. Of the 437 

P. Prasad and J. Treanor



367

children vaccinated, 8% developed mild vari-
cella. Two doses of vaccine were no more effec-
tive than one dose in preventing varicella disease. 
Three hundred seventy two patients studied were 
receiving maintenance chemotherapy when they 
were immunized, and 40% of these patients 
developed post-vaccination rash [80, 81]. Rates 
of zoster in acute leukemic children who received 
Varivax were also lower (9.1–15.4%) compared 
to rates in acute leukemic children with history of 
natural infection (17.5–21.6%) [79]. This same 
finding was confirmed in a later study [82].

Several small studies also support the safety of 
varicella vaccination in select patients after bone 
marrow transplantation. In one study, 15 rigor-
ously selected children were vaccinated with 
2000 PFU of live attenuated Oka strain 
12–23 months following bone marrow transplant. 
Seven were autologous transplants and eight 
were allogenic. All had lymphocyte counts 
>1000 μL, T cell counts >700/μL, and positive 
skin test to candida, tuberculin, streptokinase, or 
tetanus, IgG blood level >5 g/L. In addition, their 
last administration of intravenous immunoglobu-
lin was at least 6 weeks prior with no immuno-
suppressive therapy for 3 months and no evidence 
of infection or fever for at least 4 weeks prior to 
vaccination. In these patients, there were no cases 
of primary varicella or zoster reactivation 
observed for 2 years following immunization and 
88.8% seroconverted. The vaccine was well tol-
erated. The incidence of VZV disease in non- 
immunized children following bone marrow 
transplant was 26.3% [83]. A subsequent study of 
46 VZV seronegative allogeneic HSCT recipi-
ents who had CD4 counts ≥200/μL were off 
immunosuppression and responded to ≥1 post-
transplant vaccine which demonstrated a 64% 
seroconversion rate. Seven percent developed a 
self-limited varicella-like rash within 2.5 weeks 
of vaccination, but no subsequent cases of vari-
cella or zoster reactivation were noted over 
2.5 years of follow-up [84]. A study of 68 chil-
dren 24  months following HSCT who had no 
active GVHD, and were off immunosuppressive 
therapies, and who also had demonstrated sero-
logic responses to inactivated vaccines, and nor-
mal in vitro lymphocyte proliferation to tetanus, 

showed no severe reactions following live attenu-
ated varicella vaccine administration, with mild 
post-vaccination rash in three subjects (4.4%). In 
a subset of 28 subjects with negative prevaccina-
tion antibody titers, seroconversion was demon-
strated in 18 (64.3%) [85].

Evaluation of zoster vaccine in immunocom-
promised patients has been less extensive. 
Immunization preceding immunosuppression has 
been demonstrated to be effective in providing 
subsequent protection in a cohort study of 
patients receiving Zostavax per the CDC-ACIP 
schedule who subsequently underwent chemo-
therapy. The adjusted HR for herpes zoster was 
0.58 with an incidence of 3.28% in the vaccinated 
patients compared to 5.34% in the unvaccinated 
group. Of interest, the rate of herpes zoster 
remained elevated in a subset of patients who 
underwent vaccination within 60  days before 
chemotherapy [86].

There are inadequate data to support the use of 
Zostavax following bone marrow transplant and 
no data on its efficacy or safety. In one small 
study of 62 patients with hematologic malig-
nancy, 31 patients were post stem cell transplant 
(26 autologous and 5 allogeneic) [86]. The mean 
time to vaccination posttransplant was over 
1  year for autologous transplants and over 
3.5 years for allogeneic transplants. Twenty three 
of the 31 patients were in complete remission, 
and eight that were not in complete remission all 
had myeloma and were on a range of chemother-
apies. One patient developed zoster 5.5 months 
after vaccination, although virus was not cul-
tured, and it was unknown whether this repre-
sented wild type or live attenuated virus.

In bone marrow transplantation, donor immu-
nity can be transferred through transplantation 
[87, 88]. Unfortunately, antibody levels fall after 
transplantation and continue to fall for years 
despite engraftment and immune reconstitution. 
As such, post-bone marrow transplantation 
patients are considered “never” vaccinated 
regardless of donor immunity [89].

Zostavax has been studied in a large cohort 
of patients with end-stage renal disease on dial-
ysis. Vaccination was associated with a reduced 
risk of herpes zoster with HR 0.49. Three-year 
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cumulative risk of herpes zoster in unvaccinated 
patients was 6.6% compared to 4.1% in vacci-
nated patients [90]. It is unclear what percent-
age of these patients went on to renal 
transplantation and, as such, the efficacy of pre-
transplantation vaccination on posttransplant 
risk of herpes zoster remains unknown.

Recently, a subunit vaccine has been devel-
oped for prevention of zoster in adults. The vac-
cine consists of recombinant varicella-zoster 
virus glycoprotein E and the AS01B adjuvant sys-
tem, a liposome-based adjuvant containing 
monophosphoryl lipid A (MPL) and fraction 21 
of the bark of the Quillaja saponaria tree, or so- 
called QS21. This vaccine was initially demon-
strated to have an overall efficacy of 97% in 
prevention of zoster in a study involving 15,400 
subjects 50  years of age and older [91]. In a 
 follow- on study performed in 13,900 adults 70 
and older, a two-dose schedule of vaccine dem-
onstrated almost 90% efficacy in prevention of 
confirmed cases of zoster over the 30 months of 
post-vaccination observation [92]. This vaccine 
has shown promising results in HSCT recipients 
[93] and may emerge as an important interven-
tion for immunosuppressed patients.

 Guidelines for Use

In 2013, the Infectious Disease Society of 
America published guidelines for vaccine admin-
istration in the immunocompromised host which 
provide a framework for use of these vaccines to 
maximize preventative care in this population. 
The use of Varivax and Zostavax per these guide-
lines remains contraindicated in highly immuno-
compromised individuals, but this group was 
more stringently delineated. High-level immune 
compromise was defined as patients with com-
bined primary immunodeficiency; those receiv-
ing cancer chemotherapy; patients within 
2  months of solid organ transplantation; those 
receiving daily corticosteroid therapy (≥20 mg of 
prednisone for ≥14 days), tumor necrosis factor 
alpha-blockers, or rituximab; and HIV patients 
with CD4 count <200cells/mm3. Hematopoietic 
stem cell transplantation was included as well; 

however, it was noted that duration of high-level 
immune compromise following stem cell trans-
plant depended on the type of transplant (autolo-
gous vs. allogeneic), the type of stem cell source, 
and the presence or absence of posttransplant 
complications such as GVHD [19].

Emphasis is placed on completing vaccine 
schedules before initiation of immunosuppres-
sion when possible and defining when vaccine 
administration is safe after immunosuppressive 
therapy [19]. When vaccination is indicated per 
these guidelines, recommendations are for use of 
single-agent vaccines such as Varivax and 
Zostavax only. It is recommended that vaccina-
tions should not be initiated within the first 
2–6  months following transplant to avoid 
impaired efficacy due to the high-dose immuno-
suppression used following transplantation [19].

Individuals living with immunocompromised 
patients and lacking immunity to varicella should 
receive Varivax and Zoster based on the standard 
CDC-ACIP schedule as acquisition of primary 
varicella or zoster reinfection presents a greater 
risk for transmission than vaccination [94]. If the 
vaccinated individual develops skin lesions fol-
lowing vaccination with Varivax or Zoster vac-
cine, then immunocompromised individuals 
should avoid contact with the vaccinee until 
lesions have resolved [95].

 Varicella Vaccine
In patients with cancer, varicella vaccine should 
not be administered during chemotherapy but can 
be administered 3–6  months after cessation of 
chemotherapy. Patients with leukemia should be 
in remission and should not be on maintenance 
chemotherapy (despite the fact that most early 
studies were in leukemic patients in remission on 
maintenance chemotherapy held for 1 week prior 
to and 1  week after vaccination). For patients 
lacking evidence of immunity to varicella, if vac-
cination can be provided at least 4 weeks prior to 
immunosuppression, vaccination with Varivax 
should be provided. Current recommendations 
are for a two-dose series of Varivax separated by 
28 days in patients over the age of 13 and sepa-
rated by ≥3 months in those aged 12 months to 
12 years.
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Data to guide vaccination practices in hemato-
poietic stem cell transplant are limited. Because 
pre-existing recipient antibody titers are sus-
tained for several months following transplanta-
tion, vaccination of patients lacking immunity 
prior to conditioning is recommended if adequate 
time is available [54]. A two-dose series is rec-
ommended if it can be completed ≥4 weeks prior 
to conditioning for transplant, but a single dose is 
acceptable if time is insufficient. Vaccination 
should not be pursued in allogeneic stem cell 
transplant patients with active graft-versus-host 
disease or in those receiving immunosuppressive 
therapy [19]. However, a two-dose series of vari-
cella vaccine is recommended for those who have 
2-year post-bone marrow transplant without 
ongoing immunosuppressive therapy or active 
GVHD and who have not received intravenous 
immunoglobulin for 8–11 months [19].

Morbidity and mortality in the varicella non-
immune solid organ transplant population is 
extremely high, with 50 % of patients developing 
visceral involvement and a mortality rate of 25% 
despite maximal medical therapy [96]. As such, 
live attenuated varicella vaccination is recom-
mended prior to transplant in all solid organ 
transplant candidates who lack varicella immu-
nity and who are neither expected to undergo 
transplantation within the following 2  months 
nor have high-level immune compromise (e.g., 
combined primary immunodeficiency; those 
receiving cancer chemotherapy, daily corticoste-
roid therapy, tumor necrosis factor alpha- 
blockers, or rituximab; and HIV patients with 
CD4 count <200cells/mm3). Based primarily on 
the time necessary to achieve adequate immuno-
logic response, vaccination is only pursued if the 
time between completion of the series and 
planned transplantation is ≥4 weeks [19]. Safety 
and efficacy data for use of live attenuated vac-
cines in the posttransplant period are limited, and 
they are not generally administered. Varicella 
vaccine should only be considered in pediatric 
renal or liver transplant recipients without evi-
dence of immunity to varicella and who are 
receiving minimal or no immunosuppression and 
no recent graft rejection [19].

 Zoster Vaccine
Though Zoster vaccine is contraindicated in 
patients receiving chemotherapy, it is recom-
mended patients ≥60  years of age who have 
≥4 weeks until the onset of highly immunosup-
pressive therapy receive the vaccine. This 
approach can also be considered in patients 
50–59 years or age as well. The primary method 
of prophylaxis against reactivation of varicella- 
zoster virus following solid organ transplantation 
is the use of prophylactic antiviral therapy such 
as acyclovir. There are inadequate data to support 
the use of Zostavax following solid organ trans-
plantation and no data on its efficacy or safety. 
Zostavax is recommended in patients ≥60 years 
of age who have ≥4  weeks before transplanta-
tion, and this approach can also be considered in 
patients 50–59 years of age. However, for patients 
awaiting liver transplantation, it should be noted 
that there are no studies of Zostavax safety and 
efficacy in the cirrhotic population. In the initial 
studies of Zostavax for FDA approval, the only 
death occurring in the initial safety phase of the 
Zostavax arm was in a 56-year-old male with cir-
rhosis and cardiovascular disease who died after 
a fall at home [97].

 Travel-Related Vaccines

In general, vaccines recommended for organ 
transplant, HIV, and other immunocompromised 
patients who are traveling to international desti-
nations follow the general recommendations for 
all travelers [98–100]. However, the likely 
reduced efficacy of many vaccines in immuno-
compromised hosts must be taken into consider-
ation when advising such travelers. Although 
there is relatively little data on which to base rec-
ommendations, travel should generally be 
avoided if possible in persons with substantial 
immunosuppression. Solid organ transplants are 
advised not to travel in the immediate posttrans-
plant period, and travel should generally be 
avoided in all immunocompromised patients dur-
ing intense immunocompromise.

As detailed earlier, live vaccines are generally 
contraindicated in individuals with significant 
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immunocompromise. In the case of travel-related 
vaccines, this particularly pertains to vaccination 
against yellow fever, which is required for travel 
in some countries. Yellow fever vaccine is a live 
attenuated vaccine created by over 230 serial pas-
sages of the virus in cell culture [101]. Multiple 
mutations in the virus probably contribute to 
attenuation, and there is an excellent track record 
of safety in healthy adults. However, vaccination 
is associated with transient viremia in healthy 
recipients. More frequent serious or severe 
adverse reactions have been noted in elderly 
recipients [102].

Relatively little data is available regarding the 
safety of yellow fever vaccine in immunocom-
promised recipients. Cases of fatal encephalitis 
have been reported after administration of yellow 
fever vaccine to immunocompromised hosts 
[103]. However, other case series have suggested 
that the vaccine can be administered safely to 
SOT recipients several years after transplantation 
[104]. Successful vaccination after bone marrow 
transplantation has been reported as well [105, 
106]. If YF vaccine can be administered prior to 
SOT, serologic data suggests that protection can 
be long-lived following transplant [107].

In general, YF vaccine should be avoided in 
HIV patients with CD4 less than 200 but can be 
used in those with well-controlled disease [19]. 
Vaccine should be avoided in those with signifi-
cant immunosuppression. If travel to an area 
where YF vaccine is required is necessary, the 
traveler can be given a letter on physician letter-
head explaining the medical exemption to vacci-
nation [99]. It can be helpful for the traveler to 
carry documentation of requirements for waivers 
obtained from the destination country.

 Conclusions and Future Directions

Both underlying conditions, such as solid organ 
or hematologic malignancies, underlying chronic 
liver or renal diseases, and autoimmune or 
immune deficiency diseases, and the treatments 
for those diseases such as chemotherapy, immu-
nosuppression, and transplantation increase the 
risk and severity of common vaccine-preventable 

infections. However, these same conditions can 
reduce the immunogenicity and efficacy of vac-
cination and increase the risks of live attenuated 
vaccine particularly. Thus, decisions regarding 
the choice and timing of individual vaccines must 
weigh the risk of the disease, the degree of immu-
nosuppression, and the expected course of treat-
ment. Although modifications to the vaccine 
schedule are often required, in most cases the 
benefits of vaccination outweigh the potential 
risks.

Continued research to develop more effective 
and selective approaches to modulation of the 
immune system will undoubtedly contribute to 
enhanced vaccine safety and efficacy in these 
populations. In addition, there is a need for more 
detailed understanding of the effects of immune 
modulation on the response to vaccines and 
development of vaccines that can be targeted to 
these unique patient populations. The recent 
development of an inactivated zoster vaccine 
may be an example of such a project, and others 
will certainly follow.
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PEG-ADA Polyethylene glycol- conjugated 

adenosine deaminase
PI3K Phosphatidylinositol-3 kinase
PID Primary immunodeficiency 

diseases
RIC Reduced intensity conditioning
SCETIDE Stem cell transplant for immu-

nodeficiencies in Europe
SCID Severe combined 

immunodeficiency
TCR T-cell receptor
TRECs T-cell receptor excision circles
TRM Transplant-related mortality
UCBT Umbilical cord blood stem cell 

transplantation
WAS Wiskott-Aldrich syndrome
XIAP X-linked inhibitor of apoptosis
XLP X-linked lymphoproliferative 

disease
J. Silva · P. Veys (*) 
Department of Bone Marrow Transplantation, Great 
Ormond Street Hospital, London, UK
e-mail: Paul.Veys@gosh.nhs.uk 

C. Booth 
Department of Paediatric Immunology, Great 
Ormond Street Hospital, London, UK

19

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77674-3_19&domain=pdf
mailto:Paul.Veys@gosh.nhs.uk


376

 Introduction

Primary immunodeficiency diseases (PID) are a 
group of rare heterogeneous disorders that can 
affect the development and/or function of T and B 
lymphocytes, natural killer cells, phagocytes and 
proteins of the complement pathway. For the 
majority of these conditions, haematopoietic stem 
cell transplant (HSCT), and in some cases gene 
therapy, offers the only curative approach. 
Transplant procedures in many of these conditions 
may entail significant morbidity and mortality 
risk, as many patients referred for transplantation 
have established complications including previous 
or active infections, autoimmunity and rarely 
malignancy. Newborn screening policies are being 
introduced in a number of countries with the aim 
of diagnosing severe combined immune deficien-
cies (SCIDs) prior to the onset of potentially fatal 
infections, enabling early referral for a definitive 
procedure while the child remains infection free, 
thereby reducing the risk associated with HSCT or 
gene therapy procedures.

Current indications for HSCT in PID are 
shown in Table 19.1 [1, 2]. Recent advances in 
the field of genetics and molecular diagnostics, 
such as high-throughput next-generation 
sequencing and whole genome sequencing, have 
led to the characterization of an increasing 
 number of newly described PIDs. Case series of 
the disease progression and management of these 
new disorders are emerging, and although some 
patients have proceeded to HSCT, the indication 
and timing of HSCT for several of these PIDs 
remain unclear.

Over the past two decades, novel treatment 
options such as gene therapy and thymic trans-
plantation have also been developed to cure spe-
cific PIDs, with clinical trials demonstrating 
encouraging results. Alongside these advances, 
adjuvant cellular therapies, including virus- 
specific cytotoxic T lymphocytes (CTLs) and 
graft manipulation techniques, are also in clinical 
use, helping to improve the outcome for patients 
with devastating immune disorders. Some of 

these advances will be discussed at length in 
other chapters, but here we focus on the current 
state of play of HSCT in treating these conditions 
and improving survival for many diseases.

 SCIDs

Severe combined immunodeficiencies (SCIDs) 
represent a group of genetic disorders leading to 
abnormal development and function of lympho-
cytes with impairment of both cellular and 
humoral immunity. T-cell development is invari-
ably affected, but the presence or absence of B 
and/or NK cells varies with the molecular abnor-
mality and level of maturational arrest Fig. 19.1 
[3]. Affected infants have increased susceptibility 
to severe or recurrent opportunistic infections, 
which often prove fatal if immunity is not 
restored within the first years of life. Although 
supportive measures such as prophylactic antimi-
crobials, replacement immunoglobulin, nutri-
tional support and close monitoring for infection 
have certainly reduced morbidity associated with 
these conditions, a definitive procedure is 
required to cure patients with SCID.

The outcome of HSCT for SCID patients as a 
whole has improved significantly over the last 
20 years with survival rates of more than 90% in 
the matched sibling donor (MSD) setting, which 
remains the donor source of choice [4]. Recently, 
data from the Stem Cell Transplant for 
Immunodeficiencies in Europe (SCETIDE) reg-
istry has shown that the outcomes following 
matched unrelated donor (MUD) transplants are 
comparable to sibling donor transplants with 
overall survival (OS) of approximately 82%, 
while OS following mismatched unrelated donors 
and haploidentical stem cell transplants have 
been lower (62% and 58%, respectively) (A 
Gennery, personal communication), Fig.  19.2. 
With the very recent introduction of new method-
ologies, such as T-cell receptor (TCR) αβ deple-
tion, the outcome of  haploidentical grafts  has 
improved further (see below).
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Table 19.1 Indications for HSCT in PID, based on IUIS classification (1) and modification by Westhafen International 
BMT group (2) and British Society of Blood and Marrow Transplantation (www.bsbmt.org)

I. Combined immunodeficiency (CID)
SCID ADA, reticular dysgenesis, RAG 1/2, DCLREC1C, 

Cernunnos, DNA ligase 4, DNA PKcs, X-linked, Jak 3 
kinase, IL7Rα, CD3γδε, CD45, Zap70 kinase, coronin 
1A

CID CD40 ligand deficiency, CD4 lymphopaenia, MHC class 
II, PNP, Omenn syndrome, leaky SCID, MALT1, LCK, 
STK4, CTPS1

II. CID with associated features
WAS, DiGeorge, CHARGE, CID with skeletal dysplasia, RMRP, Nijmegen breakage syndrome*, DOCK 8, Tyk2, 
ICF, DKC, PI3Kδ activating mutant, LRBA, ORAI-1, STIM1
III. Antibody deficiencies
CIVD, MDS with hypogammaglobulinaemia
IV. Immune dysregulation
Haemophagocytic disorders Familial HLH with genetic diagnosis (PRF1, UNC13D, 

MUNC 18-2, STX11); HLH without genetic diagnosis 
but with recurrent/refractory disease, affected sibling, 
absent NK function, CNS disease; Griscelli syndrome 
type 2 (RAB27A); Chediak- Higashi syndrome (LYST)

Lymphoproliferative disorders* XLP1 (SH2D1A) and 2 (XIAP), chronic active EBV 
(with or without lymphoma or HLH)*, ITK, CD27, 
MAGT1

Autoimmune ALPS (homozygotes) STAT3 GOF, CTLA4, JIA, SLE, 
SS, Evans

Intractable colitis IPEX syndrome, IL-10, IL-10 receptor, immune 
deficiency with multiple intestinal atresias (TTC7a)

V. Phagocytic cell disorders
Immunodeficiency with partial albinism, severe congenital neutropaenia, Shwachman-Diamond syndrome, LAD 
1–3, X-linked CGD, AR CGD, GATA2
VI. Innate defects

NEMO, STAT1, STAT5, IFN-γ receptor, IL-12 receptor

Abbreviations: MHC class II major histocompatibility complex class II, MALT1 mucosa-associated lymphoid tissue 
lymphoma translocation protein 1, LCK lymphocyte- specific protein tyrosine kinase deficiency, STK4 serine threonine 
kinase 4 deficiency, CTPS1 cytidine triphosphate synthase 1 deficiency, WAS Wiskott- Aldrich syndrome, RMRP RNA 
component of the mitochondrial RNA processing mutations causing cartilage- hair hypoplasia, DOCK8 dedicator of 
cytokinesis 8 deficiency, Tyk2 tyrosine kinase 2 deficiency, ICF immunodeficiency, centromeric region instability and 
facial anomalies syndrome, DKC dyskeratosis congenita, PI3Kδ activating mutant, activated phosphatidylinositol-3 
kinase delta syndrome, LRBA LPS-responsive beige-like anchor, ORAI-1 calcium release-activated calcium modulator 
1 deficiency, STIM1 stromal interaction molecule 1 deficiency, CIVD common variable immunodeficiency, MDS myelo-
dysplastic syndrome, ITK interleukin-2- inducible T-cell kinase deficiency, MAGT1 magnesium transporter 1 deficiency, 
XLP X-linked lymphoproliferative disease, XIAP X-linked inhibitor of apoptosis, ALPS (homozygotes) autoimmune 
lymphoproliferative syndrome, STAT3 GOF signal transducer and activator of transcription 3 gain of function, CTLA4 
cytotoxic T-lymphocyte-associated protein 4
JIA juvenile idiopathic arthritis, SLE systemic lupus erythematosus, SS Sjögren’s syndrome, IPEX syndrome immuno-
dysregulation polyendocrinopathy enteropathy X-linked syndrome, LAD 1 leukocyte adhesion deficiency type 1, 
X-linked CGD X-linked chronic granulomatous disease
AR CGD autosomal recessive chronic granulomatous disease, NEMO nuclear factor-kappa B essential modulator defi-
ciency syndrome, STAT1 signal transducer and activator of transcription 1
STAT5 signal transducer and activator of transcription 5
*may present as haemophogocytic disorder
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The outcome of haploidentical and unrelated 
umbilical cord blood stem cell transplantation 
(UCBT) was compared by Fernandes et al. in a 
large cohort of 249 patients [5]. They observed 
similar 5-year OS between the two groups (62% 
for haplo vs. 57% for UCBT, p = 0.68), despite a 
higher incidence of chronic graft versus host dis-
ease (GvHD) in the UCBT group (22% versus 
10%, p = 0.03). More patients in the haploidenti-
cal group required a second transplant as a result 
of inferior myeloid engraftment which was more 
frequently associated with the use of uncondi-
tioned grafts or reduced intensity conditioning as 
compared to more frequent use of myeloablative 
conditioning in the UCBT group. The use of a 
myeloablative conditioning regimen in the UCBT 
group was also associated with improved B-cell 
engraftment allowing 45% of the patients to stop 
immunoglobulin replacement compared to 31% 
of patients in the haploidentical stem cell trans-

plant group [5]. Infection was the commonest 
cause of death in both groups, 47% in the haploi-
dentical group compared to 30% in the UCBT 
group. Excellent survival rates of 81% using 
UCBT for primary immunodeficiency has also 
been observed in a recent review about the use of 
this stem cell source in the United Kingdom [6].

The use of chemotherapeutic conditioning 
prior to HSCT in children with SCID is a contro-
versial area but one that should be addressed, 
especially in the context of newborn screening 
where toxicity from conditioning regimens must 
be balanced against secure engraftment and opti-
mal immune reconstitution. Although it is recog-
nized that a conditioning will lead to improved 
stem cell engraftment and hence T- and B-cell 
reconstitution regardless of the donor source, 
even reduced intensity regimens may be associ-
ated with increased transplant-related mortality 
and as yet undefined long-term risks, such as 

Fig. 19.1 Phenotypic classifications of SCID are based on 
presence or absence of T, B and NK cells. (Modified from 
Hassan et al. J Allergy Clin Immunol [3]). CIITA class II 
transactivator, CLP common lymphoid progenitor, 
DNA-PK DNA-protein kinases, DP-T double-positive T 
cells, IL7Rα IL-7 receptor α, RAG recombination- activating 

gene, RFX5 regulatory factor X5, RFXANK regulatory fac-
tor X ankyrin repeat containing, RFXAP regulatory factor 
X5 associated protein, RMRP mitochondrial RNA-
processing endoribonuclease, Stim1 stromal interaction 
molecule 1, TAP transporter associated with antigen pro-
cessing, ZAP70 ζchain-associated protein of 70 kDa
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infertility. It is important to recognize that some 
radiation-sensitive SCIDs, such as Artemis and 
DNA ligase IV deficiency, do not tolerate alkylat-
ing therapy or radiation. For these patients there 
is significant potential for late effects and reduced 
survival particularly in patients with active infec-
tion at the time of transplant and those receiving 
a mismatched graft [7]. Hassan et al. [3] demon-
strated that host NK cells, if present, may com-
pete with donor T cells impairing engraftment 
and post-thymic T-cell reconstitution. It was 
observed that NK-cell-deficient SCID 
(NK-SCID) disorders (such as Janus kinase 3 
deficiency, gamma chain-deficient and adenosine 
deaminase (ADA) SCIDs) are highly permissive 
and receptive to unconditioned allo-HSCT, and 
the OS following unconditioned HSCT observed 
in the context of NK-SCID was 87%, compared 
to 62% in NK+ SCID. As expected, B-cell recon-
stitution was suboptimal in both groups. 
Therefore, in patients with NK+ SCID disorders, 

a conditioning regimen should be offered to facil-
itate engraftment and promote immune recovery 
with higher T-cell counts and superior thymopoi-
esis post-transplant, as evidenced by higher num-
bers of post-transplant T-cell receptor excision 
circles (TRECs) and naïve T cells [3].

Infusion of unrelated donor cells in SCID 
patients without the use of conditioning or sero-
therapy with ATG or alemtuzumab often leads to a 
high incidence of GVHD, but the use of serother-
apy alone has resulted in successful T-cell recon-
stitution, low rates of GVHD and excellent OS of 
100% (compared with OS of 51% in those patients 
who did not receive serotherapy) [7]. Pai et  al. 
reported [8] recently excellent survival rates asso-
ciated with young age at transplant (<3.5 months 
of age, 94% 5-year survival) and absence of infec-
tion at the time of transplant (90%), regardless of 
donor type, cell source or conditioning. Infants 
with active infections lacking a MSD achieved the 
best survival using unconditioned grafts from hap-
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loidentical T-cell- depleted grafts (65% vs. 53% 
survival rates in recipients of other unrelated 
donor grafts) (Fig. 19.3). Although immunophe-
notype did not affect survival per se, patients 
with B+ and NK− SCIDs achieved better T-cell 
reconstitution. Conditioned grafts were also asso-
ciated with improved T-cell count and a higher 
probability of freedom from immunoglobulin 
replacement (84% vs. 41% in unconditioned 
transplants, p < 0.001) [8].

In addition to HSCT, gene therapy is available 
for specific SCID subtypes, such as adenosine 
deaminase-deficient SCID and X-linked SCID, 
and this therapeutic option is discussed in detail 
elsewhere. Figure 19.4 gives an illustration of the 
approach taken in our centre for ADA-SCID and 
X-SCID (gamma chain-deficient SCID). Patients 
affected by ADA-SCID are commenced on 
enzyme replacement with PEG-ADA at diagno-
sis to allow metabolic detoxification prior to any 
procedure. Patients who lack a matched family 
donor are eligible to be treated with lentiviral 
gene therapy (phase I/II clinical trial). However, 
if gene therapy is not available, a 10/10 matched 
unrelated adult donor (MUD) or 10/10 cord blood 
unit would be sought [9]. Patients with X-SCID 
are considered candidates for gene therapy only 
when no matched related or unrelated donor is 
available due to the risk of insertional leukaemo-
genesis following earlier clinical trials in X-SCID 
patients using a gammaretroviral vector [10].

In the absence of a matched donor or avail-
ability of gene therapy, our approach in SCID 
patients is to consider single antigen mismatched 
adult unrelated donors or 8–9/10 HLA-matched 
unrelated cord blood units. The choice between 
the adult and cord blood donor relies mainly on 
the presence of viral infections in the patient, and 
CMV status of the patient and donor is crucial. If 
the patient has active viral infection, in particular 
CMV infection detected by PCR, and the donor 
is CMV seronegative, a cord blood unit is selected 
and transplanted without anti-thymocyte globulin 
(ATG)/alemtuzumab in the conditioning regi-
men. Previous studies showed good engraftment 
rates (96%) and low mortality associated with 
infections using this approach (7%) [11]. Other 
centres consider the use of haploidentical related 
donors when no matched donor is available. This 
is due to the emergence of two new approaches to 
improve immune reconstitution following hap-
loidentical HSCT: the first is the use of T-cell 
receptor (TCR) αβ depletion, which retains the 
benefits of both NK+ cells and γδ+ cells to secure 
engraftment and combat infection without 
increased risk of GvHD [12]. Bertaina et  al. 
reported an incidence of transplant-related mor-
tality of 9% and graft failure of 16.2% following 
this approach in 23 children with non-malignant 
disorders [13]. Particularly good results have 
been achieved when this technique was com-
bined with the use of donor lymphocyte infusions 
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Fig. 19.4 Diagram of donor choice for adenosine deami-
nase SCID and X-linked SCID based on EBMT/ESID 
(European Group for Blood and Marrow Transplantation/

European Society for Immunodeficiencies) guidelines for 
HSCT for PID
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genetically modified with an inducible human 
caspase 9 (iC9-T) suicide switch to reduce the 
risk of GvHD.  Zhou et  al. recently described 
rapid resolution of acute GvHD in four of ten 
patients following a single administration of 
AP1903, the dimerizing, bio-inert drug, which 
can activate the iCaspase-9 transgene. 
Interestingly the iC9-T cells reactive to CMV, 
adenovirus, EBV or BK virus persisted for 
months after AP1903 administration [14].

The second approach utilizes a T-replete graft 
and in vivo allodepletion with cyclophosphamide 
post-transplant to improve outcome following 
mismatched related donor transplantation with 
low transplant-related mortality, ranging from 
4% to 15% in previous studies [15–17]. Although 
this approach has been mainly used in the context 
of haematological malignancy, this might also be 
a feasible strategy in haploidentical transplanta-
tion in PID [18].

In conclusion a number of different strategies 
now exist for the definitive treatment of SCID in 
patients lacking a matched sibling donor. The 
outcome from each of these approaches is 
improving and should now be compared in pro-
spective randomized studies. Such studies would 
need to be adapted following the early diagnosis 
of SCID with the introduction of newborn screen-
ing programmes.

 Newborn Screening

Early diagnosis of SCID has been shown to sig-
nificantly improve outcomes for children affected 
by this disorder, allowing early referral for 
 curative treatment prior to infectious complica-
tions which are highly correlated with poor out-
come [8, 19]. Population-based SCID screening 
programmes are now established in several coun-
tries around the world including the USA, Brazil 
and Taiwan, and a number of European countries 
are undertaking preparatory studies to support 
introduction of the scheme, but it is generally 
acknowledged that NBS is a cost-effective inter-
vention [20–25]. Screening is performed on dried 
blood spot tests using a qPCR assay to quantify 
T-cell receptor excision circles (TRECs), and this 

technique is both highly specific and well vali-
dated. In order to generate a wide repertoire of 
T-cell receptors capable of recognizing specific 
antigens, T cells undergo TCR gene splicing and 
recombination during development. TRECs are 
produced as a by-product of this process and 
therefore serve as a biomarker of thymopoiesis. 
Very low or absent TREC levels are indicative of 
SCID but can also be found in conditions causing 
lymphopaenia such as cardiac abnormalities and 
prematurity. If abnormal TREC levels are identi-
fied, the presence of lymphopaenia will be con-
firmed using flow cytometric immunophenotyping 
of lymphocyte subsets, and further relevant 
immunological testing can be undertaken to iden-
tify a molecular diagnosis and allow progression 
to a curative procedure in as short a time as pos-
sible [26, 27]. The best approach to manage pre-
symptomatic patients identified through NBS 
will need to be determined based on best evi-
dence and experience, but a consensus in the field 
on how to provide an effective procedure with 
minimal toxicity is yet to be reached.

 HSCT in Non-SCID Primary Immune 
Deficiencies

In recent years the number of patients diagnosed 
with PID other than SCID has increased, and 
consequently, the number of HSCTs for these 
conditions has also been greater. Survival rates 
for patients with non-SCID PIDs have also 
increased [4]. The approach to HSCT has changed 
with more patients undergoing reduced intensity 
conditioning with better survival rates. Rao et al. 
analysed the outcome of 52 patients with inher-
ited immune disorders who underwent HSCT 
[28]. They compared the survival rates and 
immune reconstitution between patients receiv-
ing reduced intensity conditioning (RIC), mainly 
with fludarabine and melphalan, to patients 
receiving myeloablative conditioning (MAC) 
with busulfan and cyclophosphamide. They dem-
onstrated higher survival rates in the RIC group 
(94% vs. 53%) and comparable immune recovery 
[28]. Further RIC combinations have been devel-
oped, and their use prior to HSCT in PID has 
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been extensively reviewed by Veys and Chiesa 
[29]. The different combinations of chemothera-
peutic agents are shown in Table 19.2 [30].

 HSCT in Combined 
Immunodeficiencies

 CD40 Ligand Deficiency

Mutations in the gene encoding CD40 ligand 
protein cause X-linked hyper-IgM syndrome, 
more commonly known as CD40 ligand defi-
ciency. CD40L is up-regulated by activated T 
cells. Its absence causes defective interactions 
between CD40 (found on B cells) and CD40L, 
essential for successful immunoglobulin isotype 
class switch from IgM to IgG, IgA and IgE in B 
cells and generation of long-term humoral immu-
nity [31, 32]. Patients affected by the disorder 
usually present with recurrent sinopulmonary 
infections or Pneumocystis jiroveci pneumonia, 
often when maternal IgG levels are waning. 
Cryptosporidium infection can also occur, lead-

ing to sclerosing cholangitis and cirrhosis, which 
has significant implications for transplant. 
Enterovirus encephalitis has also been described 
despite adequate immunoglobulin replacement 
therapy [33]. Neutropaenia is also a well- 
described feature and, more rarely, autoimmune 
disorder. Conservative management includes 
immunoglobulin replacement, cotrimoxazole 
prophylaxis and measures to avoid cryptosporid-
ium exposure (e.g. drinking boiled or filtered 
water and avoiding swimming). HSCT is a poten-
tially curative approach for CD40 ligand 
 deficiency, although historical outcomes show 
only a 58% cure rate [34]. Challenges associated 
with HSCT were illustrated in a European retro-
spective study analysing data of 38 patients 
undergoing HSCT.  In this cohort, 12 out of 38 
patients did not survive and all succumbed to 
infections. A significant proportion of patients in 
this study (52%) experienced hepatic disease 
associated with cryptosporidium [34]. Therefore 
questions remain surrounding the optimal time to 
transplant affected children and the most suit-
able conditioning regimen to use in view of the 

Minimal intensity conditioning (MIC)

Fludarabine/melphalan
Fludarabine/treosulfan
Fludarabine/busulfan (AUC: 45-65 mg/L × h)
+/- ATG or alemtuzumab

Fludarabine/TBI2 Gy
Fludarabine/cyclophosphamide (120 mg/kg)
Fludarabine/cyclophosphamide (120 mg/kg)/ Anti-CD45
antibody
+/- ATG or alemtuzumab

Busulfan (AUC: 80-100 mg/L × h)/cyclophosphamide 
(120-200mg/kg)
TBI 12Gy/cyclophosphamide (120 mg/kg)
Fludarabine/treosulfan/thiotepa
+/- ATG or alemtuzumab

Reduced intensity conditioning (RIC)

Myeloablative intensity conditioning (MAC)

Table 19.2 A hierarchy of commonly used MIC, RIC and MAC regimens in PID patients

Modified from Satwani et al. [30]
T B I  t o t a l - b o d y  i r r a d i a t i o n ,  G y  g r e y ,  A T G  a n t i - t h y m o c y t e  g l o b u l i n
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well-documented hepatic or lung disease in the 
majority of patients.

We recently reviewed the natural history of 19 
patients in our centre managed conservatively 
from diagnosis with no reports of persistent neu-
tropenia, chronic lung disease or liver disease. 
Mortality was 10% in this group and was associ-
ated with an undefined neurodegenerative condi-
tion. The majority of the patients remained free 
of infection, and a conservative approach should 
be considered in the first instance in the absence 
of a fully matched donor, although those patients 
who present with or develop complications may 
warrant progression to transplant (Booth C/
Davies G, personal communication).

 Activated PI3 Kinase Delta Syndrome

Phosphatidylinositol-3 kinase (PI3K) proteins 
are essential for the production of phosphoinosit-
ides which act as second messengers for intracel-
lular signalling transduction cascades that control 
cell division, survival, metabolism and reorgani-
zation of the actin cytoskeleton and cell migra-
tion in B- and T-lymphoid cells. A dominant 
gain-of-function mutation in the PIK3CD gene 
encoding p110δ protein is associated with a pri-
mary immunodeficiency causing hyper-IgM 
named activated PI3Kδ syndrome (APDS) [35, 
36]. Clinical manifestations include recurrent 
respiratory infections, bronchiectasis, severe 
human herpes virus infections, autoimmunity 
and malignancies.

The immunological phenotype includes vari-
able lymphopaenia, increased IgM levels and 
impaired vaccine responses but also reduced 
naïve T lymphocytes. PI3K leads to activation of 
downstream AKT and mammalian target of 
rapamycin (mTOR). mTOR inhibitors such as 
sirolimus have been used in patients with APDS, 
and reports have demonstrated reduction in 
CD8+ T-cell counts to normal numbers, an 
increase in percentage of naïve T cells and subse-
quent restoration of IL-2 secretion and prolifera-
tive responses and symptomatic improvement, 
although a durable remission was variable [37]. 
A recent multicentre study reported the outcome 

of 11 patients who underwent HSCT for 
APDS.  They observed that the use of steroids 
with and without sirolimus pre-HSCT failed to 
prevent in many cases recurrent infections and in 
one case was associated with malignant lym-
phoma pre-transplant. Patients underwent trans-
plant with various different conditioning 
regimens including reduced intensity with fluda-
rabine/melphalan and myeloablative condition-
ing with busulfan/cyclophosphamide. The overall 
survival was 81%, similar to that for other PIDs 
[38]. The role of sirolimus or other inhibitors of 
PI3Kinase such as GS-1101 is still being investi-
gated [36]. As the number of patients diagnosed 
with this disorder remains limited, questions 
remain such as which patients would benefit from 
HSCT and which from immunotherapy.

 MHC Class II Deficiency

MHC class II deficiency is a rare form of com-
bined immunodeficiency and is characterized by 
the absence of major histocompatibility complex 
II in antigen-presenting cells which results in 
CD4+ lymphopaenia, absence of antigen-specific 
responses and thus increased susceptibility of 
these patients to potentially fatal infections. 
Curative treatment is limited to HSCT. Previous 
studies have shown that residual host CD8+T 
cells can affect engraftment with rates of graft 
rejection between 13% and 32% despite the use 
of myeloablative conditioning using busulfan and 
cyclophosphamide [39, 40]. Another challenge is 
impaired or delayed immune reconstitution post- 
transplant, as some patients have persistent CD4+ 
lymphopaenia consistent with impaired thymic 
maturation due to lack of HLA class II expres-
sion on thymic epithelia [41]. Many patients 
remain on antimicrobial prophylaxis and immu-
noglobulin replacement for prolonged periods 
after transplantation. Recently, the outcomes 
after HSCT have been improving even in unre-
lated donor setting. Small et  al. [39] reported 
overall survival of 68.7% when using alternative 
donors for MHC class II deficiency. Three of 16 
patients developed grade II–IV GvHD, and 1 of 
11 developed extensive chronic GvHD following 
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a secondary graft [39]. Our experience of T-cell 
replete cord blood transplantation in this condi-
tion is of improved immune reconstitution with 
5/6 patients having CD4+ T-cell count of more 
than 300  μ/L at 6  months post-transplant and 
relatively rapid clearance of existing chronic 
infections although two of six patients developed 
chronic GvHD [42]. It is preferential that patients 
should be referred for transplant prior to develop-
ing severe infection or organ damage, but the 
optimal donor and conditioning regimen to pre-
vent rejection and hasten immune reconstitution 
remains unclear.

 DOCK 8

Dedicator of cytokinesis 8 (DOCK8) deficiency 
is a combined immunodeficiency characterized 
by hypereosinophilia, increased IgE levels and 
T-cell lymphopaenia. Clinical manifestations 
include recurrent respiratory infections and viral 
infections (affecting mainly the skin) and 
eczema. Previous retrospective studies of the 
natural history of the disease observed that 
affected patients are also at high risk of develop-
ing autoimmunity, cerebral events and malig-
nancies with incidences of 13%, 14% and 17%, 
respectively [43]. HSCT should be considered 
for children before life- threatening infections 
and organ damage such as hepatic disease or 
bronchiectasis develop [44]. Recent reports 
showed good overall survival of 82% after 
HSCT with the main factors favourably impact-
ing outcome identified as  treosulfan- based con-
ditioning and early age at transplantation 
(<8 years) [45].

 HSCT in Wiskott-Aldrich Syndrome

Wiskott-Aldrich syndrome (WAS) is an 
X-linked immunodeficiency characterized by 
microthrombocytopaenia, eczema, recurrent 
infection, autoimmunity and an increased risk 
of lymphoproliferative malignancy. It is caused 
by mutations in the WAS gene, encoding the 
WAS protein and the spectrum of disease severity 

correlates to some extent with the amount of 
residual protein expression [46]. As with other 
PIDs, it is important to stabilize disease and 
treat complications of the condition prior to 
embarking on stem cell transplantation in order 
to achieve a good outcome, but, in general, 
patients with WAS have historically experienced 
improved outcome post- HSCT compared to 
other non-SCID immunodeficiencies in a 
matched donor setting. Indeed, over the past two 
decades, the survival rates for patients with 
WAS after HSCT have improved significantly 
with an overall survival of 83% in one large 
cohort study and 89% for those transplanted 
after 2000 [47]. This is likely due to improved 
monitoring, accuracy of HLA-typing and lower 
rates of graft rejection, thanks to the use of more 
immunosuppressive chemotherapeutic agents 
such as fludarabine. Even in the mismatched 
donor setting, survival has dramatically 
increased from 52% to 92% [47].

Optimal timing of HSCT in WAS has been 
well characterized, and undertaking a transplant 
procedure before the age of 5 years affords sig-
nificantly better outcome, preventing mortality 
associated with bleeding, infection and malig-
nancy [47–49]. HSCT prior to the development 
of autoimmune complications is also beneficial. 
However, most centres would prefer to wait until 
a child is over 1 year of age before proceeding to 
transplant, provided that the child was clinically 
stable, in order to avoid what can be unpredict-
able toxicity related to conditioning regimes in 
infancy. Choice of conditioning regimen is an 
important consideration in WAS patients as 
mixed chimerism and graft rejection is not an 
uncommon finding. Moratto et  al. reported that 
stable full donor chimerism was achieved in only 
72% of transplanted patients, and despite 88% of 
boys receiving a myeloablative conditioning reg-
imen, the rate of graft failure was still 7% (includ-
ing 8 of 13 patients receiving T-cell-depleted 
grafts from MMFD) [47]. Results in HSCT for 
PID using treosulfan conditioning are promising 
with high-level donor chimerism achieved in a 
recent series [50], and we would suggest that a 
fludarabine- and treosulfan- or busulfan-based 
regime offers low TRM and incidence of GvHD 
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together with a high rate of engraftment when 
PBSCs are used as a stem cell source. The pres-
ence of mixed donor chimerism appears to affect 
post-transplant course, correlating with a higher 
risk of incomplete lymphocyte reconstitution, 
persistent thrombocytopaenia and autoimmune 
complications (although the data on this point is 
controversial [49].

Complications were seen in 46% patients in 
the first year after transplant, and even at the time 
of last follow-up, the rate remained high at 29% 
with more frequent complications developing in 
those receiving an UCB transplant and those 
entering transplant with more severe disease [47]. 
The predominant manifestations of autoimmu-
nity, which affected 14% of patients, were cyto-
paenias and endocrinopathies, often responsive 
to steroids and rituximab, and in some patients, 
developed over a year post-HSCT.  These phe-
nomena appear to be independent of GvHD and 
may be related to residual host autoantibodies or 
recipient Tregs and NKT cells [51]. In patients 
with mixed chimerism, the highest chimerism 
tends to be seen in the T-cell compartment, but it 
is the myeloid chimerism that is crucial in deter-
mining post-transplant platelet count. Up to a 
quarter of transplanted patients have a platelet 
count below the normal range (<150 × 109/l) with 
some experiencing severe thrombocytopaenia 
requiring stem cell boosts, repeated platelet 
transfusion and splenectomy [47]. Other post- 
HSCT complications included fatal post- 
transplant lymphoproliferative disease and 
lymphoma as well as three late deaths related to 
sepsis with encapsulated organisms (pneumococ-
cus and meningococcus) in patients who 
 underwent splenectomy, highlighting the impor-
tance of lifelong antibiotic prophylaxis in this 
group of patients.

Patients with WAS lacking an HLA-matched 
donor for HSCT may also benefit from autolo-
gous stem cell gene therapy. Although patients 
treated in early gammaretroviral trials devel-
oped myelodysplasia linked to vector design 
[52, 53], subsequent trials using a safer lentivi-
ral vector design have shown encouraging 
results [54, 55].

 HSCT in Phagocytic Cell Defects

HSCT offers a curative treatment approach for a 
number of phagocytic disorders, and the increas-
ing experience of transplanting patients with 
these conditions improves our understanding of 
the impact of existing infection and inflamma-
tion, donor choice and conditioning regimes on 
the outcome post-transplant. Chronic granuloma-
tous disease (CGD) remains the most common 
phagocytic disorder encountered by transplant 
physicians and will be discussed here in detail, 
but we will also consider the role of HSCT in the 
management of leukocyte adhesion deficiency 
(LAD) type 1 and GATA2 deficiency.

 Chronic Granulomatous Disease

CGD is an inherited immune deficiency caused 
by mutations in any of the genes encoding the 
protein components of the NADPH oxidase com-
plex. The most common and severe form is inher-
ited in an X-linked manner and associated with 
mutations in the CYBB gene encoding the gp91phox 
protein. An autosomal recessive form affecting 
the p47phox protein is also considered a transplant-
able condition, although patients may have a less 
aggressive phenotype. Abnormalities in the 
NADPH complex affect phagocytes’ ability to 
kill bacterial and fungal pathogens leading to 
severe and uncontrolled infection, granuloma 
formation and often chronic autoinflammation 
with resultant organ damage. The advent of 
improved antimicrobial prophylaxis and azoles 
to both treat and prevent fungal infections has 
certainly improved survival for patient with CGD 
who are managed conservatively, but nonetheless 
they remain at risk of life-threatening infections 
and inflammatory complications which can 
severely reduce quality of life.

Early reports of HSCT in CGD demonstrated 
the negative effect on morbidity and mortality of 
active infection or inflammation at the time of 
transplant. Seger et  al. described a cohort of 27 
patients treated between 1985 and 2000 in which 
all patients with active fungal infections died, but 
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those who were free of severe infection or colitis 
did well [56]. Prominent inflammatory symptoms 
were also associated with the development of 
severe GvHD. They advocated aggressive investi-
gation and management of infection and discour-
aged the use of non-genoidentical donors for 
HSCT. Subsequent series documented improved 
survival rates up to 100% following HSCT using 
HLA-matched donors (both related and unrelated) 
and myeloablative conditioning regimes to secure 
stable myeloid engraftment [57–62]. Importantly, 
the data describes disease- free survival with reso-
lution of inflammatory complications including 
colitis. This evidence supported the use of HSCT 
as a first-line treatment option for patients with 
CGD who had a matched donor available for 
transplant. Studies comparing outcome of patients 
treated conservatively or with HSCT also support 
this approach with results suggesting improved 
quality of life post-transplant [60, 61]. Those 
patients (both adults and children) managed con-
servatively experienced more severe infections, 
hospitalizations and surgical intervention com-
pared to patients receiving a stem cell transplant.

In 2014, Gungor et  al. published results of a 
prospective study involving 56 paediatric and 
adult patients undergoing HSCT for CGD using a 
busulfan-based reduced intensity (submyeloabla-
tive) conditioning regime [63]. The results were 
impressive not only for the high survival rates, low 
incidence of GvHD and stable myeloid engraft-
ment in high risk patients but also outstanding 
results using mismatched unrelated donors. The 
conditioning regimen consisted of fludarabine, 
low dose or targeted busulfan (targeting an AUC 
of 45–65 mg/l/h) plus either  alemtuzumab (in the 
unrelated donor setting) or ATG (for matched sib-
ling donors). Overall survival for this cohort was 
93% irrespective of the use of MRD or 
MUD.  Despite concerns over the use of a RIC 
regimen, graft failure was only seen in three 
patients with >90% stable donor chimerism in the 
surviving patients and a low incidence of GvHD.

Patients with CGD may have a high burden of 
infection prior to HSCT, and many receive 
immunosuppressive treatment to control inflam-
matory complications and colitis further increas-
ing the risk of invasive fungal disease and sepsis. 

Anti- TNFα blockade (i.e. g., infliximab) together 
with steroids can successfully treat inflammatory 
bowel complications in CGD but has been asso-
ciated with a predisposition to severe and occa-
sionally fatal infection with typical CGD 
pathogens [64]. In the case of invasive fungal dis-
ease or other deep-seated infection at the time of 
transplant, granulocyte infusions (in addition to 
appropriate antimicrobial and antifungal cover) 
during the period of neutropaenia can improve 
survival and are generally well tolerated [65].

The management of patients lacking an HLA- 
matched donor (10/10 or 9/10) remains challeng-
ing as the best approach for alternative donors 
has not been determined. The use of haploidenti-
cal donors for HSCT in patients with primary 
immunodeficiencies is increasing, but published 
data relating to CGD patients is scarce. Parta 
et al. report the use of post-transplant cyclophos-
phamide in a patient with active fungal infection 
undergoing a haploidentical HSCT achieving full 
donor chimerism and resolution of infection [66]. 
Gene therapy may also offer an alternative man-
agement strategy for patient lacking a suitable 
donor and is discussed elsewhere.

 Leukocyte Adhesion Deficiency 
Type 1

LAD type 1 is an autosomal recessive immune 
disorder caused by disabling mutations in CD18, 
the common subunit of the β2 integrin family. 
The β2 integrins contain an alpha chain (CD11a, 
CD11b or CD11c) non-covalently bound to 
CD18, and CD18 is required for expression of the 
heterodimer. CD11b/CD18 is expressed on 
myeloid cells and mediates leukocyte adhesion to 
endothelial cells required for trafficking to sites 
of infection. Patients tend to present in infancy 
with severe bacterial and fungal infections, often 
associated with necrotizing lesions and poor 
wound healing. The clinical phenotype relates to 
the level of CD18 expression with <1% CD18 
expression correlating to the most severely 
affected patients. Although the condition is 
extremely rare, a number of multicentre case 
series have been published providing evidence of 
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the curative nature of the procedure and associ-
ated complications. As with many other primary 
immunodeficiencies, increased transplant-related 
mortality was seen following myeloablative con-
ditioning, but interestingly for LAD-1, the suc-
cess rate was comparable between matched 
related and matched unrelated donors.

Qasim et al. reported a multicentre, retrospec-
tive analysis of 36 children with LAD-1 receiving 
HSCT between 1993 and 2007 and were able to 
demonstrate long-term benefit for patients in an 
HLA-matched donor setting and an overall sur-
vival rate of 75% [67]. Patients receiving a haploi-
dentical graft (T-cell-depleted) fared significantly 
worse with graft rejection despite myeloablative 
conditioning, and all four patients required a sec-
ond transplant procedure. A RIC regimen was bet-
ter tolerated with no deaths seen in this group of 
patients, and although mixed chimerism was a 
common feature regardless of conditioning type, 
this was not associated with recurrence of symp-
toms. A more recent single- centre study reports ten 
patients treated with a RIC regimen with favour-
able results and similar survival rates (80%) [68]. 
Again mixed donor chimerism was seen but was 
not associated with graft rejection or recurrence of 
clinical symptoms. The incidence of GvHD was 
higher in this cohort of patients but likely relates to 
the use of PBSC as stem cell source rather than 
bone marrow. In both case series, the majority of 
deaths were caused by infection and occurred in 
both the early (<3 m) and late transplant period.

Given the suboptimal survival in this group of 
patients following mismatched donor transplant, 
autologous gene therapy strategies have been 
developed. Following the unsuccessful treatment 
of two patients in 1999 in the USA using a gam-
maretroviral vector [69], proof of concept has 
now been demonstrated through correction of 
canine and murine disease models using both 
self-inactivating lentiviral [70–72] and foamy 
virus vectors [73].

 GATA2 Deficiency

GATA2 deficiency is a recently described 
immune deficiency with a spectrum of clinical 
manifestations including severe bacterial and 

viral infections, cytopaenias, aplastic anaemia, 
myelodysplasia and haematological malignancy, 
pulmonary alveolar proteinosis and lymphoe-
dema [74]. Multiple haematopoietic lineages are 
affected in this condition, but HSCT can amelio-
rate haematopoietic, immunological and pulmo-
nary features of the disease [75]. Given our 
limited experience of treating patients with 
GATA2 deficiency, the most appropriate timing 
and type of transplant is yet to be determined, 
particularly with respect to conditioning regime 
balancing the need for a myeloablative regime to 
achieve high-level engraftment and eradication 
of any malignant clones with severe infection 
and lung damage. Grossman et  al. published 
recently results from 14 patients (mainly adult, 
median age at transplant 33  years) receiving 
HSCT following non-myeloablative condition-
ing with the exact regime dependent on donor 
type [75]. The overall survival rate was 57% 
reflecting the significant pre-existing morbidities 
in this group of patients. All had a significant 
burden of chronic infection (including dissemi-
nated non- tuberculous mycobacteria, human 
papilloma virus, varicella zoster virus and inva-
sive aspergillosis) as well as pulmonary compli-
cations and evidence of dysplasia on bone 
marrow examination. Patients receiving MRD or 
MUD transplants fared better with survival rates 
of 75% in both groups, but the outcome follow-
ing UCB was poor where delayed immune 
reconstitution contributed heavily to 25% overall 
survival in this group (one of four patients sur-
vived). It is highly likely that in the future, 
greater awareness and earlier recognition of the 
diagnosis will improve outcome for this patient 
group, and multicentre reports will be invaluable 
to help understand the optimal method and tim-
ing of transplant.

 Stem Cell Transplant for Primary 
Haemophagocytic 
Lymphohistiocytosis

HLH is a life-threatening syndrome of severe 
hyper-inflammation due to the uncontrolled pro-
liferation of activated lymphocytes and macro-
phages. Clinical symptoms include fever, 
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cytopaenias, splenomegaly, coagulopathy and 
haemophagocytosis with specific diagnostic cri-
teria available [76]. Primary HLH refers to genet-
ically determined familial HLH (FHLH) 
syndromes caused by mutations in proteins 
involved in the cytotoxic pathway (PRF1, 
UNC13D, STX11 and STXBP2) or in association 
with specific immune deficiencies where HLH is 
a recognized clinical phenotype such as X-linked 
lymphoproliferative disease (XLP) and X-linked 
inhibitor of apoptosis (XIAP) deficiency. 
Although it is critically important to treat HLH 
according to standard chemotherapeutic proto-
cols involving heavy immunosuppression (HLH 
94 and 2004 protocols), the vast majority of 
patients with primary HLH will progress to 
HSCT as a curative procedure, and an absence of 
disease activity at the time of transplant is para-
mount to successful outcome. EBV is a common 
trigger for HLH in these patients. EBV-associated 
HLH isn’t treated with antiviral drugs. Since 
EBV resides in B lymphocytes, nti-CD20 mono-
clonal antibodies (rituximab) are routinely used 
to eliminate B cells harbouring the virus [77]. 
This may also reduce the incidence of post- 
transplant EBV reactivation. In clinical situations 
where EBV viraemia detected by PCR is uncon-
trolled despite treatment, and, for example, if the 
central nervous system is affected, EBV-specific 
CTLs may offer a useful treatment adjunct. In 
such cases an EBV-positive donor for transplant 
would be preferentially chosen.

Patients with HLH can be some of the most 
challenging patients to transplant, and even if 
remission is induced before HSCT, ongoing 
infections due to immunosuppression and multi- 
organ dysfunction may increase transplant- 
related mortality. Over the past decade, evidence 
suggests that RIC regimes are well tolerated in 
this group of patients and can lead to successful 
outcome even in the face of active disease at the 
time of transplant [78, 79]. Marsh et al. compared 
outcome for 40 paediatric patients with FHL and 
XIAP deficiency receiving either myeloablative 
busulfan-based regime or a RIC regimen consist-
ing of fludarabine, melphalan and alemtuzumab 
[79]. Patients treated with a RIC HSCT had a sig-
nificantly better survival (89% vs. 43% at time of 
analysis) despite similar disease severity, prior 

treatment, graft characteristics (including compa-
rable numbers of 7/8 HLA mismatched donors in 
each group) and incidence of 
GvHD. Unsurprisingly, the use of a RIC regime 
led to an increased incidence of mixed chimerism 
(65% vs. 18%), but this was managed in the 
majority of cases with reduced immunosuppres-
sion, DLI or CD34+ stem cell boost, with only 
one patient suffering disease relapse. UCB HSCT 
has also been used in the RIC setting, again with 
encouraging results described in a single-centre 
series of infants with FHL [80].

XIAP deficiency, although initially described 
as XLP type 2, is increasingly recognized as a 
separate disease entity with features of immune 
dysregulation and recurrent, often insidious 
HLH. Patients with XIAP deficiency were noted 
to have a particularly poor outcome following 
HSCT, although again survival improved when 
RIC regimes were employed compared to those 
children receiving MAC (55% vs. 14%) [81]. 
Due to the apoptotic defect in XIAP-deficient 
cells, patients appear to be exquisitely sensitive 
to chemotherapy and suffer severe transplant- 
related toxicities. In an attempt to overcome this, 
we have used an anti-CD45 monoclonal antibody 
approach (termed minimal intensity condition-
ing) with some success in this patient group with 
low TRM, full donor chimerism and good 
immune reconstitution [82].

 Thymic Transplantation

In recent years, thymic transplant has been suc-
cessfully used to treat patients with athymic con-
ditions, namely, DiGeorge syndrome, allowing 
reconstitution of functional T cells following 
transplant of allogeneic thymic tissue obtained 
from patients undergoing cardiac surgery. 
Although the immune defects in DiGeorge syn-
drome are variable, a small percentage present 
with a SCID phenotype. HSCT has been per-
formed; however, results have been unfavourable 
compared to other types of SCID with a survival 
of 60% in the MSD setting [83]. Immune recov-
ery following HSCT is also poor with continued 
CD4+ lymphopaenia, low numbers of naïve T 
cells and diminished T-cell repertoire.
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Given that the bone marrow compartment in 
athymic patients is functional, it was postulated 
that providing normal thymic tissue from an 
immunocompetent donor would allow normal 
development and education of T cells capable of 
normal function. Thymic tissue from suitable 
donors is cultured in the laboratory to remove 
donor lymphocytes and screened for infection 
prior to surgical placement in the quadriceps 
muscles of recipients. Once implanted, the thy-
mic tissue becomes vascularized, and thymopoi-
esis can commence with naïve lymphocytes 
detectable by 3–6 months. Currently donors are 
matched only for blood group, and recipients do 
not receive any prior conditioning with ATG 
unless they exhibit an Omenn’s phenotype with 
oligoclonal expansions of T-cell populations. In 
this situation ongoing immunosuppression with 
ciclosporine may be required.

Programmes of thymic transplantation are 
currently underway in Duke University, North 
Carolina, and Great Ormond Street Hospital, 
London. Results from 60 patients published by 
the Duke group show a survival of 72% with pro-
duction of naïve T cells, normal T-cell repertoire 
and ability to make antigen-specific responses 
[84]. Deaths were related to pre-existing compli-
cations such as viral infections and chronic lung 
disease. Often the T lymphocyte and naïve T-cell 
count do not reach the normal ranges but are suf-
ficient that patients no longer require  prophylactic 
antibiotics or immunoglobulin therapy. 
Autoimmunity has been recognized as complica-
tion of the procedure, manifesting mainly as 
hypothyroidism and cytopaenias. Nonetheless, 
results are promising, and refinements to existing 
protocols will likely improve results further.

 Conclusions and Future Directions

HSCT offers a curative treatment for the majority 
of PIDs with significantly improved survival 
even in the non-genoidentical donor setting. The 
challenges which remain to further improve out-
comes are being addressed by early diagnosis 
with newborn screening, and the use of novel 
approaches to mismatched grafts to hasten 

immune reconstitution. Alternative approaches 
including gene therapy, thymus transplantation 
and small molecule therapies are now available 
for certain conditions and may replace HSCT in 
certain situations. Next-generation sequencing 
techniques are identifying a number of novel PID 
conditions, but as yet there is little evidence to 
guide the use of HSCT in these patients.
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Specific Adoptive T-Cell Therapy 
for Viral and Fungal Infections

Lawrence G. Lum and Catherine M. Bollard

 Introduction

Infections remain the leading cause of mortality 
and morbidity during the first 3  months after 
hematopoietic stem cell transplantation (HSCT) 
[1–4]. Despite advances in prophylactic viral and 
fungal therapy to minimize the viral and fungal 
burden early after HSCT, breakthrough viral and 
fungal infections remain life-threatening, and for 
some viral and fungal infections, there are no 
effective therapies [5–9]. Vaccine strategies to 
induce immunity to CMV began in the 1970s but 
have been limited in their success [10–12]. The 
conditioning regimens for HSCT that vary from 
non-myeloablative to myeloablative create an 
immunodeficiency that leaves the allogeneic 
HSCT recipient susceptible to viral and fungal 
infections while immune reconstitution occurs 
during the first 6–9 months after HSCT. Immune 
reconstitution is further abrogated by intensive 
immunosuppression used to prevent and/or control 

GVHD.  It is clearly established that the kinetics 
and rate of T-cell reconstitution are critical to con-
trolling viral infections. Factors that speed T-cell 
recovery will decrease the risk of viral infection 
during the first 3 months after HSCT [2, 3, 13]. 
Early studies showed that donor lymphocyte infu-
sions (DLI) given before T-cell reconstitution from 
the stem cell donor were effective for treating viral 
infections in HSCT recipients but were associated 
with a high risk of GVHD [14]. Since the early 
1990s, investigators began to develop virus-spe-
cific cytotoxic T lymphocyte (vCTL) for adoptive 
immunotherapy against specific targets early dur-
ing immune reconstitution after HSCT [15, 16].

Advances in vCTL therapy have benefited 
from (1) advances in understanding of immune 
responses to conserved T-cell epitopes for various 
pathogens [17–19], (2) technological advances in 
ex vivo expansion of T cells and advances in the 
preparation of antigen-presenting cells [20–22], 
and (3) assays that evaluate vCTL activity and the 
MHC restriction of vCTL [23, 24].

In this chapter, we review the following areas 
of how: (1) T cells have been expanded to target 
multiple pathogens; (2) vCTL production no lon-
ger requires viral infection or viral vector trans-
duction of antigen-presenting cells (APCs); (3) 
The source of lymphocytes is no longer restricted 
to donors who are immune to the pathogens; (4) 
Naive T cells have been redirected with chimeric 
antigen receptor T cells (CARTs) to target 
pathogen- infected cells; (5) Bispecific antibody 

L. G. Lum (*) 
Cellular Therapy and Stem Cell Transplant Program, 
Emily Couric Cancer Center, University of Virginia, 
Charlottesville, VA, USA
e-mail: lgl4f@hscmail.mcc.virginia.edu

C. M. Bollard 
Program for Cell Enhancement and Technologies for 
Immunotherapy, Sheikh Zayed Institute for Pediatric 
Surgical Innovation, and Center for Cancer and 
Immunology Research, Children’s National Health 
System, Washington, DC, USA 

20

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77674-3_20&domain=pdf
mailto:lgl4f@hscmail.mcc.virginia.edu


396

(BiAb)-armed T cells (BATs) can mediate vCTL 
activity; and (6) Pathogen-specific T-cell prod-
ucts can be manufactured by third parties and 
banked for “off-the-shelf” use post-HSCT.

We summarized the methodological 
approaches, clinical trials using vCTL, promising 
preclinical studies, and early clinical trials of 
anti-pathogen CTLs that have promise. These 
advances provide the rationale and impetus for 
future vCTL adoptive immunotherapy.

Production of vCTL As a guiding principle to 
decrease the risk of GVHD in allogeneic HSCT 
recipients, strategies excluded alloreactive T cells 
by selecting virus-specific T cells. Four major 
approaches were used: (1) stimulation with viral 
antigen(s) during ex vivo culture of donor T cells 
from peripheral blood mononuclear cells 
(PBMC), (2) direct selection of donor cells, (3) 
genetic modification of T cells to confer specific 
recognition of pathogen or pathogen-infected 
cells, or (4) arming of ex vivo expanded T cells 
with bispecific antibody to target the viral antigen 
(Fig. 20.1).

Antigen Stimulated Expansion Numerous 
ex vivo culture approaches have been used to pro-
duce cytomegalovirus (CMV)-specific CTL or 
Epstein-Barr virus (EBV)-specific CTL [15, 16, 
25–30]. CMV viral- or peptide-specific stimula-
tion in vitro expands single or multiple pathogen- 
specific vCTL.  The advantages of culture over 
cell selection are the generation and expansion of 
polyclonal vCTL to clinically useful quantities of 
vCTL from small amounts of blood [31]. 
However, the major disadvantages of this strat-
egy is the daunting task of culturing and process-
ing after stimulation to expand the vCTL (up to 
more than 1  month) and the HLA- 
histocompatibility requirement of finding a 
closely matched donor. During these longer-term 
cultures, the vCTL may lose their capacity to 
self-renew and to persist in  vivo, particularly 
after prolonged ex vivo culture [32]. It should be 
noted that clinical trials infusing ex vivo expanded 
vCTL post-HSCT showed prolonged persistence 
[33] and that ex vivo expansion using pathogen- 

specific stimuli decreased alloreactivity [19]. 
This may be due to selection of virus-specific 
clones and deselection of alloreactive clones. 
One study showed that residual alloreactivity 
seen in vCTL is clinically insignificant [34]. The 
initial trials of vCTL therapy required CMV 
lysates on APC, CMV-infected fibroblasts, or 
EBV-lymphoblastoid cells lines as a stimulant for 
expansion of donor-derived memory T cells [25, 
27, 35]. The discovery of dominant and highly 
conserved antigens such as CMV-pp65 and ade-
novirus hexon and penton led to replacement of 
live viral stimulation with either 15-mer peptide 
pools spanning viral proteins or DNA plasmid- 
transduced antigen-presenting cells [36, 37]. The 
newer approaches to rapidly expand and manipu-
late APCs enabled use of a less restricted popula-
tion of donors and the targeting of an increased 
number of pathogens in a single culture [20, 38]. 
In a recent rapid vCTL protocol, the addition of 
IL-4 and IL-7 leads to production of CD4+ T 
cells with a Th1 phenotype, whereas IL-2 and 
IL-15 tended to favor in vitro natural killer (NK) 
cell expansion [37]. The ideal population to 
adoptively transfer may be ex vivo expanded cen-
tral memory T cells with a CD62L and CD45RA 
phenotype as these cells have a superior ability to 
persist in vivo after adoptive transfer [39, 40].

Direct Selection via Cell Capture 
Sorting Direct selection relies on cell sorting of 
immune donor PBMCs, usually after pulsing 
them with the antigen(s) of interest, to drive 
expansion of virus-specific T-cell clones [41]. 
This approach would not be viable for obtaining 
immune CTLs from pathogen-naive donors. 
Multimer selection is achieved by binding of 
HLA-peptide complexes to T-cell receptors 
(TCRs) of known antigen specificity, followed by 
purification of bound cells, e.g., by magnetic col-
umn separation. Alternatively, antiviral T cells 
expressing interferon-γ (IFN-γ) can be isolated 
using the gamma capture assay. Direct selection 
methods have the advantage of rapid manufactur-
ing time. Unfortunately, these approaches require 
apheresis of donors in order to collect sufficient 
cells for sorting and processing for clinical appli-
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cations and pre-existing and detectable pathogen- 
specific T cells in the blood. Multimer selection 
is major histocompatibility (MHC)-restricted and 
selects only CD8+ T cells of a limited specificity. 
This could possibly allow pathogen evasion and 
impair persistence of vCTL in vivo [42]. Earlier 
studies suggested that persistent binding of mul-
timers to the TCR may impair T-cell function 
[43]. Recent reversible Streptamer technology 
for direct selection may overcome the problem of 
impaired function [44]. IFN-γ positive selection 
captures polyclonal antigen-specific CD4+ and 
CD8+ T cells and selects for a wider range of 
antigen-specific cells. Combining direct selec-

tion, culture expansion methods, and cytokine 
cocktails can optimize the selection of central 
memory T cells in vCTL products and improve 
yields on targeted cellular phenotypes [37, 44].

TCR or CAR Gene Modifications T cells can 
be modified to redirect their specificity with retro-
viral and lentiviral vectors to introduce the trans-
genes for high-affinity TCRs or chimeric antigen 
receptors (CARs) consisting of a  single- chain 
variable fragments (scFvs). High-affinity TCR 
genes can be cloned and transduced into poly-
clonal T cells to generate a large population of 
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Fig. 20.1 Approaches to produce pathogen-specific CTL. 
(1) Blood is obtained from donors (autologous, allogeneic, 
or umbilical cord blood) or is drawn or apheresis is per-
formed to obtain a larger quantity of blood; (2) PBMCs are 
processed via: (a) cell selection panel using multimers 
with a pathogen-derived peptide associated with a type-I 
HLA molecule or column selection after in vitro stimula-
tion of T cells with antigens followed by binding of IFNɣ 
or CD154-expressing T cells with antibody- coated immu-

nomagnetic beads; (b) cell expansion by stimulating the 
PBMC with APCs produced by antigenic peptide pools, 
viral transduction, or nucleofection; (c) genetic modifica-
tion that involves the transfer of high-affinity pathogen-
specific TCRs or CARs to redirect the specificity of the T 
cells; and (d) polyclonal expansion of T cells for 8–14 days 
and arming with BiAbs directed at the pathogen of interest 
on one hand and the TCR on the other hand; (3) quality 
control and release testing; and (4) infusion into patients
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TCR pathogen-specific CTLs [45]. A similar 
strategy was used to produce tumor-specific T 
cells after TCR gene transfer [18]. In contrast, 
CARs have an extracellular region that consists of 
a scFv that binds to antigen, with an intracellular 
signaling complex composed of TCR zeta chain 
for first-generation CARs, the TCR zeta chain and 
the CD28 for second-generation CARs, and TCR 
zeta and CD28 or 41BB for third- generation 
CARs [46–48]. The high-affinity TCR-transduced 
CTLs have been used to target CMV-infected 
cells [49], HPV-infected cells [50], hepatitis 
B-infected cells [51], hepatitis C-infected cells 
[52], tuberculosis-infected cells [53], SARS-
infected cells [54], chlamydia- infected cells [55], 
and HIV-infected cells [56]. CAR T cells were 
used to target CD4 in HIV- infected cells [57–60] 
and for recognition of β-glucans in fungi [61].

 Clinical and Preclinical Studies 
of Antiviral CTLs

 Cytomegalovirus

Ex vivo CTL expansion is the most common 
method for producing clinical CTLs for most 
clinical trials (Table 20.1). Walter et al. were first 
to demonstrate that CMV stimulation of donor 
PBMC expanded CMV-specific CTLs and the 
expanded T cells lost alloreactivity after several 
weeks of ex vivo culture while retaining antiviral 
cytotoxicity [25].

CMV has been the primary focus of the first 
virus targeted therapy trials and remains a pri-
mary focus in subsequent studies (Table  20.1). 
The first clinical report in which CD8+ CMV- 
specific CTLs were isolated via tetramer selec-
tion [62] generated complete or partial clinical 
responses in nine patients, but there was limited 
data on long-term persistence of the infused 
CMV-specific CTLs.

IFN-γ column selection (Gamma capture, 
Miltenyi) to produce CMV-CTLs was associated 
with partial and complete responses in 15 of 18 
patients who were given one dose of CMV-CTLs 
[63]. IFN-γ selection after stimulation with 
recombinant pp65 or an overlapping peptide pool 

of 15-mers covering the pp65 protein was used to 
produce CMV-CTL [64]. Infusions of CMV- 
CTLs administered prophylactically after stem 
cell transplantation successfully protected seven 
patients from the development of viral reactiva-
tion and disease. Further, in  vivo expansion of 
CMV-CTLs was detected in 11 patients [64]. 
CMV-CTLs from HSCT donors using reversible 
Streptamers with MHC-restricted pp65 peptides 
were used to successfully treat two patients with 
CMV reactivation after HCT [44].

Bispecific Antibody-Armed T Cells 
Targeting CMV

The strategy for using bispecific antibodies 
(BiAbs) to target cancer was nearly abandoned 
due to cytokine storm reactions. However, the 
last 10 years has seen a resurrection of interest 
particularly for targeting T cells to various cancer 
antigens. Studies using retargeted T cells have 
been reported for HER2  in breast and prostate 
cancer using anti-CD3 x anti-Her2 BiAb ATC 
[89, 90]; EGFR in colorectal, pancreatic, and 
lung cancer using anti-CD3 x anti-EGFR BiAb 
ATC [91]; and CD20  in non-Hodgkin’s lym-
phoma using anti-CD3 x anti-CD20 BiAb ATC 
[92–94]. Since chemical or molecularly engi-
neered constructs could be used to target the TCR 
on one hand and tumor-associated antigen (TAA) 
on the other hand, we reasoned that CMV could 
be targeted by chemically heteroconjugating 
OKT3 (anti-CD3, anti-TCR) with Cytogam® 
(polyclonal donor-derived anti-CMV IgG, desig-
nated CMVBi) to kill CMV-infected fibroblasts 
[95]. In this strategy shown in Fig.  20.1, anti-
 CD3 monoclonal antibody-activated T cells 
(ATC) which expanded in low-dose IL-2 were 
the T effector cells. ATC alone do not kill CMV- 
infected targets. Arming doses of CMVBi rang-
ing from as low as 0.01  ng/106 ATC to 
50  ng/106ATC exhibited high levels of specific 
anti-CMV cytotoxicity in targets infected with 
CMV at multiplicities of CMV infection (MOI) 
ranging from 0.01 to 1. The polyclonal nature of 
the Cytogam may provide multiple antibody 
clones directed at multiple CMV epitopes on the 
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Table 20.1 Previous clinical trials of virus-specific T-cell therapy

Methodology
Pathogen 
specificity Setting Donor

Patient 
accrual

Number 
of centers Methodology

Tetramer selection CMV HSCT HCT donor or 
third-party

9 1 Cobbold [62]

IFN-γ column selection CMV HSCT HCT donor or 
third-party

18 1 Feuchtinger 
[63]

IFN-γ column selection CMV HSCT HCT donor 18 1 Peggs [64]

EBV-LCL stimulation EBV SOT Autologous 3 1 Haque [65]
Irradiated EBV-LCL EBV SOT Third-party 1 1 Haque [66]
Irradiated EBV-LCL EBV SOT Third party 8 1 Haque [67]
Irradiated EBV-LCL EBV SOT Third party 33 1 Haque [68]
Multimer selection EBV HSCT Related 

haploidentical 
donor

1 1 Uhlin [69]

IFN-γ column selection EBV HSCT HCT donor 6 1 Moosman [70]

EBV-LCL stimulation EBV HSCT Third-party 
donor

2 1 Barker [71]

Irradiated EBV-LCL stimulation EBV HSCT HCT donor 114 3 Heslop [33]
EBV-LCL stimulation EBV HSCT Autologous 1 1 Basso [72]

IFN-γ column selection Adv HSCT Third party 1 1 Qasim [73]

IFN-γ column selection Adv HSCT HCT donor 9 1 Feuchtinger 
[74]

CD8+ HIV-specific ex vivo 
expanded

HIV N/A Autologous 6 1 Lieberman 
[75]

CD4-ɣ CAR transduction HIV N/A Autologous 24 1 Mitsuyasu 
[76]

CD4-ɣ CAR transduction HIV N/A Autologous 40 5 Deeks [77]

Transduction with antisense 
gene to HIV env

HIV N/A Autologous 
CD4-T cells

17 1 Tebas [78]

CCR5 gene editing via ZFN HIV N/A Autologous 
CD4-enriched

12 1 Tebas [79]

PepMix-pulsed PBMC JCV HSCT HSCT donor 1 1 Balduzzi [80]
Pentamer selection CMV/EBV/

Adv
HSCT HSCT donor or 

third-party
8 1 Uhlin [81]

Stimulation of PBMC with 
CMV antigen or inactivated 
conidia

CMV or 
Aspergillus

HSCT HSCT donor 10 1 Perruccio [82]

Ad5f35pp65 transduced LCL CMV/EBV/
Adv

HSCT HSCT donor 26 3 Leen [83]

Ad5f35pp65 transduced DC CMV/Adv HSCT HSCT donor 12 1 Mickelwaite 
[84]

Ad5f35null transduced LCL EBV/Adv HSCT HCT donor 13 3 Leen [21]
Ad5f35pp65 transduced LCL CMV/EBV/

Adv
HSCT Third-party 

donor
47 8 Leen [85]

Nucleofection of DCs CMV/EBV/
Adv

HSCT HSCT donor 12 3 Gerdemann 
[86]

NLV-peptide pulsing or 
Ad5f35pp65 transduction of 
DCs

CMV or 
CMV/Adv

HSCT HSCT donor 50 2 Blyth [87]

Rapidly generated EBV, 
adenovirus, CMV, BK virus, 
HHV6-specific T cells following 
stimulation with peptide mixes

Adv, EBV, 
CMV, BKV, 
HHV6

HSCT HSCT donor 11 1 Papadopoulou 
[88]
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CMV-infected targets leading to the increased 
potency at a low arming dose of CMVBi. 
Cytotoxicity was evident at effector-to-target 
ratios (E:T) of 25:1, 13:1, 6:1, and 3:1 compared 
to unarmed ATC alone. At an MOI of 1.0, the 
mean % specific anti-CMV-specific cytotoxici-
ties at E:T of 3, 6, and 13 were 79%, 81%, and 
82%, respectively, whereas unarmed ATC at the 
same E:Ts killed <20%. Unarmed ATC, 
Cytogam®, or CMVBi alone did not exhibit sig-
nificant killing of uninfected or CMV-infected 
fibroblasts. Furthermore, cultures of CMVBi- 
armed ATC with CMV-infected targets induced 
cytokine and chemokine release from CMVBi- 
armed ATC.  This simple targeting strategy 
bypasses MHC-restricted cytotoxicity for treat-
ing viral disease in organ transplant and HSCT 
recipients. It was shown that CMVBi ATC do not 
react to alloantigens in vitro in a mixed lympho-
cyte culture, and they can be frozen and reinfused 
at different time points as an “off-the-shelf” drug. 
Although promising, it is not clear from these 
data whether targeting CMV or other disease 
agents using this approach will be clinically 
effective.

 Epstein-Barr Virus

EBV-CTLs have been used for prevention and 
treatment of post-HSCT lymphoproliferative dis-
ease (PTLD) as well as EBV+ lymphoma. 
Irradiated EBV-lymphoblastoid cells (EBV-LCL) 
were used to generate EBV-specific CTLs in vitro 
for prophylaxis or treatment for EBV-PTLD in 
114 patients [27, 33]. Remarkably, the first 26 
patients received gene-marked CTLs, and follow-
 up studies showed the gene-marked cells per-
sisted up to 105 months after HSCT (Table 20.1).

HLA-A2-specific pentamers and IFN-γ selec-
tion procedures were used to produce EBV- 
CTLs. HLA-A2 specific pentamers were used to 
produce EBV-CTLs from the haploidentical 
mother of a patient with EBV-PTLD who had 
received a cord blood transplantation [69]. A 
complete clinical response was obtained follow-
ing two infusions of EBV-CTLs. Three of six 
patients with early EBV-induced PTLD treated 

with EBV-CTLs produced by IFN-γ selection 
achieved complete responses whereas three 
patients with advanced, multiorgan disease did 
not respond [70]. The latest strategy is to target 
EBV with multiviral CTL products (below) or 
third-party-derived EBV-CTLs.

 Adenovirus

Most studies targeting adenovirus (Adv) use mul-
tiviral CTLs [21, 81, 83, 84]. A few exclusively 
target Adv by selection technology. Adv-CTLs 
produced by IFN-γ selection was used for treat-
ment of nine patients with drug-refractory Adv 
infections [74]. There was in vivo CTL expansion 
in five of six patients and four patients cleared 
their disease. In all studies using cell selection, 
clinical benefit was observed in spite of very low 
doses of vCTLs infused (<5 × 104 cells/kg in 
most studies) [73, 74].

 Multiviral CTL Trials

Recent antiviral CTL therapy trials target multi-
ple viruses (CMV, EBV, and Adv as primary tar-
gets). CMV, EBV, and Adv are the three leading 
causes of viral-associated mortality after alloge-
neic HSCT.  Clinical-grade Adv vector 
Ad5f35pp65 contains the immunodominant 
CMV antigen pp65, providing a unique opportu-
nity to transduce donor-derived dendritic cells or 
EBV-LCL to serve as APCs for the CTL cultures. 
Triviral (CMV, EBV, and Adv-specific) CTLs 
were tested in a dose-escalation trial involving 26 
patients [83]. There were no adverse effects at 
doses ranging from 5 × 106 to 1 × 108 cells/m2, 
and all patients were effectively protected against 
CMV, EBV, and Adv. Interestingly, although 
EBV- and CMV-specific CTLs were detected by 
IFN-γ ELISpots, Adv-CTLs were not detectable 
except during infection. In a follow-up trial using 
Ad5f35-transduced EBV-LCL to produce EBV- 
and Adv-CTLs, 13 patients received prophylaxis 
or treatment for EBV and Adv infections after 
HSCT [21]. Although the CTLs provided 
 protection in  vivo, the Adv-CTLs could not be 
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detected except in the setting of Adv infection; 
these data suggest that levels of specific vCTLs 
below the limits of detection by IFN-γ ELISpots 
provide protection and infection induces clonal 
expansion. Similarly, Ad5f35pp65 transduced 
dendritic cells (DC) used to produce CMV- and 
Adv-CTLs were clinically effective in 12 patients 
after allogeneic HSCT [84]. There were a few 
cases of CMV reactivation in the setting of low-
dose prednisone. This approach was applied to 
50 patients after allogeneic HSCT with triviral 
(CMV, EBV, Adv-specific) CTLs using two 
methods: 10 were produced by pulsing donor 
DCs with the HLA-A2 restricted CMV peptide 
NLVPMVATV and 40 were produced using 
Ad5f35pp65-transduced donor DCs [87]. Only 5 
of 50 patients had CMV reactivation after CTL 
infusions and only 1 of 5 patients required antivi-
ral drug therapy after steroid treatment for acute 
GVHD.

Advances in processing protocols have vali-
dated 5-mer peptide pools that include immuno-
dominant viral antigens that replace viral 
transduction of APC thereby removing safety and 
regulatory barriers associated use of viral vectors 
[36]. The use of gas-permeable rapid-expansion 
(G-Rex) bioreactors has simplified CTL culture 
[96]. These advances in technology led to the 
development of a rapid manufacturing protocol 
for expanding virus-specific T-cell products 
(VSTs) that yield clinically relevant numbers of 
VSTs in 10–12 days. Further, VST products tar-
geting multiple viral antigens have been shown to 
provide effective antiviral protection (against 
CNV, EBV and Ad) in ten patients after HSCT 
[37]. This rapid manufacturing protocol was sub-
sequently adapted to produce five virus-specific 
CTLs targeting EBV, CMV, Adv, HHV6, and BK 
virus infections in a single T-cell product for 
patients following allogeneic HSCT [88]. 
Fourteen of 48 VST products manufactured from 
HSCT donors recognized all 5 viral components 
while 35 (73%) recognized 3 or more by IFN-γ 
ELISpots. Unexpectedly 22 of the donors were 
CMV seronegative and VSTs produced predict-
ably lacked CMV specificity. These VSTs were 
used to treat 11 patients after HSCT.  The 3 
patients treated prophylactically remained free of 

viral infections and 8 patients with 18 viral reac-
tivations received VSTs, with all experiencing 
partial or complete responses in their CMV, EBV, 
Adv, or HHV6 infections.

 CTL Therapy for Human 
Immunodeficiency Virus

Although there was intense interest in the use of 
CTL therapy for HIV, there was only limited suc-
cess to date [97]. Attempts to expand and reinfuse 
autologous HIV-specific CTLs resulted in only 
transient improvements in viral load [75]. A 
larger number of clinical trials focused on geneti-
cally modified CTL to target HIV using transduc-
tion of a modified TCR or CARs. These trials 
established safety, but exhibited limited antiviral 
efficacy [76, 77]. A major challenge for this 
approach is the outgrowth of escape mutants 
expressing alterations of the target epitope so the 
infected cell can no longer be targeted by the 
effector cells. A more successful approach has 
been inserting genes that would provide HIV 
resistance. This approach was clinically tested 
when antisense gene complementary to HIV env 
was transduced into T cells from 17 patients 
using lentiviral vectors [78]. The CTLs persisted 
for 5 weeks, homed to gut-associated lymphoid 
tissue, and were well-tolerated with clinical tox-
icities. Infusions of CTLs in two of eight patients 
who underwent antiviral treatment interruption 
keep the viral load u

ndetectable for 4 and 14 weeks. When CCR5- 
delta32 mutations were introduced to CD4- 
enriched T cells through the use of a zinc-finger 
nuclease [79], the CCR5-edited T cells were sub-
sequently infused in 12 patients, and engineered 
T cells were detectable in the peripheral blood for 
up to 42 months post infusion. In six patients who 
underwent antiviral treatment interruption, the 
absolute number of gene modified CD4+ T cells 
decreased at a lower rate than non-modified T 
cells. Recent studies showed that dual gene edit-
ing of CXCR4 and CCR5 via zinc-finger nucle-
ases was successful in a T-cell line, and preclinical 
studies show that the T cells were highly resistant 
to HIV infection [98]. It is not clear whether this 
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approach could prevent primary infection or have 
a clinical impact as an HIV cure strategy.

 CTL Therapy for Other Viruses

There are a few studies that target other viruses 
with adoptive immunotherapy. The John 
Cunningham virus (JCV) is a ubiquitous poly-
oma virus which can cause progressive multifo-
cal leukoencephalopathy (PML), which occurs in 
immunocompromised individuals such as 
acquired immunodeficiency syndrome (AIDS), 
recipients of HSCT or solid organ transplants, or 
primary immunodeficiency disorders. Donor- 
derived JCV-specific CTLs were used in a 
14-year-old patient with PML after prolonged 
steroid treatment for GVHD following 
HSCT.  Cells were manufactured using 15-mer 
peptide pools that included JC antigens VP1 and 
LT and infused twice leading to clearance of 
JV-DNA from the cerebrospinal fluid with 
improvements in neurologic status [80].

Human papillomavirus (HPV) disease can be 
a late complication of HSCT. Peptide pools span-
ning the HPV E6 and E7 proteins were used to 
generate HPV-specific CTLs from patients with 
oropharyngeal or cervical cancer that arise after 
HPV16 infection [99]. The CTLs exhibited spe-
cific activity directed at HPV E6 and E7 and anti-
tumor activity against the HPV16 cervical cancer 
cell line CaSki.

 Adverse Events in Antigen-Specific 
CTL Therapy

Adverse events after 381 infusions for 180 patients 
on 18 protocols by the groups at Baylor College of 
Medicine were reported [100]. Side effects were 
limited to 24 mild adverse events observed within 
6 h of infusion; nausea and vomiting were most 
common with 22 nonserious adverse events (fever, 
chills, nausea) that occurred within 24 h. No sig-
nificant GVHD was attributed to CTL infusions. 
The only significant complications were rare 
reports of systemic inflammatory responses in 

patients with bulky EBV+ lymphomas following 
EBV-CTL therapy. Seven cases of acute GVHD 
occurred in patients who had a greater degree of 
HLA mismatch than controls after infusions of 
EBV-CTL.  Some of the cases of GVHD were 
attributable to reducing the corticosteroid dose 
prior to the CMV-CTL infusions [87].

 Third-Party CTL

For years, the selection or culture of anti- pathogen 
CTLs was dependent on the presence of patho-
gen-specific memory T cells in the blood of 
donors, and, therefore, the approach could not 
help allograft recipients of pathogen-naive hema-
topoietic cell products after HSCT. One strategy 
to address this problem is to provide “off-the- 
shelf” pathogen-specific CTLs derived from 
third-party donors. This strategy was first vali-
dated in a phase I trial involving 8 patients who 
received partially matched EBV-CTLs for PTLD 
that developed after solid organ transplantation 
[66, 67] and confirmed in a cohort of 33 patients 
in a phase II trial [68]. The latter trial showed a 
response rate of 64% at 5  weeks and 52% at 
6 months; the outcomes correlated with the degree 
of HLA matching between the CTL donor and 
recipient. In the HSCT patients, two patients with 
refractory EBV-PTLD after cord blood transplan-
tation (CBT) with third-party EBV- specific CTLs 
[71]. A bank of 32 CTL lines with characterized 
activity against EBV, CMV, and Adv were used to 
match for 50 patients with refractory viral infec-
tions. This strategy resulted in partial or complete 
antiviral responses in 74%, 78%, and 67% of 
those with CMV, Adv, and EBV, respectively 
[85]. This is a marked improvement from stan-
dard therapy response rate of 13% in eight patients 
for whom a matched line could not be identified. 
Despite partial HLA matching at one to four loci, 
there were only two patients who developed grade 
I GVHD. Clones that are responsible for GVHD 
have been selected against in the expansion cul-
ture and may exist at such low precursor frequen-
cies after culture that they do not expand enough 
to cause clinically significant GVHD. The lower 
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rate of response against EBV relative to CMV and 
Adv may reflect selective expansion of T cells 
against immunodominant epitopes of the latter 
two viruses, thereby complicating the selection of 
an ideal third-party pathogen-specific line that 
fulfills the requirements of antiviral activity and 
MHC-restriction against multiple pathogens. The 
methods for producing third-party-virus-specific 
CTL include pentamer selection for Ad, CMV, 
EBV [81], and IFN-γ selection for Adv-CTL [73].

 TCR Gene Transfer

A few studies reported transducing CTLs with a 
virus-specific TCR [49, 101, 102]. A trial of 
transgenic CTLs using a retroviral vector that 
expresses a CMV-specific TCR is ongoing in the 
United Kingdom (Morris E. et  al. MRC# 
G0701703). Alternatively, Kumaresan et  al. 
transduced T cells with the β-glucan receptor 
dectin [61]. Since the carbohydrate β-glucan is 
found in the cell wall of most fungi [103], inves-
tigators used its natural receptor, dectin-1, as a 
recognition receptor coupled to a CD28 (a key 
co-stimulatory molecule) and CD3-zeta trans-
gene to initiate signaling and killing in T cells. 
The same group showed that the antifungal 
CARTs could mediate damage to hyphae in vitro 
and in vivo [61]. These novel approaches would 
allow creation of specific CTLs from pathogen- 
naive donors; however, they are subject to the 
regulatory challenges in gene transfer technol-
ogy. Furthermore, use of a single antifungal TCR 
allows for antigenic escape.

 Production of CTL from Pathogen- 
Naive Donors

A major advance in adoptive viral CTL therapy 
was development of virus-specific CTLs from 
virus-naive donors. CTL could be produced from 
a 20% fraction from cord blood using donor- 
derived DCs and EBV-lymphoblastoid cell line 
(LCL) as APC and Ad5f35pp65 transduction as a 
source of CMV and Adv antigens [20]. The 
resulting viral CTLs exhibited specific anti-CMV, 

EBV, and Adv IFN-γ ELISpots responses as well 
as specific 51Cr cytotoxicity with no alloreactiv-
ity. Epitope mapping showed that the immuno-
dominant epitopes recognized by cord 
blood-derived CTLs were different from the 
immunodominant epitopes recognized by the 
CMV and EBV seropositive adult donors. The 
HLA-A2-restricted epitope NLVPMVATV was 
notably absent in the cord blood-derived lines. 
CTLs derived from cord blood were successfully 
infused in 12 CBT recipients in the ongoing 
ACT-CAT trial (Safety, Toxicity and MTD of 
One Intravenous IV Injection of Donor CTLs 
Specific for CMV and Adenovirus, # 
NCT00880789).

Recently, multiviral CTLs were produced 
from CMV-naive adult donors using column- 
selected CD45RA+ naive T cells stimulated by 
donor DCs pulsed with CMV 15-mer peptide 
pools [38]. Preclinical studies suggest that multi-
viral CTLs will exhibit similar anti-CMV activity 
to DCs pulsed with CMV 15-mer peptide pools. 
The current MUSTAT trial (Multivirus-Specific 
Cytotoxic T-Lymphocytes for the Prophylaxis 
and Treatment of EBV, CMV, and Adenovirus 
Infections Post Allogeneic Stem Cell Transplant, 
# NCT01945814) compares the clinical efficacy 
of CTLs derived from CMV-seropositive vs. 
CMV-naive donors.

 CTL for Solid Organ Transplant 
Recipients

EBV-PTLD is a significant long-term risk in 
solid organ transplant recipients. Rituximab can 
be effective, but treatment often requires reduc-
tion of immunosuppression which can lead to 
graft rejection. Autologous EBV-CTLs have 
been used in this setting [72]. Several prophylac-
tic infusions of autologous EBV-CTLs reduced 
the EBV viral load without adverse reactions 
despite ongoing treatment with calcineurin 
inhibitors [65]. A heart transplant recipient who 
developed Hodgkin’s lymphoma-type PTLD 
8 years after transplant had remission after being 
treated with autologous EBV-CTLs in combina-
tion with chemotherapy without alterations in 
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his immunosuppression [72]. This observation 
supports the prior observations that calcineurin 
inhibitors block proliferation, but do not impair 
CTL activity.

 Fungal-Specific CTLs

Fungal infections are a major cause of morbidity 
and mortality in allogeneic HSCT recipients, 
with GVHD being the major risk factor. Candidal 
infections can range from mucocutaneous coloni-
zation of the skin and mouth to life-threatening 
systemic infections. Aspergillus species are ubiq-
uitous molds that cause invasive pulmonary 
infections as well as widespread infection includ-
ing central nervous system dissemination in 
highly immunocompromised patients [104]. 
Patients with inherited immunodeficiencies (e.g., 
chronic granulomatous disease), patients with 
prolonged neutropenia after repeated rounds of 
chemotherapy (e.g., for acute leukemia), and 
those receiving immunosuppression after lung 
transplant or allogeneic HSCT are at the highest 
risk for mycoses [105]. The importance of T-cell 
immunity in defense against invasive aspergillo-
sis and other filamentous fungi is not clear, since 
patients with these invasive fungal diseases usu-
ally have severe deficiencies in multiple compo-
nents of the immune system. In patients with 
advanced AIDS, invasive aspergillosis is an 
uncommon complication and generally occurs 
when other forms of immune impairment (e.g., 
neutropenia and use of corticosteroids) are pres-
ent. Despite these unknowns, it may be clinically 
useful to target fungal infections with fungus- 
specific T cells after HSCT.

The adaptive immune response against inva-
sive aspergillosis is believed to be orchestrated 
by CD4+ T cells. Table 20.2 summarizes preclin-
ical studies that developed fungal-specific CTLs 
against Candida, Aspergillus, and Rhizopus (a 
member of the Mucorales group) species. 
Aspergillus-specific CTLs were produced by 
stimulation of PBMC with antigens from asper-
gillus extracts, selection with IFN-γ secretion, 
and culture [106]. The CTLs were predominantly 

CD4+, CD45R0+ memory cells that secrete 
IFN-ɣ in response to Aspergillus and Penicillium. 
The fungal-specific CTL enhanced hyphal dam-
age by neutrophils and APCs. IFN-ɣ selection 
and stimulation with Candida albicans, 
Aspergillus fumigatus, and Rhizopus oryzae 
extracts were used to produce multifungal- 
specific CTL lines, which were also nearly all 
CD4+ CD45RO+ HLA-DR+ that exhibited acti-
vation markers of IFN-ɣ, CD154, and TNFα and 
enhanced oxidative activity of neutrophils when 
co-incubated with antigen and APCs [108]. 
Several studies target the Candida MP65 and 
Aspergillus CRF1 antigens. To produce multi- 
pathogen- specific T cells that secrete IFN-ɣ, pro-
liferate, and kill CMV, EBV, Adv, Candida, and 
Aspergillus, donor PBMCs were incubated with 
peptide libraries from CMV-pp65, EBV-LMP2, 
Adv-Hexon, Candida MP65, and a 15-mer pep-
tide from aspergillus CRF1 [107]. However, it 
remains unclear what the significance of MP65 
and CRF1 is in antifungal immunity [117] [113]. 
Expanded memory/effector Th1 cells following 
stimulation with Rhizopus extracts were used to 
generate memory/effector Th1 cells for mucor-
mycosis, and the product exhibited specificity to 
the original Rhizopus oryzae extract as well as 
other Mucorales species [118]. Candida-specific 
T cells generated with cellular extracts of 
Candida albicans released cytokines that caused 
hyphal damage and increased neutrophil activity 
against hyphae [111].

CTLs produced by stimulation with inacti-
vated conidia (spores) from Aspergillus fumiga-
tus resulted in clonal CD4+ CTLs with 
anti-Aspergillus activity by IFN-ɣ ELISpots [82]. 
These donor T-cell clones specific for Aspergillus 
antigens were then infused in patients following 
haploidentical HSCT. Of 23 patients who devel-
oped invasive aspergillosis, 10 patients received 
anti-aspergillus CTLs, while 13 patients did not. 
Nine of 10 treated patients cleared their infec-
tions whereas only 7 of 13 untreated patients 
cleared their infections. Aspergillus-specific 
CTLs were detected in high frequencies in 
patients who received immunotherapy while they 
were barely detectable in untreated patients [82].
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Despite notable advances in antifungal CTLs, 
a better understanding of the immunodominant 
T-cell targets that should be selected for various 
fungal species is needed, and standardized 
clinical- grade cGMP fungal antigen sources are 
needed to provide consistency between trials.

 Controversies and Challenges

Although there have been major advances in pro-
ducing pathogen-specific CTLs, important ques-
tions remain regarding methods that affect 
potency and efficacy of the T-cell products. It is 
unclear whether manufacturing CTLs to include 
more pathogens in a single culture will affect 
potency and specificity in the CTL cultures. 
Although the proportions of virus-specific CTLs 
for each virus decrease as the number of antigens 
increases, these effects have not seemed to impact 
clinical trials. CTLs specific for 7 viruses (CMV, 
EBV, Adv, BK, HHV6, RSV, and influenza) pro-

duced using peptide pools for 15 antigens exhib-
ited specific activity against all targeted viruses 
[37]. The question remains as to whether adding 
additional viral targets will skew specific cytotox-
icity, alter potency for each target, induce allore-
active T cells, or compromise in vivo responses.

A major challenge is achieving consistent and 
optimal culture conditions for generating the most 
effective CTL product. Although multiple rounds 
of stimulation with antigen select and expand the 
specific antiviral clones, prolonged culture may 
lead to T-cell exhaustion. Some groups have 
decreased production time using newer bioreactors 
[96]. Identification of the “correct” subset of T cells 
for clinical use (however selected) will require 
well-designed randomized phase II trials using a 
specific CTL product made by the same group or a 
common standard operating procedure (SOP) in a 
homogeneous group of HSCT patients. Assays for 
measuring IFN-ɣ ELISpots and cytotoxicity need 
to be standardized and the timing of the studies 
needs to be the same. Recently, a new population of 

Table 20.2 Preclinical studies of T-cell therapy against nonviral infections

Methodology Pathogen specificity Donor Investigator
IFN-γ selection after stimulation of PBMCs with 
aspergillus extracts

Aspergillus Healthy 
donors

Beck [106]

CD154 selection after stimulation of PBMCs with 
fungal extracts

Aspergillus, Candida, 
Rhinopus

Healthy 
donors

Khanna [107]

IFN-γ selection after stimulation of PBMCs with 
fungal extracts

Aspergillus, Candida, 
Rhinopus

Healthy 
donors

Tramsen 
[108]

Transduction of CTL with chimeric antigen receptor 
directed against B-glucans

Aspergillus (potentially 
other pathogens

Healthy 
donors

Kumaresan 
[61]

Expansion of anti-Aspergillus T cell using 
Aspergillus extracts

Aspergillus Healthy 
donors

Tramsen 
[109]

Expansion of fungus-specific T cells using a lysate 
from A. fumigatus

Aspergillus, Candida, 
Penicillium

Healthy 
donors

Gaundar 
[110]

IFN-γ capture of T cells following stimulation with 
C. albicans cellular extract

Candida Healthy 
donors

Tramsen 
[111]

Crf1-stimulated T cells Candida and Aspergillus Murine 
cells

Stuehler 
[112]

CD137 selection following stimulation with Crf1 and 
catalase 1

Aspergillus Healthy 
donors

Jolink [113]

Transgenic TCR-transduced cells Tuberculosis Murine 
cells

Feng [114]

MHC-Streptamer-enriched antigen-specific T cells Listeria Murine 
cells

Stemberger 
[115]

(Proof of principle) – targeting of OVA-expressing 
parasites

Leishmania Murine 
cells

Polley [116]

Transgenic TRC-transduced cells Chlamydia Murine 
cells

Roan [55]
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“stem cell memory T cells” has been putatively 
identified – which possess characteristics ideal for 
use in adoptive immunotherapy. Unfortunately, 
there are no randomized phase II trials to date to 
support continued development and commercial-
ization of clinically effective CTLs.

The presence of immunosuppression remains 
a barrier for optimal immunotherapy after alloge-
neic HSCT and solid organ transplantation since 
most agents also suppress CTL functions. Nearly 
all protocols require recipients to be receiving 
less than 0.5 mg/kg/day of prednisone and wait at 
least 30 days after anti-T-cell serotherapy to be 
eligible to receive CTL therapy. Virtually all of 
the calcineurin inhibitors (cyclosporin A, tacroli-
mus, or sirolimus) at therapeutic doses impair 
CTL activity. EBV-specific CTLs can be made 
resistant to tacrolimus by knockdown of FKBP12 
via a retrovirally transduced specific siRNA and 
exhibit anti-EBV lymphoma activity in the pres-
ence of tacrolimus [119]. Similarly, EBV-specific 
CTLs can be made resistant to both cyclosporine 
A and tacrolimus by mutating calcineurin [120]. 
The mutation does not alter the phenotype or 
antiviral activity of the CTLs and mutated cells 
have a growth advantage in calcineurin inhibi-
tors. Although they have not been applied clini-
cally, they have great potential for treating HSCT 
and solid organ transplant recipients.

There is one preclinical report of T cells used 
to target bacterial and parasitic infections [116], 
but there are no clinical trials evaluating T-cell 
immunotherapy for bacterial and parasitic infec-
tions. Despite numerous studies evaluating 
in vitro T-cell responses, there is no consensus on 
the role of T cells in defense against 
aspergillosis.

 Conclusion

Infusions of anti-pathogen CTLs in several hun-
dred patients over the past several decades have 
been established as a safe and highly effective 
therapy following allogeneic HCT.  Identifying 
preserved viral T-cell epitopes, probing the anti-
gen limits in CTL monoculture, testing the clini-
cal efficacy of immunosuppressive-resistant 

CTLs, and improving conditions for rapid and 
specific expansion will further broaden the use-
fulness of this treatment strategy. As advances in 
protocols and methods for manufacture achieve 
acceptable clinical standards that can be sup-
ported commercially, CTL therapy may become 
an integral component of care offered to alloge-
neic HSCT or immunodeficiency patients.
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Gene Therapy for Primary 
Immunodeficiencies

Maria Pia Cicalese and Alessandro Aiuti

 Introduction

Primary immunodeficiencies (PIDs) represent a 
large number of heterogeneous, rare, chronic dis-
eases inherited in a Mendelian fashion and result-
ing from over 300 genetically defined single-gene 
inborn errors of immunity [1, 2], leading to vary-
ing degrees of improper immune cell develop-
ment and/or function [3]. The reported incidence 
of specific PIDs ranges from 1  in 600 to 1  in 
500,000 live newborns [4, 5]. Recent studies have 
shown that they may be more common [6] and 
that as many as 1–2% of the population may be 
affected with a PID when all types and varieties 
are considered [7]. Clinical manifestations of PID 
are highly variable, ranging from life- threatening 

infections (such as observed in several severe 
combined immunodeficiency, SCID) to mono-
genic detriments leading to common infectious 
diseases such as severe influenza, autoimmune 
diseases such as cytopenias and systemic lupus 
erythematosus, and inflammatory diseases, to 
complete the absence of symptoms [8]. This vari-
ability and the lack of awareness among physi-
cians of the broad range of PID manifestations 
result in many patients with PIDs being undiag-
nosed, underdiagnosed, or misdiagnosed [9, 10].

The spectrum of PIDs is constantly increasing 
due to new information on genes affecting the 
immune system. Next-generation sequencing 
(NGS), including whole-exome sequencing and 
whole-genome sequencing (WES and WGS, 
respectively), has been successful in identifying 
PIDs with a Mendelian inheritance, even when 
the condition is seen in a single patient. Indeed, it 
has been possible to identify single-gene inborn 
errors in immunodeficient patients by validating 
the disease-causing role of the genotype through 
in-depth mechanistic studies demonstrating the 
structural and functional consequences of the 
mutations [11, 12].

While differing in clinical severity, early diag-
nosis and treatment is of considerable importance 
for the majority of PID to prevent organ damage 
and life-threatening infections and to improve 
quality of life of affected patients [13–17]. Much 
effort is currently being put into developing 
methods for detection of PIDs in the neonatal 
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period, especially for PIDs with lack of func-
tional T or B lymphocytes. PCR-based detection 
of signal joint T-cell receptor excision circles 
(TRECs) has proven to be a valuable tool for 
identifying patients with SCID [15]. Universal 
newborn screening has been implemented in 
many states in the USA, facilitating the establish-
ment of the true incidence of SCID in California 
(1  in 66,250 live births) and leading to early 
detection and improvement of treatment out-
comes of many cases of PIDs [12]. Other coun-
tries are considering implementation of newborn 
screening programs for SCID and other PIDs [13, 
14]. A similar method for analysis of k-deleting 
excision circles (KRECs) has been described for 
detection of patients with X-linked agammaglob-
ulinemia (XLA). Recently, a robust triplex PCR 
method for quantitation of TRECs and KRECs, 
using a single Guthrie card punch, has been 
developed and validated in a cohort of 2560 ano-
nymized newborn screening cards. Through this 
method, patients with SCID, XLA, ataxia- 
telangiectasia, and Nijmegen breakage syndrome 
have been readily identified, and effective new-
born screening for severe immunodeficiency syn-
dromes characterized by the absence of T or B 
cells has been made easier [15]. Recently, tandem 
mass spectrometry for analysis of metabolites 
from dried blood spots has been proposed as an 
easy and inexpensive method for ADA-SCID and 
purine nucleoside phosphorylase deficiency 
screening [16, 17].

For an increasing number of diseases, replace-
ment of the defective recipient immune system 
with a functioning system from a healthy donor 
by hematopoietic stem cell transplantation 
(HSCT) can lead to a permanent cure. The first 
HSCTs for primary immunodeficiencies (PIDs) 
were performed in 1968 [18, 19], and so nearly 
50 years of experience has led to many signifi-
cant improvements in technique and outcome 
among European centers [20–26]. SCIDs are the 
most profound defects, and HSCT, until recently, 
has been the only approach to treatment (with the 
exception of ADA-SCID, for which enzyme 
replacement is possible). Other PIDs have been 
managed conservatively or with HSCT at various 
centers. HSCT is now becoming a more widely 

accepted modality of treatment, as long-term out-
comes of conservative management are investi-
gated and outcomes improve through earlier 
diagnosis and safer approaches to transplanta-
tion. New conditioning regimens have reduced 
the risk of HSCT, and new methods of manipulat-
ing stem cell sources may provide a donor for 
almost all patients. Despite this, high-dose che-
motherapy and graft-versus-host disease (GvHD) 
still lead to major risks, as toxicity-related organ 
dysfunction and infections, in the setting of trans-
plantation from alternative donors, driving a con-
siderable transplant-related mortality [21–26].

For this reason, gene therapy (GT) has been 
successfully implemented in the last 15 years for 
the treatment of PID patients who lacked a suit-
able donor. The main advantages of GT vs stan-
dard allogeneic transplantation are the use of 
“low-dose” or “reduced-intensity” conditioning 
regimens, with consequent low toxicity, based on 
the evidence that a mixed chimerism is sufficient 
to improve the clinical phenotype, the absence of 
GvHD due to the use of an autologous cellular 
product, the possibility to exploit the selective 
advantage of transduced cells, and the prompt 
availability of the stem cells that significantly 
shortens treatment times. Despite this, in some 
cases, efficacy of gene therapy has been counter-
balanced by the occurrence of insertional onco-
genesis. The understanding of the molecular 
events that led to oncogenesis and improved vec-
tor technology has led to progress with safer gene 
therapy approaches for PID [27, 28]. Here we 
will give an overview of promising recent clinical 
trials of gene therapy for SCID-X1, ADA-SCID, 
Wiskott-Aldrich syndrome (WAS), and chronic 
granulomatous disease (CGD) and discuss per-
spectives for new technologies that might be 
expanded to other diseases.

 Gene Therapy for SCID-X1

X-linked SCID represents the most common 
form of SCID, accounting for 40–50% of SCID 
cases reported worldwide. It is caused by muta-
tions in the IL2RG gene, leading to defective 
expression of the common gamma chain, a key 
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subunit of the cytokine receptor complex for 
interleukin (IL)2, IL4, IL7, IL9, IL15, and IL21, 
which play a vital role in lymphocyte develop-
ment and function [2]. Consequently, SCID-X1 
patients present profound immunological defects 
caused by low numbers or complete absence of T 
and NK cells and presence of nonfunctional B 
cells. The disease is characterized by common 
and opportunistic infections that usually occur 
before 1 year of age and that can be lethal unless 
allogeneic HSCT is performed [29].

Nonconditioned, allogeneic HSCT has been 
the gold standard therapy for this disorder since 
1968. However, the outcome of HSCT is highly 
dependent on the availability of a suitable hema-
topoietic stem cell (HSC) donor: the 3-year over-
all survival rate is 90–97% when the donor is an 
HLA-identical sibling, despite partial immune 
recovery, autoimmunity, and/or retarded growth 
reported for some patients, but only 66–79% with 
an alternative donor, for the higher rates of com-
plications, including graft-versus-host disease 
and lack of B- and NK-cell reconstitution in 
~two-thirds of patients, which may ultimately 
lead to progressive clinical deterioration [21–23]. 
The presence of an active infection at time of 
treatment is also strongly associated with a lower 
survival rate after HSCT, 50% of 5-year survival 
after HSCT vs 80% [30].

The observation of few patients with sponta-
neous reversion of the mutation and subsequent 
correction of immune deficiency [31–33] gave 
rise to the idea that even a small fraction of “natu-
rally” corrected wild-type cells could have a 
selective advantage over the mutated lympho-
cytes and therefore led to SCID-X1 being a can-
didate disease for gene therapy. Since then, gene 
therapy (GT) via the transduction of a corrected 
copy of a gene into autologous HSCs has been 
considered as an attractive approach to overcome 
the absence of a suitable donor. The efficacy of 
gamma chain (γc) gene transfer in autologous 
HSCs from SCID-X1 patients has been con-
firmed by early clinical trial results. Between 
1999 and 2006, 20 subjects with SCID-X1 lack-
ing HLA-identical bone marrow donors under-
went GT in 2 European sites, Paris and London. 
They were infused with autologous CD34+ bone 

marrow cells transduced with a first-generation 
Moloney murine leukemia virus vector express-
ing the γc complementary DNA (MFG-γc) and 
containing duplicated viral enhancer sequences 
within the long terminal repeats (LTRs) [34–36]. 
Seventeen of the 20 subjects treated with ex vivo 
transduced CD34+ cells without a conditioning 
regimen are alive and display full (or nearly full) 
correction of their T-cell immunodeficiency with 
a median follow-up of 12  years (7–15.5  years) 
[2]. In most patients, long-term thymopoiesis 
was demonstrated by the detection of T-cell 
receptor excision circles and a diverse T-cell 
receptor Vβ repertoire [37]. However, the tran-
sient restoration of NK cells and the limited func-
tional B-cell reconstitution, with a minority of 
patients able to stop immunoglobulin (IVIG) 
supplementation, suggest that the lack of a condi-
tioning regimen was probably responsible for 
insufficient engraftment of gene-modified B cells 
and that the NK-cell-corrected population was 
not capable of long-term renewal [38].

Unfortunately, the enthusiasm for the promis-
ing results of these studies was dampened by the 
occurrence of genotoxicity: four patients in the 
French trial and one patient in the British cohort 
developed T-cell leukemia [39] between 2 and 
5 years after GT: four of them have been in remis-
sion after conventional chemotherapy, in one 
case followed by matched unrelated HCT, and 
remain in long-term remission, while the remain-
ing patient died despite an allogeneic HSCT from 
chemotherapy-refractory leukemia [39–41]. In 
all cases, the adverse event was the result of 
insertional oncogenesis due to aberrant expres-
sion of the LMO2 (LIM domain only 2) or 
CCND2 (cyclin D2) oncogenes induced by the 
integration of the γc retroviral vector in the prox-
imity of the gene regulatory regions [2]. Second 
genome alterations were found in all cases and 
probably accounted for the advent of overt leuke-
mia [2], favored by the selective advantage con-
ferred to them by the concomitant expression of 
the γc gene [41–43].

To improve safety while maintaining the effi-
cacy profile for SCID-X1 gene therapy, a new 
strategy has been developed based on a self- 
inactivating (SIN) γ-retroviral vector with deleted 
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Moloney murine leukemia virus LTR U3 
enhancer, expressing the IL2RG complementary 
DNA from the eukaryotic human elongation fac-
tor 1α (EF1α) short promoter. This construct was 
less mutagenic in vitro and effective in a mouse 
model of SCID-X1 (enhancer-deleted SIN-γc) 
[41]. The interim results of the first nine patients 
treated in parallel phase 1/2 trials conducted in 
London, Paris, Boston, Cincinnati, and Los 
Angeles have been recently published [30, 34] 
(ClinicalTrials.gov identifiers, NCT01410019, 
NCT01175239, NCT01129544). SCID-X1 chil-
dren were enrolled if a HLA-identical sibling 
donor was not available or in case of severe ongo-
ing, therapy-resistant infections. Conditioning 
was not given to most patients, but two patients 
received fludarabine or anti-thymocyte gobulin 
due to a large number of maternal blood T cells 
migrated through the placenta into the fetal circu-
lation, sometimes associated with GvHD. Eight 
of nine treated patients survived, while a preex-
isting disseminated adenovirus infection was 
fatal in one patient 4 months after GT, due to an 
incomplete T-cell compartment recovery. One 
patient did not show any gene correction and was 
successfully transplanted with a mismatched 
cord blood graft. Up to 48 months of follow-up, 
immune reconstitution of T-cells occurred in the 
other seven patients and was comparable to that 
observed in the previous trials conducted in Paris 
and London. A significant reduction in infection 
frequency was observed, and isolation precau-
tions were discontinued. One patient needed a 
second infusion due to low absolute T-cell num-
bers. The absence of conditioning in these studies 
also led to minimal gene marking in B-cell and 
myeloid lineages, and all patients remain on 
immunoglobulin replacement therapy. 
Importantly, integration analysis showed a poly-
clonal integration profile with reduced numbers 
of clones near known lymphoid proto-oncogenes 
and genes implicated in serious adverse events in 
previous GT trials [30, 38].

Furthermore, five older patients carrying 
hypomorphic IL2RG mutations, including three 
from a 2003 initiated trial at the NIH, were 
treated with G-CSF-mobilized peripheral blood 
CD34+ cells transduced with γ-retroviral vector. 
Despite effective transduction, an improvement 
of T-cell numbers and function occurred only in 

one subject, the youngest, while no immunologi-
cal improvement was achieved in the others, 
probably due to loss of thymic function by the 
time of gene therapy [44].

A new approach was developed by Sorrentino 
and colleagues and used in a two-site clinical 
trial, based on the use of lentiviral vector (LV) 
(CL20-i4-EF1α-hγc-OPT) containing a 400  bp 
insulator fragment from the chicken beta-globin 
locus within the self-inactivating long terminal 
repeat (LTR), driven by the eukaryotic elongation 
factor alpha (EF1alpha) promoter to express a 
codon-optimized gc cDNA [45]. Severe, early- 
onset SCID-X1 patients (typical SCID-X1) have 
been enrolled at the St. Jude Children’s Research 
Center in Memphis (ClinicalTrials.gov identifier, 
NCT01512888), while late-onset SCID-X1 chil-
dren (atypical SCID-X1) and adolescents 
between 2 and 20 years of age have been treated 
at NIH (NCT01306019). Patients enrolled in the 
latter arm of the trial undergo G-CSF and 
plerixafor- mobilized peripheral blood apheresis 
and CD34 isolation and use non-myeloablative 
conditioning with a total busulfan dose of 6 mg/
kg/body weight to improve the efficacy of 
engraftment of gene-corrected cells [46]. 
Preliminary results have been reported on the 
first five patients, age range of 10–24 years, who 
previously underwent haploidentical HSC trans-
plant without benefit on immune function and 
IgG supplementation dependence. In the two 
older patients with longer follow-up (30 and 
27  months, respectively), stable engraftment of 
gamma chain-expressing cells with expansion of 
gene corrected T, B, and NK cells was observed. 
Gene marking in the myeloid lineages stabilized 
by a year following treatment to 8–10% (=0.1 
vector genome (vg)/cell), while a continuous 
increase in B, T, and NK cells was documented. 
Both patients produced IgG and generated a pro-
tective titer response to immunization. (De Ravin 
SS, Wu X, Moir S, et al. Lentiviral hematopoietic 
stem cell gene therapy for X-linked severe com-
bined immunodeficiency, personal communica-
tion, ASH 57th annual meeting, Orlando, FL, 5–8 
Dec 2015). 

Recently, a unique clinical retrospective anal-
ysis of direct comparison of clinical outcomes 
and immune reconstitution in 13 consecutive 
SCID-X1 patients who underwent haploidentical 
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HSCT and 14 SCID-X1 patients treated with 
gene therapy at Necker Children’s Hospital 
(Paris, France) over the same period has been 
performed. The results show a clear advantage in 
terms of T-cell development of gene therapy over 
HSCT with a mismatched donor, in particular a 
faster T-cell reconstitution and a better long-term 
thymic output in GT-treated patients [38, 47].

Although the more advanced lentivirus vec-
tors [48] have shown improved safety and effi-
cacy, the therapeutic potential of targeted genome 
editing of HSCs has been recently proven in a 
subject with SCID X1. Gene-edited HSCs sus-
tained normal hematopoiesis and gave rise to 
functional lymphoid cells that possess a selective 
growth advantage over those carrying disruptive 
IL2RG mutations. These results are expected to 
open new avenues for treating SCID-X1 and 
other diseases [49].

 Gene Therapy for ADA-SCID

Mutations in ADA lead to the intra- and extracel-
lular accumulation of deoxyadenosine and ade-
nosine and through conversion by specific 
enzymes to the intracellular accumulation of 
deoxyadenosine triphosphate and adenosine tri-
phosphate. The pathological accumulation of 
these metabolites in plasma, red blood cells, and 
tissues gives rise to the phenotype of ADA-SCID, 
the second most frequent form of SCID, account-
ing for 15–20% of all cases [50, 51]. In its typical 
early severe onset form, it is usually fatal in the 
1st year of life [52]. Apart from the profound 
lymphopenia (affecting T, B, and NK cells) and 
the absence of cellular and humoral immune 
function [53], diverse non-immunological sys-
temic defects, such as skeletal, gastrointestinal, 
pulmonary, and neuronal abnormalities, occur 
[54, 55].

Patients who receive enzyme replacement 
therapy (ERT) usually have improved immune 
function, but in the long-term, they develop a 
decline in T-cell numbers and function and can 
develop antibodies against bovine ADA and 
autoimmune manifestations. Moreover, B-cell 
function defects are not fully repaired, with 
only 50% of patients able to discontinue immu-

noglobulin replacement therapy [56]. For these 
reasons, HSCT had been considered as the only 
definitive treatment, and HLA-matched sibling 
donor (MSD) or family donor (MFD) trans-
plantation is associated with excellent overall 
survival (86% for MSD and 83% for MFD), 
while 67% overall survival (OS) is reported in 
cases of HLA- matched unrelated donors 
(MUDs) [57].

Since the early 1990s, genetic modification of 
autologous lymphocytes with gammaretroviral 
vectors (γ-RV) was performed while patients 
were continuing ERT [58–61]. Although this 
approach was not sufficient to discontinue ERT, 
the transduced T cells could safely persist for 
more than 10  years [62, 63]. Importantly, a 
recently identified population of T cells with 
stem cell properties was shown to significantly 
contribute to the pool of long-term living T cells 
by tracking of insertion sites [63].

The transduction and protocol were improved 
in order to promote the engraftment of modified 
stem cells, as well as to provide a selective pres-
sure for the corrected cells that would be turned 
into a visible clinical benefit for the patients [64]. 
The inclusion of a mild preconditioning regimen 
with busulfan (4 mg/kg i.v.) made space for the 
corrected progenitors and improved the engraft-
ment and safety of the approach [65]. Moreover, 
the selective pressure for growth of gene- 
modified cells was promoted by the withdrawal 
of ERT before GT.

Hence, a subsequent clinical trial in TIGET, 
Milan, showed in eight of ten treated patients 
ADA levels sufficient to decrease toxic metabo-
lites and allow functional immune recovery [66]. 
A recent update in those and eight additional 
patients treated at median age of 1.7 years (range, 
0.5–6.1) showed 100% overall survival, with a 
median follow-up of 6.9 years (range, 2.3–13.4), 
and that, among them, 15 no longer received ERT 
(NCT00598481, enrollment closed). Gene- 
modified cells were stably present and polyclonal 
in multiple lineages throughout follow-up, with 
higher levels in lymphoid cells. ADA expression 
was increased in lymphocytes, and purine metab-
olites levels in red blood cells remained low, indi-
cating effective systemic detoxification. GT 
resulted in a sustained reduction in the severe 
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infection rate, and immune reconstitution was 
demonstrated by normalization of T-cell subsets 
(CD3+, CD4+, and CD8+), evidence of thymopoi-
esis, and sustained T-cell proliferative capacity. A 
total of 12 patients discontinued IVIG use (seven 
of them within 3 years of GT), with stable median 
serum IgG levels within normal ranges through-
out, and protective antibody-forming capacity 
was demonstrated with detectable antibodies to 
several vaccines. All 18 patients had infections as 
adverse events after GT, and no events indicative 
of leukemic transformation were reported post–
treatment [67].

On the basis of these results, a request for 
marketing authorization of the GT product from 
GlaxoSmithKline and SR-Tiget was approved by 
the European Medicines Agency (EMA) in May 
2016. The GT product known as Strimvelis will 
be commercialized to treat ADA-SCID patients, 
with an indication for all pediatric patients with-
out suitable family-matched, related donors for 
HSCT [68].

A clinical trial run in London showed results 
similar to Tiget trial [37] (NCT01279720). In a 
joint trial between the Children’s Hospital Los 
Angeles and the National Institutes of Health 
(NIH), the protocol was amended after treating 
four patients without conditioning. 
Implementation of a cytoreductive regimen and 
cessation of ERT prior to gene therapy improved 
the clinical and immunological outcome in a fur-
ther six patients [69] (NCT00794508).

Two children with ADA deficiency were fur-
ther treated in Japan in 2003–2004 by γ-RV- 
mediated gene transfer to bone marrow CD34+ 
cells after ERT cessation without a conditioning 
regimen [70]. This study showed lack of full 
immune recovery, underlining the need for con-
ditioning for successful gene therapy. Recent 
murine studies point to cytoreduction of autolo-
gous ADA-deficient HSC favoring engraftment 
of the corrected HSC [71]. Moreover, new obser-
vations show that continuation of ERT could sig-
nificantly increase the levels of gene-modified 
cells in the thymus [38].

Over 50 patients with ADA-SCID have been 
treated with γ-RV vectors in Milan, London, and 
the USA, and all are alive [72], and the majority 

of them achieved stable ADA enzyme activity in 
lymphoid cells, persistent immune reconstitu-
tion, long-term multilineage engraftment, and 
sustained systemic detoxification, without need-
ing reintroduction of ERT or subsequent SCT 
[73]. T-cell reconstitution did not reach normal 
levels, but in most patients, cellular and humoral 
responses improved. The application of a mild 
non-myeloablative regimen also led to signifi-
cantly improved B and NK lymphocyte and 
myeloid cell counts.

GammaRV vectors using a similar Moloney 
murine leukemia virus backbone, but with 
slightly different envelopes and gene expression 
systems, have demonstrated clinical and biologi-
cal efficacy in previous trials, but in some cases 
hematologic malignancies occurred, as in the 
SCID-X1 and WAS trials [74–77]. In contrast, 
there were no genotoxic events in GT-treated 
SCID patients in an extended follow-up period 
[5, 67, 69]. Integrations were also found in ADA- 
SCID patients within and/or near potentially 
oncogenic loci, but did not result in selection or 
expansion of malignant cell clones in vivo [73], 
suggesting that ADA deficiency in itself may cre-
ate an unfavorable milieu for leukemogenesis. 
Continuous monitoring of the safety of this treat-
ment is required to evaluate for long-term adverse 
events.

Given the similarities between the viral back-
bones, differences in safety profiles between 
patients with ADA-SCID and patients with 
Wiskott-Aldrich syndrome and X-linked SCID 
may involve the nature of the gene of interest or 
the disease background. In contrast to both WAS 
protein (WASp) and IL2RG proteins, which are 
involved in the cellular response to proliferative 
stimuli, ADA is a metabolic “housekeeping” pro-
tein that is constitutively expressed in all cell 
types [67].

The need for safer vector designs led to the 
development of two different lentiviral (LV) vec-
tors. Mortellaro et al. showed that self- inactivating 
(SIN)-LV (deletion of U3 in LTR), driving ADA 
expression from the phosphoglycerate kinase 1 
(PGK1, PGK) promoter, was able to rescue 
ADA-deficient mice in a preclinical study [78]. 
The group of Dr. Kohn and Dr. Gaspar designed 
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an LV that included a codon-optimized human 
cADA gene under the control of the short-form 
elongation factor-1a promoter (LV EFS ADA) 
that displayed high-efficiency gene transfer and 
adequate ADA expression to rescue ADA−/− 
mice from their lethal phenotype with good T- 
and B-cell reconstitution [79]. Further 
modifications involve a Woodchuck hepatitis 
virus post–transcriptional regulatory element 
(WPRE) to enhance ADA expression in lentivi-
ruses. In vitro immortalization assays showed a 
reduced transformation potential of these new 
lentiviral constructs compared to γ-RV vectors 
[38]. On this basis, two phase I/II clinical trials of 
LV EFS ADA have started in the UK and the 
USA (clinical trials NCT02022696, 
NCT01852071) for the treatment of ADA-SCID 
children. Thus far, five patients aged between 1.2 
and 4.5 years have been treated with busulfan (at 
a single dose of 5 mg/kg) conditioning prior to 
GT.  The procedure was well tolerated by all 
patients. At a mean follow-up of about 1  year, 
there has been significant immunological recov-
ery, with a rise of total T-cell and CD4 + counts 
and normalization in mitogen responses [80]. 
Integration site analysis showed some expansion 
but no persistence of expanded clones, and there 
were no clones with genes previously associated 
with insertional mutagenesis [38].

 Gene Therapy for WAS

Wiskott-Aldrich syndrome (WAS) is a rare, com-
plex, X-linked primary immunodeficiency disor-
der caused by mutations in the WAS gene [81] 
characterized by recurrent infections, micro-
thrombocytopenia, eczema, and increased risk of 
autoimmune manifestations and tumors [82]. The 
prevalence is estimated to be one to ten out of a 
million male individuals, with an incidence of 
four out of a million male live births. The WAS 
protein is a main actin cytoskeleton regulator 
protein, and mutations affecting WAS protein 
expression cause functional defects in different 
leukocyte subsets, including defective function 
of T and B cells, alteration in NK cell immuno-
logical formation synapse, and impaired migra-

tion of all leukocyte subsets [83–86]. 
Hypomorphic mutations lead to intermediate 
forms as X-linked thrombocytopenia (XLT), and 
gain-of-function mutations have been associated 
with neutropenia [87]. The life expectancy of 
WAS patients is severely reduced unless they are 
successfully cured by BMT [24]. HSCT from 
HLA-identical sibling donor (matched sibling 
donor, MSD) is the treatment of choice for WAS 
patients, with a reported 82 to 88% long-term 
survival in different European and American cen-
ters in the past decade [88–90], with a survival 
close to 100% for patients transplanted after year 
2000 [24]. MUD transplant has resulted in sur-
vival rates of 85–90%, but better results are 
obtained when patients are transplanted before 
the age of 5, and autoimmune complications are 
more frequent when complete chimerism is not 
achieved [88]. HSCT from alternative donors 
(partially HLA-matched relatives or mismatched 
family donors  – MMFD, and umbilical cord 
blood  – UCB) has led to more disappointing 
results.

Given these results and the evidence of a 
selective survival advantage of wild-type cells in 
experiments in mice, and patients with XLT with 
a low-level expression of WAS protein having a 
less severe phenotype [24], therapy with WAS 
gene-transduced autologous HSCs has been con-
sidered as a valid alternative approach for patients 
lacking a suitable donor or older than 5  years 
[91].

After large preclinical studies performed to 
evaluate the feasibility and efficacy of gene trans-
fer by means of both γ-retroviral (RV) [92–95] 
and LV [96, 97] vectors, the first phase I/II study 
on humans was conducted in 2006 in Hannover, 
including ten patients, treated with WASp- 
expressing LTR-driven γ-RV following reduced- 
intensity busulfan conditioning [77, 87, 98]. 
Stable engraftment of gene-corrected cells in 
multiple lineages (HSCs, lymphoid, and myeloid 
cells) led to restoration of WASp expression, with 
a proliferative and selective advantage of cor-
rected lymphoid cells over myeloid lineage, in 
line with the results of preclinical models [99, 
100]. Severe infections, bleeding tendency, and 
autoimmune phenomena impressively decreased 
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in the 1st years of follow-up [77, 98, 100]. 
However, between 14 months and 5 years after 
GT, seven out of ten treated patients developed 
hematologic malignancies [77, 87, 98–100], 
including four cases of T-cell acute lymphoblas-
tic leukemia (T-ALL), two primary T-ALL with 
secondary AML, and one acute myeloid leuke-
mia (AML), all LMO-2 related. Despite chemo-
therapy and secondary allogeneic HSCT, two 
patients died from leukemia [96]. The analysis of 
vector common insertion sites (CISs) revealed a 
marked clustering between patients, with hotspots 
found within the proto-oncogenes (LMO2 and 
MDS/Evi1), already known to be associated in 
other GT trials with the development of leukemia 
and myelodysplasia [2, 40, 77, 101]. The strong 
viral promoter in the context of a RV, the rela-
tively high vector copy number per cell (1.7–5.2), 
and the WAS background might have had a role 
in the high risk of insertional mutagenesis [77], 
indicating that LMO2-driven leukemogenesis 
may occur in several PIDs.

Since then, several groups have developed 
SIN-LV vectors in which different promoters 
drive WAS protein expression in various model 
systems, in order to overcome the risk of leuke-
mia from γ-RV [102–105]. Based on the promis-
ing efficacy and long-term safety results in 
several preclinical studies [103, 105, 106], a len-
tiviral vector consisting of the endogenous 1.6 kb 
human WAS promoter has been implemented in 
clinical trials in Boston, London, Milan, and 
Paris using different conditioning regimens and 
enrolling patients with severe clinical score and 
without a suitable HSCT donor [5]. The short- 
term results (18-month follow-up) in the Milan 
study (NCT01515462) in three patients have 
been published in 2013 [107, 108] and confirmed 
in a recent update of seven patients, treated at 
median age 1.9 years (range, 1.1–11.1 years). All 
patients are alive after a median follow-up of 
3.2 years (0.7–5.0). The investigational medici-
nal product dose ranged between 7.0 and 14.1 × 
106 CD34+ cells/kg, and the mean vector copy 
number (VCN)/genome in bulk CD34+ cells was 
2.7 ± 0.8. In the first six treated patients with 
follow-up of more than 2 years, a robust and per-
sistent engraftment of gene-corrected cells was 

detected in multiple lineages, including bone 
marrow progenitors, peripheral blood granulo-
cytes, and lymphocytes. WASp expression was 
restored, and proliferative response to anti-CD3 
mAb was in the normal range in all patients, 
allowing the discontinuation of anti-infective 
prophylaxis and of restriction measures. All 
patients became platelet transfusion-independent 
at a median of 4  months after GT (range, 1.0–
8.7). From the 2nd year of follow-up, the number 
of hospitalizations for infections decreased; four 
patients stopped immunoglobulin supplementa-
tion, and two of them developed specific antibod-
ies after vaccination. No severe bleeding episodes 
were recorded after treatment. Eczema resolved 
in four patients and remains mild in two, and no 
clinical manifestations of autoimmunity were 
observed. Importantly, no evidence of abnormal 
clonal proliferations emerged after GT, and the 
LV integration profile show a polyclonal pattern, 
with no skewing for proto-oncogenes [109].

An additional seven and four patients have 
been treated in Paris/London (NCT01347346, 
NCT01347242) and in Boston (NCT01410825), 
respectively, and the preliminary results have 
been recently published. At post–treatment fol-
low- up ranging between 9 and 42 months, six of 
seven patients in the Paris/London trial show an 
improved clinical outcome, while one patient 
unfortunately died 7 months after treatment due 
to preexisting drug-resistant herpes virus infec-
tion. Eczema and susceptibility to infections 
resolved in all patients. Autoimmunity improved 
in five of five patients. No severe bleeding epi-
sodes were recorded after treatment, and hospi-
talization days were reduced after treatment. All 
six surviving patients exhibited high-level, stable 
engraftment of functionally corrected lymphoid 
cells. The degree of myeloid cell engraftment and 
of platelet reconstitution correlated with the dose 
of gene-corrected cells administered. No evi-
dence of vector-related toxicity was observed 
clinically or by molecular analysis [110].

Among the second series of patients, all were 
alive at a median follow-up of 13.5 months (range 
9–24  months). Two patients had low WASp 
expression, while the other two had a null muta-
tion but evidence of somatic reversion in T and/or 

M. P. Cicalese and A. Aiuti



421

NK cells. Busulfan conditioning was myeloabla-
tive or near-myeloablative in three patients and 
sub-myeloablative in one. CD34+ cell doses 
ranged from 6.3–24.91 × 106 cells/kg, while the 
VCN of the infused cells was variable (range, 
0.54–3.37 copies/cell). WASp expression in T 
cells was increased post-GT over baseline, and 
the presence of revertants did not appear to inter-
fere with T-cell reconstitution. The patient that 
received the highest cell dose, the highest VCN, 
and myeloablative busulfan conditioning had a 
more robust platelet reconstitution. T- and 
NK-cell functions were improved post-GT, and 
the T-cell Vβ repertoire was restored in most of 
the patients. All patients had improvement in 
eczema, became platelet transfusion- independent, 
and had no severe bleeding events after treat-
ment. Integration site analysis showed highly 
polyclonal reconstitution, with distributions of 
integration acceptor sites as expected for the len-
tiviral vector backbone [111].

Another LV vector using a viral MND-derived 
promoter has also been used to further increase 
WASp expression in mice, but results indicate 
that the γ-RV-derived promoter leads to higher 
transgene expression as compared to the WAS- 
promoter vector. Moreover, this occurred in asso-
ciation with myeloid clonal expansion and 
transcriptional dysregulation, highlighting that 
higher transgene expression may correlate with 
potential leukemic risk [2, 112].

 Gene Therapy for CGD

Chronic granulomatous disease (CGD) is a rare 
primary immunodeficiency caused by defects in 
the genes encoding any of the NADPH oxidase 
components responsible for the respiratory burst 
of phagocytic leukocytes. CGD is a genetically 
heterogeneous disease with an X-linked reces-
sive (XR-CGD) form caused by mutations in the 
CYBB gene encoding the gp91phox protein and an 
autosomal recessive (AR-CGD) form caused by 
mutations in the CYBA, NCF1, NCF2, or NCF4 
genes encoding p22phox, p47phox, p67phox, and 
p40phox, respectively. Patients suffering from this 
disease are susceptible to severe life-threatening 

bacterial and fungal infections, notably staphy-
lococcus and aspergillus, and excessive inflam-
mation characterized by granuloma formation in 
any organ, for instance, the gastrointestinal and 
genitourinary tract. An early diagnosis of and 
the prompt treatment for these conditions are 
crucial for an optimal outcome of affected 
patients.

To prevent infections, CGD patients should 
receive lifelong antibiotics and antifungal pro-
phylaxis, and anti-inflammatory agents may be 
required to control inflammatory complications 
(e.g., inflammatory bowel disease). These mea-
sures, as well as newer more effective antimicro-
bials, have significantly modified the natural 
history of CGD, resulting in a remarkable change 
in overall survival. HSCT has recently shown a 
high success rate as an early intervention in 
patients with very low superoxide production and 
in patients with a history of severe invasive fun-
gal infection, organ abscesses, and/or significant 
inflammatory or autoimmune signs [26, 113–
115]. Furthermore, GT could offer a safer alter-
native, specifically avoiding the risk of 
GvHD. Early clinical trials performed with γ-RV 
without conditioning showed only transitory 
functional correction of ≤0.5% of peripheral 
blood granulocytes [116, 117]. Since gene- 
transduced neutrophils have no survival advan-
tage over defective neutrophils and have a life 
span of only a few days, engraftment of relatively 
high number of gene-transduced HSCs is required 
by preparatory conditioning [118]. Additionally, 
the inflammatory bone marrow milieu could hin-
der the engraftment of transduced HSCs [74, 76, 
118].

The first GT trials were conducted at the NIH 
in 1995 and 1998 targeting X-linked gp91phox 
deficiency with a Mo-MLV-based MFG γ-RV. Ten 
patients underwent harvest and transduction of 
granulocyte colony-stimulating factor-mobilized 
CD34+ HSCs that were reinfused without pre-
conditioning [117, 119]. In both trials, only a low 
(≤ 0.5%) and transient population of NADPH 
oxidase-competent neutrophils was detected, 
without any long-term clinical benefit [116, 117].

More recent trials for X-CGD were conducted 
between 2000 and 2010 in five different centers 
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worldwide (Frankfurt, Zurich, London, NIH, 
Seoul) using γ-RV vector-transduced, mobilized 
CD34+ cells and non-myeloablative conditioning 
with low-dose (8–10 mg/kg) busulfan [76, 113, 
120, 121] ± fludarabine [122], or melphalan 
alone (140  mg/m2) [76] in 13 patients. Ten 
patients showed an initial correction of NADPH 
activity and 5–25% of the total neutrophils show-
ing gene marking, leading to transient clinical 
benefit and clearance of severe fungal infections. 
This was followed by a yet unexplained difficulty 
in achieving long-term engraftment of significant 
levels of transduced cells, with loss of the expres-
sion of the wild-type gp91phox gene [123]. The 
methylation of the viral promoter leading to 
silencing of transgene expression is a hypothesis 
suggested for loss of engraftment [101]. 
Alternatively, ectopic gp91phox expression in 
hematopoietic stem cell and progenitor cells 
could cause the production of reactive oxygen 
species that may damage DNA, alter cell growth, 
or induce apoptosis [124–126]. Moreover, 
immune-mediated mechanisms against gp91phox- 
expressing cells could have contributed to the 
lack of long-term persistence [126].

In three patients (two adults in Frankfurt, one 
child in Zurich), an increase of gene-marked neu-
trophils reached 50% of all neutrophils temporar-
ily and led subsequently to the clearance of 
chronic infections. However, the increase 
reflected clonal expansion and was found to be 
caused by insertional mutagenesis due to integra-
tion into MECOM (MDS/EVI1 complex) and 
PRDM16 oncogene loci and transactivation by 
the viral SFFV LTR similar to that observed in 
SCID-X1 patients. The adult patients developed 
myelodysplasia (MDS) with monosomy seven 
within the next 2.5 years and concomitant loss of 
oxidase function in the gene-marked cells, prob-
ably due to transgene silencing after a series of 
epigenetic events. Both adult patients died due to 
complications of MDS [101, 113, 121]. Two chil-
dren were treated in Zurich with the same SFFV 
vector and also developed clonal expansion, one 
with further development to MDS. Both patients 
are still alive after HSCT [38, 127].

After the failure of the first trials performed 
with retroviral vectors, some groups have pro-

posed the use of regulated SIN-lentiviral vectors 
targeting gp91phox expression in myeloid cells to 
increase the safety and efficacy of the GT proto-
cols and using a fully myeloablative condition-
ing regimen prior to gene therapy (12–16 mg/kg 
busulfan). A lentiviral vector in which gp91phox 
is driven by a synthetic chimeric promoter, cre-
ated by the fusion of cathepsin G and c-Fes min-
imal 50-flanking regions, has been developed in 
London and Frankfurt. In these vectors, trans-
gene expression is regulated by the myeloid- 
specific promoter. Stringent control of gp91phox 
expression by the miRNA-mediated posttran-
scriptional control elements in HSCs supports 
the further development of this microRNA 
approach as an alternative gene transfer tech-
nique for CGD [126, 127]. In vitro and murine 
in  vivo studies showed that this vector is 
myeloid-specific, restores NADPH oxidase 
activity, and has a reduced potential regarding 
insertional mutagenesis [128]. This vector is 
currently employed in multicenter trials in 
Europe and in the USA (NCT01906541, 
NCT01855685, NCT02234934).

Another proposed strategy is based on the use of 
a gp91phox-encoding vector driven by synthetic chi-
meric promoter in combination with different 
myeloid transcription factor binding sites or the 
A2UCOE element linked to a myeloid promoter 
driving gp91phox expression in murine myeloid cells 
[126, 129–131]. However, as A2UCOE protects 
from promoter methylation, its chromatin remodel-
ing properties could have considerable side effects 
in HSCs [131, 132], so further studies are needed to 
proceed to clinical applications [38, 133].

A novel approach based on dual-targeted LV 
has been developed in Milan, Italy, and repre-
sents a promising candidate for further clinical 
development. This construct targets gp91phox 
expression to the differentiated myeloid compart-
ment while sparing HSC, to reduce the risk of 
genotoxicity and potential perturbation of reac-
tive oxygen species levels. Targeting was 
obtained by a myeloid-specific promoter (MSP) 
and post–transcriptional, microRNA-mediated 
regulation. Both components in human bone 
marrow (BM) HSC and their differentiated prog-
eny in  vitro and in a xenotransplantation were 
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optimized to generate therapeutic 
 gp91phox- expressing LVs for CGD gene therapy. 
All vectors restored gp91phox expression and func-
tion in human X-CGD myeloid cell lines, pri-
mary monocytes, and differentiated myeloid 
cells. While unregulated LVs ectopically 
expressed gp91phox in CD34+ cells, transcription-
ally and posttranscriptionally regulated LVs sub-
stantially reduced this off-target expression. 
X-CGD mice transplanted with transduced HSC 
restored gp91phox expression, and MSP-driven 
vectors maintained regulation during bone mar-
row development. Combining transcriptional 
(SP146.gp91-driven) and posttranscriptional 
(miR- 126- restricted) targeting, high levels of 
myeloid- specific transgene expression, entirely 
sparing the CD34+ HSC compartment, were 
achieved [126]. Recently, the same group set up a 
mouse model of acute infection closely mimick-
ing the airway infection in CGD patients, involv-
ing an intratracheal injection of a 
methicillin-sensitive reference strain of S. aureus. 
Gene therapy with HSC transduced with regu-
lated LVs restored the functional activity of 
NADPH oxidase complex (with 20–98% of dihy-
drorhodamine-positive granulocytes and mono-
cytes) and saved mice from death caused by S. 
aureus, significantly reducing the bacterial load 
and lung damage similarly to wild-type mice, 
even at low VCN. When challenged, GT-treated 
X-CGD mice showed correction of pro-inflam-
matory cytokines and chemokine imbalance at 
levels that were comparable to wild type. These 
results support the clinical development of gene 
therapy protocols using lentiviral vectors for the 
protection against infections and inflammation in 
CGD [134].

 New Frontiers and Technologies 
of Gene Correction for Other 
Diseases

In recent years, gene therapy of HSCs has proven 
its efficacy in several genetic diseases, including 
several PIDs. To address the issue of lymphoid or 
myeloid proliferation [74] associated with inser-
tional mutagenesis observed in SCID-X1, CGD, 

and WAS clinical trials, the γ-RV vectors are 
being increasingly replaced by SIN vectors, 
which have shown high efficacy in terms of sus-
tainable transgene expression and reduced risk of 
insertional mutagenesis in vitro [74] and in vivo.

For several other genetic defects causing 
PIDs, preclinical studies are already ongoing by 
SIN-LV vectors or in certain cases of gene edit-
ing. Artemis is a single-stranded endonuclease, 
the deficiency of which results in a radiation- 
sensitive form of severe combined immunodefi-
ciency (SCID-A). Ex vivo transduction with the 
APro-Artemis vector supported effective immune 
reconstitution in a murine model of SCID-A, 
resulting in fully functional T and B lymphocyte 
responses. These results demonstrate the impor-
tance of regulated Artemis expression in immune 
reconstitution of Artemis-deficient SCID [135]. 
As a preclinical model for RAG-SCID, Rag1−/− 
mice and lentiviral SIN vectors harboring differ-
ent internal elements to deliver native or 
codon-optimized human RAG1 sequences were 
used, resulting in the appearance of peripheral B 
and T cells and normal serum Ig levels [136]. In 
another approach, only high vector copy numbers 
could boost T- and B-cell reconstitution, and 
mice presented clinical manifestations resem-
bling Omenn syndrome [137]. The development 
of LVs driving codon-optimized human RAG2 
(RAG2co) leads to phenotype amelioration com-
pared to native RAG2 in Rag2−/− mice, with res-
toration of all immune functions and providing a 
valid optional vector for clinical implementation 
[138]. Proof of concept of HSC GT for correction 
of mutations in the gene encoding SLAM- 
associated protein (SAP), causing X-linked lym-
phoproliferative disease (XLP1), has been 
provided in SAP−/− mice [139]. LVs have been 
also used in preclinical models to treat familial 
hemophagocytic lymphohistiocytosis (FHL), 
with partial recovery of immune cells and normal 
immune regulation [140]. Other preclinical mod-
els of gene therapy are under development and 
include UNC13D (Munc13-4), CD40LG, BTK, 
BLNK, and Leucocyte adhesion deficiency [38].

Apart from PIDs, in the last two decades, sig-
nificant advances have been made in GT for 
hemoglobinopathies, as beta-thalassemia and 
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sickle-cell disease, with LVs. After some first 
attempts [141–145], LentiGlobin vector BB305 
showed the best preclinical results and was used 
in 2013 and 2014  in three clinical trials spon-
sored by the biotechnology company bluebird 
bio (clinicalTrial.gov identifiers, NCT02151526, 
NCT01745120, and NCT02140554). Thirteen 
subjects with transfusion-dependent 
β-thalassemia and one patient with severe sickle- 
cell disease have been treated in the context of 
the studies, and the majority achieved transfusion 
independence [145–147].

Another clinical trial of GT in adult 
b- thalassemia major patients was initiated in 
2012  in New  York, USA, using a non- 
myeloablative conditioning (clinicalTrial.gov 
identifier, NCT01639690) [148, 149], that is not 
currently sufficient to ensure optimal engraft-
ment with transduced stem cells [150].

A more recent trial has also started in 2015 in 
Milan, Italy, sponsored by Fondazione Telethon 
[151–153]. Initial data on the first adult patients 
showed a good yield of HSC collected from 
peripheral blood, leading to a high number of 
cells infused, good tolerability of the procedure, 
and preliminary positive efficacy data.

Metabolic diseases have been another recent 
field of application of GT, with a big challenge of 
delivering a sufficient amount of the corrected 
stem cells and protein beyond the blood-brain 
barrier. The proof of successful ABCD1 gene 
transfer to autologous HSCs by a LV was obtained 
in three patients with X-linked adrenoleukodys-
trophy [154]. The first clinical trial of GT with 
LV with ARSA gene recently demonstrated a 
marked benefit with prevention of disease onset 
or halted disease progression in 8/9 patients [155, 
156].Various other lysosomal storage disorders 
are under investigation. Preclinical studies in 
mucopolysaccharidosis type I (MPS-I), MPS- 
IIIa, and Pompe disease (glycogen storage dis-
ease II) have successfully investigated the 
efficacy of LV gene correction of HSCs in the 
murine model with promising results that set the 
scene for future clinical trials [157–159].

Ultimately, a general shift from the current 
“gene addition” approaches to “gene editing” 
strategies will certainly lead to new perspectives 

in the treatment of patients affected by PIDs and 
other genetic diseases. With this approach, genes 
can be targeted and corrected in situ allowing 
expression from native regulatory elements. This 
can be achieved through a number of available 
platforms including meganucleases, zinc-finger 
nucleases (ZFN), transcriptor activator-like effec-
tor nucleases (TALENs), and clustered regularly 
interspaced short palindromic repeats (CRISPR)-
associated (CRISPR/Cas)-based RNA-guided 
DNA endonucleases. All of these nucleases com-
bine specific DNA recognition sequences with an 
endonuclease capable of generating a site- specific 
double-stranded break (DSB) in the DNA, stimu-
lating homologous recombination (HR) [49, 
160]. Several gene-targeting approaches have 
been recently published, applying ZFN, TALEN, 
and CRISPR/Cas9 technology to iPSCs from 
beta-thalassemic, sickle-cell, and CGD patients, 
with promising results [161–163].

Gene therapy is still at an early stage of devel-
opment for some diseases, but clinical trials for 
some PIDs have already provided proof of prin-
ciple for sustained clinical efficacy with low tox-
icity in several patients. The experience of 
ADA-SCID GT has shown that the synergism 
between the academical institutions and the 
industry has allowed to produce individualized 
therapies by gene correction as a standard, 
approved therapy. This will hopefully open the 
way to the approval of GT for the treatment of 
other genetic diseases.

Recent studies indicate that combined gene 
and cell therapy approaches may exploit the pro-
liferative potential of pluripotent stem cells, but 
many obstacles to the use of such approaches for 
the treatment of PIDs and other hematological 
disorders remain [164–166]. Moreover, although 
recent gene and cell therapy trials involving 
LV-mediated gene transfer in HSCs followed by 
autologous cell transplantation gave excellent 
outcomes and no observable toxicity, the risk of 
insertional mutagenesis will need further moni-
toring in the next years. Finally, if the safety and 
efficacy results will be persistent in the long term, 
gene therapy could be considered in the future as 
a first-line low-risk complication treatment for 
some diseases.
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bacteremias, 186
definition, 184
empiric regimen, 185
management, 185
patients, 185, 189
risk, 184
risk assessment and treatment, 186

Ficolin
M-, L-, and H-ficolin, 62
N-acetyl-D-glucosamine, 62

Flow cytometry, 143
Fluid-phase complement inhibitors

C1-INH, 67, 68
C4BP, 68
clusterin, 70
FH family, 68–69
physiological conditions, 67
vitronectin, 69

Fluoroquinolones, 185, 197, 198, 303
drug target site, 302
prophylaxis, 303
resistance, 302

Follicular dendritic cells (FDCs), 46, 76
Follicular (FO) B cells, 44, 45
Foscarnet (FCN), 321

adverse effects, 321
clinical use, 321
mechanism of resistance, 322
pharmacokinetics, 321

Fresh frozen plasma (FFP), 76
Fungal-specific CTLs

against nonviral infections, 404, 405
allogeneic HSCT recipients, 404
expanded memory/effector Th1 cells, 404
IFN-ɣ ELISpots, 404
T-cell immunity, defense, 404

Fusariosis, 204

G
G6PC3 deficiency, 134–135
Galactomannan, 188
Ganciclovir (GCV), 253, 320

adverse effects, 320
clinical use, 320
and foscarnet, 322
mechanisms of resistance, 321
pharmacokinetics, 320

Gastrointestinal side effects, 323
Gastrointestinal system, 167
GATA2 deficiency, 144, 388
Gelatinase granules, 12
Gene therapy (GT), 414–417, 421

advantages, 414
CGD (see Chronic granulomatous disease (CGD))
oncogenesis and vector technology, 414
SCID-X1 (see SCID-X1; Wiskott-Aldrich  

syndrome (WAS))

Genetic defect, 116, 120, 124, 125
Genital ulcerations, 321
Genome-wide association studies (GWAS), 122
Germinal center, 43, 45–48
Glycopeptides, 305
Glycosylphosphatidylinositol (GPI) anchor, 71
Graft-versus-host disease (GvHD)

acute and chronic, 197, 202, 205
allogeneic HSCT, 202
gastrointestinal tract, 195, 201
immunosuppression, 196
pneumonitis, 212
T-cell interaction, 195

Gram-positive bacteria, 299
Granulocyte colony-stimulating factor (G-CSF),  

185, 203
Granulocyte macrophage colony-stimulating factor 

(GM-CSF), 203
Granulocyte-macrophage progenitors (GMPs), 2
Granulocytes, 4–5
Graves’ disease, 288
Growth factor independent protein 1 (GFI1), 135
GS-5806, 328
Gut microbiota, 284

H
Haemophagocytic lymphohistiocytosis, 388–389
Haemophilus influenzae, 339
α-Helical AMPs, 97
Helper T cells (Th), 35, 36
Hematologic transplant, 364
Hematopoietic stem cell transplantation (HSCT), 183

adaptive immunity, 195
allogeneic hematopoietic stem cell  

transplantation, 196
antifungal agents, 205
antigen-specific memory T cells, 196
B cells, 195
bacterial infections, 198–200

impaired humoral immunity and functional 
asplenia, 200

Listeria monocytogenes, 198
neutropenia and mucositis, 197–198
Nocardia spp. (see Nocardia spp.)

CD4+ T cells, 195
CD8+ T-cell, 195
chemotherapy, 197
cord blood transplants, 196
cytomegalovirus infection and disease, 210
fungal infections

azoles and drug interactions, 204
cryptococcosis, 205–206
endemic mycoses, 206
immune augmentation, 203
invasive aspergillosis, 202–205
morbidity and mortality, 200
mucocutaneous and invasive candidiasis 

syndromes, 200–202
mucormycosis and fusariosis, 204

Index



438

Hematopoietic stem cell transplantation (HSCT) (cont.)
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