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A. Introduction

Host defense from infection depends upon a complex integrated system of physical barriers 

(e.g., skin, stomach acid, and mucociliary clearance), innate immunity (e.g., phagocytic 

cells, natural killer cells, complement) and adaptive immunity (B and T lymphocytes). 

An individual may have deficiencies of one or more components of host defense, but 

no individual is defenseless. Because each functional compartment of the immune system 

plays a specialized role in host defense, defects in specific functions lead to increased 

susceptibility to specific pathogens. The key to understanding the susceptibility of a 

particular patient is to understand the specific host defense defects of that patient. This 

chapter will briefly review the components of host defense and the types of infections that 

are most likely to occur with specific defects in those defense mechanisms. Following that 

will be descriptions of the infections that occur in patients with a variety of primary and 

secondary immune deficiency disorders, with the intent of providing illustrative examples.

B. Overview of Host Defenses

Host defense depends upon physical barriers, as well as the immune system. In conceptual 

terms, the components of the immune system can be divided into two compartments – innate 

and adaptive – with fundamentally different modes of action (Table 1). Innate host defense 

mechanisms are rapid (minutes to hours), depend upon patterned responses to pathogens 

(e.g., by phagocytic cells, complement) and do not improve with repeated exposure to one 

or many pathogens. In contrast, adaptive immune mechanisms are slow (days), depend upon 

very specific responses to individual antigens (e.g., by B and T lymphocytes), and improve 

with repeated exposure to an individual antigen. Successfully integrated and functioning 

together, physical barriers and the components of innate and adaptive immunity form a 

critical homeostatic mechanism necessary for the host’s defense against infection and the 

generation of normal inflammatory responses (1, 2).
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Physical Barriers

The initial defenses against infection are provided by physical and chemical barriers (3). 

These include the tight junctions between epithelial cells of the skin; a protective barrier 

of mucus that traps microorganisms on mucosal surfaces and then is swept out of the 

respiratory tract by cilia and from the gastrointestinal tract by peristalsis; lysozyme in 

saliva and tears; acid in the stomach; antimicrobial peptides such as defensins; surfactant 

proteins that can opsonize microorganims for easier phagocytosis; and mechanical flushing 

of the gastrointestinal and urinary tracts. In addition, microbial pathogens must compete 

for space and nutrients with the normal microbiota on the skin and mucosal surfaces. 

Defects of physical barriers (e.g., disruption of the skin by burns or a vascular catheter; 

reduced mucociliary clearance because sedation is needed to keep a patient comfortable 

on mechanical ventilation; and obstruction of urinary drainage by a renal stone) are not 

the subject of this chapter, though they are common causes for increased susceptibility to 

infection.

Innate immunity

The components of the innate immune system (neutrophils, macrophages, natural killer 

or NK cells, and complement) recognize foreign antigens by receptors encoded by 

intact germline genes (e.g., toll-like receptors and mannose binding lectin) (4). These 

receptors bind to pathogen-associated molecular patterns (PAMPs) that are shared by many 

microorganisms (e.g., bacterial lipopolysaccharide). For example, the macrophage mannose 

receptor binds specific sugar molecules found on the surface of many bacteria and viruses. 

A family of transmembrane receptors called Toll-like receptors (TLR) have specifity for 

a variety of PAMPs (5). Binding to these receptors triggers a signalling cascade with 

induction of transcription factors and activation of pro-inflammatory genes. One particularly 

important role for TLRs is to trigger macrophage responses to bacterial lipopolysacharide 

(LPS) (6). Bacterial LPS in body fluids is bound by the circulating LPS-binding protein, and 

this complex then binds to CD14 on the macrophage surface. When the LPS/LPS-binding 

protein/CD14 complex binds to TLR-4, the transcription factor NF-κB is translocated into 

the nucleus where it activates genes involved in host defense such as tumor necrosis factor­

alpha (TNF-α) and inducible nitric oxide synthetase (7). The receptors for PAMPs are 

displayed non-clonally on cells of the innate immune system. That is, all neutrophils display 

the same set of PAMP receptors, whereas all NK cells display a another set of PAMP 

receptors. Repeated exposure to an antigen does not alter the innate immune response to that 

antigen.

Phagocytes—Phagocytic cells ingest foreign antigens and microorganisms (8). Although 

many phagocytic cells are mobile and can move from the bloodstream through tissues to the 

site of microbial invasion or inflammation, other phagocytic cells are fixed in the sinusoids 

of the bloodstream and the lymphatic system where they clear microorganisms and other 

particulate matter from the circulation. A variety of cells possess phagocytic activity, but 

neutrophils, monocytes and macrophages are the most critical to the function of the immune 

system. Monocytes and macrophages can also present antigen to lymphoid cells and secrete 

a variety of proinflammatory substances (including cytokines and complement components). 
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These cells thus play an important role in the generation of innate and adaptive immune 

responses, in addition to their role in phagocytosis.

To function properly, all phagocytic cells must attach to a substrate (adherence), move 

through tissues toward the site of microbial invasion (chemotaxis), attach and ingest 

microbes (phagocytosis), and finally kill them (intracellular killing). The adherence of 

phagocytic cells is mediated by a family of cell surface glycoproteins (integrins including 

CR3, LFA-1, and p150, 95) and is enhanced by a number of soluble mediators (including 

C5a, thromboxane A2, leukotrienes, and platelet-activating factor).

The directed movement of phagocytic cells toward a chemical stimulus is termed 

chemotaxis. Phagocytic cells sense chemical gradients across their length, and then move 

in the direction of the higher concentration (i.e., the source of the chemotactic stimulus). A 

variety of substances act as chemoattractants (including C5a which is produced by activation 

of the complement system, some bacterial peptides, prostaglandins, and monocyte- and 

lymphocyte-derived cytokines). Once phagocytic cells reach the site of infection, they ingest 

the microbes. The process is facilitated if the microbes have been coated (opsinized) with 

IgG antibody and/or the larger cleavage product of the third component of complement, 

C3b, as phagocytic cells have surface receptors for IgG and C3b.

The process of intracellular killing begins soon after the phagosome is internalized. Both 

primary (azurophilic) and secondary (specific) granules can fuse with the phagosome, and 

a number of antimicrobial substances are thereby introduced into the phagosome. These 

substances include lysozyme, lactoferrin, acid hydrolases, and cationic proteins. Perhaps 

the most important killing mechanism, however, is the myeloperoxidase-H2O2-halide 

system. After ingestion of microorganisms, molecular oxygen is reduced to superoxide 

by a series of reactions involving nicotinamide-adenine dinucleotide phosphate (NADPH, 

reduced form) oxidase. The superoxide, in turn, undergoes further reactions, leading to 

the generation of reduced oxygen derivatives such as hydrogen peroxide and hydroxyl 

radicals. Myeloperoxidase catalyzes the reaction of hydrogen peroxide with chloride to 

create hypochlorite ions. The net effect of these toxic derivatives of reduced molecular 

oxygen is to kill microorganisms within the phagocytic vacuole.

Complement System—The complement system is composed of about two dozen serum 

proteins that, when functioning in an ordered and integrated fashion, mediate a variety of 

defensive and inflammatory reactions (9, 10). The majority of the biologically significant 

effects of the complement system are mediated by the third component (C3) and the 

terminal components (C5 through C9). To subserve their biologic functions, however, C3 

and C5 through C9 must first be activated via either the classical, the alternative or the 

mannan-binding lectin (MBL) complement pathway.

In the classical complement pathway, antigen-antibody complexes composed of either IgG 

or IgM activate the first component of complement (C1). Activation of the alternative 

complement pathway, in contrast, can occur in the absence of specific antibody if there 

is a “non-mammalian” cell surface. A third activation pathway, the MBL pathway, uses a 

molecule homologous to C1q to trigger the complement cascade. MBL binds to mannose 
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residues on microbial surfaces, but does not bind mannose on host cells because it is 

blocked by sialic acid. Activation of any of these pathways leads to the proteolytic cleavage 

of C3 into C3a and C3b. The activation of C3 represents an amplification step because 

hundreds of C3 molecules can be cleaved by a single C3-convertase. C3a is released into 

the fluid phase, where it can act as an anaphylatoxin, releasing the tight junctions between 

vascular endothelial cells thus facilitating the movement of inflammatory cells from the 

bloodstream to an infected tissue. C3b binds covalently to the surface of the activating cell 

or to the immunoglobulins of the activating immune complex, thereby acting as an opsonin 

or combining with either of the C3-convertases to create a C5-convertase. Activation of C5 

creates a small cleavage product, C5a, which is released into the fluid phase where it can act 

as an anaphylatoxin and a chemotaxin. C5b can combine with native C6, and thereby initiate 

the formation of a membrane attack complex (a multimolecular assembly of C5b, C6, C7, 

C8, and C9) which is inserted into cell membranes and is responsible for the cytolytic and 

bactericidal actions of complement.

Natural killer cells—Natural killer (NK) cells are derived from the common lymphoid 

progenitor cell (11, 12). However, unlike other lymphocytes, NK cells have invariant 

receptors that are not expressed clonally. One type of receptor binds a variety of cell surface 

carbohydrates, and is able to activate the NK cell. A second type of receptor binds MHC 

class I alleles, and has inhibitory activity. NK cells can kill targets that express a net excess 

of activating vs. inhibitory signals. This can occur, for example, if a viral-infected host 

cell has decreased expression of MHC class I molecules. NK cells also have receptors for 

the Fc portion of IgG (FcγR), so they can bind to host cells expressing viral or tumor 

antigens to which IgG antibodies have attached. Once an NK cell has attached to a target, 

it can release cytotoxic granules that penetrate the target cell and induce programmed cell 

death (apoptosis). The cytotoxic actvity of NK cells can be enhanced by prior exposure to 

interferons and the macrophage-derived cytokine IL-12.

Adaptive Immunity

The cells of the adaptive immune system (B and T lymphocytes) recognize antigen via 

receptors assembled from rearranged gene segments, and each lymphocyte expresses a 

unique antigen receptor (13). Repeated exposure to an antigen selects those cells with the 

highest affinity receptors for that antigen, induces proliferation of that clonal population, and 

differentiation into effector and long-lived memory cells. The net effect is to increase the 

kinetics and magnitude of the response to subsequent exposures of the same antigen.

B lymphocytes—Each B lymphocyte has a unique antigenic specificity, marked by the 

immunoglobulin receptor on its cell membrane. When antigen binds to the immunoglobulin 

(antibody) expressed on the surface of one of the B lymphocytes, that cell proliferates 

to form a clone of progeny cells with identical antibody specificity. These cells then 

differentiate into plasma cells that secrete immunoglobulins (IgM, IgG, IgA, IgE, or IgD). 

Most antigens are T-cell dependent, that is, optimal B-cell differentiation into plasma cells 

requires the presence of T-lymphocyte helper cells. There are a few antigens, however, 

including such clinically important ones as bacterial capsular polysaccharides, that are T 

independent and able to trigger terminal B-cell differentiation even in the absence of T 
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lymphocytes. In all cases, CD4 helper T lymphocytes (TH) are important modulators of 

B-cell function, influencing the degree, duration, and quality (affinity and class distribution) 

of the antibody response.

The five major classes of immunoglobulins are IgG, IgM, IgA, IgE, and IgD. Each class has 

unique structural and functional characteristics. Depending on the class, immunoglobulins 

function in host defense by opsonization of foreign microorganisms, activation of serum 

complement, neutralization of toxins and viruses, and inhibition of microbial attachment to 

mucosal surfaces. IgM is the first immunoglobulin produced in an immune response and is 

the most efficient activator of complement. IgG is the predominant serum immunoglobulin, 

is actively transported across the placenta, possesses opsonic activity, and activates 

complement. IgA, which is the major immunoglobulin secreted onto mucosal surfaces, 

is largely silent as an inflammatory mediator, but can prevent microbial adherence and 

penetration across the mucosal surface, and clears and disposes of antigens. IgE is a 

mediator of allergic disease. By means of interactions with mast cells and eosinophils, IgE 

also can play a role in host defense against parasitic infections. Most IgD is expressed on the 

surface of naïve B-lymphocytes, though limited amounts are secreted. It has no known role 

in host defense.

T lymphocytes—T lymphocytes are the effectors for cell-mediated immunity. They also 

serve as important regulators of both the humoral and cell-mediated immune systems and 

modulate the activities of nonlymphoid cells such as monocytes. Like B lymphocytes, 

each T-lymphocyte has a unique antigenic specificity. The diverse effector and regulatory 

functions of T lymphocytes are carried out by distinct lymphocyte subpopulations. 

CD4 T lymphocytes carry out immunoregulatory functions by the release of cytokines, 

some of which stimulate B-lymphocyte (IL-2, IL-4, IL-5) and T-lymphocyte (IL-2, 

IL-4) proliferation and differentiation, activation of monocytes (interferon-gamma), and 

proliferation of hematopoietic precursors of lymphoid and nonlymphoid cells (IL-3). Some 

lymphokines preferentially stimulate secretion of IgG1; others lead to the secretion of IgA 

and IgE. When CD4 TH lymphocytes proliferate, they differentiate into a variety of effector 

cells, termed TH1, TH2, TH17, TFH and Treg cells. Although the factors determining the 

differentiation of each of these types of effector cells have not been fully elucidated, the 

functions are relatively clearly understood. The TH1 cell secretes cytokines (IL-2, interferon­

gamma, and tumor necrosis factor–alpha) that stimulate cell-mediated immune responses 

such as activation of macrophage bactericidal function, delayed-type hypersensitivity, and 

cytotoxicity. The TH2 cell secretes cytokines (IL-4, IL-5, IL-6, and IL-10) that drive B-cell 

proliferation and differentiation, resulting in antibody synthesis. These TH subsets are not 

mutually exclusive, but most infectious pathogens induce a response that is predominantly 

TH1 or TH2. In addition, there is cross-regulation of TH1 and TH2 cells. The TH1 cytokine 

IFN- gamma downregulates TH2 cells, whereas the TH2 cytokine IL-10 downregulates TH1 

cells.

TH17 cells secrete cytokines (IL-17 and Il-22) that promote neutrophil accumulation, 

changes in barrier function, and inflammation. They are probably critically important in the 

host response to extracellular bacteria. TFH cells reside in the lymph nodes and spleen where 

they trigger B- cell activation, leading to germinal center formation and the production of 
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antibody. Treg cells secrete cytokines (TGF-β and Il-10) that suppress immune responses and 

inflammation. Cytotoxic T cells (TC) express CD8 on their surface, not CD4. TC can kill 

target cells such as virus-infected host cells, tumor cells, or the cells of a histoincompatible 

tissue graft. TC cells reversibly bind to their targets by means of the T-cell antigen receptor 

as well as several other cell surface molecules.

Specific immune defects predispose to specific types of infections

Because each functional compartment of the immune system plays a specialized role 

in host defense, infections with certain microorganisms characteristically are found in 

association with specific types of immunodeficiency (Table 2). For example, patients 

with abnormalities of cell-mediated immunity characteristically develop pneumocystis 

pneumonia, disseminated fungal infections, mucocutaneous candidiasis, chronic or 

disseminated viral infections, and severe mycobacterial disease. Patients with defects of 

antibody or complement more often have infections with pyogenic encapsulated bacteria. 

Patients with phagocytic defects develop bacterial and fungal infections of the skin and 

reticuloendothelial system. These distinctions may be blurred, however, because the host’s 

defense against any given microorganism depends on the successful integration of all 

components of the immune system. Thus, a rare patient with an antibody deficiency 

can develop pneumocystis pneumonia or chronic enteroviral meningitis, whereas patients 

with deficiencies of cell-mediated immunity can develop pyogenic bacterial infections. 

Recurrent infections at a single anatomic site should always prompt consideration of 

other predisposing conditions such as ciliary dyskinesia, cystic fibrosis, or bronchial 

obstruction. The key to understanding the susceptibility of a particular compromised host 

is to understand the immune defects of that host. These are most easily illustrated by the 

primary immunodeficiency diseases in which a single gene disorder causes one change in 

immune function (Table 3). Other disorders which predispose the host to develop infection 

often are due to multiple factors. For example, cancer chemotherapy can cause neutropenia 

and mucositis, each of which will increase the host’s susceptibility to infection.

C. Primary Immunodeficiency Diseases

Disorders of Antibody

X-linked agammaglobulinemia—X-linked agammaglobulinemia (X-LA) is the 

prototypic disorder of humoral immunity that best illustrates the role of antibody 

in host defense. Male patients with this disease have no B lymphocytes and severe 

panhypogammaglobulinemia, but all other components of the immune system are normal. 

Boys with X-LA are protected by transplacentally acquired maternal IgG for the first 3 to 

4 months of life. Thereafter, chronic and recurrent infections are the predominant clinical 

manifestation of X-LA. Otitis media, pneumonia, diarrhea, and sinusitis occur most often, 

usually in combination. S. pneumoniae, H. influenzae, and S. aureus are the most frequently 

identified bacterial pathogens, but nontypeable, unencapsulated H. influenzae, Salmonella, 
Pseudomonas, and Mycoplasma infections occur with increased frequency (14). Infections 

are not limited to mucosal surfaces, as bacterial meningitis, sepsis, and osteomyelitis occur 

in as many as 10% to 15% of untreated patients. Enterovirus infections are a particularly 

difficult clinical problem in patients with X-LA. This group of viruses (coxsackie, enteric 
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cytopathogenic human orphan (ECHO), and polio viruses) tends to cause chronic diarrhea, 

hepatitis, pneumonitis, and meningoencephalitis in patients with X-LA. The peculiar 

susceptibility to enteroviruses is perhaps best illustrated by the fact that these children are 

at risk of developing a chronic infection after receiving a live poliovirus vaccine or even 

being exposed to someone who was recently immunized (15). In an agammaglobulinemic 

host, viral replication can continue long enough for there to be reversion to wild-type virus 

with the subsequent development of paralytic poliomyelitis. In some instances, enterovirus 

infections take the form of a dermatomyositis-like syndrome consisting of rash, edema 

of subcutaneous tissues, and muscle weakness (16). Enterovirus infections often are fatal 

in patients with X-LA (17). There is also an unexplained susceptibility to chronic skin 

infections caused by Helicobacter and Campylobacter (18).

Common variable immunodeficiency—Common variable immunodeficiency (CVID) 

is a heterogeneous group of disorders that is characterized by hypogammaglobulinemia 

and impaired antibody responses. Additional immunologic abnormalities such as T-cell 

dysfunction and autoimmune diseases are expressed variably. Most patients do not manifest 

symptoms until after the first decade of life, but some patients present in early childhood 

or infancy. It has become increasingly apparent that the clinical phenotype of CVID can be 

the result of a wide variety of immunologic abnormalities. For example, genetic analyses 

have identified mutations of Btk (the gene causing XLA), SH2D1A (the gene causing the 

X-linked lymphoproliferative syndrome) and ICOS (the “inducible stimulator” on activated 

T cells) among small numbers of individuals previously identified as having CVID (19). It 

is likely that such analyses will help to define subgroups of CVID patients who differ in 

presentation and outcome, and perhaps lead to novel therapies. Because the one common 

abnormality of immune function in CVID is antibody deficieny, it is not surprising that 

the most frequent infections in CVID are similar to those seen in X-LA (20, 21). Chronic 

or recurrent pneumonia, bronchitis, and/or sinusitis occur in the majority of patients, and 

some eventually develop chronic pulmonary dysfunction. Most of the identified respiratory 

tract pathogens are encapsulated bacteria. In contrast to patients with X-LA, disease of the 

gastrointestinal tract occurs with almost equal frequency as disease of the respiratory tract in 

patients with CVID. As many as 30% to 60% of patients with CVID have chronic diarrhea. 

An infectious agent is identified in approximately one-half of these patients, but many of 

the others have autoimmune/ inflammatory bowel diseases. The most frequently documented 

gastrointestinal pathogen is Giardia lamblia. Bacterial overgrowth of the small bowel is 

an important cause of chronic diarrhea in patients with CVID; enteroviruses are less of a 

problem.

Selective IgA deficiency—Selective IgA deficiency is diagnosed by convention when a 

patient has a serum IgA level less than 7 mg/dL with normal levels of other immunoglobulin 

classes, normal serum antibody responses, and normal cell-mediated immunity. The majority 

of patients with IgA deficiency lack both serum and secretory IgA, but rare cases occur 

in which there is a deficiency of secretory but not serum IgA. Unlike the other major 

serum immunoglobulin classes, IgA is largely silent as a mediator of inflammatory 

responses, but IgA provides an antimicrobial defense by inhibiting microbial adherence, 

and neutralizing viruses and toxins. Some patients with selective IgA deficiency are 
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more susceptible to infection, although disagreement exists about the relative risk of 

infection that IgA deficiency imposes on the host (22, 23). Among patients referred to 

tertiary care centers for evaluation of recurrent sinopulmonary infections, the incidence 

of IgA deficiency is significantly higher compared with that of the general population. 

However, many apparently asymptomatic IgA deficient individuals have been identified 

by population-based screening (24). As might be expected by its role as the predominant 

secretory immunoglobulin, the most common infections in IgA-deficient patients occur on 

mucosal surfaces. Otitis media, sinusitis, bronchitis, pneumonia, and diarrhea are common; 

meningitis and bacterial sepsis are rare. The second major target for infections in IgA­

deficient patients is the gastrointestinal tract. Chronic diarrhea is often idiopathic; Giardia is 

the most frequently identified microbial pathogen.

Disorders of antibody and cell-mediated immunity

Severe combined immunodeficiency (SCID) causes absence or near-absence of humoral 

and cell-mediated adaptive immunity, but all components of the innate immune system 

are intact (25). This heterogenous group of disorders is almost always caused by defects 

intrinsic to the T lymphocyte (e.g., mutations in cytokine receptor genes) but affects 

both cellular and humoral immunity because of the essential role of CD4 T cells in 

controlling virtually every aspect of adaptive immunity. For example, the absence of CD4 

T lymphocytes interferes with the growth and differentiation of B lymphocytes, as well 

as the growth and differentiation of T cells. Affected children have severe deficiencies of 

all T lymphocyte subsets and have virtually no T-lymphocyte function. They may or may 

not have normal numbers of B lymphocytes in the peripheral blood, but those B cells 

do not differentiate into plasma cells and the children do not make antibody responses to 

vaccines or infections. Infants with SCID almost always become symptomatic within the 

first months of life. Unless the immunodeficiency is treated, most die from infections within 

the first year of life. These children are susceptible to virtually any microbial pathogen (26). 

Just as in patients with X-LA, they are susceptible to infection by encapsulated bacteria 

and enteroviruses. However, they are also susceptible to a much wider array of viruses. 

Pathogens as diverse as adenovirus, rotavirus, cytomegalovirus (CMV), varicella-zoster 

virus (VZV) and respiratory syncytial virus (RSV) can cause chronic or fatal infections. 

Fungal infections (e.g., aspergillosis and candidiasis) are problematic because this group of 

patients lack the CD4 TH lymphocyte production of interferon-gamma that is responsible 

for improving the intracellular killing of phagocytic cells. Patients with SCID also can 

be infected with opportunistic pathogens such as Pneumocystis jirovecii, Mycobacterium 
avium intracellulare, and even Mycobacterium bovis Bacille Calmette-Guerin (BCG) from 

immunization. Curative treatment of most of these infections requires definitive treatment of 

the underlying immunodeficiency by bone marrow transplantation.

Disorders of phagocytes

Chronic granulomatous disease is a disorder of intracellular killing that is caused by 

defects in the NADPH oxidase-dependent respiratory burst system of phagocytic cells. 

Neutrophils and monocytes of affected individuals are able to follow chemotactic signals 

and ingest microbial pathogens. Once ingested, organisms such as the pneumococcus 

or group A Streptococcus are killed efficiently because those bacteria produce hydrogen 
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peroxide and thus compensate for the lack of respiratory burst. However, catalse-producing 

microbes are not killed. This leads to susceptibility to a restricted group of microorganisms 

including Staphylococcus aureus (S. aureus), Burkholderia cepacia, Serratia marcescens 
and other gram-negative rods, Nocardia, Aspergillus, and Mycobacteria. The most frequent 

sites of infection are the lungs, lymph nodes, skin, perianal area and gingivae (27–29). 

Phagocytes with live intracellular organisms may travel to reticuloendothelial tissues such 

as liver and spleen where micro or occasionally large abcesses occur. Typically, patients 

develop granulomas at the site of infections as an increasing number of phagocytes and 

T lymphocytes are drawn to the area of chronic infection. Aspergillus infections of the 

lung have historically had a dismal prognosis, and the infections spread from lung to 

overlying ribs to the vertebrae. Fortunately, outcomes have dramatically improved with the 

relatively recent use of interferon-gamma to increase the killing capacity of phagocytes 

via a non-NADPH-dependent pathway combined with the use of non-nephrotoxic orally 

administered antifungals such as itraconazole and posaconazole.

The first gene to be identified as a cause of congenital neutropenia was elastase 2 (30), 

but there are at least 15 gene defects now known to be causative. Patients present early 

in life with cellulitis, perirectal abcesses, stomatitis and gingivitis. Pneumonia, sepsis, and 

meningitis can also occur (31). As expected, the risk of infection varies inversely with the 

neutrophil count, and the highest risk is with absolute neutrophil counts less than 500/mm3. 

Infections are caused by S. aureus; gram-negative rods including Klebsiella, Pseudomonas, 

and Escherichia coli (E. coli), and rarely fungi. This group of organisms causes disease 

in these patients because of their prevalence on the skin and gastrointestinal tract; but not 

related to the presence or absence of catalase.

Disorders of complement

Diminished C3 activation via the classical pathway can be caused by an autosomal 

deficiency of C1q, C1r, C1s, C4, C2 or C3. Each of these disorders is associated with 

sepsis and other bloodstream infections (32–34). The risk is highest for individuals with C3 

deficiency since they are unable to mount complement effector function via the classical, 

the alternative or the MBL pathway. The most common pathogens are Streptococcus 
pneumoniae (S. pneumoniae), Haemophilus influenzae (H. influenzae), gram negative 

Enterobacteriaceae, Neisseria meningitidis (N. meningitidis) and staphylococci. Individuals 

with these deficiencies also have a propensity to develop immune complex mediated 

diseases such as systemic lupus erythematosus (SLE) and glomerulonephritis, at least in part 

because the inability to bind C3b to circulating IgG and IgM-containing immune complexes 

impairs their clearance from the bloodstream.

Diminished activation of the terminal complement components/membrane attack complex 

can be caused by an autosomal deficiency of C5, C6, C7, C8 or C9. Individuals with 

any of these disorders have a markedly increased risk for neisserial infections – including 

meningococcemia, meningococcal meningitis and disseminated gonococcal infections (32, 

33). Despite the fact that C5a is an important chemoattractant, only a single C5a deficient 

patient has been reported to have symptoms consistent with defective chemotaxis – recurrent 

infections of the skin and subcutaneous abscesses. The propensity to develop systemic 
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neisserial infections is so great with these complement deficiencies, that 1 in 7 patients 

with non-epidemic invasive meningococcal infection will be found to have a terminal 

complement component deficiency. The chances increase to almost 1 in 3 for patients with 

more than one episode of invasive meningoccal disease.

Diminished activation of the MBL pathway, caused by MBL deficiency, increases the 

susceptibility of children under the age of 2 years to acute respiratory tract infections, as 

assessed in population-based studies (35, 36). No studies have yet reported information 

about the microbial pathogens seen in such children. Similar studies in adults have failed to 

show any correlation with risk for infection or death from infection.

Diminished activation of the alternative pathway can be caused by deficiencies of factor 

D, factor I, factor H or properdin. The latter, a disease with X-linked inheritance, is the 

most common defect of the alternative pathway, but all of these disorders are very rare (or 

at least rarely diagnosed). Patients with properdin deficiency have a propensity to develop 

meningococcal meningitis, and invasive S. pneumoniae infections to a lesser degree (32, 

33). Patients with factor D deficiency present in childhood with systemic infections, usually 

caused by N eisseria or S. pneumoniae. Those with factor I deficiency consume so much C3 

that their presentation is identical to that of patients with C3 deficiency, developing invasive 

infections caused by S. pneumoniae, H. influenzae, Enterobacteriaceae, N. meningitidis 
and staphylococci. Those with factor H deficiency appear to be most susceptibile to 

autoimmune/chronic inflammatory diseases (especially hemolytic uremic syndrome), but 

also to meningococcal infections.

Disorders of NK cells

Natural killer cell deficiency results in susceptibility to chronic and severe viral infections 

caused by herpes simplex virus, varicella-zoster virus, cytomegalovirus, Epstein-Barr virus, 

and papillomavirus infections (37). Patients die at a young age as a direct consequence of 

these infections or from viral-induced malignancy.

Other disorders of innate immunity

The TLR-associated adaptor protein Myd88 and the kinase IRAK-4 are required for 

transducing the signal of each of the TLRs to the nucleus with subsequent synthesis of 

inflammatory cytokines. Although mutations of either Myd88 or IRAK-4 knocks out all 

TLR function, affected patients have a very limited clinical susceptiblity of recurrent life­

threatening bacterial infections, particularly invasive pneumococcal disease, and bacterial 

infections of the upper respiratory tract and skin. The susceptibility to infection seems to 

wane with age, as there are virtually no invasive bacterial infections in patients over the age 

of 14. More surprising, these patients do not have severe viral, parasitic or fungal infections. 

The other striking feature of Myd88/IRAK-4 deficiency is that patients have an impaired 

ability to mount an inflammatory response, so that it is typical to see little or no fever, 

leukocytosis or elevation in CRP level even with invasive bacterial infections (38).

The spleen is a phagocytic filter which efficiently removes microorganisms from the blood. 

Asplenia may be caused by congenital malformation or surgery, and functional asplenia is 

most often caused by vaso-occlusive events in patients with sickle cell disease. Regardless of 
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the etiology, the lack of splenic function causes susceptibility to pneumococcal sepsis, which 

can progress rapidly and be fatal in up to 50% of cases (39, 40).

Chronic mucocutaneous candidiasis can be caused by a variety of genetic defects of 

innate immunity including IL-17 and IL-17 receptor mutations, gain of function STAT1 

mutations (that cause an increase in interferon production with secondary inhibiton of TH17 

development), Dectin -1 deficiency (a receptor on phagocytes that recognizes beta-glucans 

on fungal cell walls) and CARD9 deficiency (a signal transducer of the Dectin-1 signal) 

(41).

D. Secondary Immunodeficiencies

Secondary immunodeficiencies are those that are related to another illness or condition or 

occur as a result of treatment for such a condition. In this section, we review secondary 

immunodeficiencies and other compromises in host defenses that result because of treatment 

with a variety of agents. The consequences of treatment for malignancy, of prevention and 

treatment of allograft rejection, and of the treatment for rheumatologic and autoimmune 

diseases will be reviewed. The degree of immunodeficiency associated with various 

immunosuppressive agents used to treat a variety of conditions depends on the underlying 

condition, the doses of single agents, and drug combinations that may act synergistically.

Treatment-related

Corticosteroids are used to treat a variety of diseases because of their anti-inflammatory and 

immunosuppressive properties (42, 43). They have many effects on innate and acquired 

immunity. Corticosteroids impair trafficking of neutrophils and monocytes to sites of 

inflammation and inhibit macrophage and neutrophil phagocytic and microbicidal function 

(44, 45). They inhibit the production of almost all known cytokines (46). Corticosteroids 

markedly reduce the number of circulating dendritic and T cells and affect antigen 

presentation by impairing the effector functions of macrophages and dendritic cells (47–

50). Their effects on the immune system are dose-dependent. At doses < 2 mg/kg, T 

lymphocytes numbers are slightly reduced (CD4+ > CD8+). Higher doses, > 2 mg/kg, result 

in suppression of lymphocyte activation and suppression of antibody production by B cells. 

Hence, corticosteroids predispose to infection in a dose-dependent manner (51, 52). The 

risk of infection is also determined by the underlying disorder and concomitant treatment 

with immunosuppressive agents. Viral (mainly herpesvirus), bacterial, and fungal (Candida) 

infections are encountered with greater frequency in patients treated with corticosteroids—

up to 40 times greater (45). Pneumonia caused by P. jirovecii is the main opportunistic 

infection that occurs in patients treated with these agents. Reactivation of tuberculosis is also 

a potential complication of corticosteroid therapy.

Therapeutic interventions for neoplasia

When treating malignancy, the goal is to target mitotically active tumor cells as specifically 

as possible. However, in addition to destroying malignant cells, normal cells that are rapidly 

dividing will be affected by cytotoxic antineoplastic agents (chemotherapy). The primary 

non-malignant cells affected include bone marrow cells and cells of the gastrointestinal 
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mucosa. Therefore, the main chemotherapy-associated toxicities contributing to infectious 

risk are myelosuppression and mucositis (53). Neutropenia is usually an unavoidable 

consequence of the treatment of malignancy and significantly increases a patient’s risk 

of infection (54). This risk increases with severity of neutropenia—the highest risk of 

infection being associated with an absolute neutrophil count < 100 cells/mm3 (55). In 

addition, chemotherapy results in chemotactic and phagocytic defects in neutrophils, further 

increasing the risk of severe infection (56, 57). The source of infection in the majority 

of patients is the patient’s endogenous microbiota that is enabled to translocate across 

mucocutaneous barriers secondary to chemotherapy-induced mucosal injury of the oral 

cavity and intestinal epithelium and due to indwelling vascular and urinary catheters 

(53). The course of mucositis after standard or high dose chemotherapy parallels that of 

neutropenia. The onset of mucositis occurs at the nadir of the neutrophil count and resolves 

with count recovery.

The constellation of defects in host defense, neutropenia, mucositis, and indwelling 

catheters, predispose the patient to bacterial, fungal, and viral (mainly herpes simplex) 

infections. In the 1980s, bacterial bloodstream infections were most often caused by 

gram negative bacteria, such as Pseudomonas sp. (58). Subsequently, a large study of 

22,631 episodes of bacteremia occuring in 2,340 patients with underlying malignancy 

revealed that Gram-positive bacteria were the most prevalent pathogens in neutropenic 

and non-neutropenic patients (59). This shift from the previous predominance of Gram­

negative organisms was attributed to empiric antibiotic regimens targeted to Gram negative 

organisms, common use of long-term indwelling vascular catheters and prophylactic 

antibiotics, such as fluoroquinolones. In recent years, studies of the epidemiology of 

bacterial infections in neutropenic cancer patients have revealed a trend back to Gram­

negative bacteria and the emergence of highly resistant strains (60, 61). The risk of invasive 

fungal infection with Candida species or molds, such as Aspergillus, increases with the 

severity and duration of neutropenia (62, 63).

Lymphocyte depletion can occur as a complication of cytotoxic antineoplastic therapy 

(64, 65). Some cancers, such as Hodgkin’s lymphoma, are associated with lymphocyte 

dysfunction, however, significant T cell immunodeficiency is usually uncommon prior to 

initiation of cytotoxic therapy (66). Agents such as cyclophosphamide, administered as a 

single agent at a high intensity dose or as part of a multiagent dose intensive regimen, 

can cause profound depletion of the lymphocyte populations and predispose patients to 

opportunistic infections. Humoral immunity tends to be relatively spared from the effects 

of short courses of chemotherapy because of the long half-life of previously secreted IgG 

antibodies.

A variety of cytotoxic antineoplastic agents are used in combination to treat various 

malignancies. These agents are classified based on the mechanism by which they inhibit 

cell proliferation (Table 4). They all cause myelosuppression and most cause some degree of 

mucositis.

The antimetabolite antineoplastic agents include methotrexate, fluorouracil, and 

gemcitabine. Methotrexate is an inhibitor of dihydrofolate reductase that interferes with 
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the synthesis of purine nucleotides and hence, with DNA synthesis, repair, and cellular 

replication. The major side effects of treatment with methotrexate include myelosuppression, 

causing significant neutropenia, and a dose-dependent, ulcerative mucositis (67, 68). 

High dose methotrexate (> 20 mg/kg) used in cancer therapy causes profound bone 

marrow suppression that also depresses primary and secondary cellular and humoral 

immune responses (69). As expected, opportunistic infections that arise in the setting of 

compromised T cell function, such as those caused by P. jirovecii, CMV, Cryptococcus, 

Histoplasmosa capsulatum (H. capsulatum), Nocardia sp., and varicella zoster virus have 

been reported (70–74). Many of these patients were also receiving corticosteroids. Long­

term treatment with methotrexate may place one at risk for EBV-associated lymphoma 

(75, 76). The risk of infection with low dose methotrexate is not well established, but 

is lower given that the lymphocyte subsets and in vitro T cell mitogen responses are 

unaffected. The other commonly used antimetabolites are fluorouracil and gemcitabine. 

These are antimetabolites of the pyrimidine analog type and are cell cycle specific (S 

phase) in inhibiting DNA synthesis. Both agents can cause significant myelosuppression and 

mucositis.

The alkylating agents, cyclophosphamide, chlorambucil, and melphalan, induce cytotoxic 

effects by chemically modifying nucleotides, cross-linking DNA or RNA, and inhibiting 

protein synthesis. Depending on the dose and duration of treatment, treatment with 

alkylating agents can result in significant bone marrow suppression with a decline in 

neutrophil and T and B lymphocyte counts (64, 65). The tendency for alkylating agents 

to cause lymphopenia is enhanced by co-administration of corticosteroids. These cumulative 

negative effects on cellular host defense predispose recipients of alkylating agents to a 

variety of infections, including routine bacterial infections that cause pneumonia, sepsis, or 

urinary tract infection and opportunistic infections caused by P. jirovecii, fungi, Nocardia, 

VZV, and M. tuberculosis (64, 77, 78). Patients who are neutropenic or are treated 

concomitantly with high doses of glucocorticoids have an enhanced risk of infection (77, 

78).

The anthracyclines, doxorubicin, daunorubicin, and idarubicin, are cytotoxic antineoplastic 

agents that are used to treat a variety of malignancies. They cause cytotoxicity by 

intercalating between DNA base pairs and by inhibiting topoisomerase II, resulting in 

inhibition of RNA and DNA synthesis. Neutropenia and mucositis are reported in a 

significant number of patients, depending on the agent used.

A variety of other classes of anti-neoplastic cytotoxic agents, including the vinca alkaloids, 

platinum compounds, taxanes, glycopeptides antibiotics, and topoisomerase inhibitors 

(Table 4) have similar effects to various degrees on the bone marrow and mucosa. Patients 

treated with these agents are primarily at risk for bacterial and candidal infections. This risk 

increases with the duration and depth of neutropenia and with the severity of mucositis (53, 

79).

Purine analogs inhibit DNA synthesis and are used to treat a variety of hematologic 

malignancies. These agents induce severe immunosuppression, affecting multiple lineages of 

host defense: T and B lymphocytes, neutrophils, and monocytes (80). After treatment with 
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purine analogs, a profound T cell lymphopenia, especially affecting CD4 cells, develops in 

2–3 months and can persist for several years (80). Many patients develop neutropenia and 

a depletion of monocytes. Some patients may become hypogammaglobulinemic. Hence, a 

broad spectrum of infections is encountered in patients treated with purine analogs: bacterial 

infections (staphylococcal, streptococcal, gram negative rods, Listeria, Nocardia, Legionella, 

mycobacteria), opportunistic viral infections (herpes simplex, herpes zoster, CMV, EBV), 

and opportunistic fungal infections (P. jirovecii, Candida, and Aspergillus). Bacterial, 

fungal, and HSV infections occur early after treatment in the setting of neutropenia. 

Opportunistic infections, associated with depressed cell-mediated immunity, occur later 

after treatment. The type and stage of the underlying disorder, prior anti-neoplastic therapy, 

and concurrent treatment with steroids significantly influence the incidence of infectious 

complications. Listeria, P. jirovecii, and CMV infections occur more frequently in those 

treated concomitantly with corticosteroids.

Anti-lymphocyte antibody therapies—Anti-lymphocyte monoclonal antibody 

therapies belong to the larger group of therapies known as biologic immune response 

modulators (Tables 5 and 6). Compared to traditional therapies, these biologic agents do 

not cause global immunosuppression, because they selectively target cells and pathways. 

However, these agents do have secondary unintended effects on immune function that 

can compromise host defenses and lead to serious infections. Rituximab is a chimeric 

murine/human monoclonal antibody and ofatumumab is a human monoclonal antibody 

directed against CD20 antigen on B lymphocytes (81; Table 5). Binding to CD20 

results in complement and/or antibody-dependent cellular cytotoxicity, with depletion of B 

lymphocytes except plasma cells. Rituximab is approved for the treatment of CD20-positive 

B-cell non-Hodgkin’s lymphoma. In addition, this agent is approved for the treatment 

of autoimmune disorders such as rheumatoid arthritis, Wegener’s granulomatosis, and 

microscopic polyangiitis. Ofatumumab is approved for the treatment of CLL. Immunologic 

effects of these CD20 directed cytolytic antibodies include B cell depletion for 6–9 months 

or longer and possibly hypogammablobulinemia. In addition to bacterial infections causing 

bronchitis, sinusitis, and pneumonia, a variety of viral infections, either new or reactivated 

and some severe and potentially fatal, have been reported with use of these agents: HSV, 

VZV, CMV, parvovirus B19, hepatitis B and C, enterovirus, JC virus, and West Nile 

virus (81) These infections may be delayed, occurring up to a year after treatment. For 

both of these agents, the FDA has issued boxed warnings for progressive multifocal 

leukoencephalopthy, PML, possibly resulting in death (82, 83) and for hepatitis B virus 

reactivation resulting in fulminant hepatitis, hepatic failure, and possibly death. Persistent 

and severe hypogammaglobulinemia has been reported in rare patients who have been 

treated with rituximab, especially if give in multiple cycles (84). These patients are at risk 

for the same infections (encapsulated bacteria and some viruses) as those seen in patients 

with X-linked agammaglobulinemia or common variable immunodeficiency, and are given 

intravenous immunoglobulin to prevent these infections (85).

Alemtuzumab is a humanized monoclonal IgG1 antibody directed against the CD52 cell 

surface glycoprotein approved as therapy for B-cell chronic lymphocytic leukemia (CLL) 

and peripheral and cutaneous T cell lymphomas (Table 5). It was also used as a conditioning 
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agent in hematopoietic stem cell transplantation, for induction of immunosuppression or 

treatment of acute rejection in solid organ transplantation, for rhematoid arthritis, and for the 

prevention of graft-versus-host-disease (86). Lemtrada is used for the treatment of relapsing 

and remitting multiple sclerosis (87). Both of these agents are not commercially available 

and can only be obtained through the manufacturer via a restricted distribution program 

because of the risk of autoimmunity, cytopenias, infusion reactions, serious infections, and 

malignancies. The monoclonal antibody binds to CD52 antigen on the surface of malignant 

lymphocytes and causes cell lysis through complement activation and antibody-dependent 

cell-mediated toxicity (88). CD52 is also expressed on the surface of non-malignant T- 

and B-lymphocytes, monocytes, macrophages, natural killer cells, some granulocytes and 

normal bone marrow cells; therefore, cell destruction is not restricted to the malignant cell 

and significant impairment in cellular host defenses can occur. Profound and long-lasting 

depletion of mature B- and T-lymphocytes, natural killer cells, and monocytes occurs after 

treatment with alemtuzumab (89). Treated patients develop a profound lymphopenia by 1–2 

weeks after initiation of treatment that may persist for over 1 year (90). Neutropenia (0.5 

× 109/l) occurs in one-third of pateints around 4 weeks of therapy, but usually recovers in 

2 to 3 weeks (91). As a consequence, the infections encountered are non-opportunistic 

and opportunistic. The incidence of infectious complications has been noted to range 

from 35 to 65%. However, the majority of studies reporting these data include patients 

with lymphoproliferative disorders who were pretreated with other agents, such as purine 

analogues, rituximab, and alkylating agents (92).

In a recent study reporting on infectious complications associated with alemtuzumab use 

for lymphoproliferative disorders, non-opportunistic bacterial infections causing sepsis, 

pneumonia, and catheter-related bacteremia were commonly encountered (86). Fifty­

six percent of patients developed an opportunistic infection during the study period. 

Herpesvirus infections (HSV, VZV, CMV) were most common. CMV reactivation with 

resulting viremia is a well-described complication of therapy with alemtuzumab with 

a reported incidence as high as 50% (93, 94). Other opportunistic infections reported 

with alemtuzumab treatment include adenovirus infection, PML, invasive pulmonary 

aspergillosis, disseminated histoplasmosis and cryptococcosis, pneumocystosis, tuberculosis, 

cerebral toxoplasmosis, and disseminated acanthamebiasis (86). CMV reactivation and 

invasive aspergillosis appear to be the most commonly reported opportunistic infections 

in the setting of lymphoproliferative disease.

Immunosuppressive therapy for the prevention and treatment of allograft rejection after 
organ transplantation

Maintenance immunosuppressive therapy is administered to organ transplant recipients to 

help prevent acute rejection. The maintenance regimen usually consists of a combination 

of immunosuppressive agents with different mechanisms of action. Currently, most 

transplant centers use a regimen consisting of prednisone, an anti-metabolite [azathioprine 

or mycophenolate mofetil (MMF), mycophenolic acid (MPA)], and a calcineurin 

inhibitor (cyclosporine or tacrolimus). For renal transplantation, if a reduced dose 

or delayed introduction of a calcineurin inhibitor strategy is employed for induction 

immunosuppression, an antilymphocyte antibody treatment, such as rATG, basiliximab or 
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alemtuzumab can be added to the regimen. The level of immunosuppression is gradually 

decreased over time to lower the risk of infection and malignancy while maintaining 

sufficient suppression to prevent organ rejection.

Antimetabolites—Azathioprine is a precursor of 6-mercaptopurine that inhibits purine 

biosynthesis and hence, DNA, RNA, and protein synthesis (Table 4). The effects 

of azathioprine include a decrease in circulating T and B lymphocytes, decrease 

in immunoglobulin production, diminished IL-2 secretion, and myelosuppression (95). 

Leukopenia is the most serious side effect of azathioprine. It is approved for the prevention 

of rejection in renal transplant recipients and for the treatment of rheumatoid arthritis. 

Infections reported in patients taking azathioprine are bacterial infections in the setting 

of leukopenia, herpes zoster, exacerbation of hepatitis B and C virus infections and 

opportunistic infections such as PML caused by JC virus, Nocardia, P. jirovecii pneumonia, 

and CMV viremia (96, 97).

Azathioprine has been used to prevent allograft rejection since the early 1980s. Several large 

trials comparing azathioprine to MMF have shown that MMF is superior to azathioprine in 

reducing the number of episodes of transplant rejection in heart, kidney, and liver transplant 

recipients (98–100). As a result, most transplant centers have switched to using MMF as part 

of their immunosuppressive regimen. MMF interferes with the de novo synthesis of purine 

nucleotides and in this way inhibits primarily T cell proliferation. In addition, MMF inhibits 

B cell proliferation and results in decreased antibody production (101, 102). Because of its 

potent inhibition of lymphocyte proliferation, treatment with MMF predisposes to infections 

associated with depressed cell-mediated immunity, such as herpes simplex, herpes zoster, 

and CMV (Table 4). A higher incidence of tissue invasive CMV disease has been reported 

in renal and heart transplant recipients treated with MMF particularly in those patients 

receiving > 2 g of MMF per day (98, 103). However, clinical trials of liver and lung 

transplant recipients receiving MMF failed to show an increased incidence in CMV infection 

or disease (104, 105). Interestingly, mycophenolate exhibits an anti-microbial effect against 

P. jirovecii (106). Renal transplant patients taking MMF had no episodes of Pneumocystis 
in a randomized trial comparing MMF to azathioprine for the prevention of acute rejection 

(99). Heart transplant patients receiving MMF had a higher rate of acute cholestatic hepatitis 

due to hepatitis C virus. No effect of MMF on bacterial infections in organ transplant 

recipients has been documented. Mycophenolate is also employed as a potential steroid 

-sparing agent in the treatment of a variety of autoimmune diseases.

Cyclosporine and tacrolimus—Organ allograft survival has improved significantly 

since the introduction of cyclosporine in the 1980s and tacrolimus in the 1990s. In 

addition, these agents are becoming increasingly popular for the treatment of a variety of 

rheumatic diseases. Cyclosporine is an 11 amino acid cyclic peptide and tacrolimus is a 

macrolide antibiotic. They bind to intracellular proteins called immunophilins--cyclosporine 

binds to cyclophilins and tacrolimus to FK binding proteins. The complex between drug 

and immunophilin inhibits calcineurin, a calcium and calmodulin dependent phosphatase. 

Hence, these agents are commonly referred to as calcineurin inhibitors. This inhibition of 

calcineurin results in prevention of translocation of a family of transcription factors, nuclear 
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factor of activated T cells or NFAT, into the nucleus. As a consequence, transcription of a 

variety of cytokine genes involved in T cell activation is inhibited. The calcineurin inhibitors 

primarily affect T-helper cells, although some inhibition of T-suppressor and T-cytotoxic 

cells may occur.

Over the past 2 decades, calcineurin-inhibitors have become the cornerstone of 

immunosuppressive therapy in the organ transplant population. These agents are usually 

combined with corticosteroids and MMF. A large European randomized multicenter trial 

comparing the efficacy of tacrolimus plus low dose corticosteroids versus a conventional 

multidrug cyclosporine-based regimen (corticosteroids plus azathioprine) to prevent allograft 

rejection in liver transplant recipients revealed a similar incidence of infection in patients 

receiving the tacrolimus or cyclosporine-based regimens (107). The incidence of sepsis 

was approximately 20% in both groups and the incidence of CMV infection ranged 

from 15 to 25% with a lower incidence in the tacrolimus treated patients. Despite an 

immunosuppressive effect that is estimated to be 36 to 100 times more potent than that 

of cyclosporine A, tacrolimus has been associated with fewer cytomegalovirus infections 

compared with cyclosporine A-containing regimens (107, 108). This is likely due to the fact 

that the incidence of rejection is lower with tacrolimus compared to cyclosporine. Hence, the 

requirement for additional immunosuppression is lower (107, 109).

Other viral infections such as EBV, hepatitis C virus, and polyomavirus have been linked 

to treatment with the calcineurin inhibitors. However, none of these infections are linked 

with a particular agent per se but likely arise as a result of the cumulative effect of 

immunosuppression. The more intense the immunosuppressive regimen, the more likely 

a patient may acquire or reactivate one of these infections. Anti T cell antibody therapy is 

the most significant component of the immunosuppressive regimen contributing to the risk 

of CMV infection and EBV-related PTLD (110–112).

Patients on potent immunosuppressive regimens are at risk for fungal infections. The 

majority of these infections are caused by Candida and Aspergillus species. Candida 
infections often arise in the setting of neutropenia and compromised mucocutaneous 

barriers. Susceptibility to Aspergillus infections is influenced by the type and intensity 

of immunosuppressive regimens. High dose steroids and OKT3 monoclonal antibody 

therapy are known to confer an increased risk for invasive aspergillosis (113). Interestingly, 

the calcineurin inhibitors possess in vitro activity against Aspergillus species (114). 

Because invasive aspergillosis continues to occur in patients treated with these agents, the 

immunosuppressant effects of multidrug regimens predominate over the antifungal effects 

in vivo. There is evidence in animal models and in humans that calcineurin inhibitors may 

alter the pathogenesis of aspergillus infection with less dissemination (114, 115). Similar 

observations have been made for cryptococcal infection in organ transplant recipients (116).

Sirolmius (rapamycin) and everolimus are macrolide antibiotics used to prevent rejection 

in organ transplant patients. The drugs bind intracellularly to the FK binding protein-12 

(FKBP-12). This complex binds to and inhibits a key regulatory kinase, mammalian target 

of rapamycin, mTOR, which regulates translation of mRNA required for cell division. 

A result of this interaction is the inhibition of T lymphocyte activation and proliferation 
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and an inhibition of antibody production. Patients treated with rapamycin are particularly 

at increased risk for infections with intracellular pathogens (Table 4). They probably are 

protected from extracelluar pathogens because of continued production of antibody from 

pre-existing plasma cells. Interestingly, several studies have revealed that treatment with 

sirolimus and everolimus are associated with a decreased incidence of CMV infection. One 

study demonstrated a lower incidence of CMV infection in renal transplant recipients treated 

with rapamycin, MMF, and corticosteroids compared to cyclosporine replacing rapamycin 

in the same regimen (117). Two reviews of mTOR-inhibitor-containing regimens for the 

prevention of rejection in organ transplant recipients revealed that patients treated with these 

regimens had a lower incidence of CMV infection compared to regimens that lacked an 

mTOR-inhibitor (118, 119). Rapamycin possesses potent in vitro antifungal activity that 

translates into a beneficial clinical effect (120).

OKT3 (muromonab-CD3) is a murine IgG2a monoclonal antibody that binds the CD3­

epsilon chain of the T cell receptor-CD3 complex on T cells (Table 5). OKT3 has been used 

for induction immunosuppressive therapy and for the treatment of acute or steroid resistant 

allograft rejection in transplant recipients. In vivo, OKT3 reacts with most peripheral blood 

T cells and T cells in tissues and causes a rapid and profound decrease in lymphocytes (121). 

T cells are not detectable between 2 to 7 days after administration, but reappear rapidly and 

reach pre-treatment levels within a week after termination of treatment. The antibody also 

causes T cell receptor modulation that interferes with T cell activation. Patients treated with 

OKT3 are at a significant risk for infectious complications, especially herpesvirus (HSV 

and CMV) infections that require functioning cytotoxic T cells for control of infection. In a 

prospective study that investigated risk factors of CMV disease in renal transplant recipients, 

treatment with OKT3 increased the risk of CMV disease by five fold in CMV-seropositive 

transplant patients (122). OKT3 administration is also associated with an increased risk 

of PTLD that in most transplant patients is EBV associated (112). The impairment of 

T-cell cytotoxic function allows for the proliferation and transformation of EBV-infected B 

lymphocytes. The risk of transformation is highest when OKT3 is utilized for the treatment 

of rejection (123). Other infections related to depressed T cell function induced by OKT3 

include fungal infections, such as aspergillosis, cryptococcosis, and infections caused by P. 
jirovecii, Listeria, mycobacteria, Nocardia, Toxoplasma gondii (Orthoclone OKT3 product 

information page 1–19). Routine bacterial infections causing pneumonia and sepsis are also 

encountered.

Anti-thymocyte globulin (ATG) is a polyclonal antibody preparation of rabbit or equine 

origin that is used for the prevention or treatment of rejection in renal transplant recipients 

in conjunction with other immunosuppressive therapy. In addition, ATG has also been 

used in the field of hematologic malignancies to treat moderate or severe aplastic 

anemia, as part of conditioning regimens prior to bone marrow transplantation, or for 

the prevention of graft-versus-host disease (GVHD). The exact mechanism by which ATG 

causes immunosuppression is not known but is likely similar to the mechanism employed by 

OKT3. ATG acts on a variety of T cell antigens resulting in depletion of thymus-dependent 

lymphocytes and suppression of T cell activation (Product Information ATGAM(R) IV 

injection, 2005; 334). Rabbit ATG also contains antibodies against natural killer cell markers 

as well as against CD20, a B cell marker. Lymphopenia can persist for a year or more with 

Dropulic and Lederman Page 18

Microbiol Spectr. Author manuscript; available in PMC 2021 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rabbit ATG (124, 125). Severe infections can develop in patients treated with ATG, including 

infections caused by bacteria and organisms that depend on cell-mediated immunity for 

prevention or control of infection. For example, as with OKT3, ATG has been identified as 

a risk factor for CMV infection. However, in recent studies of ATG, a lower incidence of 

CMV infection is attributed to more effective antiviral prophylaxis (124).

Monoclonal antibodies that more specifically target the immune system have been 

developed. Basiliximab binds to the α chain of the IL-2 receptor, preventing T cell 

proliferation (CD25; Table 5). A reduction in allograft rejections has been demonstrated 

in kidney, heart, liver, lung, and kidney-pancreas transplant recipients treated with this 

agent (126, 127). A significantly lower incidence of herpes simplex virus infection in 

transplant recipients treated with basiliximab, cyclosporine, and corticosteroids compared 

to placebo, cyclosporine, and coricosteroids was attributed to the greater use of OKT3 and 

corticosteroids for rejection in the placebo group (128). Otherwise, significant differences in 

the incidence of bacterial, viral, and fungal infections in patients treated with IL-2 receptor 

monoclonal antibodies have not been demonstrated (126, 129).

Clinical trials have revealed that alemtuzumab (Campath) is efficacious for the prevention 

or treatment of acute allograft rejection in organ transplant recipients (131, 132, 133). 

A study of a large cohort of organ transplant recipients who received alemtuzumab for 

induction therapy or for the treatment of rejection reported a 10% incidence of opportunistic 

infections (130). CMV disease and esophageal candidiasis were the most common 

opportunistic infections. Other infections included, BK polyomavirus infection, Epstein 

Barr Virus-associated post transplant lymphoproliferative disorder (PTLD), invasive mold 

infections (aspergillosis, mucormycosis, pseudoallescheriosis), nocardiosis, tuberculous and 

non-tuberculous mycobacterial infections and toxoplasmosis (Table 5). Campath is no 

longer commmercially available, but is available via the Campath Distribution Program.

Prevention and treatment of graft versus host disease in hematopoietic cell 
transplantation

The occurrence of GVHD post-transplantation remains the most important factor 

influencing outcome following allogeneic blood and marrow transplantation (131). Acute 

GVHD is common in recipients with matched unrelated and with haploidentical related 

donors. The agents reviewed above for the prevention and treatment of allograft rejection 

in organ transplant recipients are also used for the prevention and treatment of GVHD 

in allogeneic blood and marrow transplant recipients. The most common prophylactic 

regimen in use at many transplant centers is a combination of methotrexate and cyclosporine 

for myeloablative conditioning regimens. Cyclosporine and mycophenolate mofetil is a 

standard regimen used with reduced intensity conditioning. Anti-thymocyte globulin can 

been included in the regimen with unrelated donors. Tacrolimus and sirolimus are alternative 

agents used if contraindications or toxicities are encountered. Corticosteroids are the first 

line agents for the treatment of acute GVHD. Second line agents for steroid non-responders 

possibly include tacrolimus, sirolimus, MMF, ATG, OKT3, etanercept, rituximab, and 

alemtuzumab. In addition to the enhanced susceptibility to infectious complications imposed 

by the immunosuppressive therapy to treat or prevent GVHD, GVHD itself also contributes 
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to the risk of infection. GVHD of the skin and gut causes impairment of the mucocutaneous 

barrier. Chronic GVHD contributes to the immunocompromised state as it affects the 

persistence of defects in cell-mediated and humoral immunity and reticuloendothelial 

system function in the post-engraftment period (132, 133). Hence, patients with chronic 

GVHD remain at risk for a variety of opportunistic infections including fungal (invasive 

aspergillosis or other mold infection) and viral (CMV, VZV, EBV) infections and 

infections caused by P jirovecii (134). In addition, hypogammaglobulinemia that occurs 

in patients with GVHD predisposes these patients to infections with encapsulated bacteria, H 
influenzae and S. pneumoniae (134, 135).

Agents for the treatment of rheumatic diseases

Many of the agents used for the treatment of malignancies and for the prevention 

of allograft rejection are also used for the treatment of a variety of rheumatic and 

autoimmune diseases. Cyclophosphamide, an alkylating agent, and one of the most potent 

immunosuppressive agents available, is a first-line agent used for the treatment of severe, 

organ-threatening manifestations of systemic vasculitides and for severe immune-complex 

mediated manifestations of lupus. For flare ups of these diseases, moderate to high dose 

corticosteroids are used to induce remissions. After disease control is achieved, often 

maintenance therapy with less toxic agents, such as methotrexate, azathioprine, MMF, or 

leflunomide, is initiated.

With the continued progress in the field of molecular immunology, new treatments that 

target specific immune cells or mediators have been developed for the treatment of 

rheumatic diseases. These biologic immune response modulators have been designed 

to interfere with cytokine function, to inhibit T cell activation, and to deplete B cells 

with the goal of downregulating the proinflammatory responses that underlie the clinical 

manifestations of rheumatic diseases. The degree of immunosuppression is not as broad 

as that caused by traditional immunosuppressive drugs, however, the impairment of host 

defenses, especially if combined with other immunosppressive medications, can result in 

serious infections. Tables 5 and 6 group examples of biologic immune response modulators 

by their immune system target, describes their mechanisms of action, their treatment 

indications, and reported infectious complications. A systematic review and meta-analysis 

of serious infections in rheumatoid arthritis patients treated with biological drugs in 106 

randomized trials revealed that standard, high-dose, and combination biological durgs 

(with or without traditional disease-modifying antirheumatic drugs, DMARDs, such as 

methotrexate) are associated with more serious infections than traditional DMARDs (129).

Tumor necrosis factor (TNF) antagonists such as etanercept, infliximab, and adalimumab 

are used to treat moderate to severe rheumatoid arthritis, Crohn’s disease, and other 

inflammatory syndromes (Table 2). Treatment with these agents is associated with an 

increased risk of serious infection. Binding of TNF to the TNF receptor stimulates release of 

inflammatory cytokines and expression of chemokines and endothelial adhesion molecules 

(7, 136). Inhibition of these effects results in a decrease in migration of inflammatory cells 

to sites of infection, and hence, a decrease in granuloma maintenance and formation (137). 

Experiments of TNF blockade in animal models have revealed the importance of TNF in 
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the control of infections caused by intracellular pathogens or those maintained in a latent 

state by cell-mediated immunity (138–141). These pathogens include: M. tuberculosis, M. 
avium, M. bovis, Aspergillus fumigatus, P. jirovecii, Histoplasma capsulatum, Cryptococcus 
neoformans, C. albicans, Listeria monocytogenes, and Toxoplasma gondii (142).

Etanercept, a soluble receptor antagonist, binds to TNF in the serum to inhibit its function. 

Infliximab has a broader spectrum of activity than etanercept and also predisposes to a 

higher risk of infection than etanercept (143). This is likely linked to the mechanisms by 

which infliximab versus etanercept inhibit TNF activity-- a monoclonal antibody, infliximab, 

has a higher affinity for TNF than etanercept, a soluble TNF receptor fusion protein (144). 

Monoclonal antibodies such as infliximab and adalimumab bind to TNF in the serum and, 

in addition, to TNF bound to the cell surface. In the FDA Adverse Event Reporting System, 

tuberculosis, histoplasmosis, coccidioidiomycosis and listeriosis occurred 2 to 10 fold more 

often in patients treated with infliximab compared to etanercept (143). M. tuberculosis 
remains the most commonly reported infection associated with anti-TNF inhibitors therapy 

and is more often associated with infliximab treatment (145). Tuberculosis in patients treated 

with TNF inhibitors is frequently atypical in presentation and appears as disseminated 

and/or extrapulmonary disease. A variety of fungal infections that are kept in check by 

granuloma formation have also been reported in these patients (see Table 4), the most 

common of which are disseminated histoplasmosis, cryptococcosis, coccidioidiomycosis, 

and aspergillosis (146–149). In addition to tubercuolosis and invasive fungal infections, 

hepatitis B virus has been reported to reactivate and hepatitis C virus infection has 

progressed while patients are treated with TNF inhibitors (150, 151).

Cell surface receptor antagonists, such as anakinra, are biologically inactive proteins that 

compete with cytokines for binding to their membrane receptors. Anakinra is a recombinant 

IL-1 receptor antagonist protein (IL-1Ra) that binds to the IL-1R preventing the activity of 

IL-1α and IL-1β. Analysis of studies have revealed that IL-1 inhibitors are less effective 

than TNF inhibitors for the treatment of rheumatoid arthritis (152). However, they may be 

more effective for the treatment of autoinflammatory conditions such as Neonatal Onset 

Multisystem Inflammatory Disease (NOMID) and Tumor necrosis receptor-1 associated 

periodic syndrome (TRAPS) (153). Anakinra was associated with an increased risk of 

bacterial infections (e.g. cellulitis, pneumonia), especially at high doses, compared to 

placebo in rheumatoid arthritis studies although the results were not statistically significant 

when adjusted for underlying comorbidities (154). Treatment with anakinra may lead to 

reactivation of tuberculosis or other atypical or opportunistic infections, but these have not 

been frequently reported.

IL-6 is a cytokine involved in T and B cell differentiation and in the inflammatory 

response. Tocilizumab is a humanized monoclonal antibody to the IL-6 receptor that 

competitively blocks the interaction of IL-6 with its receptor interfering with B and T 

cell differentiation. Tocilizumab treatment studies of patients with rheumatoid arthritis 

have revealed that the incidence of serious infections is about 3.67 per 100 patient­

years and is influenced by disease duration, advanced age, and underyling lung disease 

(155). Serious and fatal infections can occur especially in patients treated concomitantly 

with other immunosuppressive medications such as steroids or methotrexate. The most 
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common infections are bacterial pneumonia, sepsis, or cellulitis. However, herpes zoster, 

Pneumocystis jirovecii pneumonia, and non-tuberculous mycobacterial infections also occur 

(155, 156). New and reactivation of latent tuberculosis infections and invasive fungal 

infections, such as aspergillosis, cryptococcosis, and candidiasis, have been reported.

Belimumab is a monoclonal antibody that inhibits the binding of BLyS, B lymphocyte 

stimulator protein, to B lymphocytes, inhibiting their survival and differentiation into plasma 

cells. This biologic agent is approved for the treatment of systemic lupus erythematosus. 

Serious and fatal infections have been reported during treatment with belimumab 

with bacterial pneumonia, cellulits, and urinary tract infections being most common. 

Reported opportunistic infections include JC virus-associated progressive multifocal 

leukoencephalopathy (PML), CMV pneumonia, and coccidioidomycosis (157, 158).

Abatacept is a fusion protein of the extracellular domain of cytotoxic T lymphocyte-antigen 

4 (CTLA-4) linked to a modified Fc portion of IgG1 that is used to treat rheumatoid arthritis. 

It inhibits T cell lymphocyte activation by binding to CD80 and CD86 on antigen presenting 

cells, blocking the required co-stimulatory interaction between CD28 on T lymphocytes 

(159). A safety analysis of 8 clinical trials evaluating abatacept for the treatment of 

rheumatoid arthritis revealed that there was no difference in infection rate between those 

receiving abatacept versus placebo (160). The most frequent infections include bacterial 

pneumonia, cellulitis, and urinary tract infections. Opportunitistic infections are not common 

unless abatacept is combined with other immunosuppressive agents such as TNF inhibitors.

Natalizumab is a recombinant, humanized monoclonal antibody against the alpha-4 subunit 

of integrin molecules. Integrins are important for adhesion and migration of leukocytes 

from the vasculature into inflamed tissue. Natalizumab blocks this process, hindering 

inflammatory cell migration into the gastrointestinal tract and the central nervous system and 

providing relief from symptoms due Crohn’s disease and multiple sclerosis. Natalizumab 

decreases the CD4+/CD8+ T cell ratio in the cerebrospinal fluid, predisposing to JC 

virus-associated PML (161). Postmarketing reports have identified patients treated with 

natalizumab who developed central nervous system herpesvirus infections caused by HSV-1, 

HSV-2, and VZV (162). Some of these infections, which included meningitis, encephalitis, 

and meningomyelitis, occurred in patients who were not receiving any other type of 

immunsuppressive therapy besides natalizumab.

Fingolimod is another biologic immune response modifier used to treat relapsing multiple 

sclerosis. Fingolimod phosphate is a sphingosine analogue that binds to the sphingosine-1­

phosphate receptors and blocks lymphocytes’ ability to egress from lymph nodes. Two 

large controlled trials demonstrated that fingolimod significantly reduces the relapse rate 

of multiple sclerosis, however at the risk of serious infection (163, 164). The following 

opportunistic infections have been reported during treatment with fingolimod: PML, 

cryptococcal meningitis, disseminated primary herpes zoster virus infection, and herpes 

simplex encephalitis (Table 6).

The Janus kinase (JAK) enzymes are a group of intracellular tyrosine kinases that are 

found mainly in hematopoietic cells. After cytokines bind to their cognate receptors, 
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JAKs activate the intracellular transcription factors known as signal transducers and 

activators of transcription (STATs) by phosphorylation. Then, STATs directly modulate gene 

expression in the nucleus. Tofacitinib is a JAK inhibitor that is used to treat moderately 

to severely active rheumatoid arthiritis with an inadequate response to methotrexate. 

Patients treated with tofacitinib are at increased risk for serious infections because of 

the inhibition of cytokine and growth factor mediated gene expression and downstream 

immune cell activity. Serious infections most often develop in patients concomitantly treated 

with other immunosuppressive drugs such as methotrexate or corticosteroids. The most 

common serious sites of infection reported include pneumonia, cellulitis, and urinary tract 

infections (165). Pulmonary and extrapulmonary active tuberculosis, local or disseminated 

cryptococcosis and pneumocystosis, esophageal candidiasis, multidermatomal herpes zoster, 

cytomegalovirus, and BK virus infections have been reported in patients treated with 

tofacitinib. In clinical trials, increased rates of herpes zoster have been observed in patients 

treated with tofacitinib compared to placebo (166).

Eculizumab is a humanized monoclonal antibody that binds C5 complement to inhibit 

terminal complement activation. Patients treated with eculizumab are at risk for life­

threatening N. meningitidis infection and for infection with ecapsulated bacteria such as 

S. pneumoniae and H. influenzae. It is used for the treatment of atypical hemolytic uremic 

syndrome and paroxysmal nocturnal hemoglobonuria (167)

Other Drugs

Phenytoin—This commonly used anti-convulsant causes a reversible decrease in the serum 

IgA level of approximately 20% of treated patients (168, 169). In 5% of cases, there 

is a severe deficiency of IgA, and in a smaller percentage, phenytoin can cause severe 

panhypogammaglobulinemia. These effects are usually, but not always reversible. Similar 

effects have been reported, though much less often, with other anti-convulsants including 

valproic acid (170). Affected individuals have the same propensity to develop infection as 

those with IgA deficiency or hypogammaglobulinemia.

Solid Organ Transplantation

The population of patients receiving organ transplants to restore vital organ functions 

and prolong life continues to grow. Immunosuppressive regimens that suppress T cell 

immune function are employed to prevent organ rejection and maintain long-term 

allograft function (171). The immunosuppressive regimens employed in all forms of 

organ transplantation are similar with cyclosporine or tacrolimus providing the cornerstone 

of maintenance anti-rejection treatment, along with an anti-metabolite, such as MMF, 

and possibly a low dose corticosteroid. Hence, the types, pattern, and timetable of 

infections encountered are similar in all forms of organ transplantation. The risk of 

infection is primarily determined by the intensity of exposure to potential pathogens 

and the patient’s net state of immunosuppression (172, 173). The main determinants 

of the net state of immunosuppression are: the dose, duration, and temporal sequence 

of the immunosuppressive agents and the presence or absence of infection with 

immunomodulating viruses (CMV, EBV, Hepatitis B or C and HIV) (172). The infectious 

risks encountered by organ transplant recipients can be divided into three phases: the first 
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month after transplantation, 1 to 6 months after transplantation, and greater than 6 months 

after transplantation. These phases are determined by the degree of immunosuppression 

expected during these time periods (Figure 1) (174). These phases are dynamic and can be 

altered by routine antimicrobial prophylaxis (for Pneumocystis, CMV, and hepatitis B virus, 

for example) and by the requirement to change or intensify immunosuppressive therapy for 

the prevention or treatment of rejection (172, 175).

The First Month after Transplantation—During the first month after transplantation, 

the consequences of immunosuppressive therapy have not yet taken effect, therefore, there 

is usually a notable absence of opportunistic infections during this time. Infections present 

in the allograft recipient prior to transplantation, infections transmitted via a contaminated 

allograft, and infections encountered in a post-operative setting are encountered. Undetected 

or incompletely treated infections occurring in the pre-transplant setting may manifest or 

exacerbate in the first month after transplantation. Pneumonia and bloodstream infections 

related to vascular access devices are common in pre-transplant recipients. Infections 

specific to different transplanted organs may occur; for example, peritonitis in a patient 

who received a liver transplant for end stage liver disease. Infections transmitted via a 

contaminated allograft are rare, but do occur, and are frequent amongst lung transplant 

recipients (176). These allograft-transmitted infections are usually caused by a variety of 

bacteria from a donor who was not known to be bacteremic at the time of organ harvest 

(177). More unusual viral infections such as rabies, lymphocytic choriomeningitis virus, and 

West Nile virus, have been transmitted via transplanted organs (178–181). Transmission of 

tuberculosis, Trypanosomea cruzi, and Toxoplasma gondii has been reported with a higher 

incidence in endemic areas (182–186). To prevent transmission of infection via the allograft, 

extensive screening of donors is performed and includes blood, urine, and sputum cultures; 

serologic tests for HIV, HTLV, CMV, hepatitis C, hepatitis B, EBV, VZV, and Toxoplasma 
(heart); PPD skin testing,; and Trypanosoma cruzi serology for donors from endemic areas 

(174).

The majority (> 90 %) of infections encountered in the first month after transplant are those 

related to the surgical procedure and are the same as those that occur in other postoperative 

patients. These infections result from the breakdown of normal mucocutanous barriers and 

the presence of devitalized tissue and fluid collections at the operative site. Bacterial and 

candidal infections of surgical wounds, pneumonia, urinary tract infections and infections 

related to vascular access devices, stents, and drainage catheters are very common. Any 

type of leak related to the surgical procedure that may form a biloma, urinoma, seroma, 

lymphocoele or hematoma can readily become secondarily infected with bacteria or Candida 
in the post-transplant setting (187).

One to Six Months after Transplantation—The period from 1 to 6 months after 

transplantation is the critical time period after transplantation during which infections unique 

to these immunocompromised hosts most often arise (172, 173). During this time period, the 

depth of immunosuppression is at its greatest and may be further enhanced by the presence 

of infection with immunomodulating viruses. CMV is a key player amongst these viruses 

and has been demonstrated to have multiple mechanisms by which it can induce further 
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immunosuppression (188). Other herpes viruses, such as EBV, HHV-6, HHV-7, and HBV, 

HCV and HIV, if present, also are immunomodulating (189–193).

The cellular immune system is the primary arm of host defense that is impaired, therefore, 

these patients acquire opportunistic infections that require an intact cell-mediated immune 

response to prevent or control the infection. CMV infection is the most important 

opportunistic infection occurring in the organ transplant population given its direct and 

indirect effects on the organ transplant recipient (194). The direct effects include the clinical 

manifestations of CMV infection such as viremia that often is accompanied by the CMV 

syndrome or end organ disease, such as gastritis, colitis, pneumonitis, or hepatitis (195). 

The indirect effects of CMV infection include the virus’ ability to modulate the immune 

system contributing to the net state of immunosuppression, its contribution to oncogenesis, 

and its role in allograft injury and rejection (194). Other herpesviruses such as VZV can 

reactivate and present as shingles or disseminated infection (196). Parvovirus B19 can 

be acquired by the usual respiratory route, from the transplanted organ, or the virus can 

reactivate from a latent state (197). The most common manifestations of parvovirus B19 

infection in renal transplant recipients are anemia with reticulocytopenia and pancytopenia. 

Intracellular bacterial pathogens such as Nocardia, Listeria, Legionella and tuberculosis 

can cause infection during this time period (185). In addition, patients are susceptible to 

infection with invasive molds, such as Aspergillus, and later in this time period, to infection 

with Cryptococcus and with the geographically restricted, endemic mycoses, Histoplasmsa 
capsulatum, Coccidioides immitis, and Blastomyces dermatitidis (198–201). Patients are at 

risk for infection with P. jirovecii, but this risk is minimized with antibiotic prophylaxis 

(202). The occurrence of parasitic infections (strongyloidiasis, toxoplasmosis, leishmaniasis, 

trypanosomiasis) depends on prior exposure of the donor or recipient to these pathogens in 

endemic areas (203).

The polyomaviruses, BK and JC, may reactivate during this time causing nephropathy 

particularly in renal transplant recipients or PML in any of the organ transplant recipients 

(204, 205). Respiratory viral infections such as influenza, RSV, parainfluenza, adenovirus, 

can cause serious infections in an organ transplant recipient (206–208). Infections, often at 

this time caused by antibiotic-resistant bacteria (vancomycin resistant enterococci (VRE), 

methicillin resistant S. aureus (MRSA), gram negative rods) and azole-resistant Candida 
species, linger on from the early post-operative period in the setting of persistent drains and 

catheters (209–211).

Greater than Six Months after Transplantation—The susceptibility to infections 

in this time period after transplantation depends on the presence or absence of a well 

functioning allograft and/or of chronic or progressive infection with CMV, EBV or the 

hepatitis viruses, B or C (172, 173). Patients with a well-functioning allograft on minimal 

maintenance immunosuppressive therapy are at risk for the usual community acquired 

infections, primarily respiratory. Patients maintained on higher doses of immunosuppressive 

agents because of recurrent or chronic rejection remain at risk for opportunistic infections 

with the pathogens described above. Those patients chronically infected with the 

immunomodulating viruses remain at significant risk for secondary infections as well as 

for the virus-associated malignancies (193). Those infected with the hepatitis C or B viruses 
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are at risk for hepatocellular carcinoma. Chronic EBV infection can result in PTLD with 

its protean indolent or fulminant manifestations (212). Papillomavirus infection can result in 

squamous cell carcinoma of the skin that may be difficult to control and treat, resulting in 

metastases and significant morbidity and mortality (213).

Hematopoietic Cell Transplantation

The implementation of bone marrow transplantation in the early 1970’s revolutionized the 

treatment of hematologic malignancies (214). The successes of this treatment, however, 

have been counterbalanced by the significant morbidity and mortality associated with the 

transplantation of allogeneic or autologous bone marrow, peripheral blood stem cells or 

umbilical cord blood cells. These negative consequences are the result of the toxicities 

associated with the preparative regimen given prior to infusion of the hematopoietic cells 

and the result of GVHD, the major risk of hematopoietic cell transplantation (215). The goal 

of the preparative regimen is two fold: to eradicate the disease for which the transplant is 

being performed and to prevent rejection of the graft. The primary toxicities associated with 

the preparative regimen, usually consisting of total body irradiation plus a chemotherapeutic 

agent such as cyclophosphamide, are myelotoxicity and mucositis. Given the variable time 

frames during which these toxicities are manifested, the type of infection for which a 

particular patient is at risk is determined by the duration elapsed since transplant: the 

pre-engraftment period (from hematopoietic cell infusion to about 30 days), the immediate 

post-engraftment period (from engraftment to day 100), and the late post-engraftment period 

(after day 100); (Figures 2 and 3) (216, 217).

The major risk factors for infection during the pre-engraftment period include: 

mucocutaneous damage, neutropenia with the loss of neutrophil phagocytic ability, and 

organ dysfunction related to the preparative regimen. These defects predispose the 

patient primarily to bacterial and candida infections. In the earlier era of bone marrow 

transplantation, bacterial infections caused by gram negative rods, such as Pseudomonas 
sp. and Enterobacteriaceae, were most prominent with bacteremia and pneumonia being 

the most common manifestations of infection (58). Subsequently with the use of antibiotic 

prophylaxis and the employment of broad spectrum antibiotics with gram negative rod 

activity for neutropenic fever, the spectrum of bacterial infections had switched from 

gram negative rods to gram-positive organisms, including coagulase-negative staphylococci, 

S. aureus, viridans streptococci, S. pneumoniae, enterococci, including VRE strains, and 

Corynebacterium species (59, 218, 219). In recent years, a trend back to gram negative 

bacterial infections has occurred; unfortunately, too often these bacteria are highly resistant 

to antimicrobial therapy (41, 60).

The factors predisposing to bacterial infection also predispose patients in the pre­

engraftment period to infections with Candida species. In addition to neutropenia and 

mucocutaneous damage, broad-spectrum antibiotic use, organ dysfunction, and heavy 

density yeast colonization are risk factors for invasive candidiasis (220). As with bacterial 

infections, in some centers, there has been a shift in the spectrum of Candida species 

that cause invasive candidiasis due to the use of fluconazole prophylaxis (221, 222). 

The spectrum has switched from fluconazole susceptible strains, such as C. albicans, C. 
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parapsilosis and C. tropicalis, to strains with partial or full resistance to fluconazole, such as 

C. glabrata and C. krusei.

Mold infections caused by Aspergillus, Zygomycetes or agents of hyalohyphomycosis 

(Fusarium, Scedosporium) or phaeohyphomycosis (Curvularia, Alternaria, Bipolaris) are not 

as common during the pre-engraftment phase (223). However, these infections can occur in 

patients who have delayed engraftment, and hence, prolonged neutropenia, in those whose 

disease process or its treatment have resulted in prolonged neutropenia, or those who had 

a mold infection at some point prior to transplantation. In addition to delayed engraftment, 

allogeneic transplantation and positive pre-transplant CMV serology have been identified as 

risk factors (223, 224). Mold infections primarily manifest in the lungs, sinuses, and skin.

Human herpes simplex virus is the most common virus causing infection in the pre­

engraftment period in the absence of anti-viral prophylaxis. Virus reactivation occurs in 

more than 70% of seropositive patients with comparable rates in allogeneic and autologous 

transplant recipients (225). The most common manifestation of herpes reactivation is severe 

mucositis, but end organ disease, such as esophagitis, tracheobronchitis, and pneumonitis, 

can occur. Prophylaxis with acyclovir or valacylovir has significantly reduced the incidence 

of HSV infections in transplant recipients (226).

Respiratory virus infections can play a prominent role in the pre-engraftment phase and 

their incidence varies with the pattern of infection in the community and with community 

outbreaks. The most common respiratory viruses include RSV, the parainfluenza viruses, 

influenza A and B viruses, and rhinoviruses (126, 227). RSV, parainfluenza, and influenza 

A virus infections have been reported to cause outbreaks, severe pneumonitis, and fatal 

outcomes during epidemics in the community (228–230). The human metapneumoviruses 

are another group of respiratory pathogens that has emerged in the last 10 years in this 

patient population (231, 232).

The spectrum of infections encountered in the immediate post-engraftment period (from 

engraftment to day 100) is expanded because, at this point after transplantation, significant 

cellular immune dysfunction comes into play as a result of the preparative regimen and 

myeloablation. The degree of the genetic relatedness of the donor inversely correlates 

with the risk of acute GVHD and hence, with the risk of infection (215, 232). Patients 

who receive autologous grafts are at significantly decreased risk of opportunistic infection 

compared to those who receive an allogeneic source of hematopoietic cells (Figures 2 and 

3). For patients who have received an allogeneic transplant, acute GVHD and therapy for 

this condition and the mucocutaneous damage caused by GVHD enhance the depth of 

immunosuppression (Figure 3).

Patients with HLA-matched related donors share more minor HLA antigens than unrelated 

donors who are matched at all major HLA loci; hence, the risk of GVHD is substantially 

greater with HLA matched unrelated donors. Haploidentical transplants in which the donor 

and recipient share half of the major HLA loci are at significant risk of serious viral 

and fungal infections, given the associated risk of GVHD (215). The risk of GVHD 

with mismatched donors can be reduced by T cell lymphocyte depletion of the donor 

Dropulic and Lederman Page 27

Microbiol Spectr. Author manuscript; available in PMC 2021 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hematopoietic stem cell product. Despite a decreased incidence of GVHD, studies have 

revealed a significantly higher incidence of severe CMV or life-threatenting or fatal 

Aspergillus infections in patients who received a T cell depleted marrow (233) because of 

the slower recovery of T lymphocytes. The source of the hematopoietic cells, bone marrow 

versus peripheral blood versus umbilical cord, may influence the risk of infection (215). A 

recent study revealed that the risk of serious infections in children receiving umbilical cord 

blood grafts was comparable to that of children receiving unmanipulated marrow and lower 

than recipients of a T cell-depleted stem cell source (234).

The bacterial and candidal infections encountered in the pre-engraftment period continue to 

occur in the post-engraftment phase. In addition, opportunistic infections, such as Legionella 
and Listeria monocytogenes may occur. The incidence of P. jirovecii is very low (<1%) in 

the setting of prophylaxis against this infection. Mold infections, especially those caused by 

Aspergillus spp., play a prominent role and their incidence is associated with acute GVHD 

and prednisone therapy (doses > 1 mg/kg per day). Hence, the incidence of mold infections 

is significantly higher in allogeneic transplant recipients than in autologous recipients (5 to 

30% versus 1 to 5%) (224, 235). As noted in the pre-engraftment section, less common mold 

infections, such as those caused by Fusarium or the Zygomycetes can occur, especially in 

the setting of continued neutropenia.

Because of deficient CMV-specific T cell immunity, CMV infection occurs during this time 

period with a median onset of 8 weeks after transplantation. The incidence of early CMV 

infection has decreased as a result of molecular monitoring for this infection and preemptive 

therapy. Late CMV infections (> 3 months after transplantation) continue to occur in those 

patients with a persistent defect in CMV-specific T-cell immunity due to chronic GVHD 

and its treatment. In the absence of antiviral prophylaxis, CMV seropositive allogeneic 

transplant recipients have a 70–80% risk of reactivating the CMV (236). In contrast, only 

40% of CMV seropositive autologous hematopoietic cell recipients reactivate CMV and less 

than 5% develop disease (355). Other herpes virus infections, such as HHV-6, can manifest 

during this time. Respiratory virus infections continue to occur. Other less common viral 

infections, such as adenovirus, are encountered during this time period. Reactivation of 

adenovirus occurs in greater than 80% of autologous and allogeneic transplant recipients 

(237). Disease, such as pneumonitis, colitis, nephritis, cystitis, occurs in less than 2 % with 

GVHD a primary risk factor. A higher incidence of infection and disease is encountered in 

children (238).

With the exception of toxoplasmosis, the occurrence of parasitic infections in this 

patient population requires specific exposures to particular parasitic pathogens, such as 

Strongyloides, Leishmania, Trypanosoma or Cryptosporidium. Toxoplasmosis can reactivate 

in severely immunosuppressed, seropositive, usually allogeneic, transplant patients and 

cause localized or disseminated disease.

Mycobacterial infections are rare in the hematopoietic cell transplant population in 

non-endemic areas and occur more commonly in allogeneic than autologous recipients. 

Infections caused by M. tuberculosis or the non-tuberculous mycobacteria (NTM) arise 

due to reactivation or to a new exposure (239, 240). As expected, with M. tuberculosis 
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infection, pneumonia is most common; however, extrapulmonary disease, such as catheter­

related bloodstream infections, soft tissue and bone and joint infections are more common 

manifestations of NTM infections (M. fortuitum, M. chelonae, M. abscessus, M. avium 
complex).

Infections occurring in the last post-engraftment period are typically seen in allogeneic 

transplant recipients who have chronic GVHD. By this time after transplantation, the 

immune system of autologous recipients has begun to reconstitute and most do not 

experience opportunistic infections. Chronic GVHD and its treatment result in chronic 

mucocutaneous damage and immunodeficiency that continues to predispose patients 

with this condition to opportunistic infections in the late post-engraftment period. The 

immune deficits that characterize chronic GVHD include: cellular immune deficiencies, 

humoral immune dysfunction, hyposplenism, decreased opsonization, and diminished 

reticuloendothelial cell function (132, 133). Because of this enhanced, prolonged immune 

deficiency, many of the infections that occur in the pre-engraftment and immediate post­

engraftment periods continue to occur during this time. However, because of the additional 

defects in humoral immunity associated with chronic GVHD, patients during this phase are 

predisposed to serious infections caused by encapsulated bacteria, such as S. pneumoniae, 
H. influenzae, N. meningitidis.

Patients with chronic GVHD may lose their immunity to several viruses that may play a 

prominent role during this period. VZV can reactivate and cause cutaneous, central nervous 

system (CNS) or disseminated disease. This infection occurs in up to 90% of children during 

the first year after transplant (241). In adults, the infection usually occurs 6 to 9 months 

after transplantation and can present as a cutaneous, CNS, or disseminated infection (242). 

EBV is another viral infection to which patients with chronic GVHD lose immunity. The 

median time to onset of infection is 3 to 5 months after transplant. Infection is common, 

however, disease is rare. The disease manifestations include a mononucleosis-like syndrome 

with fever and neutropenia, aplastic anemia, oral hairy leukoplakia, and PTLD. The patients 

at highest risk for PTLD include those patients who have received an allogeneic transplant 

from a matched unrelated, mismatched or T-cell depleted donor, have chronic GVHD and 

have received anti-lymphocyte antibody therapy for GVHD prophylaxis (243). Patients may 

also lose B-cell specific immunity to the measles, mumps, rubella, parvovirus B-19, and 

the polyomavirus, JC and BK viruses (244). Examples of disease attributed to infection 

with these viruses in hematopoietic cell recipients include parvovirus B-19 induced severe 

anemia, late onset hemorrhagic cystitis caused by BK virus, and PML caused by JC virus. 

Reactivation of hepatitis B or C viruses occurs in up to 70% of patients, but, rarely, is 

disease associated with this reactivation (245, 246).

Nonmyeloablative conditioning regimens—In order to offer hematopoietic cell 

transplantation as a treatment option to patients who are elderly or have significant 

co-morbidities, non-myeloablative or reduced intensity conditioning regimens have been 

recently introduced (215). These regimens are designed to reduce treatment-related toxicities 

such as mucositis and neutropenia, but to preserve the graft-versus-leukemia effect. 

Many regimens include a purine analog such as fludarabine, and an alkylating agent, 

such as cyclophosphamide with or without an anti-T cell monoclonal antibody such as 
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alemtuzumab. Despite the “reduced intensity” regimen, the literature reveals that because of 

the potent immunosuppressing regimens utilized and because of the occurrence of GVHD 

after nonmyeloablative BMT, the risk for opportunistic infections remains significant (247). 

Studies reporting on the incidence of infectious complications in patients who have received 

a nonmyeloablative hematopoietic cell transplant are difficult to compare because of the 

variety of conditioning and GVHD prophylaxis regimens used. In addition, the studies 

have included patients with a wide variety of underlying illnesses, prior therapies, and 

anti-prophylaxis regimens, all of which are determinants of the frequency and types of 

infections encountered (247). Studies of immune reconstitution after nonmyeloablative 

conditioning regimens have revealed that peripheral T and B cell subsets were similar 

during the 12 months after transplant or slightly depressed late after transplant (> 90 days) 

compared to myeloablative regimens (248, 249). Hence, these studies showed a similar 

rate of bacterial and CMV infections (248) or an increased rate of bacterial and fungal 

infections late post-transplant (> 90 days) (249). Another study in which fludarabine and 

cyclophosphamide composed the nonmyeloablative conditioning regimen, found similar 

frequencies of CMV and invasive fungal infections compared to infection frequencies 

in patients who received a myeloablative regimen (247). Overall, the data reveal that 

opportunistic infections, especially those caused by CMV and Aspergillus spp., occur and 

are common after nonmyeloablative hematopoietic cell transplantation (215, 250–252). The 

frequency and type of infections is variable and determined by underyling illness, prior 

therapies, and the conditioning regimen (247).

Human Immunodeficiency Virus Infection and Acquired Immunodeficiency Disease

Infection with the human immunodeficiency virus (HIV-1) causes a chronic progressive 

immunodeficiency. Initially, it was thought that this immunodeficiency arose from the 

exclusive infection of CD4+ T cell lymphocytes with subsequent cell death resulting 

in significant CD4+ T cell depletion. However, with time, it was discovered that this 

virus is capable of infecting a range of cells, including monocytes, follicular dendritic 

cells, epidermal Langerhans cells (253), alveolar macrophages, and cells within the central 

nervous system. In the early stages of infection, the high rate of viral replication in CD4+ 

T cells results in a major increase in the daily production of CD4+ cells that is balanced 

by a similar rate of CD4+ cell destruction (254). Over time, a gradual decrease in cellular 

and humoral immune functions occurs. Accompanying this decline in CD4+ T cell counts, 

investigators have characterized a wide array of functional abnormalities of the immune 

system. These abnormalities include: a decrease in responsiveness to mitogens and antigens, 

decreased proliferative responses to certain pathogens, decreased cytotoxic and natural killer 

cell activity, and decreased humoral immune responses. In concert, these abnormalities 

produce a state of general activation and disordered regulation of the cellular and humoral 

immune responses (255).

A unique example of dysregulation of the immune response in HIV-infected patients is 

the immune reconstitution inflammatory syndrome (IRIS) (255). This syndrome occurs in 

patients with AIDS (CD4 count often < 100 cells/mm3) who have a pre-existing infectious 

process that worsens paradoxically after initiation of highly active antiretroviral therapy 

(HAART). The IRIS has been most frequently reported with herpes zoster, M. tuberculosis, 
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M. avium complex, CMV, and Cryptococcus infections (256, 257). The IRIS likely arises 

from an interaction of an exuberant, recovering immune response following HAART with 

the residual antigenic burden and the host genetic susceptibility to such a process.

HIV-1 infection is divided into stages: primary infection with seroconversion, clinical 

latency, early symptomatic disease, and acquired immunodeficiency syndrome (AIDS). 

The infectious complications that occur in patients infected with the HIV-1 virus correlate 

with the level of CD4+ cell counts. After the resolution of primary infection, patients 

enter the phase of clinical latency when they are primarily asymptomatic if the peripheral 

CD4+ T cell count remains above 500/mm3. As the CD4 count declines below 500/mm3, 

patients begin to develop constitutional symptoms (258, 259). These symptoms are often 

accompanied by infections caused by reactivating herpes viruses, such as herpes zoster 

virus, herpes simplex virus, or EBV virus (oral hairy leukoplakia), or mucosal infection 

cause by Candida spp. (thrush, vaginitis). Additional infectious complications that occur 

when the CD4 count ranges from 200–500/mm3 include pneumonia caused by pneumococci 

and other bacteria, reactivation of pulmonary tuberculosis, and cervical and anal dysplasia 

or cancer attributed to human papillomavirus infection. Other, less common syndromes that 

occur during this time and are associated with viral reactivation, include EBV-associated B 

cell lymphoma and HHV-8-associated Kaposi’s sarcoma.

Late stage disease and an AIDS defining state occur when the CD4 count falls to < 

200/mm3. The median time from the onset of this severe immunosuppression to an AIDS­

defining diagnosis is 12 to 18 months in persons not receiving anti-retroviral therapy. This 

phase is characterized by the development of opportunistic infections, tumors, wasting, and 

neurologic complications. The most common opportunistic infection encountered during 

this time period, in the absence of antibiotic prophylaxis, is pneumonia caused by P. 
jirovecii. Disseminated endemic mycoses, such as histoplasmosis and coccidioidiomycosis 

and extrapulmonary tuberculosis are encountered. PML caused by reactivation of the 

polyomavirus, JC, is a less common diagnosis. With further decline in the CD4 count, a 

broader array of opportunistic infections occurs. CD4 counts below 100/mm3 are associated 

with toxoplasmosis encephalitis, cryptococcal meningitis, candidal esophagitis, chronic 

diarrheal illnesses caused by Cryptosporidium or microsporidia, and disseminated HSV 

infection. Disseminated M. avium complex and CMV infections are two of the main 

opportunistic infections usually encountered with severe immunosuppression, when the 

CD4 counts falls below 50/mm3. The function of T lymphocytes (260) and the risk of 

opportunistic infections (261) decreases with reduction of viremia by anti-retroviral therapy, 

even when the CD4 counts are not restored to normal.

Other Immunomodulating Viruses

Epstein-Barr virus can cause a variety of immunologic perturbations. This virus infects 

human B lymphocytes and drives their proliferation until it is controlled by T lymphocytes. 

(The activated T lymphocytes are the “atypical lymphocytes” seen in the peripheral blood 

of patients with acute EBV infection.) Despite the fact that numbers of peripheral blood 

lymphocytes increase, it is well known that patients with acute infectious mononucleosis 

have depressed cell-mediated immunity and can become anergic. The mechanism for this 
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became apparent when it was discovered that the EBV gene BCRF1 shares extensive 

sequence homology with the human Interleukin 10 (IL-10) gene, and that EBV-infected 

B lymphocytes produce IL-10 (262). This cytokine has two roles in immunoregulation 

– it is a growth and differentiation factor for B lymphocytes, and it is a negative 

regulator of TH1 T lymphocyte activity. These are the cells responsible for secreting 

cytokines such as IL-2 and interferon-gamma that are needed for delayed hypersensitivity 

reactions and cell-mediated immune responses. Therefore, during and sometimes for 

months following an acute EBV infection, individuals may be anergic and have difficulty 

responding to other viral and intracellular bacterial (e.g., mycobacteria) pathogens (263). 

EBV can cause hypogammaglobulinemia and pancytopenia. These effects are usually, but 

not always transient. Rarely among otherwise normal individuals but frequently among 

people with a rare immunodeficiency, the X-linked lymphoproliferative syndrome (X-LP), 

EBV infection can cause chronic infection, pancytopenia, severe hypogammaglobulinemia, 

hemophagocytic syndrome, a lymphoproliferative syndrome or B cell lymphoma (264, 265). 

EBV infection is invariably fatal in people with X-LP syndrome.

Measles—Much of the morbidity and mortality from measles is due to secondary 

infections, particularly diarrhea, pneumonia and reactivation of tuberculosis (266). Some 

of the predisposition to secondary infections is due to damage of mucosal barriers, but 

measles suppresses cell-mediated immune function for weeks following infection. During 

that period, people have decreased delayed-type hypersensitivity skin test responses (267), 

in vitro natural killer cell function and in vitro T-lymphoproliferative responses to mitogens. 

Similar changes, but of smaller magnitude, follow immunization with measles vaccine. The 

Th2 response predominates in children recovering from measles, inhibits Th1 responses, and 

increases susceptibility to intracellular pathogens (268)

Immunodeficiency Associated with Hematologic Malignancies

In addition to the effects of chemotherapy, cancers can predispose the host to develop 

infections if the cancer spreads to the bone marrow and/or lymph nodes, and thereby 

reduces the number of normal hematopoeitic cells. This is particularly true for lymphoid 

malignancies, such as leukemia and lymphoma.

Chronic lymphocytic leukemia (CLL)—CLL patients are at increased risk for infection 

because the leukemia cells can replace normal lymphocytes in the bone marrow and 

lymph nodes, and because of adverse effects of the drugs used to treat the disease. 

Defects of humoral immunity are common, and the problem appears to be exacerbated 

by the use of rituximab (269). Sometimes humoral immune deficiency is accompanied 

by hypogammaglobulinemia, but some CLL patients have oligoclonal or monoclonal 

gammopathies that lead to the unusual combination of normal or elevated immunoglobulin 

levels with deficiency of antibody responses. Evaluation of humoral immune function in 

these patients requires an immunofixation electrophoresis to test for gammopathy, and 

measurement of antibody responses to T-dependent and T-independent vaccine antigens. 

Affected individuals are at increased risk for upper and lower respiratory tract infections 

caused by encapsulated bacteria (54). Prophylactic infusions of pooled human gamma 

globulin (IVIG) have been shown to be cost effective, though they may not alter the 
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long-term prognosis (270). Neutropenia and deficiencies of T cell number and function can 

occur in CLL, though most likely as a consequence of chemotherapy. The types of infections 

can be predicted by the specific chemotherapeutic drugs that are being used in an individual 

patient.

Multiple myeloma—This B-cell malignancy causes effects similar to those seen with 

CLL (271). The malignant B cell clone can displace other B cells, thus leading to humoral 

immune deficiency, even in the face of an elevated gamma globulin fraction. Myeloma 

cells secrete transforming growth factor-β which suppresses the inflammatory responses of 

monocytes and macrophages, and decreases the production of IgG and IgM antibodies by 

non-malignant B cells. Myeloma cells can also secrete vascular endothelial growth factor 

which has deleterious effects on dendritic cell differentiation and function, thus decreasing 

antigen presentation for adaptive immunity. Responses to pneumococcal vaccine are sub­

optimal. Patients with multiple myeloma have an increased risk for infection caused by 

pneumococci and other encapsulated bacteria. More widespread immunologic dysfunction is 

likely to be the result of chemotherapy and not a direct effect of the myeloma.

Metabolic Diseases

Diabetes mellitus—Both type 1 and type 2 diabetes mellitus can increase an individual’s 

risk for infections because of reduced blood supply and denervation of peripheral tissues. 

It also appears that poor glycemic control is associated with impaired neutrophil function. 

Neutrophils from diabetics have decreased expression of adhesion molecules, as well as 

impaired in vitro adhesion and chemotaxis (272). Phagocytosis appears to be normal, but 

bactericidal function is impaired. Adaptive immune function is normal. Finally, diabetics 

have increased nasal colonization with S. aureus and may have increased binding between 

Candida and epithelial cells of the oral mucosa and vagina. These defects lead to predictable 

patterns of infections. Diabetics are at increased risk for developing infections of the lower 

respiratory tract, urinary tract, skin and mucous membranes (273–275). They are also at 

increased risk for recurrences of these infections. Infections caused by S. aureus, gram­

negative rods and M. tuberculosis occur at increased frequency, and infections caused by S. 
pneumoniae and influenza virus cause increased morbidity and mortality (276). Diabetics 

are at increased risk for developing cellulitis and necrotizing fasciitis, most often due to 

polymicrobial infections caused by combinations of gram negative rods and anaerobes, but 

also due to S. aureus, or group A streptococci (277). There are also several specific types of 

infections and specific pathogens that occur much more often in diabetics than other people. 

These include rhinocerebral mucormycosis, necrotizing otitis externa associated with P. 
aeruginosa, emphysematous cystitis, and emphysematous cholecystitis. The latter may be a 

secondary effect of diabetic gastrointestinal dysmotility.

Protein-losing enteropathy—Loss of protein across the gastrointestinal mucosa can 

occur in association with chronic inflammatory diseases (e.g., Crohn’s colitis, celiac disease, 

and systemic lupus erythematosus). Though IgG levels may fall well below the normal 

range, affected individuals usually continue to produce normal antibody responses, and do 

not have trouble with infections. There are two exceptions to this generalization. People who 

are treated with chronic immunosuppression may have reduced production of antibody in 
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association with increased loss of immunoglobulin through the stool. This rarely is severe 

enough to cause a predisposition to develop infections. (The effects of immunosuppression 

on T cell function are similar to those encountered by organ transplant recipients taking 

the same drugs at the same doses.) Protein-losing enteropathy can also be associated with 

lymphatic obstruction or intestinal lymphangiectasia, in which case there is concomitant 

reduction in T lymphocyte numbers (278). There can be sufficient loss of T lymphocytes to 

cause anergy, thus compromising the diagnostic utility of the delayed-type hypersensitivity 

skin tests. In very rare cases, the loss of T cells can be so severe that it causes a severe 

combined immunodeficiency.

Nephrotic syndrome—It would be expected that the consequences of protein loss 

through the urinary tract would be similar to those seen with protein loss through the 

gastrointestinal tract. That is, that most patients would have reduced levels of serum 

immunoglobulins with normal or near normal antibody production and no significant 

predisposition to infection. However, there is one glaring exception to this generalization, 

the propensity of children and less often adults with nephrotic syndrome to develop primary 

or spontaneous pneumococcal peritonitis (279, 280). The explanation for this association is 

not known.

Asplenia—Individuals can have congenital asplenia as an isolated finding or in association 

with dextroposition of the heart, lungs and abdominal viscera (Ivemark syndrome). The 

spleen can be surgically removed for trauma. There can be functional asplenia from 

splenic infarcts, most often caused by sickle cell disease, but sometimes caused by portal 

hypertension or infiltration by malignant cells. Asplenia is associated with a reduction 

in serum IgM, impaired IgM antibody reponses to polysaccharide vaccines (281), and a 

reduction in the capacity for phagocytosis of blood-borne microorganisms. The overall 

incidence of sepsis among asplenic individuals is 4.25% and the mortality rate is 2.52%, 

which represents an approximately 200-fold increase above the risks among the general 

population (282). The risk of infection is greater among children less than 5 years old, 

and in the first few years after surgical splenectomy. Infections are most often caused by 

encapsulated bacteria. The most frequent pathogen is S. pneumoniae, but N. meningitidis, 

E. coli, H. influenzae type b and S. aureus are important pathogens, as are Babesia spp. and 

malaria.

Effects of Age

Infants and young children—The neonate and very young infant have increased 

susceptibility to infection for a variety of reasons (283). First, though the repertoire of 

the adaptive immune system is generated during fetal life, there is little clonal selection 

and terminal differentiation to generate effector T lymphocytes and antibody-secreting B 

lymphocytes until the child has been exposed to antigens. That is, adaptive immunity 

depends in large part upon previous exposure to pathogens via immunization or infection. 

(The mother provides some compensation for the lack of antibody as maternal IgG 

antibodies are transported across the placenta, and provide protection to the baby for 

up to 6 months.) In addition, T cells from the fetus and young infant have decreased 

cytokine production and moderate reductions in cytotoxic function compared to adult 
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T cells. Neonates and young children are usually anergic to a panel of delayed-type 

hypersensitivity skin tests, which limits their effectiveness as screening tests for deficiencies 

of cell-mediated immune function or mycobacterial infections (284, 285). The major defect 

of humoral immunity is that until children are 18–24 months old, they are generally unable 

to produce antibody in response to T-independent antigens (including clinically important 

bacterial capsular polysaccharides such as those produced by pathogenic pneumococci and 

H. influenzae) (286, 287). Before the development of polysaccharide-protein conjugate 

vaccines that activate B cells in a T-dependent manner, children under 2 years of age 

were at high risk for developing invasive infections (sepsis and meningitis) caused by 

these organisms. It was most remarkable that even after recovering from sepsis and/or 

meningitis, such infants did not produce protective levels of IgG antibody to the infecting 

pathogen. Young infants and children are still at increased risk for developing infections 

to pneumococcal serotypes not contained in the polysaccharide-protein conjugate vaccine. 

The NK cells of neonates have reduced cytotoxic activity compared to that of adults (288). 

Multiple functions of phagocytic cells, including adhesion and chemotaxis are reduced, but, 

bacterial killing appears to be at or very near adult normal levels. The levels of complement 

components are generally reduced by approximately 50% in comparison to normal adults 

(289). The effector function of both phagocytes and the classical pathway of complement are 

further reduced by the absence of IgG antibodies to relevant pathogens. This is compounded 

in premature babies who do not receive the full complement of maternal IgG antibodies, 

most of which are transferred during the last trimester of pregnancy.

Newborn babies are exposed to vaginal microbiota during delivery, and to the same 

microbiota prior to delivery if there has been premature rupture of the amniotic sac. If 

colonized by this microbiota, the combination of defects in the newborn makes them 

more susceptible to develop blood borne infections that can be widely disseminated. 

In this host, infections by bacteria including group B streptococci, E. coli and other 

Enterobacteriaceae, and Listeria (290), as well as HSV (291) and enteroviruses, (292) are 

particularly problematic.

Aging—It is difficult to clearly define the effects of aging on susceptibility to infection 

because of confounding comorbidities. Nevertheless, it is apparent that there are age-related 

deficiencies of adaptive immunity (293–295). Thymic involution leads to the decreased 

production of naïve T cells by age 40 years, and this is coupled with an age-related decline 

in the replicative potential of memory T cells. There also is a shift toward a TH2 T-cell 

response, and a relative decrease in the CD4:CD8 ratio. Serum immunoglobulin levels do 

not decline, but both primary and secondary antibody responses are impaired relative to 

those of younger individuals. For example, it has been estimated that influenza vaccine can 

prevent infection in 70–90% of people less than 65 years old (296), but only 30–40% of 

people who are older (297). Similarly, the immunogenicity of pneumococcal polysaccharide 

vaccines is reduced in individuals over the age of 65 years, compared to the populations of 

younger subjects (302, 303). Innate immune function appears to be stable with aging. Based 

upon the diminished T and B cell function of the elderly, it should not be surprising that they 

have an increased incidence and severity of pneumococcal, RSV (298) and influenza virus 

pneumonia, group B streptococcal bacteremia and sepsis, tuberculosis and herpes zoster.
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Surgery or Trauma

Major trauma triggers a massive inflammatory response that is due to widespread 

activation of monocytes and macrophages by necrotic tissue (299). A consequence of 

this inflammatory state is depression of T and B cell function. Macrophages produce 

prostaglandins, such as prostagladin E2 (PGE2) that is a powerful immune suppressant. 

PGE2 inhibits T cell division, IL-2 production, IL-2 receptor expression, and affects 

the quality of antibody synthesis by B lymphocytes. In addition, PGE2 induces a TH2 

lymphocyte response that is immunosuppressive in that immunosuppressive cytokines 

such as IL-4 and IL-10 are produced. This suppression of the adaptive immune response 

predisposes trauma patients to serious infections.

In patients who have experienced severe burns, the immune system undergoes a similar 

evolution in response to injury. Severe burns induce activation of an inflammatory 

cascade that contributes to the development of subsequent immunosuppression and 

increased susceptibility to infection and multiple organ system failure. The mechanisms 

by which burns cause immunosuppression have not been completely elucidated. However, 

macrophages likely play a major role in post-burn immunosuppression as their productive 

capacity for inflammatory mediators (e.g. prostaglandins, nitric oxide, TNF-α, IL-6 and 

other cytokines) is significantly increased (300). A downstream consequence of this 

inflammatory state is that patients with extensive burns exhibit decreased T and B 

lymphocyte function and impaired function of circulating leukocytes and complement (301, 

302). Despite recent advances in the care of burn patients, overwhelming infection remains 

the leading cause of death from serious burn injury. In patients with burns affecting over 

40% of the total body surface area, 75% of all deaths are attributed to sepsis from infection 

of the burn wound or other infections complications and/or inhalation injury (105). In 

addition to immune system dysfunction, the burn destroys the physical barrier to infection 

enabling tissue invasion by bacterial pathogens and possible systemic dissemination. High 

density (up to 105 colonies of bacteria per gram of tissue) bacterial colonization of burn 

eschar occurs. Colonization with P. aeruginosa is most common but colonization with 

other bacteria also occurs (e.g. E. coli, Acinetobacter, S. aureus) (303). P. aeruginosa 
skin infection in burn victims remains a serious complication associated with a very high 

mortality despite aggressive antibiotic therapy (304).

Chronic disease

Systemic lupus erythematosis—Infections are a major cause of morbidity and 

mortality in patients with SLE. Infections account for the majority of deaths among 

SLE patients in developing countries, and are the first or second most common cause 

of death in developing countries (305). Primary defects in innate and adaptive immunity 

that occur in SLE plus defects resulting from immunosuppressive therapy account for 

the high incidence of infections in this patient population. Immune defects in almost 

every component of the immune system have been reported. This impairment is not 

universal. The reported immune dysfunctions of the innate immune system include: 

inherited complement deficiencies, decreased levels of complement proteins and reduced 

numbers of complement receptors, abnormalities of chemotaxis, phagocytosis, and oxidative 
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metabolism of polymorphonuclear leukocytes, monocytes, and macrophages. These immune 

abnormalities are more pronounced during periods of increased disease activity.

The adaptive immune system can also be compromised in patients with SLE. This appears to 

occur in the setting of enhanced disease activity and as a result of immunosuppressive 

therapy. During periods of exacerbation, patients with SLE have decreased levels of 

T cells and T-helper cell responses to viral antigens, toxoids, and allogeneic cells are 

diminished (306). T cell and other immune functions, as described above, are further 

impaired by corticosteroid therapy. Patients who are treated with cyclophosphamide and/or 

plasmapheresis because of serious disease manifestations unresponsive to corticosteroid 

therapy are at significant risk of developing fatal opportunistic infections.

Common bacteria, both gram positive and gram negative, are responsible for most infections 

in patients who have SLE (305). Some infections can have more severe manifestations 

if inherited deficiencies of complement or splenic dysfunction are present. Infections 

with encapsulated bacteria (S. pneumoniae, N. meningitidis) can cause meningitis and 

sepsis. Salmonella infections, such as bacteremia, occur in patients who have similar 

immune system deficiencies. Infection with Listeria monocytogenes, causing sepsis and 

meningitis, has been reported in patients receiving high doses of corticosteroids. Other 

opportunistic infections occur in patients who are treated with high dose corticosteroids 

and/or additional immunosuppressive therapy such as cyclophosphamide. Opportunistic 

infection with Nocardia, M. tuberculosis, atypical mycobacteria, VZV, CMV, P. jirovecii, C. 
albicans, Cryptococcus neoformans, Aspergillus, Strongyloides stercoralis, and Toxoplasma 
gondii has been reported in lupus patients.

Chronic active hepatitis and cirrhosis—Infections are a major complication and 

a major cause of death in advanced liver disease (313). The most common infections 

are bacterial and include spontaneous bacterial peritonitis, pneumonia, bacteremia, urinary 

tract infections, and endocarditis. Many immunologic abnormalities have been detected 

in patients with cirrhosis. Many of these studies have been performed in patients with 

alcohol induced liver disease. Low levels of complement and decompensated alcoholic 

cirrhosis have been associated with an increased risk of infections and mortality (307). The 

liver is the primary site of C3 synthesis; therefore, in the presence of severe liver failure, 

opsonization of bacteria may be impaired. The reticuloendothelial system is an important 

filtering system for bloodborne pathogens. However, because of impaired macrophage 

activation and mobilization in the presence of cirrhosis, this filtering may be impaired (308). 

In addition, portal-systemic shunting occurs in cirrhosis allowing portal blood to reach 

the systemic circulation without passing through the reticuloendothelial system. This is a 

suspected etiology of some bacteremias in patients with cirrhosis.

Patients with cirrhosis frequently demonstrate anergy and fail to respond to vaccination 

suggesting delayed hypersensitivity and other impaired T cell dependent functions (309). 

Recent studies of vaccination with influenza vaccine demonstrated that patients with more 

advanced liver disease had significantly lower post-immunization levels of IFN-γ that is due 

to decreased lymphocyte responsiveness to specific antigen in advanced liver disease (310). 

This decreased lymphocyte responsiveness may be due to the effects of hepatitis C virus on 
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dendritic cells, antigen-presenting cells that are essential for the development of an effective 

immune response (311). Hepatitis C virus binds to dendritic cells, replicates to a low level 

in these cells and impairs their maturation. The result is an impaired ability of dendritic cells 

to stimulate alloreactive T cells. Similar findings have been reported in patients with chronic 

hepatitis B virus infection (312).

End stage renal disease—Bacterial infections are the second most common cause 

of death in the end stage renal disease (ESRD) population (313). Death rates from 

sepsis are 100 to 300 fold higher in ESRD compared to the general population. The 

following immunologic abnormalities have been reported in patients with ESRD: decreased 

granulocyte and macrophage phagocytic function, reduced killing capacity of neutrophils, 

lower antibody titers and inability to maintain adequate antibody titers over time post­

vaccination, and impaired T cell-mediated immunity (314–318). A recent study of patients 

with ESRD maintained on hemodialysis found a reduction of naïve and central memory 

T cells that may in part contribute to the increased predisposition to infection and the 

diminished response to vaccination in the ESRD population (318). This reduction in 

lymphocytes may result from apoptosis induced by uremia (319).

E. Screening for Suspected Immunodeficiency

Although immune system dysfunction can be suspected by the clinician after careful review 

of the history and physical exam, specific diagnoses of primary immunodeficiency are rarely 

evident without the use of the laboratory (320). Similarly, one may be able to suspect the 

most likely secondary immunomodulating consequences of a drug, infection or other illness. 

However, the specific host defect and its severity may vary widely among different patients. 

Based upon information provided in this chapter, the types of infections, the drugs being 

used, and other symptoms should help to focus the laboratory workup on specific parts 

of the immune system (Table 2). For example, patients with antibody deficiency typically 

have sinopulmonary infections caused by encapsulated bacteria and viruses as a prominent 

presenting feature. Deficiency of cell-mediated immunity predisposes individuals to develop 

infections caused by opportunistic pathogens such as P. jirovecii and other fungi, bacteria 

of low virulence, and a variety of viruses. Abnormalities of phagocytic function should 

be suspected when patients have recurrent skin infections or visceral abscesses, whereas 

patients with complement deficiency most often present with bacterial sepsis or immune 

complex-mediated diseases. Screening tests should be guided by the clinical features of the 

patient with the aim of identifying possible primary and secondary immunodeficiency, and 

defining the relevant defect(s) in host defense.

Examination of the Peripheral Blood Smear

A complete blood count, together with blood smear examination, is an inexpensive 

and readily available test that provides important diagnostic information relating to a 

number of immunodeficiency states (Table 6). Neutropenia most often occurs secondary 

to immunosuppressive drugs, infection, malnutrition, autoimmunity, but may be a 

primary problem (congenital or cyclic neutropenia). In contrast, persistent neutrophilia 

is characteristic of leukocyte adhesion molecule deficiency, and abnormal cytoplasmic 
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granules may be seen in the peripheral blood smear of patients with Chediak-Higashi 

Syndrome.

The blood is predominantly a “T cell organ”, i.e., the majority (50–70%) of peripheral 

blood lymphocytes are T cells whereas only 5–15% are B cells. Therefore, lymphopenia 

is often a presenting feature of T cell or combined immunodeficiency disorders such as 

severe combined immunodeficiency disease or DiGeorge Syndrome (321). Pediatricians and 

specialists in infectious diseases are often so intent on looking for abnormal neutrophil 

counts and the presence of elevated numbers of young neutrophils (e.g., bands), that they fail 

to note this important abnormality when it is present.

Thrombocytopenia may occur as a secondary manifestation of immunodeficiency, but is 

often a presenting manifestation of the Wiskott-Aldrich Syndrome (322). A unique finding 

in the latter group of patients is an abnormally small platelet volume, a measurement that is 

easily made by automated blood counters.

Examination of red blood cell morphology can yield clues about splenic function. Howell­

Jolly bodies may be visible in peripheral blood in cases of splenic dysfunction or asplenia. 

However, the converse is not always true and the absence of Howell-Jolly bodies does not 

guarantee that splenic function is normal.

Evaluation of Humoral Immunity

Measurement of serum immunoglobulin levels is an important screening test to detect 

immunodeficiency for three reasons 1) More than 80% of patients with primary disorders 

of immunity will have abnormalities of serum immunoglobulins; 2) Immunoglobulin 

measurements yield indirect information about several disparate aspects of the immune 

system because immunoglobulin synthesis requires the coordinated function of B 

lymphocytes, T lymphocytes and monocytes; and 3) The measurement of serum 

immunoglobulin levels is readily available, highly reliable and relatively inexpensive. The 

initial screening test for humoral immune function is the quantitative measurement of serum 

immunoglobulins (320). Neither serum protein electrophoresis nor immunoelectrophoresis 

is sufficiently sensitive or quantitative to be useful for this purpose. Instead, quantitative 

measurements of serum IgG, IgA and IgM should be used as that will identify patients 

with panhypogammaglobulinemia as well as those with deficiencies of an individual class of 

immunoglobulins, such as selective IgA deficiency. Interpretation of results must be made 

in view of the marked variations in normal immunoglobulin levels with age. Therefore, 

age-related normal values must always be used for comparison.

A clue to immunodeficiency may be a low normal IgG level in an individual with 

recurrent infections. In such cases, it is critical to assess antibody function in addition to 

immunoglobulin levels. Antibody levels should be measured in response to T-dependent 

(e.g., tetanus toxoid or influenza virus vaccines), and T-independent (e.g., pneumococcal 

polysaccharide) vaccines. Two caveats for the latter group of vaccines are that pneumococcal 

polysaccharide/protein conjugate vaccines are not useful for this purpose because they are 

T-dependent, and that children under the age of l8–24 months generally cannot respond 

to T-independent antigens whether presented by immunization or natural infection. As an 
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alternative, T-independent antibody responses can be assessed by quantitating isoagglutinin 

titers, as the ABO blood group antigens are polysaccharides. However, the value of 

measuring anti-isoagglutinin antibodies is also limited in children less than 2 years of 

age. It is also important to assess responses to new antigens as well as recall antigens, 

as some acquired (e.g., common variable immunodeficiency) and secondary (rituximab 

therapy) immunodeficiency diseases may not effect previously generated memory cells. 

Meningococcal and hepatitis A vaccines are useful for this purpose as many people have 

not had previous immunization or exposure to these antigens. Live vaccines (varicella­

zoster, measles, mumps, rubella or BCG) should never be used for diagnostic testing, as 

immunodeficient patients can sometimes develop serious and potentially life-threatening 

infections from vaccine-strain microorganisms.

The role for IgG subclass measurements is controversial. There are four subclasses of IgG, 

and selective deficiencies of each of these have been described. However, the significance 

of an IgG subclass deficiency in the presence of normal antibody responses to protein and 

polysaccharide antigens is not known. Therefore, it is probably best to rely upon antibody 

measurements and not IgG subclass levels.

Evaluation of Cell-Mediated Immunity

Testing for defects of cell-mediated immunity is relatively difficult because of the lack 

of good screening tests. Lymphopenia is suggestive of T-lymphocyte deficiency because 

T lymphocytes comprise the majority (50–70%) of peripheral blood mononuclear cells. 

However, lymphopenia is not always present in patients with T lymphocyte functional 

defects. Similarly, the lack of a thymus silhouette on chest x-ray is rarely helpful in the 

evaluation of T lymphocyte disorders because the thymus may involute following stress and 

give the appearance of thymic hypoplasia.

Indirect information about T cell function may be obtained by flow cytometric enumeration 

of peripheral blood T lymphocytes with appropriate monoclonal antibodies (anti-CD3 for 

total T cells, anti-CD4 for T-helper cells, anti-CD8 for T-cytotoxic cells). Patients with 

severe combined immunodeficiency and DiGeorge Syndrome generally have decreased 

numbers of both CD4+ and CD8+ T lymphocytes. In contrast, patients infected with HIV 

have decreased T lymphocyte numbers because there are decreased numbers of CD4+ 

lymphocytes.

Delayed type hypersensitivity (DTH) skin testing with a panel of antigens (323) generally 

should not be used to screen for defects of cell-mediated immunity because there are 

significant limitations to this testing: (i) Prior exposure to antigen is a prerequisite. (ii) 

Normal patients may have transient depression of delayed-type hypersensitivity with acute 

viral infections such as infectious mononucleosis; poor nutrition; or stress. In fact, the 

incidence of anergy among hospitalized patients is significantly higher than what one might 

suppose based upon their admitting diagnoses and the lack of infections with opportunistic 

pathogens. (iii) A positive skin test to some antigens does not insure that the patient has 

normal cell-mediated immunity to all antigens (e.g., patients with chronic mucocutaneous 

candidiasis have a limited defect in which cell-mediated immunity is generally intact except 

for their response to candida). (iv) There currently are only 3 antigen preparations available 
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in the United States that have been standardized and licensed for DTH testing (candida, 

mumps and PPD) (324), and the latter preparation is not useful for anergy testing since most 

people should be expected to be negative.) (v) Normal children under the age of l2 months 

frequently are unresponsive to all of the antigens in the panel. (vi) False negatives can easily 

result from incorrect application of antigens, which is dependent on characteristics of the 

patient’s skin as well as the skill of the operator. DTH skin tests are, therefore, generally 

not helpful for evaluation of suspected T-lymphocyte abnormalities, especially those that 

present early in life (e.g., severe combined immunodeficiency or DiGeorge Syndrome). 

Instead, the preferred method is measurement of in vitro T cell proliferation and/or cytokine 

production in response to mitogens and soluble antigens (320). An example of the latter are 

the commercial tests for TB that depend upon interferon-gamma release after exposure to 

PPD (QuantiFERON®–TB Gold In-Tube test and T-SPOT®.TB test). When specimens are 

sent to an off-site reference laboratory for testing, they should always be accompanied by a 

specimen from a normal individual to control for the effects of shipment on the results.

Evaluation of the Complement System

Most of the genetically determined deficiencies of complement can be detected with 

the total serum hemolytic complement (CH50) assay (325). Since this assay depends 

on the functional integrity of the classical complement pathway (C1 through C9), a 

severe deficiency of any of these components leads to a marked reduction or absence 

of total hemolytic complement activity. Alternative pathway deficiencies (e.g., factor 

H, factor I and properdin) are extremely rare; they may be suspected if the CH50 is 

in the low range of normal and the serum C3 level is low. The screening test for 

alternative pathway abnormalities is the AH50. The screening test for abnormalities of the 

mannose-binding pathway is measurement of the MBL level. The final identification of 

the specific complement component that is deficient usually rests on both functional and 

immunochemical tests, and highly specific assays have been developed for each individual 

complement component. These tests are all commercially available at reference laboratories.

Evaluation of Phagocytic Cells

Evaluation of phagocytic cells usually entails assessment of both their number and their 

function. Disorders, such as congenital agranulocytosis or cyclic neutropenia, which are 

characterized by a deficiency in phagocytic cell number, can be easily detected by using 

a white blood cell count and differential. Beyond that, assessment of phagocytic cell 

function is relatively specialized because it depends upon a variety of in vitro assays 

including measurement of directed cell motility (chemotaxis), ingestion (phagocytosis) and 

intracellular killing (bactericidal activity) (27). The most common of the phagocyte function 

disorders, chronic granulomatous disease, can be identified by the nitroblue tetrazolium 

(NBT) dye test or the dihydrorhodamine dye flow cytometry assay (326), either of which 

measures the oxidative metabolic response of neutrophils and monocytes. This is another 

test for which patient specimens sent to an off- site reference laboratory for testing should 

always be accompanied by a specimen from a normal individual.
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F. Summary

Immunocompromised hosts have an increased susceptibility to infections for a wide variety 

of reasons. As a result, it is not correct, nor is it particularly useful, for the clinician to 

consider all immunocompromised hosts to have the same susceptibility to infection. This 

chapter should lay the groundwork for understanding why an individual patient may have 

an increased susceptibility to specific types of pathogens. Some of the defects in host 

defense are due to the effects of the environment (e.g., exposure to immunosuppressive 

drugs or viruses) and other defects are due to genetic traits (e.g., primary immunodeficiency 

diseases). We are likely to learn much more about both of these processes as data from the 

human genome project enables us to identify genetic variants (polymorphisms) that make 

some individuals more susceptible to a toxic effect of a drug or to have some variation (but 

not complete defect) in a host defense mechanism.

The identification of specific host defense defects in an individual patient should lead to a 

more efficient strategy for identification and management of specific pathogens. Subsequent 

chapters of this book will elaborate on the specific pathogens and syndromes peculiar to the 

expanding group of immunocompromised hosts.
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Figure 1. Timeline of Infections after Solid Organ Transplantation
Alterations in the timeline occur as a result of antimicrobial prophylaxis or in the presence 

of excessive immunosuppression or intense epidemiologic exposure to a potential pathogens. 

HSV denotes herpes simplex virus, EBV, Epstein-Barr virus, VZV, varicella-zoster virus, 

RSV, respiratory syncytial virus.
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Figure 2. 
Timeline of Infections after Autologous Hematopoietic Cell Transplantation.
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Figure 3. Timeline of Opportunistic Infections after Allogeneic Hematopoietic Cell 
Transplantation
PTLD, post-transplant lymphoproliferative disease; TB, tuberculosis; NTM, non-tuberculous 

mycobacteria; GVHD, graft versus host disease; RES, reticuloendothelial system.
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Table 1

Components of the Immune System

Feature Innate immunity Adaptive immunity

Cells Neutrophils
Monocytes/macrophages
Natural killer cells

B lymphocytes
T lymphocytes

Receptors Expressed by all cells of a particular type (e.g., macrophages)
Recognize broad classes of pathogens

Clonal distribution on individual cells
Highly specific

Soluble factors Complement
Mannose-binding lectin
Chemokines
Cytokines (including IL-1, TNF-α)

Antibody
Cytokines (including IL-2, IL-4, IL-5, IL-6, 
IL-10)

Change with repeated 
exposure to antigen

No Yes (clonal expansion, memory lymphocytes)
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Table 2

Patterns of Illness Associated with Primary Immunodeficiency Diseases

Disorder Illnesses

Infection Other

Antibody Sinopulmonary (pyogenic bacteria, viruses) Autoimmune disease (auto antibodies, 
inflammatory bowel disease)

Gastrointestinal (enterovirus, giardia)

Cell-mediated 
immunity

Wide range of microorganisms, including opportunistic pathogens

Pneumonia, (pyogenic bacteria, Pneumocystis jirovecii, viruses)

Gastrointestinal (viruses)

Skin, mucous membranes (fungi)

Complement Sepsis and other blood-borne (streptococci, pneumococci, neisseria) Autoimmune disease (systemic lupus 
erythematosus, glomerulonephritis)

Phagocytes Skin, reticuloendothelial system (staphylococcus, enteric bacteria, fungi, 
mycobacteria)
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Table 3

Illustrative Primary Immunodeficiency Diseases

Disorder of host defense Disease

Antibody X-linked agammaglobulinemia

Common variable immunodeficiency*

Selective IgA deficiency

Wiskott-Aldrich syndrome*

Antibody and cell-mediated immunity Severe combined immunodeficiency

Cell-mediated immunity Chronic mucocutaneous candidiasis

Phagocytes Congenital neutropenia

Chronic granulomatous disease

Congenital asplenia (Ivemark syndrome)

Leukocyte adhesion deficiency

Chediak-Higashi syndrome

Complement Classical pathway (C1q,r,s; C4; C2; C3 deficiency)

Alternative pathway (factor D, factor I, factor H, properdin)

Mannan-binding lectin pathway

Terminal components (C5, C6, C7, C8, C9)

*
May have associated defects of cell-mediated immunity
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Table 4

Host Immune Deficits and Infections Associated with Immunosuppressive and Chemotherapeutic Agents

Agent Class Effects on Immune System Associated Pathogens

Corticosteroids Decrease chemotactic activity to sites 
of inflammation; Inhibition of phagocytic, 
microbicidal, and T cell functions

Herpes virus, Candida sp. bacteria, P. jirovecii

Cytotoxic Drugs: 
methotrexate, f-fluorouracil 
(antimetabolites) 
cyclophosphamide, 
chlorambucil, melphalan 
(alkylating agents), 
doxorubicin, daunorubicin, 
idarubicin, mitoxantrone 
(anthracyclines), vincristine, 
vinblastine, cisplatin, 
bleomycin

Suppress bone marrow and significantly reduce 
counts at high doses; neutropenia; some cause 
lymphopenia, some cause significant mucositis

Bacteria (gram positive and negative), Candida, 
invasive mold infection with prolonged neutropenia

Purine analogs (eg. 
fludarabine, cladribine, 
pentostatin)

Neutropenia, lymphopenia, ± 
hypogammaglobulinemia

Encapsulated, gram positive, gram negative bacteria 
Herpesviruses (HSV, VZV, CMV), mycobacteria, 
Candida, Aspergillus, Cryptococcus

Azathioprine Inhibits B and T cell proliferation, decreased 
antibody production, myelosuppresssion

Bacterial infections (leukopenia), herpes zoster, 

CMV, JC virus (PML*) hepatitis virus B and C 
exacerbation, P. jirovecii, Nocardia

Cyclosporine, tacrolimus Inhibit production of IL-2 and other cytokines by 
CD4- positive T cells

CMV, EBV PTLD, JC virus (PML), BK 
polyomavirus nephropathy, hepatitis C virus 
reactivation

Mycophenolate mofetil Inhibits B and T cell proliferation; decreased 
antibody production; leukopenia

Herpesviruses (HSV, VZV, CMV), hepatitis C virus 
and B virus reactivation, JC virus (PML), Candida 
mucocutaneous disease, P. jirovecii, Cryptococcus, 
Aspergillus, Mucor

Rapamycin (sirolimus) 
Everolimus

Inhibition of T cell activation and proliferation; 
inhibition of antibody production

Herpesviruses (HSV, VZV, CMV), Pneumocystis 
jiroveci pneumonia, EBV-associated PTLD**, 
BK polyomavirus nephropathy, JC virus (PML), 
Tuberculous and non-tuberculous mycobacterial 
infections

Other: Phenytoin IgA deficiency or hypogammaglobulinemia Bacteria (including encapsulated bacteria), 
respiratory viruses, enteroviruses, Giardia

*
PML, progressive multifocal leukoencephalopathy;

**
PTLD, post-transplant lymphoproliferative disease
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