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SUMMARY The past 2 decades have seen a revolution in our approach to thera-
peutic immunosuppression. We have moved from relying on broadly active tradi-
tional medications, such as prednisolone or methotrexate, toward more specific
agents that often target a single receptor, cytokine, or cell type, using monoclo-
nal antibodies, fusion proteins, or targeted small molecules. This change has trans-
formed the treatment of many conditions, including rheumatoid arthritis, cancers,
asthma, and inflammatory bowel disease, but along with the benefits have come
risks. Contrary to the hope that these more specific agents would have minimal and
predictable infectious sequelae, infectious complications have emerged as a major
stumbling block for many of these agents. Furthermore, the growing number and com-
plexity of available biologic agents makes it difficult for clinicians to maintain current
knowledge, and most review articles focus on a particular target disease or class of
agent. In this article, we review the current state of knowledge about infectious compli-
cations of biologic and small molecule immunomodulatory agents, aiming to create a
single resource relevant to a broad range of clinicians and researchers. For each of 19
classes of agent, we discuss the mechanism of action, the risk and types of infectious
complications, and recommendations for prevention of infection.
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INTRODUCTION

Infectious disease physicians, clinical microbiologists, and general internal medicine
specialists are increasingly faced with a confusing panoply of new biological and

targeted immunosuppressive agents, each with their own mechanism of action and
complications. Oncologists and hematologists are generally familiar with new biolog-
ical and targeted anticancer agents, rheumatologists with new agents to treat inflam-
matory arthritis, neurologists with anti-multiple sclerosis agents, transplant specialists
with new antirejection drugs, and so on. In contrast, those practicing infectious disease
and related specialties are the common denominator of all these specialties, often
dealing with the consequences of these new agents. We must understand the nature,
mechanism of action, and potential infectious complications of all these new agents,
but such information is rarely gathered in a single resource. Seemingly every week we
are faced with a patient presenting with an infection who has been treated with an
agent we are unfamiliar with. This article seeks to collate the current knowledge on
biological and small molecule immunosuppressive agents into one place, independent
of body system or target disease, aiming to leave the reader with a comprehensive
understanding of these agents, their infectious complications, and how to prevent such
complications.

Scope and Structure of This Article

“Biologic agents” broadly means those which are produced by living organisms or
contain components of living organisms. However, using this definition, a vast array of
commonly used drugs could be considered biologics, including many anti-infectious
agents, blood products, many chemotherapy drugs, and vaccines, to name a few.
Biologic agents are generally large, complex molecules produced in a living organism,
as opposed to nonbiologic agents, which can be chemically synthesized. In this article,
we use the term “biologic” to refer to monoclonal antibodies and fusion proteins. We
have also included small molecule targeted therapies (such as Janus kinase [JAK]
inhibitors), because they are also a recent innovation, are increasingly used yet poorly
understood by most generalists, and are relatively specific in their actions. Biologic and
small molecule immunosuppressive therapies are distinct from traditional immunosup-
pressive agents, which generally take a crude, blunderbuss approach. For example,
corticosteroids affect the expression of hundreds of different genes important in the
immune system, and cyclophosphamide and methotrexate are toxic to many types of
rapidly dividing cells, of which leukocytes are only one.

For this article, we focused on agents which (i) are biological or targeted small
molecule therapies, (ii) have a direct or indirect effect on one or more elements of the
human immune system, and (iii) are approved for use in the United States (by the Food
and Drug Administration [FDA]) or Europe (by the European Medicines Agency [EMA]).
The indications listed in the article are those of the FDA and EMA combined. We have
largely restricted discussion of the adverse effects of these agents to infections and
have not gone into any detail about the risk of malignancy, infusion site reactions, or
cytopenias.

It would be difficult or impossible to cover every biological agent or small molecule
in one review article, and there are several groups of drugs we have omitted. These
include those which target vascular structures and processes (e.g., vascular endothelial
growth factor [VEGF] inhibitors, such as bevacizumab) and those with no known or
expected action on the immune system (e.g., abciximab, a glycoprotein IIb/IIIa receptor
antagonist which inhibits platelet function, or evolucumab, a monoclonal antibody
[MAb] for lowering cholesterol).

Sections are arranged according to the drug class and mechanism of action, not the
target disease. For each group of related agents, we present (i) a summary of the
structure and function of the target cell, molecule or system, (ii) a review of the risk of
infectious complications of the agent(s), based on published data, (iii) a brief discussion
of recommended strategies to prevent infectious complications in those treated with
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the agent(s) in question, and (iv) a brief summary of the current state of knowledge and
any identified knowledge gaps.

Immunosuppressive Therapies: Overview

In general, there are several strategies used to inhibit unwanted immune responses
(such as in autoinflammatory conditions). These can involve either traditional immu-
nosuppressive medications or newer biologic or small molecule targeted agents (Table
1). Cytokine-targeted agents discussed in this article, along with their sites of action, are
shown in Fig. 1, cell-receptor targeted agents in Fig. 2, and small molecule targeted
therapies in Fig. 3.

Current and Projected Use of Biological Therapy

Since the FDA approved rituximab in 1997 and imatinib in 2001, the number of
available biologics, as well as the number of patients treated with them annually, has
exploded. From 2008 to 2013, the market for biologics increased from 39 to 75 billion
dollars per annum (1). Currently, well over 70 monoclonal antibodies are used in clinical
practice, with a yearly market value of 125 billion dollars (1, 2). Indications for biological
therapy have also broadened, ranging from the treatment of autoimmune disease to
cancer and chronic disease of various organ systems (3). Despite increasing popularity,

TABLE 1 Strategies used to suppress the immune system and examples of traditional, biologic, and small molecule targeted agents used

Strategy Traditional immunosuppressive agent(s) Biologic or small molecule targeted agent(s)a

Stop or inhibit the replication of
immune cells

Cyclophosphamide, methotrexate,
mycophenolate, azathioprine

Selectively kill immune cells Alemtuzumab (anti-CD52 Ab, kills mature T and B cells,
natural killer cells, and monocytes), rituximab (anti-CD20
Ab, kills B cells)

Inhibit direct cell-to-cell signaling Abatacept (CTLA-4 linked to a MAb)
Inhibit downstream second messenger

signalling
Cyclosporin, tacrolimus, sirolimus Tofacitinib, baricitinib (Janus kinase inhibitors)

Antagonize cytokines or their receptors Anakinra (targets IL-1), dupilumab (IL-4), mepolizumab
(IL-5), tocilizumab (IL-6), ustekinumab (IL-12/IL-23),
secukinumab (IL-17), infliximab (TNF)

Block cell trafficking Fingolimod (sphingosine 1-phosphate
receptor)

Natalizumab (�4 integrin)

aAb, antibody; MAb, monoclonal antibody.

FIG 1 Overview of cytokine-targeted agents included in this article.
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biologics are not without risk, and they have not turned out to be the “magic
bullets” many predicted. Infections are increasingly recognized as a complication of
these therapies (4, 5), knowledge of which is crucial for the practice of any
up-to-date clinician (6).

Basic Science of Biologic Therapy and Small Molecule Targeted Therapies

Monoclonal antibodies are similar in structure to human immunoglobulin. Variable
regions (Fab) act as antigen binding sites, while constant regions (Fc [crystallizable
fragment]) determine effector function (Fig. 4) (7). Variable regions are subdivided into
complementarity-determining regions (CDRs) and framework regions (8). Monoclonal
antibodies are classified based on their biological source: murine, chimeric, humanized,

FIG 2 Overview of cell receptor-targeted agents included in this article.

FIG 3 Overview of small molecule targeted therapies included in this article.
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or human antibodies (Table 2) (9). Murine antibodies (suffix “-omab”) are formed from
rodent sequences. Chimeric antibodies (suffix “-ximab”) are produced from a combi-
nation of murine variable regions and human constant regions. Humanized antibodies
(suffix “-zumab”) only have CDRs of murine origin and are formed largely by human
sequences (10). Human antibodies (suffix “-umab”) are produced purely from human
sequences and are less immunogenic (11). Fusion proteins are structurally different
from monoclonal antibodies. These proteins are genetically engineered through the
combination of an effector domain with an Fc crystallizable fragment (Fig. 5) (12). The
human IgG1 Fc fragment is most commonly used due to its stability, extended half-life,
and high affinity. The effector domain functions as the binding site, while the Fc portion
causes activation or inactivation of the target.

Small molecule targeted therapies differ from monoclonal antibodies in many ways
(Table 3). They are smaller and simpler molecules. They can enter cells and act on
second messenger systems, rather than just cell surface elements like monoclonal
antibodies (MAbs). They are generally orally bioavailable with short half-lives.

Small molecule targeted therapies are named with a suffix ending in “-ib” if they
have an inhibitory action on the target (“ib” being short for “inhibitory”). The letters
before this indicate which type of target they inhibit. Although this article only
discusses tyrosine kinase inhibitors (TKIs) in any detail, examples of other types of these
agents are given in Table 2 for completion. These agents are discussed below (see
Tyrosine Kinase Inhibitor Overview).

The basic principles of biological therapy are simple. A healthy human immune
system is characterized by a balance of pro- and anti-inflammatory responses (13). An
exaggerated proinflammatory response with reduced self-tolerance results in autoim-
mune disease (14). A depressed inflammatory response and reduced immune surveil-
lance results in infectious and neoplastic sequelae (15, 16). Most biologic therapies aim
to restore the balance in the human immune system through altering pro- and
anti-inflammatory responses. In attempting to restore balance, treatment may tip the
balance in the opposing direction. Some biological therapies do not directly impact the
immune system, targeting other molecular substrates instead.

FIG 4 Types of monoclonal antibodies.

TABLE 2 Suffixes used for different types of biological and small molecule therapeutic
agents

Type of agent, source Example (target) Suffix

MAbs
Murine Muromonab (CD3) -omab
Chimeric Infliximab (TNF) -ximab
Humanized Tocilizumab (IL-6) -zumab
Human Adalimumab (TNF) -umab

Small molecule targeted therapies
Tyrosine kinase inhibitors Tofacitinib -tinib
Proteasome inhibitors Bortezomib -zomib
Angiogenesis inhibitors Pazopanib -anib
RAF kinase inhibitorsa Sorafenib -rafenib

aRAF, rapidly accelerated fibrosarcoma.
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Biologics have three major therapeutic mechanisms (Fig. 6). The first is soluble
receptor antagonism. Antibodies function as decoy receptors that inhibit free cytokines
in the serum. The second is surface receptor antagonism. Agents bind to a target
receptor, preventing cytokine-mediated receptor activation (17). The third mechanism
is a combination of soluble cytokine and bound receptor inhibition. Biologics with
combination mechanisms seem to have higher affinities (18).

Opportunistic Infection with Biological Agents

Biological therapy carries a theoretical advantage over traditional methods of
immunosuppression. Corticosteroids act through downregulation of multiple proin-
flammatory pathways, inhibiting cytokines, chemokines, adhesion molecules, and ara-
chidonic acid metabolites (19). This shotgun approach, while effective for autoimmune
disease, causes a dose-dependent risk of infections from various pathogens (20, 21).
Targeting specific cytokines and cells with biologics offers a more precise approach to
the treatment of disease (22). The type of infectious complication is theoretically
dependent on the immune cell or cytokine inhibited. Despite this, targeted immune
interference from biologics often results in increased risk of infection from all micro-
organisms: viral, bacterial, fungal, and parasitic. Tumor necrosis factor alpha (TNF-�)
inhibitors reduce phagocytic function and heighten the risk of granulomatous infec-
tion. However, there is also an increased risk of invasive viral and parasitic disease (23,
24). B cell-depleting agents not only increase the rates of invasive bacterial infection
but also lead to reactivation of chronic viral infections (25, 26). T cell inhibition worsens
the risk of viral disease, but bacterial and fungal complications also occur (6). Ultimately,
the immune system’s response to every infection relies on the sum of its parts: a
cohesive interplay of the innate and adaptive immune response (27). Inhibition of one
part weakens the whole. As a result, the observed infectious complications often differ
significantly from what would be predicted based on the mechanism of action (that is
a key reason why collating the data together in this article is potentially useful).
Combination immunosuppression results in a higher chance of infectious complica-
tions (28–30). Therefore, the combination of biologic therapy with other immunosup-
pressive agents should be used cautiously. In particular, the addition of corticosteroids
to any immunosuppressive regimen increases the risk of infection (31). The term
“serious infection” is widely used in published data describing the infectious risks of
these agents and, thus, is used extensively in the rest of this article. This term generally
means an infection which meets any of the following criteria: (i) required hospitaliza-

FIG 5 Structure of fusion proteins.

TABLE 3 Comparative features of biologics and small molecule targeted therapies

Characteristic Biologics (MAbs and fusion proteins) Small molecule targeted therapies (tyrosine kinase inhibitors)

Size Large, complex Small, simple
Site of action Cell surface receptors or soluble cytokines Intracellular second messengers
Mode of administration Intravenous or subcutaneous Usually oral
Half-life Days to weeks Hours
Production Cell lines or animals Often chemically synthesized
Specificity Highly target specific Many hard-to-predict off-target actions
Drug interactions Rare Common
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tion, (ii) prolonged an existing hospitalization, (iii) was considered life threatening, or
(iv) resulted in death or permanent disability. Some trials and reporting structures also
include any infection which is considered a “medically important event” by the relevant
site investigator. Some biological agents have been subject to “black box warnings” by
the U.S. Food and Drug Administration (FDA). These are released when the FDA wishes
to make prescribers aware of a potentially dangerous emerging adverse event (for
example, hepatitis B virus [HBV] reactivation secondary to rituximab). The European
Medicines Agency and Australia’s Therapeutic Goods Administration also publish warn-
ings to prescribers when serious new adverse events are recognized, but these are not
generally known as black box warnings. Where warnings have been published for a
biological agent, we have referred to the FDA’s black box warning in the relevant
section. The term “opportunistic infection” in this article is used to mean infections
which are rare in those with normal immune function and are mainly recognized in
those with iatrogenic, congenital, or human immunodeficiency virus (HIV)-induced
immunosuppression. Classic examples include Pneumocystis jirovecii pneumonia (PJP)
and progressive multifocal leukoencephalopathy caused by JC virus. The use of the
term opportunistic infection can, however, be confusing. For example, tuberculosis is a
very common infection in those with no evident immunosuppression but is much more
common in those who are immunosuppressed. Bacterial and viral upper respiratory
tract infections are common in all humans but are more common in those receiving
certain biological agents (e.g., tocilizumab) than in healthy controls. In this article, we
have primarily used the term in the first sense: infections which are rare in those with
normal immune systems.

TNF-� INHIBITORS
Structure and Function of TNF-�

Tumor necrosis factor alpha (TNF-�) is a pleiotropic primary cytokine of the innate
immune system. This cytokine has been shown to underlie the pathophysiology of
many inflammatory disorders, including rheumatoid arthritis (RA), seronegative spon-
dyloarthropathies, and inflammatory bowel disease (IBD) (32–34). TNF-� is produced by
macrophages and T lymphocytes as a 233-amino-acid transmembrane precursor pro-
tein (35). Cleaving of the cytoplasmic portion of the protein by TNF-�-converting
enzyme (TACE) leads to the release of free TNF-� (157 amino acids) into the serum (36).
The cytokine then activates a TNF receptor, TNF receptor 1 (p55 receptor) or TNF
receptor 2 (p75 receptor). Activation results in the release of proinflammatory cytokines
(interleukin-1� [IL-1�], IL-6, IL-8, and granulocyte macrophage colony-stimulating factor
[GM-CSF]), chemotactic molecules (MCP-1, MIP2, RANTES), and adhesion molecules
(E-selectin, ICAM-1, and VCAM-1) (33). The net result is macrophage and neutrophil
activation, promoting phagocytic function, chemotaxis, granuloma formation, and
granuloma integrity (37).

TNF-� protects the host from pathogens in many ways (Fig. 7). TNF-� is an important
cytokine against viral disease. For example, inhibition of TNF-� results in decreased
hepatitis B virus (HBV) clearance in murine studies (38, 39). TNF-� promotes hepatitis B

FIG 6 Mechanisms of action of monoclonal antibodies.

Infectious Complications of Biologics Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 9

https://cmr.asm.org


virus-specific cytotoxic T lymphocytes (40), and its concentration is inversely related to
mortality in rodents infected with the Japanese encephalitis virus (41). TNF-� has a
significant role in bacterial infection, particularly in regard to intracellular pathogens
(42). Its action against bacterial organisms is complex, relating to natural killer (NK) cells
and macrophage activation, allowing granuloma formation and prevention of patho-
gen dissemination (43–45). Animal studies have demonstrated the crucial role it plays
in infections caused by mycobacteria, Streptococcus pneumoniae, salmonellae, and
Listeria monocytogenes (46–50). Fungal infection is also inhibited by TNF-�. Neutrophil-
mediated oxidative bursts are directly promoted by the cytokine, increasing fungicidal
capability (51, 52). Thus, TNF-� has been shown to be important in the host response
against Cryptococcus neoformans, pulmonary histoplasmosis, and Candida albicans (53,
54). TNF-� likely also has a role in the response to parasitic infections; however, this has
not been fully elucidated.

Overview of TNF-� Inhibitors

There are five TNF-� inhibitors currently available for clinical use, with more in
development (Table 4). Their original and still most common indication is for the
treatment of rheumatoid arthritis (RA), a disease which has been revolutionized by the
development of TNF inhibitor therapy.

All five agents are approved for use in rheumatoid arthritis, and all but etanercept
are approved for use in inflammatory bowel disease. Some (e.g., infliximab) are also
approved for use in psoriatic arthritis, plaque psoriasis, ankylosing spondylitis, hidrad-
enitis suppurativa, and uveitis. In general, TNF-� inhibitors are highly effective treat-
ments for inflammatory arthritides (55–57) and inflammatory bowel disease (58–60)
compared to less targeted traditional treatments, such as methotrexate, azathioprine,

FIG 7 Tumor necrosis factor alpha action against pathogens.

TABLE 4 Biological TNF inhibitors in clinical use

Drug Yr approved Nature Mechanism

Infliximab 1998 Chimeric IgG1 MAb Inhibits both soluble and membrane-bound TNF-�
Etanercept 1998 Dimeric fusion protein Acts as a decoy soluble receptor to TNF-� and -�
Adalimumab 2003 Human IgG1 MAb Inhibits both soluble and membrane-bound TNF-�
Certolizumab 2008 Humanized Fab= fragment conjugated to PEGa Inhibits both soluble and membrane-bound TNF-�
Golimumab 2009 Human IgG1 MAb Inhibits both soluble and membrane-bound TNF-�
aPEG, polyethylene glycol.
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or sulfasalazine. They share several potential adverse effects in addition to infection risk,
including injection site reactions, exacerbation of heart failure, induction of autoimmu-
nity, and increased risk of malignancy (55, 57, 61, 62). Etanercept differs from the other
agents in that it is a dimeric fusion protein which is produced by the combination of
the constant (Fc) portion of human IgG1 and the ligand binding portion of the tumor
necrosis factor receptor (p75) (63). It functions as a decoy receptor to TNF-� and TNF-�,
binding to these molecules in the serum. Because it acts as a soluble receptor inhibitor,
it is a less potent inhibitor of TNF-� and, thus, appears to have lower rates of infectious
sequelae (64–69). Certolizumab pegol is also structurally different from the other
anti-TNF-� monoclonal antibodies; it comprises a Fab fragment produced from Esche-
richia coli and conjugated to polyethylene glycol (PEG2MAL40K) (70). Unlike other
agents, it lacks a crystallizable fragment (Fc) region and, therefore, does not facilitate
cell-mediated cytotoxicity (71, 72). Given the relatively recent introduction of certoli-
zumab and golimumab, evidence on infectious complications of these agents is
relatively scarce. One potential strategy for improving the risk/benefit ratio of TNF
inhibitors is to only use them in patients with markers predictive of a therapeutic
response. Using pharmacogenomics has been proposed as such a strategy, with
preliminary evidence that certain polymorphisms in the TNF gene correlate with
improved therapeutic responses in inflammatory arthritides (73, 74). However, other
studies have had conflicting findings (75), and larger studies are needed before this
strategy can be recommended in clinical practice (76).

TNF-� Inhibitors: Infective Complications
Overview. TNF-� inhibitor therapy is associated with an increased risk of infection

reported in multiple studies (Table 5) (77, 78). There appears to be a risk gradient, with
the highest risk associated with the use of infliximab, lower in adalimumab, and lowest
with etanercept, reflecting the decreased potency of soluble receptor antagonists
(78–81). Most nontuberculous infectious complications are viral (40%), followed by
bacterial (33%), fungal (22%), and parasitic infections (4%) (82). Independent risk factors
for infection include malnutrition, diabetes, combination with other immunosuppres-
sive agents, and older age (31).

Viral infections. Autoimmune disease and chronic viral infections (HBV, hepatitis C
virus [HCV], and HIV) often coexist, raising questions about the safety of biological
therapy in this setting. Reactivation of hepatitis B virus with TNF-� inhibitor therapy has
been reported (83–86). There is a significantly higher risk of reactivation in patients who
are HBV surface antigen positive (HBsAg�) than in those who are HBV core antibody
(Ab) positive (anti-HBcAb�) alone (37% versus 5%, P � 0.001), a risk that is com-
pounded by the concurrent use of corticosteroids (86, 87). There is limited literature on
the use of anti-TNF-� agents in patients with HCV infection. Studies suggest safety with
the short-term use of etanercept and adalimumab, with or without antiviral therapy
(88–90). There is also a suggestion that etanercept therapy may improve HCV viral
clearance (91). Insufficient data are available for infliximab, certolizumab pegol, and
golimumab in the setting of chronic HCV infection.

Chronic HIV infection depresses immune function and increases the risk of life-
threatening infections. Thus, prescribing TNF-� inhibitors to this population produces
understandable anxiety in medical professionals. Initial case series show that the use of
TNF-� blockers in patients with HIV may be a viable alternative to other disease-
modifying therapies, provided there is adherence to an established and effective
antiretroviral regimen (92–94).

Other viral opportunistic infections have been associated with TNF-� inhibitor
therapy. Some studies suggest that infliximab and adalimumab increase rates of herpes
simplex virus (HSV) reactivation (95, 96). The risk of herpes zoster also seems to increase
with treatment and is occasionally associated with life-threatening complications (97–
99). A prospective cohort study demonstrated an event rate of 10.9 per 1,000 patient
years. This risk was confined to patients treated with adalimumab and infliximab and
was not seen in those receiving etanercept (97). Several studies have demonstrated no
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increase in Epstein-Barr virus (EBV) reactivation (100, 101). There have been reports of
cytomegalovirus (CMV) reactivation in patients treated with infliximab and etanercept;
however, these have generally occurred in the setting of combination immunosup-
pression (102). Since herpesvirus reactivations (e.g., cold sores and shingles) are com-
mon in the general population, it is unclear how much attributable risk increase occurs
with TNF-� inhibitors.

Mycobacterium tuberculosis. The role of TNF-� in the host response to Mycobacte-
rium tuberculosis infection has been extensively documented. In the healthy host, TNF-�

TABLE 5 Infectious complications of TNF-� inhibitors

Inhibitor, type of pathogen or
infectious complication Disease or pathogen Differential factor

Frequency (% or no. of events/no.
of PY)a

All inhibitors
Viruses Hepatitis B virus reactivation HBsAg� 12–39 (84, 86)

Anti-HBcAb�, HBsAg� 5 (86)
Herpes zoster reactivation 1.01/100 (97)

Bacteria Tuberculosis 116.7/100,000 (1227)
Nocardiosis 8.66/100,000 (82)
Listeriosis 6.93/100,000 (82)

Fungi Invasive candidiasis
Pneumocystosis 0.5 (1228)

Serious infections 4.5–14.0/100 (1229, 1230)

Adalimumab
Viruses Cytomegalovirus �0.1/100 (1231)

Herpes zoster 0.3–1.7/100 (97, 185, 1231)
Bacteria Tuberculosis 0.29–0.44/100 (1231, 1232)
Fungi Invasive candidiasis �0.1/100 (1231)

Coccidioidomycosis �0.1/100 (1231)
Histoplasmosis 0.03/100 (111)

Serious infections 2.6/100 (1233)
Cellulitis 0.3/100 (1231)
Pneumonia 0.7/100 (1231)
Urinary tract infection 0.4/100 (1231)
Gastrointestinal tract abscess 1.6/100 (1231)

Infliximab
Viruses Herpes zoster 1.1–1.8/100 (97, 185)
Bacteria Tuberculosis 144–188/100,000 (156, 1227, 1232)

L. monocytogenes 15.5/100,000 (156)
Fungi Candida 10.2/100,000 (1234)

Aspergillosis 8.6/100,000 (1234)
Serious infections Age �65 yrs 5.4/100 (1235)

Age �65 yrs 16.0/100 (1235)

Etanercept
Viruses Herpes zoster 0.9–2.2/100 (97, 185)
Bacteria Tuberculosis 9.3–35/100,000 (156, 1227)

L. monocytogenes 1.8/100,000 (156)
Fungi Candida 5.3/100,000 (1234)

Aspergillosis 6.2/100,000 (1234)
Serious infections 1.7–6.4/100 (1233)

Golimumab
Viruses Herpes zoster 1.6/100 (185)
Bacteria M. tuberculosis 0.2–0.4/100 (192)
Serious infections 3.0–5.1/100 (192)

Certolizumab pegol
Viruses Herpes zoster 0.9–2.5/100 (185, 1236)
Bacteria M. tuberculosis 0.5/100 (201)
Fungi 0.7/100 (1236)
Serious infections 4.3/100 (201)

Pneumonia 0.8/100 (201)
Cellulitis 0.3/100 (201)
Urinary tract infection 0.2/100 (201)

aPY, patient years.
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promotes granuloma formation, preventing the dissemination of bacilli and preserving
latent disease (103). Fatal mycobacterial infections develop in murine models deficient
in TNF-� (104–106). Unsurprisingly, TNF-� inhibitor use has been associated with an
increased risk of active tuberculosis. The greatest risk is associated with infliximab use.
The RATIO Registry reported odds ratios (ORs) of 17.6 for tuberculosis reactivation with
infliximab, 10.0 for adalimumab, and 6.3 for etanercept (107–109) compared to those
not receiving TNF inhibitors.

Fungal infection. The risk of disseminated fungal infection is also increased by
anti-TNF-� treatment. This occurs most often in the setting of combination immuno-
suppression (110, 111). Life-threatening infections have been reported with Histo-
plasma, Coccidioides, Cryptococcus, Pneumocystis, and Aspergillus. These complications
generally occur from 1 week to 6 months following commencement of therapy
(112–114).

Infectious complications of adalimumab. Initial case series investigating adali-
mumab use in patients with hepatitis B and C virus infections have suggested safety,
providing antiviral therapy is instituted (115–118). There have been three reports of
hepatitis B virus reactivation (one fatal), all occurring in patients not on antiviral
prophylaxis (119–121). Mori and Fujiyama report a hepatitis B virus reactivation rate of
0.6% for those taking adalimumab; one of the two cases did not receive antiviral
treatment (122).

Adalimumab is frequently used in combination with other immunosuppressive
therapies to induce rheumatoid arthritis remission. The PREMIER study demonstrated
that the combination of adalimumab and methotrexate resulted in greater disease
remission than adalimumab monotherapy. This was at the cost of an increase in severe
infectious complications (2.9 versus 0.7 per 100 person years [PY]) (123). The ReAct Trial
did not find an increase in infections comparing adalimumab monotherapy to adali-
mumab in combination with disease-modifying antirheumatic drugs (DMARDS) (meth-
otrexate, lefluomide, sulfasalazine, azathioprine, hydroxychloroquine, and chloroquine)
(124). CONCERTO demonstrated a dose-dependent increased rate of nonserious infec-
tious complications with combination adalimumab and methotrexate compared to the
rate with adalimumab alone. The rates of serious infections were similar between
groups (125).

A recent review article examined the side effects of adalimumab therapy in patients
with inflammatory bowel disease. Serious infectious complications occurred more often
in patients with Crohn’s disease than in patients with ulcerative colitis (6.7/100 PY
versus 3.5/100 PY). Most of these complications were abdominal and anal abscesses
(126). The rates of opportunistic infection (tuberculosis and esophageal candidiasis)
were low, at 0.3/100 PY in Crohn’s disease versus 0.2/100 PY in ulcerative colitis (126).
One study showed that the first-line use of adalimumab in ulcerative colitis resulted in
increased rates of hospitalization and serious infection over the rates in those treated
with infliximab (78). Other studies have demonstrated similar rates of adverse events
between adalimumab and infliximab in the treatment of IBD (127, 128).

Other reported adalimumab-associated infectious complications include gastroen-
teritis, CMV and EBV reactivation, bacterial pulmonary infections, Mycobacterium che-
lonae, Mycobacterium fortuitum, nocardiosis, toxoplasmosis, and visceral and cutaneous
leishmaniasis (124, 129–135).

Infectious complications of infliximab. Among TNF-� inhibitors, the risk of infec-
tious complications appears highest with infliximab, particularly bacterial infection (80,
136–138). The FDA drug label cites an infection rate of 36% in patients on therapy after
a year compared to 25% of patients on placebo (98).

Carroll and Forgione published a review in 2010 suggesting infliximab has the
highest rate of hepatitis B virus reactivation compared to other TNF-� inhibitors (40).
Cooper et al. performed a randomized control trial (RCT) investigating the hepatitis C
virus response in those treated with infliximab. The authors hypothesized that inflix-
imab in combination with pegylated interferon alpha-2b and ribavirin would improve
the virological response. Unfortunately, infliximab resulted in a nonsignificant decrease
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in rapid virological response (19.5% versus 36.4%) and sustained virological response
(34.1% versus 52.3%) (139). While there is a sparsity of data appraising infliximab in
hepatitis C virus infection, small observational studies and case series suggest that
worsening infection is unusual (140–144). Moreover, in the current era of potent
direct-acting antiviral therapy for HCV, there is unlikely to be any effect on treatment
efficacy with TNF-� inhibition. Even fewer data are available guiding the use of
infliximab in those living with HIV. Case reports and series have suggested safety in
those on established antiretroviral therapy (145–149).

Infections complicating the use of infliximab in rheumatoid arthritis most commonly
occur within the first year of use (150). A review article studied the efficacy and safety
of infliximab in rheumatoid arthritis. The most common sequela was respiratory tract
infection. The risk of infectious events is greater with concomitant prednisone therapy,
patient comorbidity, concurrent infection, and longer duration and severity of rheu-
matoid arthritis (151). The START trial demonstrated a dose-dependent increase in
serious infectious complications, with a relative risk (RR) of 1 (95% confidence interval
[95% CI], 0.3 to 3.1) in the 3-mg/kg-of-body-weight group and 3.1 (95% CI, 1.2 to 7.9)
in the 10-mg/kg group (152, 153). Combination therapy with methotrexate also results
in higher rates of serious infection of all kinds, particularly pneumonia (154). Wang
et al. performed a large meta-analysis of tuberculosis risk with infliximab. The odds ratio
for tuberculosis with infliximab compared to placebo was 3.93 (95% CI, 0.91 to 16.91),
with an absolute rate of 0.70% (155). The rate of granulomatous infection is 3.25 times
greater in patients on infliximab than in patients on etanercept (156).

ACCENT I and ACCENT II were randomized trials investigating infliximab for Crohn’s
disease. In both trials, around a third of patients had an infection requiring antimicro-
bial therapy within the first 54 weeks (157, 158). The serious infection rate was 4 to 5%
in each study, and opportunistic infection was rare. Among the 879 patients, there were
three opportunistic infections: a case of cutaneous nocardia, a case of CMV, and a
successfully treated M. tuberculosis infection. The ACT 1 and ACT 2 trials were random-
ized placebo-controlled trials that assessed infliximab in ulcerative colitis. These trials
compared placebo with 5-mg/kg and 10-mg/kg infliximab therapy. Results similar to
those of ACCENT were demonstrated, with a serious infection rate of 4.1% and one
episode of tuberculosis. While the numbers of serious infections were greater in the
treated groups, the difference was not statistically significant. In ACT1, the rates of
serious infection were 4.1% for placebo, 2.5% for infliximab at 5 mg/kg, and 6.6% for
infliximab at 10 mg/kg. In ACT2, the rates of serious infection were 0.8% for placebo,
1.7% for infliximab at 5 mg/kg, and 2.5% for infliximab at 10 mg/kg (P � 0.67) (159).

Slifman et al. reported 14 cases of Listeria monocytogenes infection after treatment
with infliximab (160), 6 of whom died as a result. Other studies have demonstrated that
infliximab heightens the risk of non-Candida invasive fungal infections, including
aspergillosis, zygomycosis, histoplasmosis, and Pneumocystis jirovecii pneumonia (112,
113, 161, 162).

Other notable infections reported in those receiving infliximab therapy include
influenza virus A (H1N1), JC virus, herpes zoster, herpetic meningitis, Salmonella,
Legionella pneumophila pneumonia, Mycobacterium avium complex, Mycobacterium
kansasii, Nocardia otitidiscaviarum, and Talaromyces (formerly Penicillium) marneffei
(163–172).

Infectious complications of etanercept. Similar to other TNF-� inhibitors, there are
few data on etanercept in chronic viral infection. A recent review suggested etanercept
has a significant rate of hepatitis B virus reactivation (2.4%); however, three of the seven
cases did not receive antiviral prophylaxis (122). Early literature has suggested safety in
patients with hepatitis C virus. One randomized placebo-controlled trial demonstrated
that the use of adjuvant etanercept with interferon and ribavirin improved the viro-
logical response and reduced symptoms (91). The proposed mechanism is reversal of
TNF-induced CD4� cell dysfunction (89). Pompili et al. identified 153 patients with
hepatitis C virus receiving etanercept therapy, of whom 2 (1.3%) required drug with-
drawal due to liver toxicity and 5 (3.3%) experienced an increase in viral load (89). There
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are few data on etanercept use in the setting of HIV infection. Ting et al. performed a
review on the subject, identifying one case report, one case series, and a clinical trial
(173). Results from this review demonstrated that etanercept did not seem to increase
mortality and may improve symptoms associated with HIV infection. There is one report
of recurrent polymicrobial infection in an HIV-positive patient treated with etanercept
for disabling psoriatic arthritis. The patient’s CD4� cell count was 50 (174).

There have been several large randomized controlled trials looking at the use and
safety of etanercept in rheumatoid arthritis. The Enbrel ERA trial demonstrated a 3.8%
incidence of serious infection over 2 years of follow-up (175). The TEMPO trial in 2004
reported a 4.4% rate of serious infection in patients treated with etanercept or
etanercept and methotrexate after 1 year (176). Serious infections during the ADORE
trial were uncommon (1.3%), reflecting the shorter follow-up period of 16 weeks (177).
Of the 1,184 patients included in these trials, there were no instances of opportunistic
infection.

The rates of fungal infection appear to be low with etanercept, with infections
occurring between 46 and 240 days after the initiation of therapy (111). Other infections
reported with etanercept use include varicella zoster, herpes simplex virus, Aspergillus,
zygomycetes, Candida, Cryptococcus, Histoplasma, mycobacteria, and Pneumocystis ji-
rovecii (111, 178–183).

Infectious complications of golimumab. Due to the relatively recent approval of
golimumab in 2009, there is limited literature informing the rates of infectious com-
plications. It is unclear whether the use of golimumab causes reactivation or worsening
of chronic viral infections. There has only been one report of its use in hepatitis B virus
infection and none in the setting of hepatitis C virus or HIV (184). The risk of herpes
zoster infection among TNF-� inhibitors appears to be lowest with golimumab, at 1.61
events per 100 person years (185). Liao et al. found a nonsignificant decrease in the HSV
infection rate in those on golimumab compared to the rate in controls (5.5% versus
11.8%; OR � 0.30 [95% confidence interval, 0.07 to 1.26]; P � 0.10) (186).

Four major randomized control trials have examined golimumab therapy in rheu-
matoid arthritis (187–190). The serious infection rates from these studies range from
0.98% to 2.44% (4), with only one episode of tuberculosis out of 1,378 patients. The
single occurrence of M. tuberculosis disease (spinal tuberculosis) was thought to pre-
date the start of golimumab therapy (189). In the GO-FORWARD study, 92 patients with
latent tuberculosis were treated with prophylactic isoniazid (190) and golimumab. At
the 24-week follow-ups, there were no cases of tuberculosis reactivation. Hsia et al.
found a 1.5% reactivation rate in patients with latent tuberculosis on prophylactic
isoniazid treated with golimumab (191). Pooled analysis by Kay et al. using time-
adjusted incidence rates yielded a serious infection incidence of 5.31 per 100 PY for
placebo, 3.03 per 100 PY for golimumab at 50 mg, and 5.09 per 100 PY for golimumab
at 100 mg (192). Higher doses of golimumab resulted in more episodes of tuberculosis
(0.35 versus 0.17 events per 100 PY) and opportunistic infections (0.24 versus 0.13
events per 100 PY). The rates of infectious adverse events were higher in patients with
underlying rheumatoid arthritis (9.1%) than in those with psoriatic arthritis (2.5%) or
ankylosing spondylitis (4.8%).

A systematic review in 2016 found that golimumab in IBD did not increase serious
infections (OR � 0.94; 95% CI, 0.19 to 4.63) or opportunistic infections (OR � 0.32; 95%
CI, 0.05 to 1.99) (193). More recently, the PURSUIT-SC trial reported a serious infection
rate of 4.5 per 100 PY with golimumab, similar to the rates of infection with other TNF
inhibitors (194). Overall, the risk of serious infection with golimumab appears to be
comparable with the risks with other TNF-� inhibitors, with combination therapy
associated with heightened risk (4). Other documented infections associated with
golimumab treatment include Listeria, syphilis, toxoplasmosis, Nocardia, leishmaniasis,
and Aspergillus (195–199).

Infectious complications of certolizumab pegol. There are no data on the use of
certolizumab in the setting of chronic viral infections (88). Upper respiratory tract
infections are the most common nonserious infectious complication associated with
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certolizumab pegol, with a relative risk of 1.34 compared to controls (95% CI, 1.15 to
1.57; P � 0.0002) (200). Urinary and gastrointestinal tract infections follow closely.
Bykerk et al. published an analysis of the safety of certolizumab pegol in the setting of
rheumatoid arthritis, combining data from 10 randomized trials and open-label exten-
sions (201). Serious infectious complications occurred at 4.33 per 100 PY. Higher risk
was seen in the first few months of treatment. The most frequent serious infectious
complication was pneumonia (0.77 events per 100 PY), followed by cellulitis (0.31
events per 100 PY) and urinary tract infections (0.16 events per 100 PY). Forty-four cases
of tuberculosis were identified, with an event rate of 0.47 events per 100 PY.

PRECISE 1 and PRECISE 2 examined the efficacy and safety of certolizumab in
Crohn’s disease. Patients with previous tuberculosis and latent M. tuberculosis infection
were excluded. The rates of serious infection were low at around 2 to 3%, nonsignifi-
cantly higher than in the placebo groups (202, 203). One patient developed active
pulmonary tuberculosis after five doses. The use of certolizumab for ulcerative colitis is
still under investigation.

Marriette et al. reviewed the incidence of tuberculosis in patients treated with
certolizumab, combining trials for all treatment indications. A total of 45 cases of
tuberculosis were identified, 44 of which were associated with rheumatoid arthritis
treatment. No one who received isoniazid therapy for latent M. tuberculosis developed
active infection (204).

Other infections reported with certolizumab pegol include disseminated herpes
zoster, soft tissue salmonella, esophageal candidiasis, bronchopulmonary aspergillosis,
nocardiosis, histoplasmosis, and Pneumocystis jirovecii pneumonia (201, 205).

TNF-� Inhibitors: Prevention of Infectious Complications

Initiation of TNF-� inhibitors should be preceded by a thorough history, examina-
tion, and investigations to assess infectious risk (Table 6) (206). Clinicians should elicit
current and prior infectious history with attention for risk factors and symptoms of
tuberculosis. History of chronic viral infections and vaccination status should be ob-
tained. Tests recommended prior to therapy include interferon gamma (IFN-�) release
assay or tuberculin skin test, hepatitis B virus serology, HIV serology, and varicella zoster
antibodies if prior infection is uncertain, and targeted hepatitis C screening (207). Chest
radiography should be performed to screen for active and latent M. tuberculosis
infection. In patients with inflammatory bowel disease, stool samples should be sent to
screen for cytotoxic Clostridioides difficile (206). Serology and fecal microscopy for
Strongyloides should be considered in those living in or returning from areas of high
disease burden (208).

In patients with symptoms or chest X-ray findings suggestive of tuberculosis,
exclusion of active disease with sputum culture and microscopy is needed. If active
tuberculosis is diagnosed, TNF-� inhibitors should ideally be withheld until the com-
pletion of treatment. There are instances where anti-TNF-� therapy cannot be delayed.
In such circumstances, national guidelines suggest at least 2 months of antituberculous
medication prior to TNF-� inhibitor initiation (209).

Should latent Mycobacterium tuberculosis be identified, chemoprophylaxis should be
considered. When considering prophylaxis, the risk of severe hepatitis must be weighed
against the risk of M. tuberculosis reactivation. Drug-induced hepatitis from antituber-
culous therapy increases with age and occurs in around 0.15% of isoniazid-treated
patients (208, 210). Prophylactic options include isoniazid for 6 to 9 months, rifapentine
and isoniazid once weekly for 3 months, rifampin and isoniazid for 3 months, or
rifampin alone for 4 months. The rifampin-pyrazinamide combination is no longer
recommended due to high rates of serious hepatotoxicity (211). Rifapentine with
isoniazid for 3 months has a low rate of serious hepatotoxicity (1%) (211). Moreover, the
combination was noninferior to 9 months of isoniazid and associated with improved
adherence (212). In another study, 4 months of rifampin had better completion rates
(78.8% versus 63.2%; P � 0.001), lower rates of hepatotoxicity (0.3% versus 1.5%; P �
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0.001), and fewer adverse events (2.8% versus 5.8%; P � 0.001) than 9 months of
isoniazid (213).

While there are no data on the optimal timing of TNF-� therapy after starting
prophylactic tuberculosis treatment, guidelines suggest a delay of 1 to 2 months (208).
Occasionally, delaying TNF-� inhibitor treatment may cause patient morbidity and
mortality. In such situations, a rapid tuberculosis risk assessment should be performed
(history, examination, and chest radiography). If there is doubt about latent tubercu-
losis, prophylactic therapy should be initiated. Specialist guidance and laboratory
investigations can be pursued subsequently. The patient should be followed with
3-monthly reviews, liver function tests, and chest radiography (209). If respiratory
symptoms develop, prompt investigation for active tuberculosis should follow.

Hepatitis B virus reactivation is an established risk with TNF-� inhibitors. The
incidence rate approaches 50% in HBsAg-positive patients not on prophylaxis and is
lower for those who are only HBcAg positive (208, 214). Current guidelines advise
prophylaxis with antiviral agents in HBsAg-positive patients, starting 2 to 4 weeks
before commencement (215). Prophylaxis should be continued for 3 to 12 months
following TNF-� inhibitor cessation. In those with isolated HBcAb positivity, monitoring
is an alternative to preemptive antiviral treatment.

Hepatitis C virus infection is not a contraindication to TNF-� therapy but needs
careful consideration in the presence of cirrhosis (84). The HCV reactivation risk with

TABLE 6 Screening and prophylaxis prior to initiating TNF-� inhibitor therapy

Screening tool or type of
intervention Finding or type of examination, test, or intervention

Relevant/differential factor(s) or specific test or
intervention

History Active M. tuberculosis infection Weight loss, fevers, cough, night sweats
Risk for latent M. tuberculosis Exposure to infected individuals

Previous travel or stay in endemic area
History of infection Prior hospitalization for infection

Prior fungal or parasitic infection
Prior varicella zoster infection

Chronic viral infection Hepatitis B virus, hepatitis C virus, HIV
Vaccination status Hepatitis B, diphtheria, tetanus, pertussis, poliomyelitis

Clinical examination Cardiac Stigmata of infectious endocarditis
Cardiac murmurs

Respiratory Active respiratory tract infection or signs of mycobacterial
infection

Lymph nodes
Skin Current pyoderma or scabies

Laboratory investigation Hepatitis B serology
IFN-� release assay for M. tuberculosis or Mantoux test
HIV serology
Stool testing (IBD patients) Clostridioides difficile infection

Consider screening for Strongyloides if returned from area
with high endemicity

Radiology Chest radiography Screen for latent tuberculosis infection

Prophylaxis Latent M. tuberculosis Referral to infectious diseases or respiratory specialist
Prophylactic therapy prior to treatment

Hepatitis B Referral to infectious diseases or hepatology specialist
Antiviral therapy prior to treatment

Vaccination Influenza virus Annual vaccination indicated
Hepatitis B virus Prior to therapy in those who are not immune
13-valent pneumococcal conjugate vaccine followed

by 23-valent pneumococcal polysaccharide vaccine
8 wks later

Given prior to treatment with 23-valent vaccine repeated
every 5 years

Varicella zoster Only administered in immunocompetent patients prior
totemperatures) and characterized the roles of known
treatment initiation

Human papillomavirus Indicated in females aged 11–26 yrs
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anti-TNF-� therapy is controversial. While TNF-� inhibition theoretically may worsen
the course of HCV infection, a review demonstrated that worsening HCV infection with
anti-TNF-� therapy is rare and may not be attributable to anti-TNF therapy. Of 216
patients followed over 1.2 years, only 3 required cessation of their monoclonal antibody
due to suspicion of HCV progression (89). In areas with low prevalence, given a low risk
of reactivation, most experts would advise against the universal screening of patients
for HCV (207, 216).

Vaccination status should be considered before starting TNF-� inhibitors. It is
recommended that all patients should receive the influenza vaccination annually and
the 23-valent pneumococcal vaccine (repeated every 5 years), and the hepatitis B virus
vaccine should be given to seronegative patients who are not immune (217). To
increase immunogenicity and improve protective efficacy, more recent guidelines
recommend giving the 13-valent conjugate pneumococcal vaccine prior to a boost
with the 23-valent polysaccharide vaccine at least 8 weeks later (218). Vaccination
should be given before TNF inhibitor therapy starts if possible, because patients on
anti-TNF therapy have a poor response to many vaccinations (219). Current guidelines
recommend the varicella-zoster virus (VZV) vaccination be provided in immunocom-
petent patients who are not immune prior to initiation of therapy. Once started on
treatment, live attenuated vaccinations are contraindicated (220). Human papillomavi-
rus (HPV) vaccination is strongly suggested in female patients of the ages of 11 through
26 (221).

TNF-� Inhibitors: Summary

TNF-� inhibition is associated with modest but definite increases in the risk of
infection, principally tuberculosis, common bacterial infections, and invasive fungal
infections. The exact attributable risks are not clear, as most data sources report the
incidence of infection in those treated with TNF-� inhibitors without comparators or
compare them with patients treated with nonbiological immunosuppressive therapies.
Furthermore, TNF-� inhibition is generally used following or in combination with other
immunosuppressive therapies, such as corticosteroids, making exact risk estimates
difficult. There is a risk gradient, with etanercept associated with the lowest risk of
infection and infliximab the highest. Cofactors which have been consistently shown to
be important across the spectrum of TNF-� inhibitors include age (older age leading to
higher risk), dose of the TNF-� inhibitor, and combination with other immunosuppres-
sive agents. Due to their proven efficacy in inducing remission of inflammatory arthritis
and inflammatory bowel disease, most people treated with TNF-� inhibitors derive a
large net benefit, particularly if active measures are taken to minimize the risk of
infectious complications.

ANTI-T LYMPHOCYTE THERAPIES
Function of T Lymphocytes

T lymphocytes originate from progenitors in the bone marrow, moving to the
thymus for maturation and selection (222). T lymphocytes are responsible for coordi-
nating and regulating cell-mediated adaptive immunity. They regulate the activities of
B cells, T cells, and other immune effector cells. T cells are characterized by having a T
cell receptor (TCR) associated with a CD3 molecule on the cell surface. The TCR/CD3 is
the key element which recognizes pathogens and abnormal cells, leading to T cell
activation and signaling to recruit other immune effector cells. A detailed review of the
many and complex functions of T cells is beyond the scope of this article. In short, T
lymphocytes are the key cell type responsible for cell-mediated immunity, and they are
thus pivotal in the immune response to intracellular organisms like viruses, mycobac-
teria, and fungi. T cells can be roughly divided into T helper cells (CD4�) and cytotoxic
T cells (CD8�). T helper cells are then further divided into multiple subtypes (e.g.,
Th1, Th17, Treg, and Tfh), each of which is triggered by and expresses particular
cytokines and other signaling molecules. CD8� cells recognize infected cells through
antigen presentation on major histocompatibility complex (MHC) class 1 molecules.
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Interleukin-2 is the major cytokine promoting CD8� cell activation (223). This leads to
calcium mobilization and the release of cytotoxic granules that contain perforins and
granzymes (224, 225). Perforins form transmembrane pores that promote cell lysis and
the passage of granzymes intracellularly (226). After an infectious insult, a portion of
responding cells differentiate into memory T cells, ready to reactivate should a repeat
insult occur (227).

As an example of the role of T cells in fighting intracellular viruses, T cells are key to
the clearance of HBV during acute infection. CD4� T cell activation results in the
sustained recruitment of CD8� T lymphocytes and a Th1 immune response (228). CD8�

cells have both cytotoxic and noncytotoxic mechanisms to promote HBV clearance.
These cells lead to apoptosis of hepatocytes infected with HBV, though only a small
proportion of infected cells are killed. Secretion of viral inhibitory cytokines, interferon
gamma (IFN-�), and TNF-� appears to be the major action of CD8� T lymphocytes
against HBV (229). Patients with chronic HBV infection commonly exhibit T cell function
impairment and exhaustion (230).

Similarly, T cells are important in the immune response to M. tuberculosis. Individuals
deficient in T lymphocytes have a clear increased risk of invasive M. tuberculosis
infection. This is seen in HIV infection, where rates of active tuberculosis are dramati-
cally higher (231). CD4� lymphocytes dominate in the setting of acute tuberculosis
(232). Intravascular M. tuberculosis-specific CD4� cells produce greater amounts of
interferon gamma than their organ-based counterparts (233). This CD4� response is
critical in macrophage activation and infection containment through granuloma for-
mation (234). The CD8� T cell response to M. tuberculosis is complex and essential. After
exposure to the M. tuberculosis epitope, CD8� T cells release cytolytic granules against
M. tuberculosis-infected cells (235). Secreted granulysin causes direct bacillus destruc-
tion through cell membrane disruption (236). In murine models, depletion of CD8� cells
in latent infection results in higher bacterial proliferation, indicating that CD8� cells
have a role in the maintenance of immune control (237).

Anti-T Cell Biological Therapies
Basiliximab. Basiliximab is the only specific T cell-targeted therapy currently mar-

keted as an immunosuppressive agent. Basiliximab is a chimeric monoclonal antibody
composed of human IgG Fc and a murine variable region (RFT5 antibody) directed
against CD25, the alpha subunit of the IL-2 receptor (238). By binding to the IL-2
receptor, basiliximab prevents the activation of T lymphocytes (239). Prophylaxis
against acute rejection as part of induction immunosuppression in patients undergoing
renal transplant is the only on-label indication. Off-label use includes prophylaxis for
acute rejection in liver, heart, and lung transplantation, as well as the treatment of
refractory acute graft-versus-host disease (GVHD) (240–242).

Abatacept. Abatacept is a fusion molecule consisting of cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) and the Fc portion of IgG1. Its mechanism of action is
much less direct than that of basiliximab; abatacept prevents the activation of T cells
by blocking the “second signal” or costimulatory signal, in the communication between
antigen-presenting cells and T cells. Abatacept prevents CD28 from binding to its
receptor CD80/CD86, thus inhibiting T cell costimulation and preventing the suppres-
sion of Treg activity, blocking the activation of T effector cells (243). It is registered for
use in rheumatoid arthritis, psoriatic arthritis, and juvenile idiopathic arthritis, including
for those in whom TNF antagonists have failed. Abatacept appears to have efficacy
similar to that of the TNF inhibitors in RA (244, 245), but better tolerability (245, 246).
In a meta-analysis of seven trials that included 2,908 patients, a 50% improvement in
RA activity (ACR50 [50% improvement according to the American College of Rheuma-
tology criteria]) was 2.2 times more likely in those treated with abatacept than in those
treated with placebo (247). Abatacept appears less effective for ankylosing spondylitis
(248), but preliminary data suggest it may have a place in the treatment of Sjogren’s
syndrome (249), systemic lupus erythematosus (SLE) (250), and Wegener’s syndrome
(251).
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Other and withdrawn anti-T cell antibodies. Brentuximab vedotin is a chimeric
monoclonal antibody drug conjugate directed against CD30 (252). It is not covered in
detail in this article since it is indicated only as an antitumor agent, not as an
immunomodulatory one. The antimitotic agent monomethyl auristatin E (MMAE) is
attached to the antibody. When bound to CD30, MMAE enters the T lymphocyte,
disrupting microtubules and leading to cell death. On-label indications for use include
Hodgkin lymphoma, cutaneous and systemic anaplastic large cell lymphoma, and
mycosis fungoides. The key infectious risks derive from the tendency for the drug to
cause neutropenia (253, 254). Less common but more serious are reports of increased
risk of progressive multifocal leukoencephalopathy (PML) due to JC virus reactivation
(255) and of CMV disease (256).

There have been a few biological agents in this class withdrawn from the market
due to adverse events and reduced market viability. Daclizumab (a CD25 inhibitor, like
basiliximab) was previously approved for the treatment of multiple sclerosis (257) and
was also used as induction therapy in solid organ transplantation. The drug was
withdrawn from the market in 2018 due to reports of immune-mediated meningoen-
cephalitis (258). Alefacept is a fusion protein of human leukocyte functional antigen 3
(LFA3) with an IgG1 Fc component and targets CD2 on T lymphocytes. It was FDA
approved for moderate to severe chronic plaque psoriasis (259) but was voluntarily
withdrawn from the market in 2011 due to decreased utilization (260). Muromonab
(CD3 inhibitor) was previously used in the setting of transplant immunosuppression.
This drug was withdrawn from the market due to falling sales (261). More specific T
cell-depleting agents (anti-CD25 agents basiliximab and daclizumab) have largely
displaced OKT3 because of lower rates of infusion reactions and reduced development
of neutralizing antibodies. Rabbit and equine antithymocyte globulin (ATG) is still used
as a T cell-depleting agent in transplantation medicine but is not covered in the present
article since it is a polyclonal antibody and not strictly a biological agent.

Infectious Complications of Anti-T Cell Therapies

In a meta-analysis of basiliximab in addition to cyclosporine-based immunosuppres-
sion for induction immunosuppression in renal transplant, basiliximab did not increase
the rates of all-cause infection (OR � 0.97; 95% CI, 0.77 to 1.24) or CMV infection
(OR � 0.81; 95% CI, 0.62 to 1.04) (262). These results were confirmed in two further
meta-analyses (263, 264). Sun et al. performed a meta-analysis comparing basiliximab
and daclizumab in renal transplant, finding no difference in infection rate (95% CI, 0.66
to 1.01) or CMV (95% CI, 0.45 to 1.14) (239). Compared to antithymocyte globulin,
basiliximab has a lower rate of infectious complications (relative risk [RR] � 0.87; 95%
CI, 0.78 to 0.97; P � 0.02) (265). Pathogen types were similar between placebo- and
basiliximab-treated groups. Urinary tract infections from E. coli were the most common
bacterial infections, while CMV and Candida albicans were the most common viral and
fungal infections, respectively (266, 267). The frequency of invasive fungal infections
with basiliximab in renal transplant is around 1.2% (268).

Similar findings are seen with basiliximab use in liver transplant. A meta-analysis by
Wang et al. in 2010 found no increase in rates of infection with basiliximab compared
to the usual background with immunosuppressive regimens (269). Neuhaus et al.
performed a double-blind randomized placebo-controlled trial which showed no in-
crease in infection rate with basiliximab (270). In that study, there was a statistically
significant decrease in invasive fungal infections in those treated with basiliximab
compared to the rate in those treated with placebo (16.5% versus 25.4%).

A double-blind randomized control trial compared basiliximab to placebo as an
adjunctive agent for induction immunosuppression in heart transplantation. There was
no difference in infection rate after 1 year (271). Other trials have compared antithy-
mocyte globulin (ATG) to basiliximab. Basiliximab is associated with higher rates of
rejection and graft failure but no increase in infectious complications (272, 273). Butts
et al. found a lower rate of infection in patients treated with basiliximab than in those
treated with ATG (274).
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There is limited evidence for basiliximab in lung transplant. A small retrospective
analysis of 28 patients showed basiliximab to nonsignificantly prolong survival and
decrease acute rejection compared to these parameters in controls. No increased
infection risk was found (275). Another prospective study of 37 patients by Clinckart
et al. found that basiliximab was associated with an increase in CMV infection com-
pared to the rate seen with ATG. This occurred in CMV-positive recipients who received
a CMV-negative donor transplant (242). Compared to alemtuzumab, basiliximab does
not seem to increase the risk of infection (276, 277). The rate of CMV infection with
basiliximab in lung transplant is around 0.3% (277).

A systematic review combining data for patients treated with brentuximab for all
indications demonstrated that neutropenia occurred in 8% of patients, sepsis in 7%,
and other infections in 3% (278). Another single-center analysis reviewed the drug in 53
patients with Hodgkin and anaplastic large cell lymphoma (279). No hematological or
infectious complications were reported with a median follow-up of 36.8 months.

Most early trial data on the safety of abatacept are confounded by the fact that
patients must have failed prior treatment with TNF inhibitors, as well as disease-
modifying antirheumatic drugs (DMARDS). The initial phase III randomized control trial
comparing abatacept to placebo (ATTAIN) randomized 391 patients with RA refractory
to TNF inhibitors to abatacept at 10 mg/kg or placebo (280). The incidence of serious
infections in the abatacept group (2.3%) did not differ from that in the placebo group
(2.3%), and infections were mostly skin and soft tissue or respiratory tract infections
with common pathogens. In another phase III RCT of abatacept at 10 mg/kg, serious
infections (mostly respiratory tract infections) occurred in 2.9% of the abatacept group
and 1.9% of the placebo group. Serious adverse events (SAEs) were more common in
those receiving a combination of abatacept and other biologics (22.3%) than in those
receiving abatacept plus DMARDs (12.5%) (281). A subsequent trial randomized pa-
tients with RA receiving etanercept to have abatacept added or not. Adding abatacept
to etanercept did not improve efficacy but did significantly increase the risk of SAEs
(282), including infections. Hence, this combination is not recommended.

Meta-analyses report findings similar to those of these phase III RCTs. In a meta-
analysis that included seven trials enrolling 2,908 patients with RA, serious infections
were more common in the abatacept group (OR � 2.2; 95% CI, 1.07 to 3.42) (247). A
subsequent meta-analysis that included eight trials with long-term follow-up data of up
to 7 years in RA patients treated with abatacept after failing TNF therapy found no new
safety concerns. Rates of serious infection were 3.0% in the abatacept group versus
1.9% in placebo recipients (283). A postmarketing population-based cohort study
reported data from 5,752 patients who initiated treatment with abatacept and 78,556
treated with other biologic DMARDs; the incidence of serious infections was 4.45 per
100 person years for abatacept and 3.62 for other biologics. There was no significant
difference in the risk of serious infections in those treated with abatacept versus other
biologics (hazard ratio [HR] � 1.08; 95% CI, 0.77 to 1.52) (284).

Several case reports have raised concerns about reactivation of hepatitis B virus
infection in those taking abatacept, including those with occult HBV (HBcAb positive
but HBsAg negative) (285–287). However, a study following 72 patients with HBV being
treated with abatacept reported no episodes of HBV flare or reactivation (288). It is
important to note that 47 of these patients were isolated HBcAb positive (i.e., at very
low risk) and 17 were receiving antiviral agents against HBV. The results of a second
small study are more concerning: eight patients with chronic HBV (HBsAg positive)
were treated with abatacept for RA (289). Four of them were receiving lamivudine
prophylaxis, none of whom experienced a hepatitis flare. However, all four of those not
receiving antiviral prophylaxis experienced HBV reactivation.

The strong association of anti-TNF therapy with tuberculosis reactivation raises
questions about abatacept and tuberculosis, but it appears that there is very low, if any,
attributable risk of tuberculosis reactivation. A study in mice experimentally infected
with tuberculosis found no effect of abatacept compared with placebo but 100%
mortality from disease progression in those exposed to TNF inhibitors (290). Two
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systematic reviews compiling over 15 years of population-based data and case reports
of tuberculosis reactivation in those treated with biologic agents found no cases in
those treated with abatacept but multiple cases in those on TNF inhibitors (291, 292).

Reactivation of EBV (293, 294) and other herpesviruses (295) has been reported
rarely with abatacept, but it is unclear if these cases are due to previous or concomitant
immunosuppression. An observational study suggests that long-term use of abatacept
does not affect immunological control of EBV infection (296).

Prevention of Infectious Complications of Anti-T Cell Therapies

Since basiliximab is not used in isolation, strategies for prevention of infection (e.g.,
chemoprophylaxis for Pneumocystis jirovecii pneumonia [PJP] and CMV) should already
be in place and generally do not need to be altered with the addition of basiliximab to
induction immunosuppression. In those receiving abatacept, general measures to
decrease the risk of common bacterial infections should be instituted prior to therapy,
including vaccination against pneumococcus and influenza and optimization of skin
and lung health. All patients should have HBV serology done, and those who are HBsAg
positive should be offered antiviral prophylaxis with tenofovir, entecavir, or lamivudine.
Those who are isolated HBcAb positive should be monitored for liver enzymes at 1- to
3-month intervals and HBV viral load at 6-month intervals, and earlier if transaminases
increase. There are no data to support testing or treating for latent tuberculosis
infection (LTBI) prior to abatacept treatment.

Anti-T Cell Therapies: Summary

Overall, the clinical data suggest there is no difference in the rates of viral, bacterial,
fungal, or other opportunistic infections with basiliximab compared to the rates with
placebo (238, 297). However, this would not be likely to be the finding if one were to
run a trial of basiliximab versus no immunosuppression at all. This is a good example
of the fact that we are limited by the type of clinical data available to us: in this case,
basiliximab has generally been used against a background of potent combination
immunosuppression (e.g., with corticosteroids, mycophenolate, and ciclosporin/tacroli-
mus) and of protocolized infection prevention strategies (e.g., co-trimoxazole for all and
valganciclovir for most patients). Abatacept is associated with a small risk of serious
infection, approximately 2 to 3%, generally skin or respiratory tract infections with
common organisms. While there are no data to suggest tuberculosis reactivation in
those on abatacept, the risk of HBV reactivation does appear to be increased.

ANTI-B LYMPHOCYTE ANTIBODIES
Function of B Lymphocytes

After their discovery in the 1960s, researchers identified the pivotal role of B
lymphocytes in adaptive immunity (298). While B cells are classically described as
regulating humoral immunity (by producing antibodies), the interaction between B
lymphocytes and cellular immunity is increasingly recognized (299). B lymphocyte
function can be divided into immunoglobulin production, antigen presentation, and T
cell activation/regulation (Fig. 8).

Plasma cells are an activated form of B cells and produce targeted antibodies against
invading organisms. Antibodies have four major functions: neutralization, opsonization,
antibody-dependent cell-mediated cytotoxicity (ADCC), and complement activation
(300).

B lymphocytes also have a role as professional antigen-presenting cells (APC) (301).
Phagocytosis of pathogens allows the expression of antigens on major histocompati-
bility complex (MHC) class 2 molecules. B cells then present the antigen to CD4� T cells
and, with costimulatory molecules, cause T lymphocyte activation (302). CD4� T cells
then release cytokines, which mediate the activation of cytotoxic T cells. Studies have
revealed that B cell depletion results in impaired CD4� T cell proliferation (303).

The role of B cells in key viral infections. B cells have an important role in the
immune response against viral infection. Antibody production leads to neutralization
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and opsonization of antigens, promoting viral clearance. Polyreactive IgM and IgD
antibodies are produced initially, some of which will inactivate the invading organism.
Class switching to a specific IgG immunoglobulin occurs through activation-induced
cytidine deaminase and class switch recombination (304). B cells also provide signifi-
cant support to the cellular immune response. T lymphocytes, both CD4� and CD8�,
are markedly reduced in rodents depleted of B cells (305).

B cell depletion results in increased risk of disseminated viral infection (306). During
influenza infection, neutralizing antibodies have a major role in reducing viral trans-
mission. Polyreactive B cells produce IgM, 10% of which will inactivate the influenza
virus antigen. At day 7 of infection, germinal center responses have fully matured with
the production of both memory B cells and plasma cells. Influenza virus IgA antibodies
enter host cells to combat the pathogen intracellularly (307, 308). This provides lifelong
protection from the offending strain of influenza (309).

Immunity to hepatitis B virus after chronic infection is determined by the presence
of hepatitis B virus surface antibody in the serum. Patients with chronic HBV are
characterized by B cell hyperactivation with impairment of HBsAg-specific B cells.
Functional impairment of HBsAg-specific B cells is hypothesized to be mediated by the
HBsAg itself. B cell CD80 expression is also reduced in HBV infection, reflecting impaired
antigen presentation (310). An increase in B regulatory cells is seen during the immune
activation phase of HBV infection, associated with higher levels of interleukin-10. The
production of this anti-inflammatory cytokine is directly associated with higher AST and
ALT levels (311). HBV may increase B regulatory cells to dampen the immune response
in acute infection.

The B cell response in hepatitis C virus infection is an area of active research.
Hepatitis C virus infection is characterized by polyclonal B cell activation and increased
immunoglobulin production, leading to complications of lymphoproliferative disorders
and cryoglobulinemia (312, 313). Increased B cell receptor signaling has been demon-
strated with HCV protein NS3/4A, a potential mechanism underlying B cell proliferation
(314). B cell subset alteration is promoted through the increased expression of BclII, a
B cell antiapoptotic marker more common in HCV-infected subjects (312). Studies of the
natural history of HCV infection demonstrate that the presence of HCV-specific anti-

FIG 8 B cell function.
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bodies reduces viremia, promotes clearance of HCV, and enhances infection resolution
(315–317).

B cell function has been found to be crucial in the immune response against HIV.
Production of nonneutralizing antibodies (anti-gp41) can be detected within 1 week of
HIV infection, but this has little impact on viremia (318). Neutralizing antibodies begin
to appear a few months after infection, resulting in the rapid production of viral escape
mutants to avoid neutralization (319, 320). About 20% of patients infected can produce
cross-reactive antibodies that can neutralize multiple viral antigen epitopes; however,
this takes 2 to 4 years to develop (321–323). Around 1% of infected individuals are “elite
neutralizers,” able to produce broadly neutralizing antibodies active against hundreds
of viral antigen epitopes (324, 325). Production of these antibodies capable of ADCC is
linked to decreased rates of maternal-fetal transmission of HIV (326), increased fre-
quencies of long-term nonprogressors, and reduction in viral reservoirs in murine
models (327, 328). The administration of polyclonal broad neutralizing antibodies to
infant macaques led to a significant reduction in plasma viral load (329).

The role of B cells in key bacterial infections. B cells play a pivotal role in producing
antibodies (via differentiation to plasma cells) directed against bacterial pathogens,
leading to opsonization, complement activation, and enhanced phagocytosis. This is
underlined by the fact that patients with genetic deficiencies of antibody production
(e.g., X-linked agammaglobulinemia) are at high risk of infection with encapsulated
bacteria, such as S. pneumoniae and H. influenzae, for which opsonization is a primary
host defense (330). Contrary to the traditional view, the humoral B cell response also
plays a critical role in intracellular bacterial infection (331). B cells influence the host
response through antigen presentation, enhancement of T cell effector function via
cytokine production, and production of pathogen-specific antibodies (332). B cell-
activating factor (BAFF) is central in maintaining a T cell-independent IgM response in
acute infection. Growing evidence supports the role of the B lymphocyte in M.
tuberculosis infection. After acute infection with M. tuberculosis, B cells mediate the Th1
response. This reduces the inoculum burden through antibody-directed opsonization
and promotes the granulomatous containment of infection through T cell and macro-
phage activation (333). Interleukin-10 production by B cells countering intracellular
infection is another essential regulator of the inflammatory response (333, 334). In
summary, protection of the host from intracellular pathogens is dependent on both B
and T cell function (331).

The role of B cells in other infections. Fungal infection is countered directly and
indirectly by B cell activity. The direct mechanisms include inhibition of biofilm forma-
tion, iron starvation, and prevention of replication (335–337). The indirect mechanisms
include complement activation, opsonization for phagocytosis, and antibody-directed
cellular cytotoxicity (338–340). In Candida albicans infection, antibodies to the C.
albicans mannoprotein prevent adherence to HEp-2 cells and halt pathogen germina-
tion while also starving the organism of iron (337, 341). In murine models of Crypto-
coccus neoformans infection, B cell deficiency is associated with uncontrolled disease
(342, 343). The host response to helminthic infection is dependent on B cells. The
T-helper 2 immune response is reliant on B cell antigen presentation (344). B cell release
of IL-4R mediates antibody class switching to an IgG and IgE response (345). IgE then
activates mast cells and basophils, crucial for countering helminthic infections (346).
Antigen-bound IgE leads to degranulation of mast cells and basophils, releasing
cytokines, chemokines, proteases, and enzymes directed against the invading organism
(347, 348).

Available Anti-B Cell Agents

There are six monoclonal antibodies directed against B cells currently marketed, of
which four work in the same way, against the B cell surface marker CD20, one,
inebilizumab, works against CD19, which is found primarily on B cell precursors, and
one, belimumab, works against the B cell survival molecule BLySS (Table 7).
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Rituximab. Rituximab is a chimeric monoclonal antibody directed against the B cell
CD20 antigen. The CD20 antigen is pivotal in regulating B cell development and
activation through its role in transmembrane calcium transport (349, 350). Binding of
the Fab portion of rituximab leads to complement and antibody-mediated B cell lysis
(351). Immunoglobulin levels rarely decline with rituximab therapy, as plasma cells do
not express the CD20 antigen (352, 353). On-label indications for use in malignant
disease include chronic lymphocytic leukemia (CLL) and Hodgkin and non-Hodgkin
lymphoma. Off-label use for malignant disease includes Burkitt’s lymphoma (354),
central nervous system (CNS) lymphoma (355), splenic marginal zone lymphoma (MZL)
(356), mucosa-associated lymphoid tissue lymphoma (357), posttransplant lymphopro-
liferative disorder (358), and Waldenstrom’s macroglobulinemia (359). On-label indica-
tions for autoimmune disease include rheumatoid arthritis, pemphigus vulgaris, gran-
ulomatosis with polyangiitis (GPA), and microscopic polyangiitis (MPA). Off-label use in
autoimmune disease includes multiple sclerosis (360, 361), thrombotic thrombocyto-
penic purpura (362, 363), immune thrombocytopenia (ITP) (364), myasthenia gravis
(365), neuromyelitis optica (366), lupus nephritis (367), idiopathic membranous ne-
phropathy (368), autoimmune hemolytic anemia (369), and chronic graft-versus-host
disease (370). Decreased B cell numbers are seen for at least 6 to 9 months after
administration (371), and impaired memory B cell maturation may continue for years
(372).

Ofatumumab. Ofatumumab is an anti-CD20 human monoclonal antibody (373).
After binding to CD20, the Fc portion induces antibody-, complement-, and cell-
mediated cytolysis of B cells. The on-label indication for use is CD20-positive chronic
lymphocytic leukemia refractory to alemtuzumab and fludarabine.

Ocrelizumab. Ocrelizumab is a humanized IgG monoclonal antibody that acts
against CD20. After binding, ocrelizumab mediates antibody- and complement-
dependent cytolysis of B cells (374). B cell levels reach a nadir at day 14 after therapy
and return to baseline in a median of 72 weeks (27 to 175 weeks). On-label indications
for use include relapsing or progressive multiple sclerosis. Off-label indications include
rheumatoid arthritis (375) and systemic lupus erythematosus (376).

Obinutuzumab. Obinutuzumab is a humanized monoclonal antibody directed
against CD20. When bound to CD20, obinutuzumab causes B cell cytolysis through
activation of complement and intracellular apoptotic pathways (377). On-label indica-
tions for obinutuzumab use include untreated chronic lymphocytic leukemia and
untreated or refractory/relapsed follicular lymphoma (FL).

Belimumab. Belimumab is a human IgG1 monoclonal antibody (378). Unlike the
other anti-B cell agents, which are directed against CD20, belimumab binds to and
inactivates soluble B lymphocyte stimulator-specific protein (BLyS, also known as B
cell-activating factor, or BAFF), reducing B cell differentiation and survival. BLyS is a B
cell survival factor that promotes the formation and survival of memory B cells and
plasma cells. Hence, rather than depleting B cell numbers, belimumab has a subtler
action, which may explain its lower risk of infectious complications. After administra-
tion, reductions in IgG and anti-double-stranded DNA (dsDNA) occurred by week 8 and

TABLE 7 Overview of available anti-B cell agents

Agent Type of agent Cellular target Key approved indication(s)b

Rituximab Chimeric MAb CD20 CLL, various lymphomas, RA,
pemphigus vulgaris

Ocrelizumab Humanized MAb CD20 Multiple sclerosis
Ofatumumab Human MAb CD20 Refractory CLL
Obinutuzumab Humanized MAb CD20 CLL, follicular lymphoma
Inebilizumab Humanized MAb CD19 Neuromyelitis optica spectrum

disorders
Belimumab Human MAb BlySS/BAFFa Refractory SLE
aBLySS, B lymphocyte-specific stimulator; BAFF, B cell-activating factor.
bCLL, chronic lymphocytic leukemia; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
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were maintained to week 52. Belimumab is indicated for the treatment of active,
autoantibody-positive systemic lupus erythematosus already on standard treatment.
This monoclona antibodyl has not been assessed in severe active CNS lupus or lupus
nephritis and is not recommended in these settings. Moreover, combination with
cyclophosphamide and other biologics has not been investigated.

Inebilizumab. Inebilizumab is a humanized monoclonal antibody directed against
CD19, found primarily on B cell precursors. It leads to substantial depletion of a range
of lymphocytes derived from the B cell lineage (379). Inebilizumab has been granted
FDA breakthrough therapy designation for accelerated assessment for use in neuro-
myelitis optica spectrum disorders (NMOSDs) but at the time of writing is not yet
approved for use. In a recent phase II/III RCT, inebilizumab was more effective than
placebo, with 12% of treated NMOSD patients having an attack during the study
compared with 39% in the placebo group (380). Safety in this trial was similar to that
of placebo, but there is currently insufficient information to assess the risk of infection
with this agent. Its use has also been reported for the treatment of multiple sclerosis
(381) and B cell lymphoma (382).

Withdrawn anti-B cell agents. Tositumomab is an IgG2a monoclonal antibody
directed against the CD20 antigen (383). It was initially approved for the treatment of
relapsed or refractory CD20-positive non-Hodgkin lymphoma. Despite its efficacy, with
a cited 75% complete response rate (384), it was withdrawn from the market due to a
decline in market viability.

Anti-B Cell Agents: Infectious Complications

Apart from belimumab, the risk and type of infectious complications are very similar
across this group of drugs, as one would expect given their common target and
mechanism of action. Because it has been available for the longest, there is substan-
tially more clinical data about the infectious risk of rituximab than about the infectious
risks of the other agents, and hence, this section will focus primarily on rituximab. The
observed risks of infectious complications of rituximab therapy, according to indication,
are summarized in Table 8.

In the setting of hematological malignancy, systematic reviews indicate that ritux-
imab therapy is associated with increased risk of infectious complications (385, 386).

TABLE 8 Infectious complications of rituximab therapy based on treatment indication

Disease, infectious complication Disease, pathogen, or differential factor
Frequency (% or no. of events/no. of person yrs,
unless otherwise stated) (reference[s])

Non-Hodgkin lymphoma
Serious infections 31.8/100 (1237)
Viral reactivation Herpes zoster 6.9/100 (453)

Hepatitis B virus 52–67 (406, 410–412)
HBsAg� patients without prophylaxis 4–42 (402, 413, 414)
Anti-HBcAb� without prophylaxis 2.9/1,000 (1238)
PMLa 0.72/100 (1237)

Bacteria M. tuberculosis 2–10.6 with R-CHOP (1239–1241)

Rheumatoid arthritis
Serious infections 3.8–5.0/100 (396, 473)
Opportunistic infections 0.05/100 (396)
Respiratory tract infections 6.1/100 (1242)
Urinary tract infections 2.6/100 (1242)
Viruses Herpes zoster 0.8–2.3/100 (185, 476, 1243)

PML 1/25,000 patients (1244)

Systemic lupus erythematosus
Serious infections 6.6–16.6/100 (454, 1245, 1246)b

Glomerular disease
Serious infections 16.6–43/100 (466, 1247)

aPML, progressive multifocal leukoencephalopathy.
bHigher rates are associated with renal involvement.
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Infections in this setting are most commonly bacterial (63%) and viral (34%) in origin
(387). Serious infections occur in �5% of patients in single-arm studies of rituximab in
non-Hodgkin lymphoma (351). Increased rates of infections are also noted in the setting
of solid organ transplant (388–390). In contrast, infections in rituximab therapy for
autoimmune disease are uncommon. Serious infections in rheumatoid arthritis (RA)
patients treated with rituximab range from 1 to 3.3% (391–395). The lower rates of
infection likely relate to smaller cumulative doses of rituximab and less concomitant
immunosuppressive therapy. Long-term safety data from 3,595 patients over 11 years
confirmed a similar incidence of serious infections compared to the incidence with
placebo (3.76 events per 100 PY versus 3.79 events per 100 PY, respectively) (396).
Pneumonia was the most common serious infection (2%). The serious opportunistic
infection rate was also similar to the rate with placebo (0.05 events/100 PY versus 0.09
events/100 PY).

In 2011, rituximab’s label was updated with a black box warning for hepatitis B virus
reactivation. There is an established risk of HBV reactivation with rituximab therapy,
with fatal cases reported (397, 398). The rates of reactivation vary as reported in the
literature and depend on host-, virus-, treatment-, and disease-related factors. Reacti-
vation generally occurs between 3 months after starting and 1 month after completion.
Occasionally, reactivation can manifest more than 2 years after cessation (399–401). The
risk of HBV reactivation with rituximab is increased in males, those with HBV surface
antigen positivity, precore mutant HBV, high HBV DNA levels, transplant recipients,
patients with lymphoma, and those receiving concomitant combination chemotherapy
or steroids (402–409). HBV reactivation is less common in those with autoimmune
disease treated with rituximab (395, 396). The highest rates of reactivation are seen in
those with surface antigen positivity who are on combination chemotherapy and not
given prophylaxis. In this setting, reactivation is seen in 52 to 67%, with mortality rates
as high as 22 to 52% (406, 410–412). In those who are surface antigen negative but core
antibody positive on combination chemotherapy with rituximab, reactivation rates are
lower, reported in 4 to 42% of patients (402, 413, 414).

Compared to the general population, chronic hepatitis C carriers have a 20 to 30%
increased risk of non-Hodgkin lymphoma and a 3-fold risk of Waldenstrom’s macro-
globulinemia (415). Though data are sparse, HCV flares can occur in those with chronic
HCV treated for malignancy with rituximab-based regimes. Sagnelli et al. reviewed five
studies examining HCV reactivation with rituximab for non-Hodgkin lymphoma. The
pooled incidence of life-threatening liver failure was around 10% (416). An observa-
tional study by Torres et al. found that in the setting of malignancy, rituximab was
highly associated with hepatitis C reactivation (44% versus 9%; P � 0.0001) (417). The
largest study was a multicenter retrospective analysis on 553 patients, 131 of whom
were HCV positive, treated with R-CHOP (rituximab, cyclophosphamide, doxorubicin,
vincristine, and prednisone) for diffuse large B cell lymphoma. This study reported a
high rate of severe hepatotoxicity (grade 3/4 elevations in liver transaminases) in
patients with HCV, 27%, compared to 3% in the noninfected population (418). Six
HCV-infected patients died due to hepatic failure (4.6%), but four of these had under-
lying hepatocellular carcinoma known prior to therapy. Progression-free and overall
survival were similar in those with and without HCV.

There are no published data on the use of rituximab in the HIV-positive patient
outside the setting of hematological malignancy (419). Immunosuppression associated
with HIV-associated lymphoma makes rituximab therapy challenging in this cohort. A
study performed by Kaplan et al. in 2005 was disheartening. This multicenter AIDS-
Malignancies Consortium trial (AMC) compared rituximab and CHOP to CHOP alone in
HIV-associated non-Hodgkin lymphoma (420). All patients included were treated with
antiretroviral therapy and Pneumocystis jirovecii prophylaxis with co-trimoxazole, dap-
sone, or pentamidine. There was no difference in time to progression, progression-free
survival, or overall survival in those treated with rituximab versus those who were not.
There were more adverse events in the rituximab-treated group, mostly in those with
CD4 counts of �50. Fourteen percent of patients in the rituximab group died of
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infection-related complications, compared to 2% in the control group (P � 0.04). Thirty-
six percent of patients treated with rituximab with baseline CD4 counts of �50 died
from infection. Bacteremia was the most common infectious complication leading to
death (50%). Another phase II trial of rituximab in HIV-positive patients with lymphomas
revealed an infection-related death rate of 8.6%, most commonly due to bacterial
infection (421). Sparano et al. confirmed the AMC trial findings with a 38% mortality rate
in patients with CD4 levels of �50 (422). While infectious complications appear
common, a pooled analysis showed that rituximab therapy was associated with higher
rates of complete remission (odds ratio � 2.89; P � 0.001) and overall survival (HR, 0.51;
P � 0.0001) (423). Current guidelines recommend the addition of rituximab to anti-
lymphoma chemotherapy if the CD4 count is �50 (424). The use of rituximab in those
with CD4 counts of �50 must be individualized, and caution is warranted.

An FDA black box warning for progressive multifocal leukoencephalopathy from
rituximab was released in 2007. Carson et al. described 57 cases of progressive
multifocal leukoencephalopathy after rituximab therapy (425). Disease onset occurred
at around 5.5 months into treatment, with a median survival of 2 months. While the
incidence of PML in rituximab-treated patients is lower than that reported with
natalizumab, the mortality rate is significantly higher, at 90% (426). In a report sum-
marizing all confirmed cases of PML with rituximab in rheumatoid arthritis, granulo-
matosis with polyangiitis, and microscopic polyangiitis patients, the incidence of PML
in RA patients treated with rituximab was 2.56 per 100,000 patients, and the incidences
in GPA/MPA were �1 per 10,000 patients (427). All events occurred in patients with
other risk factors, including high-dose corticosteroids and combination immunosup-
pressive therapy. A high index of suspicion is required for the diagnosis, as many
patients present with subacute and nonspecific neurological deterioration (428). The
diagnosis is made with brain MRI and lumbar puncture identifying JC virus in a
compatible clinical context. Management involves cessation of the offending agent,
supportive care, and specialist neurology involvement (429). A recent report provides
hope that immune system activation using checkpoint inhibitors may reverse the
disease process in patients with immunosuppression-related PML (430).

Cytomegalovirus (CMV) infection complicating rituximab use can affect many organ
systems, with reports of CMV pneumonitis, esophagitis, gastritis, enterocolitis, menin-
gitis, encephalitis, and retinitis in this setting (25, 431–442). CMV case reports have most
often been associated with lymphoproliferative malignancy and transplant, both stem
cell and solid organ. Patients are often on combination immunotherapy or chemother-
apy, making it challenging to establish rituximab as the causative agent. Aksoy et al.
found that CMV was the second most common viral infection (following hepatitis B
virus) in lymphoma patients treated with rituximab (23.4%) (406). A case series identi-
fied 17 patients with hematological malignancy whose course was complicated by CMV
infection (443). Sixteen of the 17 cases were associated with the combination of
rituximab and steroids. Ganciclovir treatment, which remains the first line (444), was
successful in most episodes (18 of 20). A review by Lanini et al. discussed infection risk
in lymphoma patients receiving rituximab (445). Of the 17 RCTs included, only one
examined the rate of complicating CMV infection. This trial compared ESHAP (etopo-
side, methylprednisolone, cytosine arabinoside, and platinum) to rituximab and ESHAP
in frail patients with refractory B cell lymphoma (446). The rate of CMV infection
complicating treatment cycles was higher in the rituximab-treated group (9.9% versus
0.9%). Lee et al. performed a retrospective analysis on 48 patients with non-Hodgkin
lymphoma undergoing allogeneic stem cell transplant treated with rituximab (447). The
rate of CMV infection was significantly higher in the rituximab-treated group (17.6%
versus 0%; P � 0.045). Currently there is no evidence of an increased risk of CMV
infection with rituximab in solid organ transplant (428, 448, 449). This may be explained
by the widespread use of CMV prophylaxis.

The rates of varicella zoster infection seem to be increased with rituximab, and there
are reports of fatal infections (450–452). It is the third most common viral infection
complicating rituximab use in lymphoma (9.4%) (406). Cho et al. performed a longitu-
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dinal study investigating the rates of herpes zoster in non-Hodgkin lymphoma patients
receiving chemotherapy over 7 years (453). There was no difference in the overall
incidence of herpes zoster with the addition of rituximab (P � 0.16), but over the first
year, the rituximab group did have an increased risk (OR � 1.38; P � 0.02). Herpes
zoster also appears more common in renal transplant (7.3% versus 0.26%) and systemic
lupus erythematosus (SLE) patients (9.5% versus 3.4%) treated with rituximab (454,
455).

Other viral infections reported with rituximab use include herpes simplex virus (456,
457), parvovirus B19 (458–461), and West Nile virus. There have been four reported
episodes of fatal West Nile virus infection, three associated with lymphoma and one in
a lung transplant patient (462–464).

Bacterial infections are the most common infectious complication of rituximab in
patients being treated for a hematological malignancy (32% to 43.4%) (387, 465).
Escherichia coli and coagulase-negative staphylococci were the two most common
organisms reported. Higher rates of infection were seen in the first 6 months of
treatment (466). Kamar et al. found no difference in the rates of bacterial infection in
renal transplant patients with and without rituximab (36.3% versus 31.6%; P � non-
significant [NS]) (388). In the setting of patients being treated with rituximab for
autoimmune diseases, a single-center study found that 17.4% of patients developed a
serious infection, all of which were bacterial (467). Causative organisms included
Streptococcus pneumoniae, Pseudomonas aeruginosa, Escherichia coli, and Staphylococ-
cus aureus, and infection-related mortality was high, at 42%. Notably, those who had
received pneumococcal vaccination had a lower risk of serious infection (OR � 0.11;
P � 0.0009).

While there have been reports of Mycobacterium tuberculosis infections with ritux-
imab (390, 468, 469), this appears to be a rare complication. Cantini et al. reviewed nine
RCTs and nine open-label studies investigating rituximab in RA (470). Among the 4,814
patients included, there were no reports of tuberculosis. Relapse in patients with
previously treated tuberculosis is also uncommon (471–474). Tuberculosis in lymphoma
patients treated with rituximab also appears rare (25, 475–477).

Patients on rituximab monotherapy have a low incidence of fungal infection at
around 1% (475). Fungal infection complicating treatment of hematological malignancy
is uncommon given the widespread use of antifungal prophylaxis, with only one
episode among 113 treated patients in one cohort study (387). The risk of invasive
fungal infections also appears low in solid organ transplant recipients treated with
rituximab. Scemla et al. found no difference in fungal infection rates in those with and
without rituximab treatment for renal transplant (7.9% versus 7.7%, P � NS) (478).
Other studies have yielded similar results, with no difference in fungal infections
(479–481). In contrast, Patel et al. performed a retrospective study of kidney and
kidney/pancreas transplants comparing infectious complications between those who
did and did not receive rituximab (455). Fungal infections in the rituximab group were
significantly more likely, occurring in 11% versus 3% (P � 0.009). However, in this study,
patients treated with rituximab received more ATG (P � 0.001), a potential confounder
given its association with fungal complications (388).

Although the attributable risk is small, Pneumocystis jirovecii infection is increasingly
recognized as a complication of rituximab therapy, with mortality rates of 30% to 33%
(482, 483). Murine models show that anti-CD20 therapy reduces the host response to
Pneumocystis infection (484). A case series published in 2013 reviewed 30 cases of
Pneumocystis pneumonia associated with rituximab therapy (482). Only one patient
received antimicrobial prophylaxis, 90% of cases occurred in those with hematological
malignancy, and 73% were associated with concurrent steroid use. Jiang et al. per-
formed a systematic review on Pneumocystis jirovecii pneumonia in rituximab-treated
lymphoma patients (485). Rituximab was associated with an increased risk of Pneumo-
cystis infection (2.9% versus 0.5%; P � 0.001). Prescribing prophylaxis to such patients
significantly reduced the risk of infection (0% versus 2.6%; P � 0.04).
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Other infections reported with rituximab include babesiosis (486), enteroviral me-
ningoencephalitis, staphylococcal pericarditis, Pasteurella multocida, atypical mycobac-
teria, Listeria, cryptococcal meningitis, strongyloidiasis, and tick-borne encephalitis virus
(487–496).

Other anti-CD20-directed therapies have risks and types of infectious complications
similar to those of rituximab, albeit with fewer data available. A review of ocrelizumab
for rheumatoid arthritis combining data from four RCTs found that serious infections
were more frequent in those in the group receiving ocrelizumab at 500 mg (2.4 events
per 100 patient years) than in placebo recipients (375). The most common serious
infections included pneumonia, urinary tract infections, and cellulitis. Mysler et al.
performed a randomized study investigating ocrelizumab in the setting of proliferative
lupus nephritis (376). Three hundred eighty-one patients were randomized to three
arms of the study: placebo, ocrelizumab at 400 mg, and ocrelizumab at 1,000 mg. The
study was terminated early due to the increased rates of serious infection seen in those
treated with ocrelizumab, with rates of serious infections in the placebo, ocrelizumab
at 400 mg, and ocrelizumab at 1,000 mg groups of 18.7, 28.8, and 25.1 events per 100
patient years, respectively. In 2011, Kappos et al. reported an RCT of ocrelizumab versus
placebo or interferon in 218 MS patients (497). The rates of serious infection were
similar at 3.8, 3.4, and 3.5 events per 100 patient years for patients receiving placebo,
ocrelizumab at 600 mg, and ocrelizumab at 2,000 mg, respectively. No opportunistic
infections were reported during the 48-week follow-up period. Despite these reassuring
results, there was still concern from clinicians (498). The OPERA I and OPERA II trial
results were published in 2017, comparing ocrelizumab to interferon beta-1� in relaps-
ing MS (499). In this analysis, there was a lower rate of serious infection in the
ocrelizumab group (1.3% verse 2.9%). Mild upper respiratory tract infections and
nasopharyngitis were more common with ocrelizumab. No opportunistic infections
were identified with 96 weeks of follow-up. An ongoing open-label extension assessing
safety and efficacy is continuing with the same cohort (500). The overall rates of serious
and opportunistic infection appear low in ocrelizumab-treated MS patients; however,
long-term data are needed to confirm these findings. Ocrelizumab does seem to
increase the risk of mild and moderate herpesvirus infections. The rates of herpes zoster
(2.1% versus 1.0%) and herpes simplex virus infection (0.7% versus 0.1%) are higher in
those on ocrelizumab than in those on placebo (374).

There have been two major studies investigating ofatumumab for refractory CLL. In
a phase I/II study, Coiffier et al. reported an overall infection rate of 51% with
ofatumumab in patients with refractory or relapsed B cell CLL (501). Most of these were
mild to moderate in severity, with nasopharyngitis being the most common. Wierda
et al. investigated ofatumumab as a single agent in the treatment of fludarabine-
resistant CLL (502). Infections were common, with 189 events in 92 patients, 13 of
which led to death, including one episode of Fusarium infection and one of PML. The
RESONATE study compared ibrutinib to ofatumumab in relapsed/refractory CLL (503).
The overall rates of infection were lower in the ofatumumab group (54% versus 70%);
however, severe infection rates were similar (22% versus 24%). Bacterial infections were
much less common in a phase II trial of treatment-naive CLL patients being treated with
ofatumumab, with serious infections occurring in 8% of patients and no opportunistic
infections reported (504). This likely reflects the fact that treatment-refractory CLL
patients have a high risk of infection with or without ofatumumab, due to previous
treatments and the underlying disease.

In a randomized controlled trial, Goede et al. investigated the efficacy of obinutu-
zumab in untreated CLL (505). Seven hundred eighty-one patients were randomized to
one of three groups: chlorambucil alone, obinutuzumab and chlorambucil, or rituximab
and chlorambucil. Patients treated with anti-CD20 therapy had significantly longer
progression-free survival. The rates of grade 3 to 5 infections ranged from 11 to 14%
and were similar between the groups. Bacterial pneumonias were the most common
serious infection, and no opportunistic infections were reported. In a retrospective
single-center analysis of infectious complications in CLL, obinutuzumab was associated
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with a lower relative risk of infection than alemtuzumab (RR � 0.63 [range, 0.48 to 0.82];
P � 0.0001) (506). Overall, the rate of infection with obinutuzumab was similar to the
rate with rituximab in the treatment of CLL (38% versus 37%) (377). The largest trial of
obinutuzumab in follicular lymphoma, GALLIUM, compared obinutuzumab to rituxi-
mab in previously untreated advanced disease (507). Obinutuzumab led to longer
progression-free survival but did not alter overall survival. Obinutuzumab and ritux-
imab were associated with similar rates of overall infectious events (77.3% versus
70.0%) and serious infections (20.0% versus 15.6%).

Belimumab has a different mechanism of action than the other anti-B cell agents
and consequently appears to be associated with a lower risk of infectious complica-
tions. The overall rates of serious infection reported with belimumab are similar to the
rates with placebo (378). Pooled data confirmed the low rates of serious infections with
belimumab. The rates of serious infection in placebo and in belimumab at 1 mg/kg,
4 mg/kg, and 10 mg/kg were 5.5%, 7.1%, 6.3%, and 5.3%, respectively (508). A system-
atic review assessed the safety of biological therapy in SLE (509). Of four randomized
controlled trials included, no significant difference in safety was noted with belimumab
compared to placebo. BLISS-52 and BLISS-72 were multicenter, phase III, randomized
placebo-controlled trials assessing the efficacy and safety of belimumab in SLE patients
(510, 511). These two studies randomized 1,686 patients to belimumab at 1 mg/kg,
beliumumab at 10 mg/kg, or placebo. Both trials reported a reduction in SLE disease
activity. The rates of infection were comparable between the different groups. In
BLISS-52, infection events were comparable between belimumab at 1 mg/kg and
10 mg/kg and placebo: 68% versus 67% versus 64%. Similar results were seen in
BLISS-72, with equivalent severe infection rates (3.0% versus 2.6% versus 4.0%). Upper
respiratory tract and urinary tract infections were the most common infectious com-
plications. Two of 1,122 belimumab-treated patients had opportunistic infections
(0.2%). There were no reports of tuberculosis. In a subsequent RCT of belimumab in SLE
(512), serious infection was more common in the belimumab-treated group (4.5 versus
7.2 events per 100 patient years), with cellulitis and pneumonia (0.8 events per 100
patient years) accounting for most infectious events. Concurrent use of mycophenolate
mofetil (MMF) and corticosteroids increased the risk of severe infections. A 7-year
follow-up study of patients enrolled in this RCT reported that serious infections were
rare, at �2 events per 100 patient years (513). A more recent RCT of belimumab in SLE
had similar findings, with the risk of serious infection no different in the belimumab and
placebo groups (4.1% versus 5.4%).

Anti-B Cell Agents: Prevention of Infections

The key recommendations prior to using an anti-CD20 monoclonal antibody are
similar to the recommendations for most potent immunosuppressive agents, but with
more emphasis on HBV and less on tuberculosis.

Screening for HBsAg and anti-HBc antibody is recommended for all patients (514,
515). Nonimmunized, unexposed patients should be vaccinated against HBV. In those
who have evidence of past exposure (HBcAb positivity) or chronic infection (HBsAg
positivity), HBV DNA and liver transaminases should be tested and antiviral prophylaxis
initiated (516). A 100-fold increase in HBV DNA often occurs in patients 12 to 28 weeks
prior to reactivation of hepatitis (517). Entecavir or tenofovir prophylaxis is favored over
lamivudine due to high rates of resistance with lamivudine, up to 20% within a year
(412, 518, 519). A randomized control trial in 2014 compared entecavir to lamivudine
in the setting of R-CHOP chemotherapy for the prevention of HBV reactivation (520).
This study randomized 121 HBsAg-positive patients to lamivudine or entecavir. The
entecavir group had lower rates of HBV hepatitis (0% versus 13.3%; P � 0.003), reacti-
vation (6.6% versus 30%; P � 0.001), and chemotherapy disruption (1.6% versus 18.3%;
P � 0.002) (521). Consensus guidelines recommend continuing antiviral prophylaxis for
12 to 18 months after cessation of rituximab (514, 515). Routine adult vaccinations are
recommended to be up to date. In addition, pneumococcal vaccination should be
given 3 to 4 weeks prior to therapy commencing, as it is less likely to elicit an immune

Infectious Complications of Biologics Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 31

https://cmr.asm.org


response afterwards (522, 523). Routine screening for tuberculosis is not recommended.
Zoster vaccination should also be given if it can be achieved at least 6 weeks prior to
therapy initiation, since live vaccines are contraindicated during anti-CD20 therapy. An
alternative is to use recombinant zoster vaccine, but its immunogenicity is decreased
following immunosuppression and it requires a 2-dose schedule, so it also needs to be
given well in advance of immunosuppression if possible. While Pneumocystis pneumo-
nia has been reported as a complication of these agents, the risk does not appear
higher than that with background chemotherapy or combination immunosuppression,
and thus, prophylaxis for PJP is not recommended for anti-CD20 therapy unless it is
used along with or following other potent immunosuppression. Recommendations for
belimumab are less clear, given the lack of a strong signal for an increased infection risk
with this agent.

Anti-B Cell Agents: Summary

Anti-CD20 therapies lead to major and durable depletion of B cells, but not of B cell
precursors or plasma cells. Anti-CD20 therapies pose a moderate risk of serious bacterial
infections (particularly respiratory tract infections), as well as HCV and herpes zoster
reactivation, and a high risk of HBV reactivation. The risk of infectious complications is
largely determined by cofactors, including concomitant immunosuppressive therapy,
the underlying condition, and the patient’s age. Belimumab appears to be associated
with little additional infection risk, but the available data are limited to patients with
SLE, who have a lower risk of infectious complications than those with hematological
malignancies.

COMBINATION LYMPHOCYTE-DEPLETING AGENTS
Functions of Target Molecules of Combination Lymphocyte-Depleting Agents

The agents discussed in this section work by a variety of mechanisms, and thus, their
mechanisms of action, the functions of their targets, and the infectious complications
will be discussed for each individual agent. These agents all share the fact that they
target lymphocytes but affect more than one type of cell.

Available Lymphocyte-Depleting Biological Agents and the Epidemiology and
Prevention of Their Infectious Complications

Lymphocyte-depleting agents approved for use in the United States and/or Europe
are listed in Table 9.

Alemtuzumab. Alemtuzumab is a humanized IgG1(�) monoclonal antibody directed
against the CD52 receptor present on B lymphocytes, T lymphocytes, natural killer cells,
and macrophages (524). Alemtuzumab causes antibody- and complement-mediated
cytolysis, profoundly depleting lymphocytes. Low circulating CD4 T lymphocyte counts
persist for 1 to 2 years after administration (525). The on-label indication for use is
relapsing remitting multiple sclerosis in those with inadequate response to two or more
alternative drugs (526). Off-label use includes B cell chronic lymphocytic leukemia (527),
T cell promyelocytic leukemia (528), Sézary syndrome (529), refractory autoimmune
cytopenia (530, 531), acute graft-verse-host disease (532), hemophagocytic lymphohis-
tiocytosis (533), and solid organ transplantation (276, 534, 535). Alemtuzumab is
contraindicated in the setting of HIV infection given the prolonged and severe decline
in CD4� lymphocytes. The treatment protocol for alemtuzumab is once-daily infusions

TABLE 9 Combination lymphocyte-depleting agents

Agent Target Cell type(s) affected Main approved indication

Alemtuzumab CD52 T and B cells, NK cells, macrophages Multiple sclerosis
Blinatumomab CD19/CD3 T and B cells B cell precursor acute lymphocytic leukemia
Daratumumab CD38 MDSC,b Treg, B cells Multiple myeloma
Elotuzumab SLAMF7a Plasma cells Multiple myeloma
aSLAMF7, signaling lymphocytic activation molecule family member 7.
bMDSC, myeloid-derived suppressor cells.
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for 5 days in the first year, followed by once-daily infusions for 3 days in the second
year. Premedication with 1 g of intravenous methylprednisone is required before each
dose, potentiating the immunosuppressive effect of the regimen. Vaccinations should
be provided 6 weeks prior to starting alemtuzumab and should not be administered
during and for 6 months after cessation of treatment (536).

There are scant data on the risk of HBV reactivation with alemtuzumab therapy.
Hepatitis B infection was an exclusion criterion in investigative trials. Those with chronic
or past HBV infection are likely at high risk of reactivation (537). A retrospective analysis
identified three episodes of HBV reactivation in HBsAg-negative (but HBcAb-positive)
patients with lymphoma (538). Another group reported two episodes of HBV reactiva-
tion with alemtuzumab in chronic lymphocytic leukemia. Current evidence supports
the routine screening of patients for past or chronic HBV infection (536). In those with
past or chronic HBV infection, careful consideration should be made for alternative
treatment options. If alemtuzumab is still required, antiviral prophylaxis should be
started 1 to 2 weeks prior to treatment and continue for 12 to 18 months after cessation
(539). Prophylaxis is warranted in HBsAg-negative/anti-HBcAb-positive patients to pre-
vent reactivation (540).

Alemtuzumab is contraindicated in the setting of HIV infection. Despite this, there
is interest in using alemtuzumab as a CD4 cell-depleting agent to assist in the
eradication of HIV. Ruxrungtham et al. showed that HIV-infected CD4 cells retain
functional CD52 (541). These CD4 cells are depleted when exposed to alemtuzumab.
This theory was tested in a patient with cutaneous T cell lymphoma and concurrent HIV
and HBV (542). Ultimately, treatment with low-dose alemtuzumab resulted in depletion
but not elimination of HIV-infected CD4 cells. While he responded well initially, with a
resolution of cutaneous symptoms, impairment of liver function and subsequent
multiorgan failure resulted in death 6 weeks after treatment initiation.

The risk of reactivation of herpesvirus infections is increased among those treated
with alemtuzumab. High rates of herpes simplex virus and herpes zoster infections
were seen in the CAMMS223, CARE-MS I, and CARE-MS II trials (526, 543, 544). As such,
the routine use of antiviral prophylaxis (with acyclovir, famciclovir, or valacyclovir) is
recommended on the day of treatment initiation (537). Currently, the drug label advises
continuing prophylaxis for 2 months after completion of therapy or until CD4 counts
improve to �200, whichever occurs later (524). CMV infection, while rare, has been
known to complicate alemtuzumab use (545, 546). Given the relative sparsity of these
infections, prophylaxis and routine testing for CMV are not recommended in the
multiple sclerosis population (537). This is different in the setting of underlying hema-
tological malignancy, with rates of reactivation between 20 and 50% (538, 547, 548).
O’Brien et al. performed an analysis assessing the routine use of valganciclovir prophy-
laxis in patients with hematological malignancy treated with alemtuzumab (547). The
study was terminated early due to the efficacy of valganciclovir. Seven of 20 patients
(35%) without prophylaxis had CMV reactivation, compared to 0% in the treated group.
Patients being treated for hematological malignancy with alemtuzumab should receive
valganciclovir prophylaxis with monitoring of CMV by PCR (549).

Several episodes of JC virus reactivation have been reported with alemtuzumab
treatment. In a review by Raisch et al., 15 episodes of PML were noted (255). This
equated to a proportional reporting ratio of 0.49%. Of the 15 patients included, 10 were
associated with hematological malignancy, 4 were in the setting of transplant, and 1
patient had multiple sclerosis (550). Close monitoring programs are warranted to
facilitate the early identification of JC virus reactivation in patients receiving alemtu-
zumab (551).

Mycobacterium tuberculosis infection has been described with alemtuzumab ther-
apy. As for PML, tuberculosis appears uncommon in the MS population. In the three
major trials, including 1,194 patients, only two episodes of tuberculosis occurred (526,
543, 544). This was in the context of compulsory screening for all involved. M. tuber-
culosis reactivation is more commonly reported in alemtuzumab-treated patients with
hematological malignancy and solid organ transplant (552, 553). In a region of ende-
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micity, the Asian Lymphoma Group reported an incidence of 8.8% (16 events in 182
patients) in those treated for hematological malignancy (538). In a retrospective
single-center analysis, Walsh et al. reviewed 477 renal transplant patients who were
treated with alemtuzumab (554). Two patients (0.4%) developed active tuberculosis.
Both patients eventually succumbed to disseminated disease. Screening for latent M.
tuberculosis infection should be performed in all patients prior to alemtuzumab ther-
apy, and therapy with rifampin for 4 months (noting drug interactions) or isoniazid for
9 months should be initiated as soon as possible, ideally prior to commencement of
therapy (537).

Ordinary bacterial infections are increased in patients treated with alemtuzumab
with multiple sclerosis, most commonly respiratory and urinary tract infections (555).
The three landmark trials establishing its role in multiple sclerosis were CAMMS223,
CARE-MS I, and CARE-MS II (526, 543, 544). CAMMS223 randomized 334 patients to
interferon beta-1a or alemtuzumab. The rates of infection were higher in the
alemtuzumab-treated group, 65.7% versus 46.7%. Most events were respiratory and
urinary tract infections. Serious infections were also higher in the alemtuzumab group,
4.2% versus 1.9%. Herpes simplex virus (8.3% versus 2.8%) and herpes zoster (3.7%
versus 0.9%) infections were both more common in those receiving alemtuzumab. In
the CARE-MS I trial, 581 patients were randomized to interferon beta-1a or alemtu-
zumab in a ratio of 1:2. Overall infection rates were higher for those receiving alem-
tuzumab (67% versus 45%). This was primarily driven by nasopharyngitis and respira-
tory tract and urinary tract infections. As in CAMMS223, herpes simplex virus (13%
versus 2%) and herpes zoster (3% versus 0%) infections were also more common. One
patient in a country of endemicity developed disseminated tuberculosis which resolved
with treatment. The CARE-MS II trial compared alemtuzumab to interferon beta-1a in
the setting of relapsed MS (526). Once again, infections were more common in the
alemtuzumab group. Herpesvirus infection remained significantly higher than in the
interferon beta-1a cohort. Serious infections occurred in 1% of those on interferon
beta-1a and 4% of patients on alemtuzumab. While alemtuzumab is associated with
lower rates of relapse and disability than is interferon beta-1a, serious and nonserious
infectious complications are more common.

The European Society of Clinical Microbiology and Infectious Diseases (ESCMID) has
provided guidelines on infection prevention for patients on alemtuzumab (540). Rou-
tine screening for past or resolved HBV, HCV, CMV, and M. tuberculosis is recommended
prior to initiation. Females receiving alemtuzumab are advised to have yearly human
papillomavirus screening. PJP and CMV prophylaxis should be offered to all patients on
alemtuzumab for hematological malignancy. In order to reduce the risk of listeriosis
and toxoplasmosis, all patients should be advised to avoid unpasteurized milk, soft
cheeses, undercooked meat, and contact with cat feces. If possible, routine vaccinations
should be up to date prior to commencing alemtuzumab and patients should be
vaccinated for hepatitis B virus, pneumococcus, and influenza according to the guide-
lines for immunocompromised patients in general (556). Other infections reported with
alemtuzumab therapy include CMV pneumonia, Legionella longbeacheae pneumonia,
Listeria monocytogenes, and disseminated nocardiosis (557–561).

Blinatumomab. Blinatumomab is a human monoclonal antibody directed against
CD19 and CD3. It functions to activate T cells through binding to the CD3 receptor and
forming a complex with CD19 on the surface of B cells (562). This synapse results in T
cell activation and proliferation and the release of cytolytic proteins, which causes lysis
of CD19 B cells. Both T lymphocyte and B lymphocyte numbers decline following
administration. T cell numbers improve to baseline in 7 to 14 days, while B cell numbers
remain low throughout treatment. As such, it causes hypogammaglobinemia, which
can persist for over a year after treatment (540, 563). The on-label indication for use is
B cell precursor acute lymphoblastic leukemia (ALL) for both minimal residual disease
and relapsed/refractory ALL. Serious infections are reported in 25% of patients receiving
blinatumomab (562). Live vaccines are contraindicated during treatment and for 6 to 12
months after cessation.
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In a randomized trial where 405 patients with B precursor ALL (b-ALL) were allocated
to adjunctive blinatumomab or conventional chemotherapy, the blinatumomab group
had higher rates of complete remission and longer overall survival, with less neutro-
penia and a lower risk of severe infection (34.1% versus 52.3%) (564). Cytokine release
syndrome (presenting as fevers, tachypnoea, tachycardia, and hypotension) occurred in
4.9% of patients with blinatumomab. Presenting days to weeks after therapy admin-
istration, this syndrome is often indistinguishable from sepsis (565).

In a single-center review of 20 patients treated with blinatumomab for b-ALL (566),
14 patients had 26 infectious events. Pneumonia and bacteremia were common
(occurring in 35% and 19%, respectively), and suspected fungal pneumonia occurred in
four patients. The authors recommend monitoring neutrophils and beginning antifun-
gal prophylaxis when neutrophil counts are �500/�l. ESCMID’s guidelines on infection
prevention with CD19-targeted therapies concluded that the overall rates of infection
were comparable to the rates in other patients undergoing treatment for relapsed or
refractory ALL (540). Hence, prevention protocols for b-ALL patients undergoing com-
bination chemotherapy should follow institutional guidelines.

Daratumumab. Daratumumab is an IgG1(�) human monoclonal antibody directed
against CD38. After binding to CD38, daratumumab induces Fc-mediated cell lysis
through antibody-dependent cellular phagocytosis, cell-mediated toxicity, and com-
plement activation (567). Positive CD38 myeloid-derived suppressor cells, regulatory T
cells, and B cells are all depleted. On-label indications are combination treatment of
newly diagnosed multiple myeloma (MM) and combination or single-agent therapy in
the relapsed/refractory setting. Methylprednisolone at 100 mg intravenously is required
as premedication with each dose.

Two large phase III trials assessed the role of daratumumab for multiple myeloma.
In CASTOR, 498 patients with relapsed or refractory multiple myeloma were random-
ized to bortezomib and prednisone or daratumumab, bortezomib, and prednisone
(568). The addition of daratumumab resulted in significantly longer progression-free
survival, more neutropenia (12.8% versus 4.2%), and a similar risk of serious infection
(21.4% versus 19.0%). In the POLLUX trial, 569 patients with previously treated multiple
myeloma were randomized to daratumumab, dexamethasone, and lenalidomide or
dexamethasone and lenalidomide alone (569). As in CASTOR, the daratumumab group
had longer progression-free survival, a higher rate of neutropenia (5.7% versus 2.5%),
and a similar rate of serious pneumonia (8.1% versus 8.5%). In both trials combined,
there were relatively high herpes zoster rates of 2 to 5%. Overall, daratumumab does
not appear to increase the risk of infection over those of alternative treatment regimens
(570), with the possible exception of herpes zoster reactivation. Hence, antiviral pro-
phylaxis for VZV is recommended with this agent.

Elotuzumab. Elotuzumab is a humanized IgG1 monoclonal antibody directed
against the signaling lymphocytic activation molecule family member 7 (SLAMF7)
protein. The Fc portion of elotuzumab binds to SLAMF7/CD16 receptors on natural
killer cells, promoting NK cell activation (571). Elotuzumab also binds to SLAMF7
receptors on the surface of plasma cells, tagging them for NK-plasma cell interaction.
NK cells then cause antibody-dependent cellular cytotoxicity, leading to plasma cell
death (572). Myeloma cells express SLAMF7 at all stages of differentiation, making
elotuzumab a theoretically effective agent in the treatment of multiple myeloma (573).
SLAMF7 is also expressed on CD8 T lymphocytes, monocytes, and dendritic cells, and
thus, elotuzumab may result in declines in these cell types (574). The on-label indication
is in combination with lenalidomide and dexamethasone in the treatment of relapsed
or refractory multiple myeloma. The only phase III trial of elotuzumab was ELOQUENT-2
(575), in which 646 patients with refractory multiple myeloma were randomized to
receive elotuzumab, lenalidomide, and dexamethasone or lenalidomide and dexameth-
asone alone. Significantly lower risks of disease progression and death were seen in the
intervention group. Overall infections were more common in both groups (81% versus
74%), with higher rates of severe lymphopenia (77% versus 49%) and herpes zoster (4.1
versus 2.2 events per 100 patient years) in the elotuzumab group. At the 3-year
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follow-up, no new safety signals were identified (576). Observational data suggest that
elotuzumab does appear to increase infection risk (570), with opportunistic infections
occurring in 22% of patients, compared with 13% in comparator groups (572). Anti-
herpesvirus prophylaxis should be prescribed to patients who have positive herpes
zoster serology.

Lymphocyte-Depleting Agents: Summary

Alemtuzumab appears to carry the highest risk of infectious complications among
these agents. Alemtuzumab leads to profound CD4 lymphocyte depletion and a high
risk of both ordinary bacterial infections and opportunistic infections, particularly
tuberculosis and herpesvirus reactivation. Given that alemtuzumab is indicated for a
condition which is not immediately life-threatening (MS), the high risk of infection
needs to be balanced carefully against the potential benefits and the severity of the
underlying disease. Blinatumomab, daratumumab, and elotumumab are all used in
hematological malignancies; they each lead to depletion of important populations of
immune cells but do not appear to increase the risk of infectious complications over the
risk in those treated with conventional therapies.

IL-1 PATHWAY INHIBITORS
The Role of the IL-1 Pathway in the Human Immune Response

The interleukin-1 (IL-1) pathway is an 11-member family of closely related cytokines
and 10 receptors (IL-1Rs). Members of the IL-1R and Toll-like receptor (TLR) family share
sequence homology in their cytoplasmic tails and are involved in activating and
regulating a complex inflammatory cascade that yields similar effects of increased
chemokine production, enhanced adhesion molecule expression, nuclear factor kappa
B (NK-�B) expression, inflammatory cytokine production, neutrophil activation, and
fever. IL-1� and IL-1� act as proinflammatory cytokines upon binding to IL-1R1 and the
accessory protein IL-1RAcP. There are also inhibitory cytokines, in particular IL-1R
antagonist (IL-1Ra), that bind to IL-1R1 and block the proinflammatory effects of IL-1�

and IL-1� by competitive inhibition. The IL-1 response is thought to play an important
role in inflammation, host defense against infection, and autoinflammatory/autoim-
mune conditions (577–580). The main cellular source of IL-1 is activated mononuclear
phagocytes, but it is also produced by neutrophils, epithelial cells, and endothelial cells.
Increased production of IL-1 typically requires two signals, one to increase production
of the pro-IL-1� precursor protein and the other to activate the inflammasome that
proteolytically cleaves the precursor to generate active IL-1�, the most active of the IL-1
molecules. Gene transcription of the pro-IL-1� is stimulated via NK-�B activation by
Toll-like and NOD-like receptors responding to pathogen-associated molecular patterns
(PAMPS) and tissue damage-associated molecular patterns (DAMPs) (577, 581, 582).

Available Drugs Which Inhibit the IL-1 Pathway

There are three molecules that block the IL-1 pathway in clinical use (Table 10).
Anakinra is a recombinant, nonglycosylated IL-1Ra that only differs from native

IL-1Ra in having an extra methionine residue at the N terminus. It acts by direct
inhibition of IL-1� and IL-1� binding to IL-1R1, mirroring the action of endogenous

TABLE 10 Available IL-1 pathway inhibitors

Agent Nature Indication(s)a

Anakinra Chemically altered version of IL-1 receptor antagonist (IL-1Ra)
that inhibits binding of IL-1R� and IL-1� to IL-1R

Rheumatoid arthritis, CAPS, systemic juvenile idiopathic arthritis,
adult-onset Still’s disease

Canakinumab Human monoclonal antibody binds to IL-1�, thus blocking
its activation of IL-R1

CAPS, TRAPS, hyper-IgD syndrome, adult-onset Still’s disease,
systemic juvenile idiopathic arthritis, recalcitrant gout

Rilonacept Fusion protein of ligand binding domain of IL-1R1 and receptor
accessory protein IL-1RAcP, linked via Fc portion of IgG1 that
acts as a decoy receptor, binding to IL-1� and IL-1� and
blocking their binding to IL-1R

CAPS

aCAPS, cryopyrin-associated periodic syndromes; TRAPS, TNF receptor-associated periodic syndrome.
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IL-1Ra (580, 583, 584). Anakinra is given once daily by subcutaneous injection. In
contrast, canakinumab is a fully human IgG1 monoclonal antibody that binds to IL-1�

to block its interaction with IL-1R1 (585, 586). Canakinumab is given by subcutaneous
injection every 4 to 8 weeks. Rilonacept is a fusion protein of the ligand binding
domains of IL-1R1 and the receptor accessory protein IL-1RAcP, linked together via the
Fc portion of IgG1. Rilonacept acts as a decoy receptor, binding to IL-1� and IL-1� and
blocking binding to IL-1R1 and the accessory protein needed for activation of the
inflammatory cascade. It is given by weekly injection (587–589).

Inhibitors of the IL-1 pathway are effective and approved for the treatment of
rheumatoid arthritis, Still’s disease, juvenile rheumatoid arthritis, and many of the
autoinflammatory syndromes, including cryopyrin-associated periodic fever syndromes,
familial Mediterranean fever, TNF receptor-associated periodic fever, and hyper-IgD
syndrome (mevalonate kinase deficiency) (586, 590–596). Therapy with IL-1 antagonism
is also approved for treatment-resistant gout, or gout when colchicine and nonsteroidal
anti-inflammatory drugs (NSAIDs) are contraindicated or not tolerated (597–600). The
IL-1 blockers have also been used off label in the treatment of Behcet’s disease (601,
602), calcium pyrophosphate crystal arthritis (603), refractory pericarditis (604, 605), and
neutrophilic dermatoses (606, 607). Recent studies in atherosclerosis have suggested a
potential benefit of canakinumab therapy in patients with evidence of inflammation,
evidenced by high-sensitivity C-reactive protein (CRP) elevation, with most benefit for
those whose CRP falls to �2.0 with therapy (608, 609). Gevokizumab is a humanized
monoclonal antibody which targets IL-1�, but it has not yet been approved for clinical
use (610).

Infectious Complications of IL-1 Pathway Inhibitors

The role of the IL-1 pathway in host responses to infection raises concerns about
infection risk. Despite this, short-term therapy trials of anakinra, canakinumab, and
rilonacept for acute gout were not associated with a major increase in infection, though
there was a slightly higher rate of side effects, including headache, back pain, and
hypertension (597, 600, 611, 612). Short- and long-term studies of anakinra in rheuma-
toid arthritis, often combined with other immunosuppressive agents, including corti-
costeroids, showed increased rates of infection, most commonly upper respiratory tract
infections. However, infections did not usually require treatment cessation, which was
largely driven by injection site reactions and lack of therapeutic efficacy (583, 613–615).
In 1,346 patients treated with anakinra for RA for a mean of 3 years, the cumulative
incidence of serious infection was 5.4 episodes per 100 patient years (614). In a network
meta-analysis of RCTs of anakinra therapy in rheumatoid arthritis, the rates of serious
infections were higher, at 98 per 1,000 patient years, versus 26 per 1,000 patient years
for control (OR � 4.05; 95% CI, 1.22 to 16.84) (78, 616). Studies of canakinumab in
juvenile rheumatoid arthritis found higher rates of infection than with placebo, but
canakinumab facilitated reduced requirements for corticosteroid therapy and improved
quality of life and disease control for this difficult-to-manage condition (617, 618). In a
meta-analysis of anakinra use in adult-onset Still’s disease, the rate of infection was
likely reduced overall by the use of anakinra, as it allowed dose reduction of steroid
therapy (619). Anti-IL-1 therapy has also been extensively studied in the autoinflam-
matory conditions. These studies have employed novel design strategies due to the
rarity of these conditions and the ethical difficulties of a prolonged placebo control
period (620–625). As in the RA studies, the most common adverse events were injection
site reactions and upper respiratory tract infections. Serious adverse events did occur
but were infrequent and typically judged to be not associated with the study medica-
tion (586, 623, 625–628). The recent CANTOS study of canakinumab in atherosclerosis
presents a relatively unusual opportunity to observe the infection risks of a biological
therapy in the absence of any preceding or concomitant immunosuppression. The
CANTOS trial noted a small but statistically significant excess of deaths attributed to
infection in those who received canakinumab compared to those who received placebo
(incidence of 0.31 versus 0.18 per 100 person years; P � 0.02) (608). The patients who
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died from infection tended to be older and more likely to have diabetes. While there
was no difference in rates of opportunistic infection between the placebo and canaki-
numab arms, there were six confirmed cases of tuberculosis during the trial. Tubercu-
losis has not been highlighted as a risk in trials of IL-1 pathway therapy. Neutropenia
and thrombocytopenia occurred more frequently in those who received canakinumab.
There was no difference in all-cause mortality between placebo and canakinumab
therapy in the CANTOS trial (608).

IL-1 Pathway Inhibitors: Prevention of Infectious Complications

Patients should be screened for latent tuberculosis prior to IL-1 pathway inhibition
therapy, as there is a theoretical risk of tuberculosis due to IL-1 physiology and there
are case reports of tuberculosis reactivation. It should be noted that anti-TNF and
anti-IL-6 therapies are alternatives to IL-1 blockade in several conditions for which IL-1
pathway inhibition is indicated, and latent tuberculosis screening and appropriate
therapy facilitates treatment changes if needed. Age-appropriate vaccination should be
given according to guidelines (556, 629, 630), though higher rates of febrile and
adverse reactions have been suggested in patients with autoinflammatory disease
receiving the polysaccharide pneumococcal vaccine (631).

IL-1 Pathway Inhibitors: Summary

In summary, IL-1-targeted therapy is associated with small to moderate increases in
infection risk. The risk of more serious life-threatening infection is increased in older
patients with comorbidity, such as diabetes, and who are receiving combination
immunosuppressive therapy, including corticosteroids (608). Where immunosuppres-
sion can be tapered by the addition of IL-1 pathway blockade, that infection risk may
be mitigated but not eliminated.

DRUGS TARGETING IL-4
The Role of the IL-4 Pathway in the Human Immune Response

There are two types of IL-4 receptor: type 1 consists of an � subunit (IL-4R�) and the
common � chain (a receptor component common to IL-2, -4, -7, -9, -15, and -21
receptors), and a type 2 receptor consisting of the IL-4R� subunit stabilized by the
IL-13R�1 subunit. The type 1 receptor can be activated by IL-4, whereas the type 2
receptor can be activated by either IL-4 or IL-13. These receptors are present on B
lymphocytes, eosinophils, airway smooth muscle cells, dendritic cells, monocytes,
macrophages, basophils, bronchial epithelial cells, keratinocytes, endothelial cells, and
fibroblasts. Binding of IL-4 and/or IL-13 to these receptors leads to modulation of the
genes involved in IgE class switching, Th2, B, and plasma cell differentiation, and M2
macrophage polarization (632–636). Taken together, the key result of activation of the
IL-4 receptor is upregulation of the allergic response to antigens.

Available Drugs Targeting the IL-4 Pathway

Dupilumab is the only currently approved drug targeting the IL-4 pathway. It is a
fully humanized recombinant IgG4 monoclonal antibody produced in Chinese hamster
ovary cell cultures that targets the IL-4R� subunit. Dupilumab has been shown in
multiple clinical trials to be effective in the management of moderate to severe atopic
eczema (637–641). Complete or almost complete resolution of moderate to severe
eczema was reported in 36 to 39% of those receiving dupilumab at doses of 300 mg
once or twice weekly combined with topical therapy, compared with rates of 8 to 12%
in topical therapy and placebo groups, over 16 to 52 weeks of therapy in a number of
landmark trials (632–636). The FDA and the European Medicines Agency have approved
dupilumab for use in moderate to severe atopic dermatitis. Placebo-controlled trials of
dupilumab in steroid-dependent severe asthma have also shown substantial benefit,
both by reducing steroid requirements and by improving lung function (642–646).
Comparative trials in severe steroid-dependent asthma are awaited between the key
biological approaches to asthma therapy, those targeting the IL-5, IgE, or IL-4/IL-13

Davis et al. Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 38

https://cmr.asm.org


pathways (647). Early studies have also suggested a benefit for dupilumab in allergic
rhinitis, nasal polyposis (633, 648–650), and eosinophilic esophagitis (633, 652).

IL-4 Pathway Inhibitors: Infectious Complications

Dupilumab has been well tolerated in the clinical trials, and infectious complications
have rarely been reported. Longer-term studies suggested a possible higher rate of
herpes simplex virus infections in dupilumab-treated subjects (637, 638), but recent
meta-analyses of adverse events in eight of the RCTs assessing dupilumab for atopic
dermatitis concluded that the incidences of nasopharyngitis, urinary tract infection,
upper respiratory tract infection, and herpesvirus infections were no different from
those in placebo groups (653, 654). In the meta-analyses, patients on dupilumab had a
lower risk of skin infection (RR � 0.54; 95% CI, 0.42 to 0.69) and higher risks of injection
site reaction (noninfectious) (RR � 2.24; 95% CI, 1.68 to 2.99), headache (RR � 1.47; 95%
CI, 1.05 to 2.06), and conjunctivitis (RR � 2.64; 95% CI, 1.79 to 3.89) than did placebo
patients (653, 654). In contrast to the atopic dermatitis trials, conjunctivitis did not occur
at higher frequencies than in placebo recipients in the asthma and rhinitis trials,
suggesting that this complication of dupilumab is specific to atopic dermatitis (633,
655). Ocular lubrication with artificial tears has not been found to be helpful for the
conjunctivitis, whereas topical steroid and tacrolimus have proved effective in manag-
ing the inflammation and limbic hyperemia in this noninfectious conjunctival condition
(656).

Long-term asthma studies have found that the overall rates of adverse events,
deaths, infections, conjunctivitis, herpes infections, and discontinuations were compa-
rable between dupilumab and placebo. Injection site reactions were more common
than in placebo recipients (17% versus 8%), and some patients had transient rises in
eosinophil levels (643, 644). One case of hypereosinophilia was previously noted in an
earlier study, which resulted in withdrawal of dupilumab, but this was not associated
with an infection (645).

IL-4 Pathway Inhibitors: Summary

In summary, studies of dupilumab to date suggest the drug is safe and effective.
Further long-term data will be needed to confirm these findings, particularly in children
and older patients.

AGENTS TARGETING IL-5 AND IgE
The Roles of IL-5 and IgE in the Human Immune Response

Interleukin-5 (IL-5) is a 115-amino-acid homodimer expressed by Th2 cells, innate
lymphocyte cells expressing Th2 cytokines (ICL2 cells), CD34� progenitor cells, invariant
NK-T cells, mast cells, and eosinophils (657–659). The gene encoding this cytokine is
located on chromosome 5 in close association with IL-3, IL-4, IL-13, and GM-CSF. The
actions of IL-5 are mediated by IL-5 binding to its receptor (IL-5R), a dimeric molecule
with alpha (CD125) and beta (CD131) subunits. Cell signaling occurs via the beta chain,
which IL-5R shares with the receptors for GM-CSF and IL-3, while IL-5-specific binding
to the receptor is mediated by the alpha subunit. The DNA encoding the IL-5R alpha
chain is located on chromosome 3p26 and is expressed in eosinophils, basophils, and
mast cells (660, 661). IL-5’s key function is regulation of eosinophil growth and
differentiation, maturation, activation, and survival, though it also plays a role in mast
cell, B cell, and basophil biology (657, 662, 663). IL-5R activation leads to intracellular
signaling via the Janus kinase (JAK)-STAT signaling pathway. IL-3 and GM-CSF are also
involved in eosinophil growth, protein translation, and cell survival (660, 664, 665).

Eosinophil activation and cellular degranulation release a variety of proinflammatory
and regulatory cytokines, including IL-4, IL-5, IL-13, transforming growth factor �

(TGF-�), interferon gamma, and proteins that can cause local tissue damage and
cytotoxicity, including major basic protein, eosinophil cationic protein (ECP), eosinophil
peroxidase, eosinophil-derived neurotoxin, leukotrienes, platelet-activating factor
(PAF), and prostaglandins. Eosinophils are understood to be important mediators of
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tissue inflammation, remodeling, and repair, clearance of helminthic infection, angio-
genesis, and homeostasis (663, 666, 667). Eosinophils also play a central role in the
pathophysiology of a number of diseases, including severe eosinophilic asthma (668,
669), eosinophilic chronic obstructive pulmonary disease (670), eosinophilic granulo-
matous vasculitis (EGPA) (671, 672), and hypereosinophilic disorders (663, 673).

IgE is an antibody that functions as an antigen receptor on the surface of cells that
express the high-affinity IgE receptor (Fc�RI). High-level expression of Fc�RI is limited to
mast cells and basophils, though eosinophils, epidermal Langerhans cells, activated
monocytes, and some dermal macrophages express Fc�RI to a lesser extent. Binding of
IgE to Fc�RI occurs at very high affinity (dissociation constant, �10�10 M), ensuring that
mast cells and basophils are always coated with IgE, even in nonatopic individuals (674,
675). Fc�RI is made up of an � chain that binds to the Fc region of IgE and a � chain
associated with two � chains. A second IgE receptor, Fc�RII (CD23), binds IgE at lower
affinity and is expressed on B and T cells, follicular dendritic cells, and tissue macro-
phages. CD23 is important in the regulation of IgE production and the transport of IgE
and antigen across epithelium (676–679). To activate mast cells and basophils, cross-
linking of multiple Fc�RIs is typically required. In classic mast cell activation in an atopic
individual, a large number of the Fc�RIs are occupied by IgEs specific for an allergen,
facilitating Fc�RI cross-linkage and mast cell activation. In nonatopic individuals, the
IgEs that occupy Fc�RI have a broad range of specificities, so cell activation via a
cross-linking antigen is unlikely to occur (680, 681). In contrast, chronic idiopathic
urticaria (CIU) is not linked to specific IgE-allergen interaction, and mast cell activation
occurs via other mechanisms, including autoimmune activation (IgE to autoallergens
and IgG autoantibodies to IgE or its receptor), coagulation pathway factors, and
physical stimuli (674, 675, 682–684).

Mast cell and basophil activation leads to an allergic response via immediate cellular
degranulation and synthesis of inflammatory mediators. Mast cell degranulation im-
mediately releases histamine, tryptase, acid hydrolases, cathepsin G, and carboxypep-
tidase that increase vascular permeability and smooth muscle contraction, promote
degradation of microbial structures, and start the process of tissue damage and repair.
Prostaglandins, leukotrienes, PAF, IL-3, IL-4, IL-5, IL-13, TNF, and MIP-1� are produced
and released over the 18 to 24 h following activation, promoting further vasodilation,
bronchoconstriction, leukocyte chemotaxis, mucous secretion, IgE production, and
eosinophil production, recruitment, and activation (685). Mast cells and basophils are
key drivers of not only acute asthma episodes and CIU but also the chronic pulmonary
changes and remodeling that occur in asthma (674).

Available Agents Targeting IL-5 or IgE

Several agents are available to target IL-5 or IgE, all of which were primarily
developed for severe eosinophilic asthma (Table 11).

Blocking IL-5 (mepolizumab and reslizumab) or the alpha subunit of its receptor
(benralizumab) significantly reduces blood and tissue eosinophilia. Benralizumab is
more potent in eosinophil depletion, as it has a direct cytotoxic effect on eosinophils
via antibody-mediated cellular cytotoxicity acting on IL-5R (686). The reduction in
airway eosinophils is approximately 50% to 90% with anti-IL-5 therapy (687, 688).
Mepolizumab is a humanized anti-IL-5 monoclonal antibody produced in Chinese
hamster ovary cells. It is indicated as add-on maintenance therapy in patients aged 12
or older with severe eosinophilic asthma at a dose of 100 mg given subcutaneously

TABLE 11 Available agents targeting IL-5 or IgE

Agent Nature Target/mechanism Indication(s)

Mepolizumab Humanized IgG1 MAb IL-5 Add-on maintenance treatment of severe eosinophilic asthma,
eosinophilic granulomatosis and polyangiitis

Reslizumab Humanized IgG4 MAb IL-5 Add-on maintenance treatment of severe eosinophilic asthma
Benralizumab Humanized IgG1 MAb IL-5 receptor, alpha subunit Add-on maintenance treatment of severe eosinophilic asthma
Omalizumab Humanized IgG1 MAb IgE (Fc region) Moderate to severe allergic asthma, chronic idiopathic urticaria
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every 4 weeks. It is also approved for use in some countries for eosinophilic granulo-
matosis and polyangiitis (formerly known as Wegener’s granulomatosis) at a dose of
300 mg every 4 weeks. Reslizumab is a humanized IgG4(�) monoclonal antibody
produced in murine nonsecretory myeloma cells. Reslizumab at 3 mg/kg is given as
add-on therapy in patients 18 years and older with eosinophilic asthma by intravenous
infusion over 20 to 50 min every 4 weeks, but not in acute bronchospasm or status
asthmaticus. Benralizumab is a humanized cytolytic IgG1 monoclonal antibody with a
molecular weight of 150 kDa raised in Chinese hamster ovary cells. It is indicated as
add-on therapy in the chronic management of eosinophilic asthma in patients aged 12
years and older. Benralizumab at 30 mg is given by subcutaneous injection every 4
weeks for three doses and then every 8 weeks. Studies of anti-IL-5 therapy in eosino-
philic asthma (689–692), eosinophilic chronic obstructive pulmonary disease (670, 693),
and eosinophilic granulomatosis and polyangiitis (671) have demonstrated that the
therapy has significant benefit under these conditions at these doses, with reduced
frequency of disease relapse and requirement for steroid therapy. Randomized
placebo-controlled trials in eosinophilic asthma with reslizumab (694–697), benrali-
zumab (692, 698–701), and mepolizumab have shown similar efficacies (702). These
therapies have also been trialed to a more limited extent in other hypereosinophilic
disorders, including eosinophilic esophagitis and carditis, allergic bronchopulmonary
aspergillosis, and severe rhinosinusitis. It has proven effective for disease control,
allowing reductions in steroid requirements without major toxicity (673, 703–706).

Omalizumab is a humanized IgG1 monoclonal antibody produced in Chinese ham-
ster ovary cells that binds to the constant Fc region of IgE in the same location as Fc�RI.
Omalizumab is licensed for use in moderate to severe atopic asthma, typically defined
as patients with positive skin tests or serum IgE tests for allergen sensitization, failure
to control asthma with combined inhalant steroid, beta agonist, and antimuscarinic
therapy, and a total serum IgE level of �30 IU/ml (668, 707–712). Omalizumab is also
licensed for use in chronic idiopathic urticaria uncontrolled by maximal antihistaminic
therapy. Omalizumab acts to prevent IgE from binding to both Fc�RI- and Fc�RII-
expressing cells, including B cells, dendritic cells, and eosinophils. This reduces IgE
production and its function mediated through both these receptors. Omalizumab has
also been shown to reduce Fc�RI density on mast cells and basophils, to reduce the
density of mast cells in pulmonary and skin tissues, and to reduce circulating free IgE,
though there may be a paradoxical increase in measured serum IgE due to immune
complex formation (675, 713). Subcutaneous dosing of omalizumab in asthma is
calculated based on baseline IgE level and body weight, whereas dosing in chronic
idiopathic urticaria is given as 300 mg subcutaneously each month, reflecting the
distinct pathogenesis of each condition.

Agents Targeting IL-5 or IgE: Infectious Complications

Treatment with both anti-IL-5 and anti-IgE therapies has proven remarkably safe to
date, with rates of influenza, lower respiratory tract infection, pharyngitis, gastroenteri-
tis, and viral infection matching the rates in the placebo population. There have been
few reports of herpes zoster in patients receiving mepolizumab (689, 714). Considering
the number of patients and the length of follow-up in patients treated with this
medication, it is too early to judge the significance of these reports. It is also notewor-
thy that the patients who receive anti-IL-5 therapy typically are receiving steroid
therapy when the drug is started. As steroid dose reduction is one of the aims of
treatment, the possibility is raised that these herpes zoster cases occurred in the
context of substantial steroid reduction and may represent an immune reconstitution
phenomenon.

Although eosinophils play an important role in the immune response to parasites
and fungi, genetic eosinophil deficiency, antibody-mediated destruction of eosinophil
precursors, and animal models with engineered eosinophil deficiency have no charac-
teristic ill effects or infectious complications (715–717). Cynomolgus monkeys given
mepolizumab showed no ill effects over 6 months during intravenous and subcutane-
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ous toxicity studies (718). The monkey studies showed dose-dependent reductions in
peripheral blood eosinophil counts, of up to 95% at doses of 5 mg/kg or greater (718).
However, eosinophil precursors in the bone marrow of these monkeys were preserved,
and there was persistence of low levels of eosinophils in blood and tissues. It is known
that IL-3 and GM-CSF also have a role in eosinophil ontogeny and survival, and it is
likely that these cytokines preserve the precursor population (660, 687, 719) and the
low-level residual eosinophil populations in tissues of treated subjects. This observa-
tion, which has also been made in humans, may explain why IL-5 neutralization by
anti-IL-5 therapy is not completely effective in eosinophilic asthma and, potentially,
why there is no clear rise in infectious risk with these medications (660, 663).

There has always been concern that anti-IL-5 and anti-IgE therapy may be delete-
rious in helminthic and parasitic disease (587). This concern has been particularly strong
for tissue-invasive helminths. Studies where eosinophil-deficient mice were infected
with either Schistosoma mansoni (720), Strongyloides stercoralis (721), or Trichinella
spiralis (722) showed no defect in the animal’s host defense. Indeed, in Fabre’s mouse
model, depletion of eosinophils was associated with enhanced nematode clearance,
and in this model, Th1 cytokine responses rather than eosinophil activation were
associated with nematode clearance (722).

Prolonged therapy with anti-IL-5 in humans also appears to be well tolerated. In an
extension study of a previous randomized control trial in hypereosinophilic patients
(673), 78 asthmatic adults received mepolizumab at 750 mg every 4 weeks for a mean
of 251 weeks (range, 4 to 302) (723). The rate of side effects decreased over time, and
the rates of infection and toxicity in the treated group were similar to those in the
placebo group during the double-blind period of study. In another post-RCT (724)
follow-on study (725), mepolizumab at 100 mg every 4 weeks was continued for a
further 52 weeks in 651 patients, of whom 414 patients had previously received
mepolizumab and 237 had received placebo. Across the whole study population, the
incidences of adverse events were no different in the mepolizumab and placebo
groups. The other anti-IL-5 therapies have shown a similar lack of adverse effects. A
recent meta-analysis of 13 human randomized trials of anti-IL-5 therapy (4 mepoli-
zumab, 4 reslizumab, and 5 benralizumab trials) in 6,000 participants found no excess
serious adverse events with any of the anti-IL-5 therapies, with some evidence for a
reduction in adverse events, perhaps related to reductions in asthma-related serious
adverse events, hospitalization, and corticosteroid use (688). Serious adverse events
leading to therapy discontinuation were fewer in patients receiving therapy (mepoli-
zumab at 19/1,000 versus placebo at 26/1,000, and reslizumab at 38/1,000 versus
placebo at 58/1,000). Benralizumab also had a lower rate of serious adverse events than
placebo (109/1,000 versus 139/1,000) but had a slightly higher rate of withdrawal from
therapy (19/1,000 versus 9/1,000).

Reliable assessment of the long-term safety of eosinophil depletion will require a
much longer period of observation, as these therapies will be used long term in severe
asthmatics, and our current safety and toxicity data are of limited duration.

Early trials of omalizumab noted immunological issues, including anaphylaxis
(�0.2%), the potential for immune complex disease, and the risk of loss of efficacy due
to blocking antibodies (726, 727). Concern has also been expressed regarding the risk
for parasitic disease. A reported case of Echinococcus multilocularis infection occurring
after prolonged therapy with omalizumab in a high-prevalence area highlights this
concern (728). Most clinical trial and postmarketing surveillance data of anti-IL-5 and
anti-IgE therapy have been obtained in resource-rich countries where the background
prevalence of intestinal helminth disease is low. This concern was addressed in a
double-blind, placebo-controlled randomized trial in 137 subjects with asthma and/or
rhinitis at high risk of geohelminth infection in Brazil (729). “High risk” was defined as
having at least one of the following characteristics: documented history of a geohel-
minth infection in the last year, or a household member with current or a history of
such an infection within the last year, or a positive specific IgE to Ascaris lumbricoides
at trial screening and a self-reported geohelminth infection within the last year. Patients
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with very high IgE (�1,300 IU/ml) or who required oral corticosteroids for their asthma
were excluded from the study, and all patients were treated to clear helminthic
infections prior to the commencement of the trial (729). There was no significant
difference in the incidence of new helminth infections in the omalizumab recipients
compared with the placebo subjects after 1 year of therapy (50% versus 41%; OR �

1.47; 95% CI, 0.74 to 2.95). When adjusted for baseline helminthic infection, which was
higher in the placebo group, the risk of new helminth infection was numerically higher
in the omalizumab group, but again, this was not statistically significant (adjusted
OR � 2.2; 95% CI, 0.94 to 5.15). There was no difference between the groups in maximal
helminth infection intensity, time to infection, morbidity, mortality, or response to
helminthic therapy (729). A subsequent editorial points out the lack of evidence from
animal models and observational studies in humans that IgE plays a critical role in
mediating protection from helminths (730).

No consistent risk of helminthic, parasitic, or opportunistic infection was apparent
during the licensing trials for omalizumab, and none has become apparent in follow-up
studies. Indeed, omalizumab has been trialed in allergic bronchopulmonary aspergil-
losis patients (including those with comorbid cystic fibrosis) without invasive disease
developing, and it allowed reduction in steroid use (731–734). There are no reports of
Strongyloides hyperinfection syndrome associated with omalizumab. Severe Strongy-
loides infection is most strongly associated with broad host immune compromise
affecting cell-mediated immune responses, with broad immune-suppressive medica-
tions (steroids, methotrexate, vinca alkaloids, and cyclophosphamide), techniques (total
body irradiation), and conditions (bone marrow transplant, solid organ transplant,
diabetes, HIV infection, and human T cell leukemia virus 1 [HTLV-1] infection) most
strongly associated (735–737).

Clinical trials have not suggested a significantly increased risk of infection in
omalizumab-treated patients versus placebo subjects, be this in asthma or urticarial or
seasonal rhinitis (710, 726, 738–743). Postmarketing surveillance efforts have not
demonstrated a substantial safety issue, including for infectious diseases (726).

Agents Targeting IL-5 or IgE: Prevention of Infection

Since all the available data suggest no attributable risk of infection in those treated
with anti-IL-5 or anti-IgE therapies, one could argue that no special prevention mea-
sures are needed. However, because of the mechanistic presumed risk of parasitic
infection combined with a lack of long-term data from areas with a high prevalence of
intestinal helminth infection, most authors recommend baseline testing for and treat-
ment of intestinal helminths prior to therapy, especially for those with an epidemio-
logical risk (587). This should include patients residing in or who have immigrated from
resource-poor countries, particularly in the tropics. Baseline testing should include stool
microscopy for ova, cysts, and parasites, as well as serology for strongyloidiasis. Any
detected helminth infection should be treated prior to or coincident with the com-
mencement of omalizumab.

Agents Targeting IL-5 or IgE: Summary

Despite an extensive literature on the role of eosinophils in parasitic and helminthic
disease, there do not appear to be any adverse effects from their absence, perhaps due
to redundancy in the host immune response to these pathogens. The data on drugs
designed to inhibit these targets are similar: no evidence of increased infection risk,
with the possible exception of a small risk of intestinal geohelminth infection. Longer-
term studies in more widespread geographical areas are needed before definitive
conclusions can be drawn.

IL-6-TARGETED AGENTS
Function of the IL-6 Pathway

Interleukin-6 (IL-6) is a key proinflammatory cytokine in the mammalian adaptive
immune response. It is produced by a range of cell types, including fibroblasts,
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macrophages, and lymphocytes (744), and is an important driver of the acute-phase
inflammatory response (745). The acute-phase response induces systemic changes,
such as fever, leukocytosis, and rapid release of over 40 different proteins into the
circulation. Other downstream effects of IL-6 include the activation of endothelial cells,
the recruitment of circulating lymphocytes, the induction of antibody production by B
cells, and differentiation of T cells. IL-6 has been shown to be important in the
pathophysiology of rheumatoid arthritis (746, 747), sepsis (748, 749), and multiple other
acute and chronic inflammatory conditions (750–754). Indeed, the importance of IL-6 to
many aspects of the human immune response is underlined by its utility as a prognostic
marker in sepsis (755), malignancy (756), and several other conditions (752, 757, 758).
The IL-6 pathway can be inhibited by blockade of the IL-6 receptor as a cell-bound
molecule or as circulating soluble receptors or by the binding and inactivation of
circulating IL-6 itself. Downstream effects of IL-6 can also be constrained by small
molecule inhibitors of Janus kinase (JAK) (759, 760), a group of important chemical
messengers transducing the signaling of IL-6, discussed below (see JAK Inhibitors).

The IL-6 receptor (IL-6R) is also known as CD126. After IL-6 binds, an IL-6/IL-6R dimer
causes homodimerization of glycoprotein 130, which then leads to signal transduction
via the JAK/STAT pathway (761). It is important to note that, as in most aspects of the
human immune system, IL-6 is part of a group of similar cytokines which have
overlapping roles and result in a degree of redundancy. These include IL-11, IL-27, IL-31,
and cardiotrophin-1 (762). This explains why blocking IL-6 does not lead to a complete
inability to respond effectively to acute challenges from pathogens or to mount an
acute-phase response to such challenges. Without such redundancy, the risk of inhib-
iting IL-6 would be high and would likely far outweigh any benefit.

Available Anti-IL-6 Agents

IL-6 pathway inhibitors that have reached the market include tocilizumab and
sarilumab (monoclonal antibodies directed against the IL-6 receptor) and siltuximab, an
antibody directed against circulating IL-6 itself. Several other IL-6 inhibitors are in
clinical trials currently, including satralizumab, clazakizumab, sirukumab, and oloki-
zumab.

Tocilizumab is a humanized IgG1 monoclonal antibody (763); the complementarity-
determining regions of these antibodies are produced in mice and then grafted onto
human IgG1 to make them less immunologically foreign. Tocilizumab binds to the
80-kDa component of the IL-6R, which prevents dimerization with gp130 and, hence,
signal transduction. IL-6 receptors can circulate in a soluble form, as well as be
membrane bound, and tocilizumab can bind to both forms. Sarilumab is also a
humanized monoclonal antibody, and siltuximab is a mouse-human chimeric IgG1
monoclonal antibody. Sarilumab has the same mechanism of action as tocilizumab, but
siltuximab works by binding to IL-6 itself, thus preventing it from activating the IL-6R.

Tocilizumab is approved for the treatment of rheumatoid arthritis (RA) resistant to
first-line nonbiological disease-modifying antirheumatoid drugs (DMARDs), such as
methotrexate or leflunomide. It is often reserved for those who have not responded to
TNF inhibitors (i.e., as second-line biological therapy) but is approved for use as first-line
biological therapy if clinicians choose to do so. Multiple RCTs have shown that
tocilizumab is effective in reducing the activity of RA (764, 765). A meta-analysis
including data from RCTs enrolling 3,334 patients found that RA patients receiving
tocilizumab at 8 mg/kg intravenously every 4 weeks were more likely to show a 50%
improvement in disease activity on the ACR50 score than those receiving placebo, with
both groups also receiving methotrexate (39% versus 10% response rates, respectively)
(766). It is given as an intravenous infusion every 4 weeks or as a subcutaneous injection
every 1 or 2 weeks. Tocilizumab is also approved for use in giant cell arteritis, juvenile
idiopathic arthritis, and CAR-T cell-induced cytokine release syndrome, although there
are fewer supportive data under these conditions. Sarilumab is approved for use in
adults with RA resistant to DMARDs. Siltuximab is FDA approved for use in the rare
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condition multicentric Castleman’s disease without HIV or human herpesvirus 8 (HHV-8)
infection.

Successful off-label use of tocilizumab has been reported in neuromyelitis optica
spectrum disorders (767), Crohn’s disease (768), systemic lupus erythematosus (769),
and adult-onset Still’s disease (770). Siltuximab appears to have an emerging role in the
treatment of multiple myeloma (771–773).

IL-6 Pathway Inhibitors: Infectious Complications

The great majority of data examining the risk of infectious complications following
IL-6 blockade relate to tocilizumab, since it has been on the market for longer than the
others. What data do exist for other IL-6 inhibitors suggest that their infectious risks are
very similar to that of tocilizumab (774–776); hence, the remainder of this section will
deal principally with tocilizumab.

Most RCTs comparing tocilizumab with placebo, on a background of methotrexate
with or without prednisone use, have shown a small but significant excess of infections
in those receiving tocilizumab. These are mostly common viral and bacterial infections,
principally upper and lower respiratory tract infections. A meta-analysis including data
from six RCTs in 3,501 patients showed the odds ratio for any infection in the
tocilizumab group compared with the placebo group to be 1.30 (95% CI, 1.07 to 1.58)
for 8 mg/kg/dose and 1.20 (95% CI, 0.81 to 1.46) for 4 mg/kg but the risk of serious
infection to be not significantly different from the risk with placebo (OR � 0.83 [95%
CI, 0.28 to 2.50] for 4-mg/kg dose; OR � 2.33 [95% CI, 0.88 to 6.13] for 8 mg/kg dose)
(777). In the largest component RCT, the TOWARD trial, 1,220 patients were randomized
to tocilizumab at 8 mg/kg or placebo every 4 weeks for 24 weeks, with a stable
background DMARD regimen (mostly methotrexate) (764). “Any infections” occurred in
37% of the tocilizumab group and 32% of the control group; these were mostly upper
respiratory tract infections or cellulitis and resolved with antibiotics and continuation of
tocilizumab. “Serious infections” (defined as above) occurred in 2.7% of the tocilizumab
group and 1.9% of the placebo-plus-DMARD group. These serious infections were
mostly cellulitis (n � 5), pneumonia (n � 3), and shingles (n � 3). There were no cases
of tuberculosis. Of note, none of these infections were with organisms usually consid-
ered “opportunistic.”

Longer-term follow-up and postregistration data tell a similar story. A meta-analysis
including data from five RCTs of tocilizumab and their open-label extension phases
examined adverse effects in 4,211 patients with approximately 5 years of follow-up. The
rate of serious infections was 4.5 per 100 patient years in over 12,000 patient years of
data (778). A more recent postmarketing study analyzed data from U.S. Medicare claims
from 2010 to 2015 and the MarketScan database from 2011 to 2015 (779) to examine
the relative risk of infection with tocilizumab compared with TNF inhibitors. In this
study, 16,074 patients receiving tocilizumab were matched using propensity scores
with 33,109 receiving TNF inhibitors. The risk of any serious infection (defined as one
requiring hospitalization) was no different, but tocilizumab was associated with higher
risks of serious bacterial infection (HR � 1.19), skin and soft tissue infection (HR � 2.38),
and diverticulitis (HR � 2.34). The actual risk of any serious bacterial infection in those
taking tocilizumab was 3.95 events per 100 person years (779).

In contrast to other biological agents, such as rituximab or TNF inhibitors, flares of
chronic viral hepatitis do not seem to be increased with tocilizumab use. Moreover,
case reports suggest it may be safe to treat patients with chronic hepatitis B infection
(780), hepatitis C infection (781), and isolated HBcAb positivity (782) without previous
or concomitant antiviral therapy. Reactivation of latent tuberculosis also does not
appear to be associated with tocilizumab use (783). An in vitro study provides a
potential explanation for this observation: when human whole blood was incubated
with tuberculosis antigens in the presence of various biologic agents, the production of
interferon gamma by lymphocytes was inhibited by etanercept and infliximab, but
tocilizumab had no effect (784). Reactivation of latent herpesvirus infections also
appears to be rare in those receiving tocilizumab and probably not attributable to it.
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While there are occasional case reports (785, 786), there is no evidence the risk is higher
than that in the background population (185). In fact, tocilizumab use in adults with RA
either has no effect or leads to a decrease in plasma viral loads of herpesviruses,
including EBV and CMV (296, 787).

IL-6 Pathway Inhibitors: Prevention of Infectious Complications

Given the documented risk of common bacterial infections (especially respiratory
and skin), the skin and lung health of the patient should be optimized prior to
beginning therapy with IL-6 pathway inhibitors. This includes evaluating and treating
for any current skin infections (e.g., furunculosis and scabies) or comorbid conditions
(e.g., xerodermatitis and eczema). If there is a history of previous recurrent skin
abscesses, decolonization for Staphylococcus aureus should be undertaken (1 week of
nasal mupirocin plus chlorhexidine body washes). Vaccinations should be up to date,
especially for influenza, pneumococcus, and Haemophilus influenzae. Live vaccines
should be avoided once IL-6 antagonists have been initiated. Upper respiratory tract
infectious syndromes like pharyngitis, mucopurulent bronchitis, and sinusitis are usu-
ally not recommended to be treated with antibiotic therapy due to the minimal benefit.
However, in those receiving IL-6R inhibitors, these syndromes should be treated early
with antibiotic therapy to avoid progression to severe or complicated infection. The
European Society for Clinical Microbiology and Infectious Diseases guidelines (587)
recommend testing for latent tuberculosis infection (LTBI) and hepatitis B virus (HBV)
infection prior to IL-6 pathway inhibitor therapy (as for TNF inhibitors). The existing data
do not support this recommendation; however, since IL-6 inhibitors are generally used
in combination with other immunosuppressive agents, it is reasonable to recommend
LTBI and HBV testing, but it is probably not justified prior to IL-6 pathway inhibitor
monotherapy. It is important to alert the patient and their caring doctors that the usual
inflammatory response may be blunted if there is an invasive bacterial infection (for
example, fever may be low or absent, and CRP may be normal). This, along with the fact
that rare infectious complications may not have been detected with existing data,
means that a high index of suspicion for infection should be maintained in those on
anti-IL-6 therapy.

IL-6 Pathway Inhibitors: Summary

In summary, IL-6 pathway inhibitors are associated with a moderately increased risk
of common bacterial and viral infections, particularly of the respiratory tract and skin.
The risk of such infections in postmarketing surveillance is approximately 4 per 100
patient years. The risk of opportunistic infections (fungal, mycobacterial, and viral)
appears to either be not increased at all or increased by such a small margin that the
effect has not been detected thus far.

IL-12/IL-23 PATHWAY INHIBITORS
Role of the IL-12/IL-23 Pathway

IL-12 and IL-23 are key cytokines in adaptive immunity, driving T cell differentiation
and immune response. These two cytokines are primarily produced by activated
antigen-presenting cells, including dendritic cells, monocytes, and macrophages, and
IL-12 is also produced by neutrophils (788). They selectively drive immune responses
affecting NK cell, Th17 cell, and Th1 cell activation, typically in concert with other
cytokines, including TGF-� (788, 789). NK, Th17, and Th1 cell activation mediates a
nuanced response with downstream effects on vasodilation, neovascularization, endo-
thelial cell activation, lymphocyte recruitment, and tissue remodeling and specific
proinflammatory effects with production of inflammatory cytokines, including IL-17,
IFN-�, GM-CSF, and TNF-� (788, 789). Cytokines in this pathway share a heterodimeric
structure and have common elements. IL-12 and IL-23 share a p40 element. IL-12 and
IL-35 share a p35 element. IL-23 and IL-39 share a p19 element. Activation of this
pathway is pivotal in the pathogenesis of psoriasis and inflammatory bowel disease.
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Available Inhibitors of the IL-12/IL-23 Pathway

Ustekinumab targets the p40 subunit of IL-12 and IL-23, whereas risankizumab,
tildrakizumab, and guselkumab target the p19 subunit of IL-23 (Table 12) (790, 791). Of
note, these anticytokine antibodies block receptor binding and do not bind to inter-
leukin after it is bound to the receptor. The antibodies therefore cannot contribute to
complement- or cell-mediated cytotoxicity of cells expressing these receptors.

Targeting the IL-12 and IL-23 pathway has proven an effective strategy in the
management of psoriasis, psoriatic arthritis, and Crohn’s disease and is being studied
for effectiveness in ankylosing spondylitis (792). Off-label indications have included
pyoderma gangrenosum and hidradenitis suppurativa (793–795).

Ustekinumab, the first agent in this group, is a human IgG1(�) monoclonal antibody
that targets the common p40 subunit of IL-23 and IL-12. Ustekinumab blocks the
binding of human IL-12 and IL-23 to their specific receptor complex on the surface of
NK cells and T cells, hence neutralizing IL-12 and IL-23 cell signaling and activation.
Studies inhibiting specifically the IL-12 p35 subunit and the IL-23 p19 subunit have
suggested that IL-23 mediates most of the disease pathology attributed to the IL-12/
IL-23 pathway. Highlighting this issue, the IL-23R R381Q gene variant (encoding a
change of R to Q at position 381) that protects against psoriasis, Crohn’s disease, and
ankylosing spondylitis exerts its protective effect by selectively attenuating the IL-23-
induced Th17 effector cell function (796, 797).

Guselkumab is a fully human immunoglobulin G1-lambda monoclonal antibody that
binds the p19 subunit of human IL-23. Early dose-finding and phase II studies showed
guselkumab to have promising safety and efficacy in plaque psoriasis, with a trend to
superior efficacy compared to that of adalimumab (798, 799). Subsequently, the Voyage
1 and 2 trials also suggested superior efficacy for guselkumab over adalimumab in
psoriasis. The two antibodies had similar side effect profiles (800, 801).

Risankizumab is a fully human IgG monoclonal antibody to the p19 subunit of IL-23.
Early studies have suggested a side effect profile similar to those of other agents
targeting the IL-12/IL-23 pathway in plaque psoriasis, though the data and follow-up
are more limited (802–807). In the UltlMMa-1 and -2 drug licensing trials, risankizumab
was compared with placebo and ustekinumab in plaque psoriasis. Risankizumab
proved significantly more effective than ustekinumab and placebo, with comparable
rates of adverse events.

Tildrakizumab is a humanized IgG1 monoclonal antibody to the p19 subunit of IL-23.
Two phase III trials in chronic plaque psoriasis were reported in 2017 (reSURFACE 1 and
2), in which tildrakizumab was compared to placebo and etanercept therapy (808). The
most common adverse event in both trials was nasopharyngitis. Tildrakizumab led to at
least a 75% improvement in 64% of patients after 12 weeks, compared with 48%
treated with etanercept and 6% treated with placebo (808).

IL-12/IL-23 Pathway: Risk of Infectious Complications

Because the IL-12/IL-23 pathway is important in the activation of T cells and NK cells,
inhibiting the IL-12 and IL-23 pathways would be expected to increase the risk of
infection from intracellular pathogens. However, to date, mycobacterial and other
infections with intracellular organisms have not been seen at higher frequencies in
those treated with IL-12/IL-23 inhibitors. This will need to be monitored long term,
since such infections have been reported in individuals congenitally deficient in the

TABLE 12 Available agents inhibiting the IL-12/IL-23 pathway

Agent Nature Target/mechanism Indication(s)

Ustekinumab Human IgG1 MAb P40 subunit of IL-12 and IL-23 Moderate to severe plaque psoriasis, active psoriatic arthritis,
treatment-resistant Crohn’s disease

Risankizumab Humanized IgG1 MAb P19 subunit of IL-23 Moderate to severe plaque psoriasis
Tildrakizumab Humanized IgG1 MAb P19 subunit of IL-23 Moderate to severe plaque psoriasis
Guselkumab Human IgG1 MAb P19 subunit of IL-23 Moderate to severe plaque psoriasis

Infectious Complications of Biologics Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 47

https://cmr.asm.org


IL-12 P40 subunit and IL-12R�1 (809–812). Also, the indirect effects of these agents on
the IL-17 pathway theoretically could be expected to increase the risk for fungal
infection, as inherited deficiency and antibody-mediated IL-17 blockade are associated
with chronic mucocutaneous candidiasis and increased fungal infection (813–815).

The safety and efficacy of ustekinumab in moderate to severe plaque psoriasis have
been explored in three large randomized controlled trials (816–818) and a number of
smaller phase II trials (819–822). Studies in psoriatic arthritis (823–826) and Crohn’s
disease (827–830) have also been conducted. Of note, pretreatment screening for latent
tuberculosis infection (LTBI) was included in most of these trials, and patients diag-
nosed with LTBI were either treated with chemoprophylaxis or excluded. Those with
active tuberculosis were excluded. A study of 167 patients diagnosed with LTBI and
then started on ustekinumab showed no breakthrough infections on therapy and no
increase in the rate of toxicity from isoniazid prophylaxis (831). Serious and opportu-
nistic infections were rare in these trials and mainly occurred in those that included
patients on standard immunosuppressive regimens. To summarize, adverse events with
ustekinumab therapy were generally mild and nonserious and did not require treat-
ment adjustment across these trials. There was no significant difference between
patients and controls in terms of serious infection or malignancy. The most common
adverse incidents were upper respiratory tract infection, nasopharyngitis, headache,
and arthralgia. Three- and 5-year follow-up studies of the safety and efficacy of
ustekinumab have been reported, and to date, no major safety or serious infection
issues have been identified compared to their occurrence in patients on conventional
immunosuppressive regimens (832–836). Indeed, some suggest that ustekinumab has
a lower rate of serious infections than adalimumab and infliximab therapy (836).
However, viral and other intracellular pathogens remain a potential concern. Hepatitis
B virus screening is recommended before therapy, as reactivation of hepatitis B virus
has been reported in HBsAg-positive but not HBcAb-positive HBsAg-negative patients
(837, 838). A few cases of herpes zoster have been reported in ustekinumab-treated
subjects; however, the significance of this is unclear given frequent concomitant
immunosuppressive therapy and the lack of a control cohort (839–842). A more recent
longitudinal analysis of 10,000 patients in the psoriasis longitudinal registry showed no
association between ustekinumab therapy and herpes zoster (842).

Trials of guselkumab had similar findings. Nasopharyngitis and upper respiratory
tract infection were the most commonly reported adverse events and occurred at
comparable frequencies across adalimumab, guselkumab, and placebo groups (800,
801, 843). The serious infection rate was low in both trials, and there was no difference
between groups. Again, it is worth noting that those with a history or evidence of active
tuberculosis were excluded from these trials, and there were no incident cases of
tuberculosis reported in the trial. A later trial of guselkumab in patients failing therapy
with ustekinumab showed similar rates of adverse events, with nasopharyngitis and
upper respiratory tract infections being the most common (844). More recent trials have
focused on patients with pustular and erythrodermic psoriasis and psoriatic arthritis
and have had safety and infection risk results similar to those of trials in plaque psoriasis
(843, 845, 846).

Risankizumab has been assessed for treatment of plaque psoriasis in two phase III
registrational trials (804, 807). Across the two studies, infectious events were more
frequently reported in patients receiving risankizumab and ustekinumab than in con-
trols, mainly viral upper respiratory tract infection, upper respiratory tract infection, and
diarrhea (804). A trial by Feagan et al. studied 121 patients with moderate to severe
Crohn’s disease, 93% of whom had been previously treated with anti-TNF therapy.
Conventional therapy for Crohn’s disease was continued through the study. No dose-
related increase of adverse events was noted for subjects treated with risankizumab,
and the most common adverse events were nausea and worsening of Crohn’s disease
(803).

In the two phase III registrational trials of tildrakizumab (RESURFACE 1 and 2), severe
adverse events were no different between the placebo, tildrakizumab, and etanercept
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groups (808). The incidences of severe infection, malignancy, and cardiovascular events
were low and similar across patient groups (808). In a follow-up study specifically
addressing safety issues in the phase II and III trials, exposure-adjusted infection
frequency rates were lower for tildrakizumab than for placebo or etanercept (847).
Candida skin infection occurred in the patient cohorts at frequencies of 0.1%,
0.3%, 0.0%, and 0.0% for tildrakizumab at 100 mg and 200 mg, placebo, and etaner-
cept, respectively (847). Long-term extension studies after 148 weeks of use in the
RESURFACE 1 and 2 cohorts revealed an ongoing low risk of severe infections of 1.1 per
100 patient years (848).

IL-12/IL-23 Pathway Inhibitors: Prevention of Infectious Complications

Antiviral prophylaxis is recommended in hepatitis B virus surface antigen-positive
patients (587, 837, 838, 849–851). Screening for latent and active tuberculosis prior to
therapy is also recommended; if patients are at high risk of M. tuberculosis exposure
during treatment, further tuberculosis screening may be appropriate. Standard
guideline-based vaccinations should be provided to patients prior to therapy. Though
live virus vaccines are relatively contraindicated during therapy on theoretical grounds,
data addressing the question are needed before clear guidance can be offered (587).

IL-12/IL-23 Pathway Inhibitors: Summary

In summary, the agents that target the IL-12/IL-23 pathway have similar side effect
profiles and theoretically share similar risks for infectious complications from therapy.
To date, the available data do not suggest an increased risk of serious infection, but
there does appear to be a modest risk of upper respiratory tract infections. The risks of
reactivation of tuberculosis and chronic HBV infection have not been fully character-
ized, and it is possible that the risk of these events is also modestly increased in patients
treated with IL-12/IL-23 pathway inhibitors.

IL-17-TARGETED AGENTS
Role of the IL-17 Pathway

The IL-17 family consists of six cytokines (IL-17A through IL-17F). IL-17A and IL-17F,
the best studied of these cytokines, form homo- and heterodimers that signal through
a dimeric IL-17 receptor, IL-17RA/IL-17RC (852–855). Subsequent studies have shown
that IL-17A, the most potent of the cytokines, is also produced by CD8 T cells, natural
killer T cells, mast cells, and neutrophils. Other IL-17 family members are also expressed
by Th2 cells and epithelial cells and bind to other IL-17 receptor species to mediate
their actions (856, 857). IL-17 is an important mediator of inflammation, having roles in
both host immune defense from extracellular pathogens and autoimmune disease
pathogenesis. During infection, IL-17 enhances bacterial and fungal clearance through
inducing antimicrobial peptides, such as defensins, and by enhancing chemokine and
proinflammatory cytokine expression to promote local activation of phagocytic cells
(856, 858). The importance of the IL-17 pathway in Candida infection was first sug-
gested by the presence of chronic mucocutaneous candidiasis in patients with high
titers of IL-17 neutralizing antibodies (859, 860). Subsequent genetic studies revealed
that patients with functional deficiencies in the IL-17 activation pathway, including
autosomal recessive IL-17RA and autosomal dominant IL-17F mutations, develop
chronic mucocutaneous candidiasis (861–866). However, such patients do not develop
systemic infections, disseminated or invasive candidiasis, or Mycobacterium tuberculosis
infections at higher than background rates (867, 868). Despite the potent capacity of
Th17 cells and the IL-17 pathway, blockade of IL-17A by genetic mutation or broad
neutralizing antibodies does not appear to have infectious consequences beyond
chronic mucocutaneous candidiasis (868).

IL-17 plays a central role in psoriasis pathogenesis, driving keratinocyte activation
and proliferation, local chemokine expression, and recruitment of inflammatory cells to
the psoriatic lesion. IL-17 is also highly expressed in the synovium of patients with
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rheumatoid arthritis and is likely an important driver of the inflammatory cascade (869,
870).

Available Anti-IL-17 Agents

Available anti-IL-17 agents are shown in Table 13. In general, IL-17 blockade has
proved effective in the management of plaque psoriasis, and studies continue in
psoriatic arthritis and spondyloarthritides (871–873). In contrast, IL-17 blockade has
proven ineffective in Crohn’s disease and may even worsen the condition (814). In
rheumatoid arthritis, blockade of IL-17 has shown modest benefits compared to those
of other biologics, such as TNF inhibitors, tofacitinib, and abatacept (874–876).

Secukinumab, a fully humanized IgG1(�) antibody, and ixekizumab, a humanized
IgG4 antibody, both target IL-17A, blocking the actions of IL-17A and IL-17A/F het-
erodimers. Brodalumab, a fully human IgG2 antibody, targets the IL-17RA molecule. By
targeting the receptor, brodalumab blocks not only IL-17A and IL-17A/F heterodimer
action but also IL-17F and IL-17E, which also bind to IL-17RA. All three antibodies are
given by subcutaneous injection. All three have shown efficacy in plaque psoriasis and
have been approved for use, with secukinumab and ixekizumab (873, 877–879) receiv-
ing further licensure for use in psoriatic arthritis and secukinumab the further indication
of therapy for ankylosing spondylitis (871, 872, 880–886). Secukinumab has been the
most extensively studied therapy, though the efficacy and safety profiles of all three
agents are similar. Suicides among participants in the early trials of brodalumab were
above the expected number, resulting in a black box warning, though subsequent
study has suggested the association is random rather than causal (887–889).

IL-17 Inhibitors: Infectious Complications

Specific issues that have been explored across most trials of IL-17 pathway inhibitors
include the potential for the development of Crohn’s disease, candidiasis, neutropenia,
cardiovascular disease, and malignancy (890–892). No significant infectious safety
signal was identified in early placebo-controlled trials, with common side effects of
nasopharyngitis, headache, arthralgia, bronchitis, injection site reaction, and upper
respiratory tract infection occurring in at least 5% of patients (873, 877, 879, 893). Three-
to 5-year follow-up studies have not suggested any newly recognized toxicities, and
withdrawal from therapy was relatively rare, with most side effects mild to moderate in
severity and similar in frequency and character to those seen in short-term trials (871,
877, 880, 894, 895). Candidiasis has been shown to occur at a higher frequency, but this
has not resulted in therapy discontinuation, resistant candidiasis, or significant mor-
bidity. In a recent review of the published trials, the rates of mucocutaneous candidiasis
were reported as 4.0% for brodalumab, 1.7% for secukinumab, and 3.3% for ixekizumab,
contrasting with rates of 0.3% for placebo, 2.3% for ustekinumab, and 0.8% for
etanercept (896). The Candida infections in these trials have typically been mucosal and
of mild severity, resolving spontaneously or with simple therapy (896–899). The devel-
opment of inflammatory bowel disease remains a concern in patients on anti-IL-17
therapy, after early reports of exacerbation of Crohn’s disease with these drugs (814,
900). A recent analysis of 4,209 patients (6,480 exposure years of therapy) from seven
trials of ixekizumab therapy showed that inflammatory bowel disease was rare, devel-
oping in �1% of patients (901).

The recent COAST-V trial enrolled 341 patients with spondyloarthritis to receive
either ixekizumab (dosing at 2- or 4-week intervals), adalimumab, or placebo in a 1:1:1:1
ratio for 16 weeks. Mild neutropenia was noted in all three active therapy arms, though

TABLE 13 Available agents inhibiting the IL-17 pathway

Agent Nature Target/mechanism Indication(s)

Secukinumab Human IgG1 MAb IL-17A Moderate to severe plaque psoriasis, active psoriatic arthritis, ankylosing spondylitis
Ixekizumab Humanized IgG4 MAb IL-17A Moderate to severe plaque psoriasis, active psoriatic arthritis
Brodalumab Human IgG2 MAb IL-17 receptor Moderate to severe plaque psoriasis
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there were no associated infectious complications (rates of 24% for adalimumab, 14%
for ixekizumab at 2-week intervals, 11% for ixekizumab at 4-week intervals, and 3% for
placebo). There were no opportunistic infections, no deaths, and only one case of
candidiasis occurring in a patient receiving adalimumab (873). Data from longer-term
treatment studies are similar. In the 3-year study UNCOVER-3, 156 patients with plaque
psoriasis received continuous ixekizumab after a 16-week introductory randomized
period of therapy with ixekizumab (50%), etanercept (25%), or placebo (25%). The most
common infectious complication over this time was viral upper respiratory tract
infection. Grade 3 and 4 neutropenia was noted in 0.8% of subjects. No opportunistic
infections or cases of tuberculosis were noted (877). The SCULPTURE extension study
assessed continuous secukinumab therapy over 5 years in moderate to severe psoriasis
and showed low but consistent rates of around 5% per annum for headache, naso-
pharyngitis, upper respiratory tract infection, and back pain, as in previous short-term
studies. Among the 126 participants who remained on therapy for 5 years (75% of the
initial cohort), there were nine cases of Candida infection among five subjects, none
serious or persistent. There were no episodes of opportunistic infection or tuberculosis
(880). Brodalumab is the least studied of the three antibodies targeting the IL-17
pathway. In short-term trials, it has shown a similar side effect profile, with headache,
nasopharyngitis, and upper respiratory tract infections the most common side effects,
with a low rate of neutropenia again noted. Neutropenia resolved without incident in
these studies but is an issue to watch as the use of these agents increases (902–907).

IL-17 Inhibitors: Prevention of Infection

Because patients with active tuberculosis were excluded from trials and those with
latent tuberculosis were usually treated for it, screening for and treatment of latent
tuberculosis infection is recommended prior to anti-IL-17 therapy. History and physical
examination should seek current or recent oral, genital, or cutaneous Candida infec-
tions, and if present, these should be treated prior to beginning anti-IL-17 therapy. In
view of the slightly increased risk of upper respiratory tract infections, respiratory health
should be optimized and annual influenza vaccine given.

IL-17 Inhibitors: Summary

In summary, IL-17 therapy appears to be associated with a low risk of serious
infections. Mucocutaneous candidiasis (but not invasive candidiasis), upper respiratory
tract infections, and mild neutropenia occur at higher rates than with placebo. Current
data are limited to 5 years of follow-up, so uncommon toxicities may yet become
apparent.

TYROSINE KINASE INHIBITOR OVERVIEW

Tyrosine kinases are a family of enzymes involved in the initial steps of intracellular
signaling cascades in response to an extracellular messenger, such as an interleukin or
an immune effector cell (Fig. 3). Their role is to phosphorylate their target protein and
initiate or perpetuate a signaling cascade within the cell, leading to cell growth,
transformation, activation, or apoptosis. Inhibitors of these enzymes are generally small
molecules (that are capable of entering cells) and are also known as “targeted thera-
pies” because of their specific mechanisms of action (908). Tyrosine kinases are often
selectively overexpressed in malignancies due to point mutations or chromosomal
rearrangements. Hence, tyrosine kinase inhibitors (TKIs) have mostly been developed
for the treatment of malignancies. Unlike monoclonal antibodies, TKIs have good oral
bioavailability and so can be administered orally (usually at least daily) rather than
subcutaneously or intravenously, as the monoclonal antibodies are (2-week to yearly
intervals) (909). Drug-drug interactions (due partially to cytochrome P450 interactions)
are also an issue for TKIs that most monoclonal antibodies do not share (910). Over 20
TKIs have reached the market for the treatment of malignancies. Those which have the
potential to lead to infectious complications are discussed in the following sections,
and their indications are summarized in Table 14.
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JAK INHIBITORS
JAKs: Structure and Mechanism of Action

Janus-associated kinases (JAKs) are a family of four non-receptor protein tyrosine
kinases, JAK1, JAK2, JAK3, and tyrosine kinase-2 (760), which mediate downstream
signaling of cytokine receptors (759). JAK pathways are involved in the growth, survival,
development, and differentiation of a variety of cells but are crucial to the function of
immune and hematopoietic cells (911). Each JAK protein has specificity for a different
set of cytokine receptors, and cytokine signaling via JAK pathways leads to further
induction of inflammatory gene expression, continuing the loop of inflammatory
signaling (911).

JAK Inhibitors: Available Agents

The currently available JAK inhibitors and their indications are summarized in Table
14. Tofacitinib is a reversible competitive inhibitor of JAK1, JAK2, and JAK3 that has
been shown to inhibit lymphocyte proliferation and the production of cytokines and to
affect the maturation of human monocyte-derived dendritic cells and their capacity to
stimulate T cells (912, 913). Data suggest that tofacitinib inhibits the survival of
plasmacytoid dendritic cells and interferon alpha production and also suppresses
antiviral effects of interferon alpha signaling, possibly contributing to an increased risk
of viral infections in patients receiving tofacitinib (914). Tofacitinib has also been shown
to inhibit IL-4-dependent Th2 cell differentiation and interfere with Th17 cell differen-
tiation, as well as to prevent the activation of STAT-1 and subsequent generation of Th1
cells and to modulate innate immune responses (915). Tofacitinib is approved by the
U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA)
for the treatment of rheumatoid arthritis (RA) and psoriatic arthritis (916, 917). It has
also been used off-label for plaque psoriasis (918, 919).

Baricitinib is a selective and reversible inhibitor of JAK1 and JAK2 (920) that has been
shown to suppress the differentiation of plasmablasts, Th1, and Th17 cells, in addition
to affecting innate immunity, such as the T cell stimulatory capacity of dendritic cells
(921). It is currently approved for use in RA (922–924). It has also been investigated for

TABLE 14 Individual and class overview of tyrosine kinase inhibitor drugs

Class Drug Approved indication(s)

JAK inhibitors Tofacitinib Rheumatoid arthritis, psoriatic arthritis, ulcerative colitis
Baricitinib Rheumatoid arthritis
Ruxolitinib Myelofibrosis, polycythemia rubra vera

BTK inhibitors Ibrutinib Chronic lymphocytic leukemia, small lymphocytic lymphoma, mantle cell lymphoma,
Waldenstrom’s macroglobulinemia, marginal zone lymphoma, chronic
graft-versus-host disease

Acalabrutinib Mantle cell lymphoma

PI3K inhibitors Idelalisib Chronic lymphocytic leukemia, small lymphocytic lymphoma, follicular lymphoma
Copanlisib Follicular lymphoma

BCR-ABL inhibitors Imatinib Ph� chronic myeloid leukemia, Ph� acute lymphoblastic leukemia, PDGFR� myelodysplasia
or myeloproliferative disorder, chronic eosinophilic leukemia, hypereosinophilic
syndrome, aggressive systemic mastocytosis with eosinophilia, gastrointestinal
stromal tumor

Dasatinib Ph� chronic myeloid leukemia, Ph� acute lymphoblastic leukemia
Nilotinib Ph� chronic myeloid leukemia
Ponatinib Ph� or T3151 mutant chronic myeloid leukemia or acute lymphoblastic leukemia
Bosutinib Ph� chronic myeloid leukemia

Spleen TKIs Fostamatinib Chronic immune thrombocytopenia

ALK inhibitors Crizotinib ALK� or ROS1� advanced non-small cell lung cancer
Ceritinib ALK� advanced non-small cell lung cancer
Alectinib ALK� advanced non-small cell lung cancer
Brigatinib ALK� advanced non-small cell lung cancer
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off-label use in systemic lupus erythematosus (SLE) (925) and autoinflammatory inter-
feronopathies (926). Ruxolitinib is an inhibitor of JAK1 and JAK2 and is approved for the
treatment of myelofibrosis and polycythemia vera (PCRV) (927–929). The gain-of-
function JAK2 V617F mutation, leading to increased signal transduction and activator
of transcription STAT-3 and STAT-5 activity, is present in more than 95% of patients with
PCRV and in 50 to 60% of patients with myelofibrosis (930, 931).

Several more JAK inhibitors are under development. Filgotinib is a JAK inhibitor that
is selective for JAK1, as opposed to tofacitinib (JAK1, JAK3, and to a lesser extent JAK2)
and baricitinib (JAK1 and JAK2). It has recently completed a phase III trial for rheuma-
toid arthritis (932), with several more under way, but it is not yet approved for clinical
use. Filgotinib is also being investigated for use in ankylosing spondylitis (933), psoriatic
arthritis (934), and inflammatory bowel disease (935). Peficitinib and upadacitinib are
other selective JAK inhibitors in early-phase clinical trials for the treatment of rheuma-
toid arthritis. It is hoped that the narrower specificities of these newer agents will be
associated with lower risks of infectious complications, but this remains to be seen and
will need postmarketing data and head-to-head RCTs against other JAK inhibitors to
determine.

JAK Inhibitors: Infectious Complications

JAK inhibitors have been shown to exert effects on T cells, natural killer (NK) cells,
and dendritic cells. Reductions in helper T cell number and function, inhibition of T cell
proliferation, impairment of NK cell maturation, and interference with dendritic cell
function have been observed in patients receiving JAK inhibitors and may be respon-
sible for infectious complications (760). However, data investigating changes in lym-
phocyte subsets in patients with rheumatoid arthritis (RA) receiving baricitinib suggest
that changes in B and T cell numbers during treatment are modest and are not the
primary cause for the observed increased risk of serious infections (936). The risks of
infectious complications of available JAK inhibitors are summarized in Table 15.

Tofacitinib. A review of pooled data from phase II/III and long-term extension
studies of tofacitinib in 4,789 patients with RA (8,460 patient years of exposure)
reported an overall rate of serious infection of 3.1 events per 100 patient years (937).
The most common serious infection was pneumonia, but skin and soft tissue infections
were also frequently reported. Independent risk factors for serious infection included
age �65 years, prednisolone dose �7.5 mg, presence of diabetes, and tofacitinib dose
of 10 mg twice daily. The risk of serious infection did not increase over time. Long-term
follow-up (up to 8.5 years) of this clinical trial cohort reported a serious infection
incidence rate of 3.09 events per 100 patient years.

JAK Inhibitors: Prevention of Infectious Complications

Consideration of herpes zoster vaccination with either the live or a recently available
recombinant vaccine (938) is suggested in patients with positive varicella zoster virus
(VZV) serology or with a history of previous chickenpox at baseline, prior to the
commencement of JAK inhibitors (939). Limited data suggest that use of the live herpes
zoster vaccine may be safe if given 2 to 3 weeks prior to commencement of tofacitinib

TABLE 15 Summary of the risk of infectious complications of JAK inhibitors

Drug Type of infection

No. of events/100 PY (reference[s]) with: % of patients (reference[s]) receiving:

Drug Placebo Drug Placebo

Tofacitinib All serious infections 3.1 (937), 2.7 (1248), 3.0 (1249), 2.6 (1250)
Herpes zoster 2.6 (1251), 4.3 (937), 3.9 (1248), 3.9 (1252) 3.6 (1251)
Tuberculosis 0.2 (1253), 0.2 (1254), 0.2 (1248) 0.2 (1253), 0.2 (1254), 0.2 (1248)

Baricitinib All serious infections 3 (1255), 1–2 (1256), 2 (1257) 3 (1255), 1 (1257)
Herpes zoster 2.5 (1258) 4 (1255), 1–2 (1256), 2 (1257) 1 (1255), 0.4 (1257)

Ruxolitinib All serious infections 2–6 (1258), 4–6 (1259)
Herpes zoster 3.5 (1260), 5.3 (1261) 1.0 (1260) 6.4 (1261) 0 (1261)
Tuberculosis 1 (1262)
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in patients with documented previous VZV infection (940). The adjuvanted recombi-
nant zoster vaccine appears to be immunogenic and safe in immunocompromised
patients based on early trials (941). Screening for (and treatment of) latent tuberculosis
and hepatitis B are also advised in all patients before commencement of JAK inhibitors
(942, 943).

JAK Inhibitors: Summary

JAK inhibitors are associated with a substantial risk of mild infections, such as upper
respiratory tract infections (in up to 50% of patients in some trials), and a small but
consistently observed risk of serious infections (of approximately 3 per 100 patient
years). There is a strong signal for an increased risk of herpes zoster and, less so, of
tuberculosis. There currently exist only limited postmarketing data for baricitinib, and
further evidence of infectious complications may emerge with time. In addition, there
are very limited data regarding the risk of JAK inhibitors in patients with chronic viral
hepatitis and human immunodeficiency virus (HIV), although the increased risk of VZV
reactivation suggests that reactivation of chronic viral infections is a theoretical con-
cern. Hepatitis B virus reactivation has been reported on numerous occasions in
association with ruxolitinib (944), but patients with chronic viral hepatitis were often
excluded from RA JAK inhibitor trials involving tofacitinib and baricitinib, and hence,
the risk of hepatitis B flares in these patients is unknown. In addition, the effect of JAK
inhibitors on HIV control is unknown.

BTK INHIBITORS
BTK: Structure and Mechanism of Action

Bruton’s tyrosine kinase (BTK) is a nonreceptor protein kinase expressed in B cells,
myeloid cells, mast cells, and platelets (945). B cell receptor (BCR)-mediated signaling
via BTK is essential for the activation, proliferation, and survival of B cells (945), and in
B cell malignancies, BCR signaling via antigen stimulation or mutation promotes the
survival, proliferation, and migration of malignant cells (946). BTK is an important
component of the BCR signaling cascade and is critical for the transduction and
amplification of signals from the BCR (946). BTK is also involved in chemokine-mediated
homing and adhesion of chronic lymphocytic leukemia (CLL) cells to the microenvi-
ronment, contributing to their maintenance and proliferation (947). In mice and
humans, loss of BTK function results in B cell dysfunction, with hypogammaglobuline-
mia and a predisposition to infections (947).

BTK Inhibitors: Available Agents

There are two currently approved agents in this class (Table 14). Ibrutinib is a
selective and irreversible inhibitor of the BTK protein. It is approved for the treatment
of CLL, small lymphocytic lymphoma (SLL), mantle cell lymphoma (MCL), Walden-
strom’s macroglobulinemia, marginal zone lymphoma (MZL), and chronic graft-versus-
host disease (GVHD) (948–950).

Acalabrutinib is a small molecule irreversible BTK inhibitor granted accelerated
approval in 2017 by the FDA for use in MCL on the basis of a phase II study (951). Phase
III trials in MCL and CLL are under way. Compared to ibrutinib, acalabrutinib is thought
to be more potent and more selective and, therefore, less likely to cause off-target
effects mediated through other kinase signaling pathways, including epidermal growth
factor receptor (EGFR) family kinases (945). It also has off-label uses in relapsed or
refractory CLL.

BTK Inhibitors: Infectious Complications

CLL is associated with inherent immune dysfunction that predisposes to infections,
including defects in the complement system, cell-mediated immunity, and humoral
immunity (952). Hence, it is difficult to dissect out the attributable risk of infection due
to therapies used for CLL, including BTK inhibitors. Patients with CLL have hypogam-
maglobulinemia, downregulation of T cell function, and defects in antibody-dependent
cellular toxicity (953). These defects lead to cases of VZV and HSV reactivation in
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patients with CLL, related to impairments in cell-mediated immunity, and bacterial,
particularly respiratory tract or sinobronchial infections, related to hypogammaglobu-
linemia (952).

Ibrutinib. Ibrutinib inhibits signal transduction from the BCR and blocks activation
of B cells (954), and infections in patients treated with ibrutinib relate primarily to B cell
dysfunction (952). In addition, however, invasive fungal disease (IFD) has frequently
been reported in association with BTK inhibitors. It has been postulated that this may
result from off-target effects of ibrutinib on other kinases, including IL-2-inducible T cell
kinase (ITK) (952, 955). Inhibition of ITK weakens T-helper 2 cell immunity, thereby
potentiating T-helper 1 cell immune responses, possibly resulting in the development
of opportunistic infections (952). Nuclear factor of activated T cells (NFAT) is also BTK
dependent and plays a key role in the macrophage inflammatory response to Asper-
gillus fumigatus (956), potentially contributing to an increased risk of invasive fungal
disease.

Phase III studies examining the use of ibrutinib in previously treated CLL/SLL found
evidence of frequent and significant infections: 70% of 195 patients with relapsed or
refractory CLL/SLL treated with ibrutinib alone developed an infection of any grade in
one key study (503). Neutropenia occurred in 22% of patients in this cohort, and upper
respiratory tract infections, pneumonia (often severe), and urinary tract infections each
occurred in 14 to 17% of patients. Patients with previously treated CLL/SLL in a phase
III study receiving ibrutinib in combination with bendamustine and rituximab had
similar rates of infection as those receiving bendamustine and rituximab alone (70% in
both groups) (957). Frequent infectious complications included upper respiratory tract
infections, pneumonia, and febrile neutropenia. The use of ibrutinib as first-line therapy
for CLL/SLL has not been clearly associated with an increased incidence of infections in
clinical trials, although pneumonia, often severe, did occur in a small number of
patients (958). Phase II studies combining ibrutinib with rituximab in patients with
high-risk CLL, both previously treated and treatment naive, reported clinically signifi-
cant respiratory tract infections in 40% of patients over a median of 2 years of follow-up
(959). The use of ibrutinib in patients with Waldenstrom’s macroglobulinemia refractory
to rituximab was associated with infections, most commonly involving the respiratory
tract, in 68% of patients in a phase III study, and one case of aspergillosis (960).

Ibrutinib was granted accelerated approval by the FDA in 2017 for use in MZL based
on a single phase II study. A multicenter phase II study involving 63 patients with
previously treated, relapsed, or refractory MZL administered ibrutinib at 560 mg daily to
all patients for up to 3 years (961). The median duration of ibrutinib exposure was
11.6 months, and 19% of patients experienced grade 3 or higher infections, most often
pneumonia, which occurred in 8% of patients, and cellulitis, which occurred in 5% of
patients.

In postmarketing surveillance, ibrutinib has been linked to a number of serious
infections, including invasive fungal disease (IFD). Early reports of IFD complicating
ibrutinib therapy were published in 2017, including a series of 18 patients with primary
central nervous system (CNS) lymphoma treated with ibrutinib, 7 of whom (39%)
developed invasive aspergillosis (962). Of the 18 patients, 2 developed fatal pulmonary
and CNS aspergillosis while receiving ibrutinib alone (962). Multiple other cases of
invasive aspergillosis in those receiving ibrutinib have been reported in the literature
(963–965). The incidence of IFD with the use of ibrutinib has ranged from 0 to 44% in
selected case series (966). A multicenter, retrospective French review published in 2018
reported 33 invasive fungal infections in patients treated with ibrutinib alone or in
combination for largely relapsed or refractory CLL, MCL, or Waldenstrom’s macroglob-
ulinemia (967). Invasive aspergillosis accounted for 82% of cases of IFD, and 41% of
these patients had CNS involvement. Other cases of IFD identified in this series included
disseminated cryptococcosis, mucormycosis, or Pneumocystis jirovecii pneumonia (PJP).
The median time between ibrutinib initiation and IFD diagnosis was 3 months (range,
1 to 30). A large number of patients had additional predisposing factors for IFD,
including hypogammaglobulinemia, neutropenia, and corticosteroid or rituximab use.
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A similar retrospective review of 566 patients receiving ibrutinib for CLL or other
hematologic malignancies at a single American center between 2010 and 2016 re-
ported opportunistic infections in 4.1% of patients overall, with a cumulative incidence
of 2.3% at 6 months and 4.7% at 5 years of treatment (968). Most (74%) of the observed
opportunistic infections were fungal, usually invasive aspergillosis, with additional
cases of mucormycosis, cryptococcosis, blastomycosis, and histoplasmosis. Overall, 3%
of patients developed IFD. Other reported opportunistic infections in this cohort
included Mycobacterium avium complex pneumonia, PML, BK virus viruria, and Toxo-
plasma chorioretinitis. Risk factors for opportunistic infections in this patient group
included �3 prior treatments, diabetes, and liver disease. Other reports have been
published describing cases of disseminated cryptococcosis (964, 969, 970), fusariosis
(971), HBV reactivation (972, 973), Staphylococcus aureus meningitis (974), miliary
tuberculosis (975), cutaneous mucormycosis (976), amebic encephalitis (977), cutane-
ous Mycobacterium chelonae infection (978), additional cases of disseminated VZV
infection (979), and severe pneumonia (980). Several cases of atypical PJP infection
have been reported in patients taking single-agent ibrutinib, with an estimated inci-
dence of 2.05 cases per 100 patient years (95% CI, 0.67 to 4.79) (981).

A systematic review of infectious events related to ibrutinib published in 2018
reported infectious complications of any grade in 56% of patients taking single-agent
ibrutinib and 52% of patients taking combination therapy (956). Approximately 20% of
patients developed pneumonia, and 2% of all patients died from pneumonia, including
infections due to opportunistic pathogens such as Pneumocystis, Histoplasma, Crypto-
coccus, Nocardia, and Aspergillus species. The most common opportunistic infections
were VZV and invasive aspergillosis, followed by PJP. In a series of 13 cases of
ibrutinib-associated PJP reported to the FDA Adverse Event Reporting System, 54% of
cases occurred in the first 6 months of ibrutinib therapy and seven patients were
receiving concomitant immunosuppressive therapy (982). Similarly, a 2017 review of
toxicity related to ibrutinib therapy reported an incidence of grade 3 or higher
infections of 10 to 13% in treatment-naive patients and 24 to 52% in relapsed/refractory
patients in the literature (983). Significantly higher risks for infection in patients with
relapsed or refractory disease have also been reported in other reviews (953).

Acalabrutinib. Far fewer safety data are available for acalabrutinib than for ibrutinib.
Data from phase I and II RCTs suggest that the infection risk profile of acalabrutinib is
similar to that of ibrutinib (947, 984). A pooled analysis of safety data from 610 patients
in seven clinical trials using acalabrutinib monotherapy in hematologic malignancies
was presented at the American Society of Hematology Annual Meeting in 2017 (985).
Infections of any grade were reported in 61% of patients, with grade 3 or higher
infections occurring in 16.2% of patients, most frequently pneumonia. Grade 3 or
higher pneumonia occurred in 5.7% of patients overall. Pneumonia was also the most
frequent fatal adverse event, responsible for 27% of deaths in patients receiving
acalabrutinib. One fatal case of hepatitis B virus reactivation and one fatal case of
aspergillosis also occurred. Opportunistic fungal infections were reported in four
patients: one case of grade 2 PJP, two cases of aspergillosis (grade 2 and grade 5), and
one case of grade 2 cryptococcal pneumonia. Neutropenia of grade 3 or higher
developed in 9.3% of all patients.

BTK Inhibitors: Prevention of Infection

At present, prophylaxis recommendations for ibrutinib and acalabrutinib are not
well defined. Further large-scale evaluation of the risk for PJP and fungal infections in
patients receiving ibrutinib and acalabrutinib, with or without other agents, are re-
quired to better guide the need for prophylaxis in specific patient groups (953).
Influenza and pneumococcal vaccination are recommended prior to the commence-
ment of ibrutinib therapy (986), although the response to these vaccines is significantly
impaired in patients with CLL receiving ibrutinib (987–989). The role of anti-infectious
prophylaxis is unclear, and it is not routinely recommended; PJP prophylaxis can be
considered in patients who have received prior chemoimmunotherapy or who have
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other risk factors, including concomitant high-dose corticosteroid use (943, 986).
Intravenous immunoglobulin G (IVIG) replacement should be considered in patients
with recurrent infections and hypogammaglobulinemia (953). All patients should be
screened for serological evidence of hepatitis B virus prior to commencement of
ibrutinib, with prophylaxis recommended for patients who are HBsAg positive (953).
Ibrutinib can be continued in patients who develop low-grade infections but should be
withheld in patients with severe infection until resolved (986).

BTK Inhibitors: Summary

BTK inhibitors have a substantial impact on B cell function, as well as off-target
effects, which leads to a small but clear risk of invasive fungal infections. They are also
associated with a high risk of nonserious bacterial infections, particularly respiratory
tract infections. Since these drugs are used for hematological malignancies, the exact
risk of BTK therapy independent of the underlying malignancy is unclear.

Phase III studies involving acalabrutinib are in progress, and these results may reveal
heretofore unknown infectious complications associated with its use. The impact of
ibrutinib on control of latent viral infections and hepatitis B virus remains unclear (953).
Small numbers of cases of HBV reactivation have been reported in association with
ibrutinib therapy, and screening and prophylaxis for HBV infection is recommended
prior to treatment (952). The effect of BTK inhibitors in patients with chronic hepatitis
C virus or HIV infection is uncertain.

PI3K INHIBITORS
PI3K: Structure and Mechanism of Action

Activation of the B cell receptor leads to downstream signaling pathways, including
phosphatidylinositol 3-kinase (PI3K), protein kinase B (AKT), and mammalian target of
rapamycin (mTOR) (990). The PI3K/AKT/mTOR pathways are key players in proliferation,
cell survival, and angiogenesis and are constitutively activated in several B cell malig-
nancies (991). PI3K is a lipid kinase with four different isoforms: alpha, beta, gamma, and
delta. Activation of PI3K generates lipid second messengers at the cell membrane that
recruit and activate multiple intracellular enzymes that are regulators of cell prolifera-
tion, survival, and motility (992). It transmits signals from various surface receptors,
primarily the B cell receptor, thereby regulating cellular growth, survival, and migration
(943). The gamma and delta isoforms of PI3K are highly restricted to hematopoietic
cells, and the delta isoform (PI3K-	) plays a central role in normal B cell development
and function (983, 993).

PI3K Inhibitors: Available Agents

There are two currently available agents in this class (Table 14), and most of the data
on both efficacy and safety apply to idelalisib. Idelalisib is a reversible inhibitor of PI3K-	
(983) and is approved for use in the treatment of CLL (in combination with rituximab),
SLL, and follicular lymphoma (FL) (994–996). PI3K-	 kinase is hyperactive in B cell
malignancies, and its inhibition by idelalisib results in induction of apoptosis, inhibition
of proliferation, and inhibition of homing and retention in the lymphoid tissue and
bone marrow of malignant B cells (953, 990). Inhibition of PI3K-	 has also been shown
to impair T cell function, including cytokine production, migration, and proliferation in
response to stimulation, potentially explaining the increased risk of CMV reactivation
associated with PI3K-	 inhibitors (997). It has been proposed that the impact of
idelalisib on CD4� regulatory T cell function is responsible for some of the immune-
mediated toxicities observed in patients receiving idelalisib, including pneumonitis,
colitis, and hepatitis (952, 991).

Copanlisib is an intravenous PI3K inhibitor with predominant activity against the
PI3K-� and PI3K-	 isoforms (998). It was granted accelerated approval for use in
previously treated, relapsed FL by the FDA in 2017 (999).

PI3K Inhibitors: Infectious Complications

The risk of infection associated with PI3K-	 inhibition is complicated by the in-
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creased risk of infection seen in patients with CLL even prior to treatment. Factors
contributing to infection in patients with CLL include older age, hypogammaglobu-
linemia, downregulation of T cell function, defects in antibody-dependent cellular
cytotoxicity, defective neutrophil and natural killer cell function, and decreased com-
plement activity (953).

Idelalisib. An initial phase III study examining idelalisib in combination with ritux-
imab for the treatment of CLL demonstrated that although infectious complications
were common, they occurred at similar rates in those taking idelalisib as in patients
taking rituximab and placebo (1000). Neutropenia occurred in 55%, fever in 29%,
pneumonia in 6%, febrile neutropenia in 5%, sepsis in 4%, and PJP in 3%. In a second
phase III study in patients with relapsed, indolent non-Hodgkin lymphoma treated with
idelalisib alone, fever occurred in 28%, neutropenia in 27%, and pneumonia in 7% (993).
Interim results from a phase III trial comparing the addition of idelalisib or placebo to
bendamustine and rituximab in patients with relapsed or refractory CLL demonstrated
neutropenia in 60% of patients and febrile neutropenia in 23% of patients in the
idelalisib arm (1001). In this cohort, the incidence of all-grade infections was higher in
patients receiving idelalisib than in the placebo group (69% versus 59%), and most
infections were bacterial, including pneumonia in 14% of patients in the idelalisib
group. Other observed infections included herpes zoster, CMV infection (in 6% of
patients), PJP (in 2% of patients), and pulmonary mycoses (1001). The combination of
idelalisib and ofatumumab, a monoclonal antibody directed against CD20, in previously
treated patients with CLL was associated with grade 3 or higher neutropenia in 34% of
patients and grade 3 or higher pneumonia in 14% of patients, compared to 16% and
8%, respectively, in patients receiving ofatumumab alone (1002). The most frequently
reported serious adverse events in the combination group were pyrexia and pneumo-
nia, which each occurred in 13% of patients. Serious infections occurring more fre-
quently in the combination group than in the ofatumumab-only group included sepsis
(11% versus 1%), PJP (5% versus 1%), urinary tract infections (4% versus 0%), and CMV
infection (2% versus 0%).

Pneumonia is one of the most common infectious complications associated with
idelalisib use, with a reported incidence of approximately 20%; the majority of cases are
grade 3 or higher in severity (983). Atypical infections, including PJP and other invasive
fungal infections, have also been observed, and noninfectious (autoimmune) pneumo-
nitis is an important differential diagnosis for respiratory tract infections in the setting
of idelalisib therapy, with a reported incidence of 3% (1003). A retrospective analysis of
the incidence of PJP infection in 2,198 patients receiving idelalisib, with or without
other treatments, was presented at the American Society of Hematology Annual
Meeting in 2016 (1004). The overall incidence of PJP infection was 2.5% in patients
receiving idelalisib, with or without rituximab and with or without bendamustine,
compared to 0.2% in patients receiving only rituximab with or without bendamustine
(1004). In this cohort, PJP prophylaxis reduced the incidence of infection in patients
receiving idelalisib from 3.4% to 1.3%. In clinical trials, the majority of cases of PJP
associated with idelalisib occurred in the absence of specific prophylaxis (943). Clinical
experience has also revealed evidence of other, often opportunistic infections, includ-
ing cases of PML (255) and disseminated herpes zoster infection in patients with CLL
receiving idelalisib.

Fatal and/or serious infections have been reported in 21 to 48% of patients receiving
idelalisib (994), and in March 2016, a warning was issued relating to an increased risk
of death, mostly secondary to infections, in patients taking idelalisib in combination
with other chemotherapeutic agents (1005). This advice was updated in April 2017 to
reflect that these deaths frequently occurred within 180 days of starting treatment and
were often due to infection, including sepsis and pneumonia (1006).

Copanlisib. Copanlisib is a second-generation intravenous PI3K inhibitor whose
predominant activity is against the PI3K-� and PI3K-	 isoforms (998). It was granted
accelerated approval for use in previously treated, relapsed follicular lymphoma (FL) by
the FDA in 2017 (999).
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A phase II study published in 2017 examined the use of copanlisib in 33 patients
with indolent lymphoma or CLL and 51 patients with aggressive lymphoma (1007).
Infections of any grade were reported in 64.3% of patients, with grade 3 or higher
infections including pneumonia in 14.3%, febrile neutropenia in 3.6%, skin infection in
2.4%, and urinary tract infection in 2.4%. One case of PJP occurred and one patient died
of Cryptococcus neoformans meningitis. Neutropenia occurred in 34.5% of patients, with
grade 3 or higher neutropenia observed in 29.8% of patients.

A second single-arm phase II study published in 2017 administered copanlisib to 142
patients with previously treated relapsed or refractory indolent B cell lymphoma (1008).
After a median duration of treatment of 22 weeks, pneumonia had occurred in 21% of
patients overall, and 15% of patients experienced grade 3 or higher pneumonia. Upper
respiratory tract infections, bronchial infections, flu-like symptoms, and skin infections
were also common (�10% of patients, mainly grade 1 or 2). Three opportunistic
infections occurred during the study; two patients developed PJP and one patient
developed bronchopulmonary aspergillosis.

PI3K Inhibitors: Prevention of Infections

The updated product information recommends a number of measures to prevent
infections in patients receiving idelalisib, including PJP prophylaxis for all patients
during treatment (953) and for 2 to 6 months following idelalisib cessation, in addition
to close monitoring for serious infections (994–996). At least monthly clinical and
laboratory monitoring is also recommended in patients who are CMV seropositive at
the start of idelalisib treatment or have other evidence of CMV infection or disease.
Patients with CMV viremia should be monitored for symptoms and for a rising viral
load, with CMV treatment and at least temporary cessation of idelalisib considered if
either of these occur. Monthly CMV PCR monitoring is also recommended by other
authors (943, 952, 953). Patients should have absolute neutrophil counts monitored at
least fortnightly for the first 6 months of treatment with idelalisib, and the agent should
not be commenced in patients with an active infection (994–996). Patients should be
monitored carefully for respiratory signs and symptoms, given the increased risk of
both potentially fatal pneumonitis and respiratory tract infection. Pneumococcal and
annual influenza vaccination is recommended (1009). Screening for and treatment of
latent tuberculosis have been recommended by some authors, although tuberculosis
thus far appears to be a rare complication of idelalisib therapy (1009). Insufficient data
are currently available regarding the risk of HBV reactivation in patients taking idelalisib
(1010). Based on its mechanism of action and effect on B cells, an increased risk of HBV
reactivation would be anticipated. Screening and, if necessary, prophylaxis for hepatitis
B virus is recommended prior to commencement of idelalisib (953). Until further data
are available, the recommendations above should also be applied to copanlisib.

PI3K Inhibitors: Summary

Although it is difficult to determine the exact risk attributable to PI3K inhibitors
independent of underlying hematological malignancy, it appears clear that this drug
class is causally associated with a substantially increased risk of pneumonia (in at least
20% of patients), serious and fatal infections (also in approximately 20%), and PJP (in 2
to 3%), with a possible increased risk of CMV and tuberculosis. As a result, the FDA has
recommended that the agent is not indicated for first-line treatment of malignancy and
is not indicated in combination with bendamustine and/or rituximab in patients with
FL (994). Further clinical experience, investigation of whether particular patient sub-
groups are more likely to develop infectious complications, and optimization of drug
combinations may lead to better definition of patients likely to derive more benefit
than harm from idelalisib therapy (1011). At present, data from phase III trials and
clinical experience regarding the use of copanlisib are awaited. There are currently
insufficient data to determine whether the infectious risks associated with idelalisib,
such as PJP and CMV reactivation, are seen at equivalent levels in patients receiving
copanlisib. There is evidence suggesting that copanlisib is associated with fewer
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autoimmune events than idelalisib, raising the possibility that its effect on the immune
system and its predisposition to infectious complications may be different (990).

BCR-ABL INHIBITORS
BCR-ABL: Structure and Mechanism of Action

The breakpoint cluster region/Abelson leukemia virus (BCR-ABL) gene and the
protein it produces are present in more than 90% of patients with chronic myeloid
leukemia (CML) as a result of the reciprocal translocation of chromosomes 9 and 22
[t(9;22)], producing the “Philadelphia chromosome” (1012). The BCR-ABL fusion protein
is a constitutively active tyrosine kinase that induces cell survival and proliferation (943).
Cells possessing BCR-ABL, particularly in CML, demonstrate increased proliferation,
resistance to apoptosis, and an alteration in their adhesion properties (1013). The
presence of BCR-ABL alone is sufficient to cause CML, and the tyrosine kinase activity of
the protein is required for its oncogenic activity (1014). In addition, up to 30% of adults
and 5% of children with acute lymphoblastic leukemia (ALL) have the BCR-ABL fusion
protein (1015).

BCR-ABL Inhibitors: Available Agents

There are currently five agents available in this class, all of which are used to treat
hematological malignancies caused as a result of the BCR-ABL fusion protein (Table 14).
Imatinib was the first of the BCR-ABL inhibitors and is approved for use in the treatment
of CML or ALL expressing the Philadelphia chromosome (Philadelphia chromosome
positive [Ph�]), previously treated myelodysplasia (MDS) or myeloproliferative disorder
(MPD) associated with platelet-derived growth factor receptor (PDGFR) gene rearrange-
ments, chronic eosinophilic leukemia or hypereosinophilic syndrome, aggressive sys-
temic mastocytosis with eosinophilia, advanced dermatofibrosarcoma protuberans,
and gastrointestinal stromal tumor (GIST) (1016–1018). Dasatinib is a second-
generation inhibitor of BCR-ABL kinases approved for the treatment of Ph� CML or ALL
(1019–1021). Nilotinib is also a second-generation BCR-ABL inhibitor approved for use
in the treatment of Ph� CML (1022–1024). Ponatinib is a TKI active against both
unmutated and mutated BCR-ABL and, hence, can be active against disease resistant to
other BCR-ABL tyrosine kinase inhibitors (1025). It is approved for use in patients with
CML or Ph� ALL resistant to or intolerant of other therapies or with the T315I mutation.
Bosutinib is a small molecule, orally bioavailable, dual TKI, inhibiting both SRC (a kinase
which is mutated and overexpressed is certain malignancies) and BCR-ABL with activity
in imatinib-resistant CML cell lines (1026). It is approved for use in chronic-phase,
accelerated-phase, or blast-phase Ph� CML (1027, 1028).

BCR-ABL inhibitors target the fusion protein BCR-ABL, but depending on the agent
used, may also target other receptor tyrosine kinases and a wide range of nonreceptor
kinases (1029). Imatinib functions through competitive inhibition at the ATP binding
site of the BCR-ABL tyrosine kinase, leading to the inhibition of tyrosine phosphorylation
of proteins involved in BCR-ABL signal transduction (1014). In addition to BCR-ABL
inhibition, imatinib has specificity for other members of the ABL family, the receptor for
platelet-derived growth factor (PDGFR), and c-KIT tyrosine kinases (1014). The emer-
gence of imatinib resistance led to the development of second-generation BCR-ABL
inhibitors with increased potency toward wild-type BCR-ABL and against the majority of
CML clones carrying imatinib-resistant BCR-ABL mutants (1030). Nilotinib is a close
analogue of imatinib with more potent BCR-ABL kinase inhibition, while dasatinib was
developed as a dual SRC/ABL inhibitor but was subsequently shown to affect a wider
array of kinases, including TEC family kinases like bone marrow kinase on chromosome
X (BMX), TEC, and BTK (1030). Ponatinib is active against CML clones with the T315I
mutation, a mutation that confers resistance to imatinib, dasatinib, and nilotinib by
blocking the access of these drugs to the enzyme’s ATP binding site (1025). It also has
off-target activity against various other kinases, including PDGFR, vascular endothelial
growth factor receptor (VEGFR), and c-KIT. Bosutinib is a dual inhibitor of SRC/ABL, with
minimal inhibitory activity against c-KIT or PDGFR (1031).
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BCR-ABL Inhibitors: Infectious Complications

Despite the fact they were designed to target only a pathological gene product,
BCR-ABL inhibitors appear to affect the function of normal immune cells. Imatinib has
been demonstrated to inhibit T cell receptor-mediated T cell proliferation and activa-
tion, with reductions in specific CD8� responses to CMV and EBV (1032, 1033). Data also
suggest that imatinib may affect the development and function of dendritic cells
(1034). Dasatinib and nilotinib have both been shown to inhibit CD8� T cell prolifer-
ation and function (1035, 1036). BCR-ABL inhibitors have also been found to inhibit both
B cell immune responses to influenza and pneumococcal vaccination (1037) and the
proliferation and function of regulatory T cells (1038, 1039). Reductions in immuno-
globulin levels have also been observed in association with BCR-ABL inhibitors (1040).
Dasatinib appears to have a greater effect on immune functions than other BCR-ABL
inhibitors. It has been shown to inhibit T cell receptor-mediated signal transduction,
cellular proliferation, cytokine production, and in vivo T cell response (1041, 1042). The
broader range of kinases targeted by dasatinib may be responsible for its stronger
predisposition toward infectious complications than other TKIs in its class (1030).

Postmarketing experience has demonstrated that BCR-ABL inhibitors are associated
with a significant risk of HBV reactivation, with multiple cases reported in patients
receiving imatinib, dasatinib, and nilotinib (1043–1049). A 2018 analysis of adverse
events reported to the FDA also detected a statistically significant association between
the use of imatinib and hepatitis B virus infection (1050). The American Gastroenter-
ological Association categorizes TKI use, and specifically BCR-ABL inhibitors, as confer-
ring moderate risk (1 to 10%) of HBV reactivation in patients with previous or active HBV
infection (1051).

Imatinib. Initial phase III studies examining the use of imatinib in newly diagnosed
patients with CML did not find evidence of significant infectious complications, al-
though grade 3 or higher neutropenia occurred in 17% of patients, mainly within the
first 2 years of therapy (1012, 1052, 1053). Patients receiving imatinib for advanced GIST
did not have significant infections, although approximately 7% developed grade 3 or
higher neutropenia (1054, 1055). No significant infectious complications were observed
in a phase II study investigating the use of imatinib in other malignancies, including
MDS and MPD, hypereosinophilic syndrome, and dermatofibrosarcoma protuberans
(1056).

However, as is often the case, postmarketing surveillance tells a different story.
Experience with imatinib has demonstrated multiple cases of reactivation of HBV, in
addition to VZV infection or reactivation, which was observed in 2% of patients in a
retrospective single-center study (1057). An Italian case series of patients with CML
receiving imatinib described clinically and microbiologically documented infections in
13 to 16% of patients, most commonly herpes zoster and pneumonia (1058). Isolated
cases of leishmaniasis (1059), Kaposi sarcoma (1060), and disseminated cryptococcal
infection (1060) have been reported with the use of imatinib, and rare cases of Listeria
meningitis associated with monocytopenia (1061) and tuberculosis have also been
described (1062–1064).

Dasatinib. Initial phase III studies examining the use of dasatinib in patients with
imatinib-refractory or imatinib-intolerant CML did not demonstrate significant infec-
tious complications (1065, 1066), although over 7 years of follow-up, 66% of treated
patients developed infections due to any cause, mostly of grade 1 or 2 severity (1067).
Most of these were upper respiratory tract infections and pneumonia. Dasatinib, when
compared to imatinib as first-line treatment of newly diagnosed CML, was not associ-
ated with an increased incidence of infections in short-term follow-up; both agents
were associated with grade 3 or higher neutropenia in approximately 20% of patients
(1068).

Dasatinib appears to be associated with a greater risk of infection than other
BCR-ABL inhibitors. A comparative economic analysis of dasatinib and nilotinib dem-
onstrated that infection-related inpatient hospital days constituted a higher proportion
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of all-cause inpatient days in those receiving dasatinib than in those receiving nilotinib
(1069). In clinical practice, multiple cases of CMV reactivation have also been reported
(1029, 1070–1073). The risk of CMV reactivation in the setting of dasatinib therapy
appears particularly pronounced following hematopoietic stem cell transplantation
(HSCT); in one study involving 109 patients, the use of dasatinib significantly increased
the incidence of CMV reactivation in the first year after transplantation (adjusted hazard
ratio � 7.65; 95% CI, 1.84 to 31.7) (1071).

Nilotinib. Compared to imatinib in the treatment of newly diagnosed CML, nilotinib
was not associated with infections and caused less neutropenia (1074). These findings
were confirmed on 3-year follow-up of this patient cohort (1075) and in a subsequent
phase III study (1076). Phase II studies examining the use of nilotinib in previously
treated patients with chronic-phase CML also failed to demonstrate evidence of
significant infections (1077, 1078), although neutropenia was more frequently seen
than in newly diagnosed CML. A retrospective review of 169 patients with CML
receiving nilotinib as first-line or salvage therapy described infection of any grade in
10% of treatment-naive patients and in 37% of patients receiving nilotinib as salvage
treatment (1079). Most infections were bacterial, and no opportunistic infections
occurred. Cases of HBV reactivation have been reported in association with nilotinib
(1080).

Ponatinib. Phase II studies investigating the use of ponatinib in previously treated
patients with Ph� CML or ALL did not demonstrate infectious complications, although
grade 3 or higher neutropenia occurred in 12 to 26% of patients (1081). In a phase II
study, first-line ponatinib in CML was associated with neutropenia in 14% of patients,
without evidence of infection (1082). A phase III study comparing ponatinib to imatinib
as first-line treatment of CML was halted early due to vascular events (1083). Postmar-
keting experience is limited.

Bosutinib. Phase I/II studies of bosutinib monotherapy in patients with imatinib-
resistant or imatinib-intolerant chronic-phase CML found no evidence of infectious
complications but reported grade 3 or higher neutropenia in 18% of patients on
short-term follow-up and in 16% on long-term follow-up (1026, 1084). A phase III trial
comparing bosutinib to imatinib in newly diagnosed chronic-phase CML noted grade
3 or higher neutropenia in 10% of patients at 24-month follow-up but, again, no
significant infectious complications at either 12 or 24 months (1085–1087). Postmar-
keting experience is limited.

BCR-ABL Inhibitors: Prevention of Infection

Given the moderately increased risk of HBV reactivation in those treated with these
drugs, patients should be screened for HBV prior to starting treatment with BCR-ABL
inhibitors (1029, 1088). Those with positive HBsAg should receive antiviral treatment or
prophylaxis with entecavir or tenofovir, which should continue for 6 to 12 months after
cessation of immunosuppressive treatment (1051, 1089). For HBsAg-negative/HBcAb-
positive patients, close monitoring of liver enzymes and viral load is recommended
(1090), although prophylaxis should be considered where there are no clear systems for
regular monitoring and review of results (1089). Pneumococcal vaccination and annual
influenza vaccination are recommended in patients receiving dasatinib, although there
is some evidence that B cell responses may be impaired by the use of BCR-ABL
inhibitors (1037).

BCR-ABL Inhibitors: Summary

As a class, BCR-ABL inhibitors are associated with a small risk of infectious compli-
cations, primarily HBV, VZV, and CMV reactivation. These risks were not large enough
to be detected in phase III trials, where neutropenia was observed but not an excess
infection risk. These complications are likely due to off-target effects, rather than
inhibition of BCR-ABL. Clinical data for bosutinib and ponatinib are at present limited
and may be expected to emerge, given that most infectious complications were noted
only in postmarketing experience for other agents in this class. Although cases of
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hepatitis B have not yet been reported in association with ponatinib or bosutinib, it is
prudent to assume that this predisposition is a class effect.

Syk INHIBITORS
Syk: Structure and Mechanism of Action

Spleen tyrosine kinase (Syk) is an intracellular cytoplasmic tyrosine kinase that
mediates immunoreceptor signaling in macrophages, neutrophils, mast cells, and B
cells (1091). It is widely expressed in hematopoietic system cells, particularly in B cells
(1092). Syk plays a key role in the signaling of activating Fc receptors (FcRs) and the B
cell receptor (1093). Syk family protein tyrosine kinases bind to the cytoplasmic region
of immune receptors, including the T and B cell receptors, and play an important role
in regulating T cell and B cell expansion and proliferation, as well as mediating
immunoreceptor signaling in inflammatory cells (1092). When activated, Syk leads to
the induction of proinflammatory cytokines and degranulation of effector cells (1092)
and plays a central role in FcR-mediated signal transduction and propagation of the
inflammatory response (1094).

Syk: Available Agents

Fostamatinib is the only currently approved agent in this class. It was approved for
use by the FDA in April 2018 for chronic immune thrombocytopenia (ITP) (1095) on the
basis of two randomized controlled trials. It has also been used off-label for the
treatment of RA, in which setting multiple trials have been conducted (1092).

Syk Inhibitors: Infective Complications

Spleen tyrosine kinase inhibitors have been shown in vitro to reduce Syk-dependent
FcR-mediated activation of monocytes, macrophages, and neutrophils and BCR-
mediated activation of B cells (1093). Other in vitro studies have suggested that the
inhibition of Syk leads to diminished proliferation of antigen-specific CD4� T cells and
reduced production of inflammatory cytokines, such as IFN-� and IL-17 (1096). Given
the pivotal role of Syk in the human immune response, one might expect its inhibition
to have the potential to make the patient fully sick (or “fully Syk”?), but thus far, that
does not appear to be the case.

Early phase II studies in patients with RA receiving fostamatinib reported reversible,
dose-related neutropenia in 15% (1097) and 6 to 7% (1091) of patients. This repre-
sented a significant increase in comparison to patients receiving placebo in two trials
(1091, 1097). A phase III study published in 2014 compared fostamatinib to placebo in
patients with RA; neutropenia occurred in 5.3% and 9.7% of patients receiving fosta-
matinib at two different doses (1098). Neutropenia was not associated with any serious
infectious events in this trial, and no patient had an absolute neutrophil count of
�0.5 � 109/liter. The overall event rates for any infection per 100 patient years of
treatment ranged from 62.9 to 70.3 depending on the fostamatinib dose, and 25.5 to
28.3% of patients receiving fostamatinib developed an infection of any grade during
treatment. Between 0.3% and 1.3% of patients receiving fostamatinib experienced a
serious infection event, most commonly gastroenteritis. A second phase III study
published in 2014 also compared two dosing schedules of fostamatinib to placebo in
patients with RA taking background methotrexate and reported serious infections in
2.9% and 1.9% of patients in the fostamatinib groups, compared to 1.8% in the placebo
group (1099). The overall incidences of infection of any grade over 24 months were
42.9% and 28.7% in the two fostamatinib groups and 24.8% in the placebo group. The
most common infections in the fostamatinib groups were upper respiratory tract
infections and bacterial infections. Dose-related decreases in leukocyte and neutrophil
counts were seen in both fostamatinib groups.

A 2014 meta-analysis of the five phase II and III randomized controlled trials
conducted to date examined the use of fostamatinib in 1,419 patients with RA (1092).
Patients with active or latent tuberculosis infection, hepatitis B or C virus infection, or
a history of cancer within the preceding 5 years were excluded. Over follow-up periods
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of between 3 and 6 months, fostamatinib was associated with an increased risk of any
infection compared to placebo (25% versus 14.7%; OR [95% CI] � 1.59 [1.2 to 2.11];
P � 0.001) and of neutropenia (6.8% versus 0.8%; OR [95% CI] � 5.68 [1.97 to 16.42];
P � 0.001) but no significant increase in the risk of serious infection. On the basis of
efficacy results in these phase II and III trials, fostamatinib did not progress further in its
development for use in RA.

A small phase II study published in 2009 enrolled 16 patients with chronic refractory
ITP receiving various doses of fostamatinib and observed a small but statistically
significant decrease in total white blood cell count, without increased rates of infection
(1094). This was followed by two paired phase III studies comparing fostamatinib to
placebo in patients with chronic ITP at a dose of 100 mg twice daily (b.i.d.) or 150 mg
b.i.d. (1100). The frequency of any infection was slightly higher in the fostamatinib
group (30% versus 21%), but rates of moderate or severe infections were similar (8%
versus 6%). Neutropenia occurred in 7% of patients receiving fostamatinib. Respiratory
tract infections, largely mild, occurred in 11% of patients on fostamatinib and 6% of
patients receiving placebo.

Syk Inhibitors: Prevention of Infection

Currently no specific recommendations can be made about the prevention of
infectious complications in those treated with fostamatinib, but given the relative lack
of data, vigilance is recommended. Monthly monitoring of the neutrophil count is also
recommended during fostamatinib treatment, with dose reduction or temporary or
permanent cessation of fostamatinib if the neutrophil count drops below 1.0 � 109/liter
(1095).

Syk Inhibitors: Summary

Fostamatinib appears associated with a moderate risk of neutropenia and a small
risk of infectious complications, with no signal thus far of serious or opportunistic
infections. However, fostamatinib has only recently entered clinical practice, and as a
result, clinical experience is limited and further evidence of infectious complications
may emerge with time. Although increased rates of nonsevere infections have been
reported in numerous studies (1092, 1098, 1100, 1101), the types of infections experi-
enced by these patients were not reported. In addition, patients with active or chronic
viral infection were excluded from the fostamatinib trials, and hence, there are no data
regarding the efficacy or safety of fostamatinib in this patient cohort. The role of
fostamatinib in the immune response across the innate and adaptive immune systems
suggests that further infectious complications are possible and that patients should be
monitored closely.

ALK INHIBITORS
ALK: Structure and Mechanism of Action

The ALK gene codes for the ALK receptor tyrosine kinase, whose exact function is
unknown but relates to cell proliferation, primarily of neurons. Activation of the ALK
gene usually occurs via chromosomal rearrangement that results in the placement of
one of several different fusion partners upstream from the kinase domain of ALK and
has been described in several different malignancies (1102). The cellular consequences
of activation of the ALK tyrosine kinase are subsequent signaling through the phos-
pholipase gamma, PI3K, RAS/mitogen-activated protein kinase (MAPK), and JAK/STAT
pathways (1103). ALK rearrangements are seen in 3 to 5% of non-small cell lung cancers
(NSCLC), most commonly in adenocarcinomas (1104).

ALK Inhibitors: Available Agents

There are four ALK inhibitors currently approved for use (Table 14). Crizotinib is an
ALK inhibitor approved for treatment of advanced NSCLC possessing a documented
ALK or ROS1 gene rearrangement (1105–1107). Ceritinib is a second-generation ALK
inhibitor approved for use in locally advanced or metastatic NSCLC with an ALK gene
rearrangement (1108–1110). Alectinib is an ALK inhibitor also active in the central
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nervous system (1111) and is approved for use in advanced or previously treated
ALK-positive NSCLC (1112–1114).

ALK Inhibitors: Infectious Complications

Although some ALK inhibitors, including crizotinib and brigatinib, have been asso-
ciated with the development of upper respiratory tract infections, reported cases have
been nonsevere (1115, 1116). The mechanism for this potential increased risk is
unknown. Interstitial pneumonitis has been reported in association with all ALK inhib-
itors (1115, 1117–1120); this is an important differential diagnosis for respiratory tract
infections in these patients.

Data from two randomized controlled trials performed in ALK-positive, treatment-
naive and previously treated patients (1115, 1117) did not reveal evidence for an
increased rate of infections associated with the use of crizotinib, although neutropenia
occurred in 11 to 13% of patients. Febrile neutropenia was uncommon. Upper respi-
ratory tract infections occurred at a higher rate in patients on crizotinib than in patients
receiving chemotherapy but were not associated with significant morbidity or mortality
(1115). In addition, crizotinib is associated with the development of complex renal cysts,
and secondary infection of these cysts has been reported (1121). No new infectious
toxicities were identified in a phase I study using crizotinib in patients with ROS1-
rearranged NSCLC (1122). Infective complications have not been reported in clinical
trials of ceritinib, alectinib, or brigatinib (1111, 1123, 1124), although 20% of patients on
both crizotinib and alectinib developed nasopharyngitis in a Japanese study (1125).

ALK Inhibitors: Prevention of Infection

No specific recommendations can be made for prevention of infectious complica-
tions of ALK inhibitors, since there is no clear evidence that these agents increase the
risk of infection.

ALK Inhibitors: Summary

Although the impact of infectious complications in patients receiving ALK inhibitors
appears minimal, clinical experience with many of these agents is limited and further
infectious toxicities may emerge with time. In addition, recent studies have begun to
combine ALK inhibitors with other agents, including immune checkpoint inhibitors
(1126), and the infectious complications resulting from this are at present undefined.

INTEGRIN INHIBITORS
Integrins: Structure and Mechanism of Action

Integrins are transmembrane receptors present in many mammalian cell types; they
play roles in signal transduction in a range of biological processes (1127–1129), but in
the current context, they are primarily important in the adhesion, crawling, and
migration of lymphocytes. Leukocytes in general express integrins on their cell surface,
but these are usually in a low-avidity state until the leukocyte is activated by chemokine
stimulation (1130). Integrins on leukocytes bind to specific endothelial cell surface
ligands (Table 16) (1131), and it is the distribution of these ligands that gives particular
integrins their tissue specificity. Once lymphocytes are bound to endothelial cells
through integrin-ligand interactions, slow rolling of the lymphocytes along the apical
endothelial cell surface is enabled, followed by arrest and transmigration out of blood
vessels and into tissues, where they can act as immune effector or recruitment cells.

Integrins consist of noncovalently bound dimers of � and � transmembrane do-
mains. There are currently 24 known � and 9 known � subunits, which can combine in

TABLE 16 Key integrins important in leukocyte-endothelial cell interactions

Integrin Alternative name(s) Usual endothelial cell ligands Tissue specificity Example(s) of inhibitor

�L�2 LFA-1, CD11a ICAM-1, ICAM-2 Broad, including dermis and CNS Efalizumab
�4�1 VLA-4 VCAM-1, fibronectin Broad, including CNS Natalizumab
�4�7 LPAM-1 VCAM-1 (weak), MAdCAM Limited to gut Vedolizumab, Etrolizumab
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various combinations to form integrin dimers (1130). The �1, �2, and �7 integrin
families are important in lymphocyte-endothelial cell interaction. In this article, we will
not be discussing other integrins, such as �2b�3 (important in platelets and coagula-
tion) or �v�5 (osteoclasts and tumor angiogenesis). From here onward, when we refer
to integrin inhibitors, we mean only those important in leukocyte-endothelial cell
interactions (i.e., those which are immunomodulatory).

Integrin binding can be pharmacologically inhibited by monoclonal antibodies or
small molecules, such as peptidomimetics; all integrin inhibitors discussed in this article
are antibodies targeting the extracellular domains. Integrin inhibitors affect a broad
range of immune effector cells. For example, natalizumab (�4�1 inhibitor) prevents
activated monocytes and several types of memory T cells from entering the central
nervous system. Vedolizumab is more specific for gut endothelium, because of the
distribution of �4�7 integrin ligands. VCAM-1 is widely distributed but is a relatively
weak ligand of �4�7 integrins; the main ligand for leukocytes expressing �4�7 integ-
rins is mucosal addressin cellular adhesion molecule-1 (MAdCAM-1), which is prefer-
entially expressed on endothelial venules of gut mucosal lymphoid tissue. Hence,
blocking �4�7 integrins prevents the adhesion of immunocompetent leukocytes to the
gut mucosal endothelium and the subsequent migration into gut tissues.

Integrin Inhibitors: Available Agents

In general, integrin inhibitors are used to deny entry of leukocytes to target tissues
and, thus, to prevent or attenuate immune responses at these sites. Hence, they are
used in well characterized autoimmune conditions, such as multiple sclerosis (MS) and
inflammatory bowel disease (IBD).

Natalizumab was the first widely used integrin inhibitor and is licensed for use in
both MS and Crohn’s disease. Intermittent intravenous infusions of natalizumab have
been shown to reduce the relapse rate in relapsing-remitting MS (1132), but because
of the risk of the potentially fatal infectious complication progressive multifocal leu-
koencephalopathy (PML), it is generally reserved for those with more aggressive MS or
where other therapies have failed (1133). Although natalizumab is effective for inducing
remission in Crohn’s disease (60), it is rarely used for this indication because of the risk
of PML and the availability of safer alternatives, such as vedolizumab.

Vedolizumab is used for both the induction and maintenance of remission in adults
with Crohn’s disease or ulcerative colitis. It is indicated for these conditions where
first-line therapies, such as TNF inhibitors, have failed due to loss or lack of respon-
siveness or intolerance (1134, 1135). Small case series have reported efficacy of vedol-
izumab for the off-label indication of steroid-refractory gastrointestinal graft-versus-
host disease following bone marrow transplantation (1136, 1137).

Etrolizumab specifically targets �7 integrins and is currently in phase III trials for IBD
(1138). Efalizumab targets �L�2 integrin, which binds to ICAM-1, found on endothelial
cells and antigen-presenting cells, and is used in plaque psoriasis (1139, 1140). It was
withdrawn from market in 2009 following several case reports of PML (1141, 1142).

Integrin Inhibitors: Infectious Complications

By far the most well characterized infectious complication of integrin inhibitors is
progressive multifocal leukoencephalopathy (PML), caused by reactivation of latent
infection with JC polyomavirus. This was previously a well-known complication of
profound immunosuppression from HIV infection (1143) but was first reported as a
complication of integrin inhibition in 2005, in three patients treated with natalizumab
(two with MS and one with Crohn’s disease) (1144–1146).

The risk of PML in those treated for MS with natalizumab correlates strongly with
three key variables: (i) JC virus serology, (ii) duration of natalizumab use, and (iii)
previous use of other immunosuppression (1147). Ho et al. estimated this risk in a
pooled cohort of 21,696 patients being treated with integrin inhibitors (1147). Those
who are seronegative for JC virus have a very low risk of PML (0.07 per 1,000 treated
patients). Those who are seropositive have a higher risk: for example, a patient with
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strongly positive JC virus serology but no prior immunosuppression has a risk of
0.9/1,000 patients after 2 years of treatment and 7.9/1,000 after 5 years of treatment.
Schwab et al. summarized the risk of PML in MS patients treated with natalizumab as
4.2 cases per 1,000 treated patients, collating over 650 cases (1148).

Latent JC virus infection is highly prevalent worldwide, with 57% of 7,724 adults
from 10 countries seropositive (1149). It can be found in peripheral blood mononuclear
cells, kidneys, and oligodendrocytes in the central nervous system. Integrin inhibition
with natalizumab and/or efalizumab allows reactivation of latent JC virus infection both
peripherally and in the CNS, because of a decrease in cell-mediated immunity directed
against it by memory T cells. The lack of immune surveillance also leads to genetic
rearrangement of part of the JC virus genome, which allows it to become neurotropic
(1150). This then allows viral replication in oligodendrocytes and astrocytes, leading to
demyelination, particularly in subcortical and cerebellar white matter (1151). PML is a
devastating diagnosis with high mortality, and the only effective management is a
decrease in immunosuppressive medications. A recent case series provides some hope
for those suffering from PML: eight adults with PML due to various immunosuppressive
conditions (mostly CLL or HIV) were treated with the programmed cell death protein 1
(PD-1) checkpoint inhibitor pembrolizumab in an effort to reinvigorate T cell respon-
siveness to JC virus-infected cells, resulting in clinical and virological improvement in
five of the eight (430). It should be noted, however, that none of these eight patients
were being treated for MS, and so it is unclear if it would apply to such patients.
Moreover, augmenting immune responses to the JC virus could have the unintended
consequence of causing an immune reconstitution inflammatory syndrome, thereby
worsening the disease (1152–1154). Hence, further research is needed on the risks and
benefits of pembrolizumab and other immune checkpoint inhibitors in the treatment
of PML before they can be recommended in routine clinical practice.

Given the mechanism of action of integrin inhibitors (prevention of a range of
important immune effector cells from adhering to endothelium and migrating out of
the bloodstream), one might expect to see a spectrum of other infectious complica-
tions, particularly where cell-mediated immunity is important, such as viral and fungal
infections. However, despite searching hard in large cohorts of patients, there is little
evidence of other major infectious risk from integrin inhibitor use, with some minor
exceptions.

The risk of herpesvirus infections (HSV and VZV) appears to be slightly increased in
those treated with integrin inhibitors. Although registrational trials did not find any risk
of herpesvirus reactivation, postmarketing surveillance has detected more than 30 case
reports of HSV or VZV infections of the central nervous system in those treated with
natalizumab (1155). However, it is unclear whether this incidence is higher than that of
the background population not treated with integrin inhibitors.

The risk of other common infections appears to be either slightly increased or not
increased at all in those treated with integrin inhibitors. In the GEMINI 2 trial of
maintenance vedolizumab for 52 weeks in 461 patients with Crohn’s disease, serious
infections occurred in 5.5% of the vedolizumab group, compared with 3.0% of the
placebo group (1135). The risk of respiratory tract infections does not appear to be
increased in those treated with vedolizumab. For example, in a meta-analysis of three
RCTs, including 1,731 patients treated with vedolizumab, the hazard ratio was 1.12
(P � 0.46) for upper respiratory tract infection and 0.85 (P � 0.59) for lower respiratory
tract infection for vedolizumab versus placebo (1155). In a meta-analysis that included
data from 12 RCTs of integrin inhibitors, there was a nonstatistically small numerical
excess of opportunistic infections in those treated with non-gut-specific integrin inhib-
itors (7/643 patients versus 1/554 in the placebo group) and an even smaller numerical
difference with gut-specific integrin inhibitors (2 of 1,146 patients versus 0 of 664)
(1156).

Integrins: Prevention of Infection

Given that PML has a poor prognosis and no consistently effective treatment, a PML
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risk assessment is the essential consideration prior to commencing treatment for MS
with natalizumab. This involves JC virus serology and assessment of prior and concur-
rent immunosuppression, along with the type, severity, and time course of the MS.
Experts recommend repeating JC virus serology after 12 months of treatment and at
6-month intervals thereafter and repeating MRI brain scans regularly to detect early
PML changes (with the frequency depending on the anti-JCV antibody index) (537).
Other preventative strategies (e.g., immunizations and testing for HBV infection and
latent tuberculosis infection) are not specifically required prior to initiating integrase
inhibitors but are generally recommended in this scenario because of the prior or
concurrent use of other immunosuppressive therapies, such as corticosteroids, meth-
otrexate, or TNF inhibitors.

Integrin Inhibitors: Summary

Natalizumab is associated with a small risk of the devastating infectious complica-
tion PML, on the order of 4.2 per 1,000 treated patients. Aside from this, there is either
a small risk or no risk of other infections, including herpes zoster and upper respiratory
tract infections. Gut-specific integrin inhibitors, such as vedolizumab, are not associated
with PML, and there are no convincing data for excess risk of infection in patients
treated with this agent, although vigilance and further postmarketing surveillance
should continue.

IMMUNE CHECKPOINT INHIBITORS
Structure and Function of the Immune Checkpoint System

The immune systems of higher organisms have naturally evolved over time in
response to an evolutionary arms race against bacterial, fungal, protozoal, and viral
infection (1157). But more importantly, higher organisms have evolved to live symbi-
otically with microbiota, and indeed, a healthy microbiome is essential to good health
(1158). Therefore, a key component of the immune system is regulatory in nature,
maintaining a beneficial microbiota but preventing infection and damage from patho-
genic microorganisms. All levels of the immune system are regulated by multiple
influences, in the innate and adaptive systems, with various subsets of CD4�, CD8�,
and NK cells providing and maintaining homeostasis. One key component of these
interactions involves a diverse family of signaling molecules called immune check-
points. The key molecules involved in immune checkpoint signaling are programmed
cell death protein 1 (PD-1, also known as CD279), ligand of PD-1 (PD-L1), and cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4). The canonical cognate pairs of PD-1/PD-L1
and CTLA-4/CD80/CD86 are well known, but dozens of signaling partners are now
described (1159).

The role of immune checkpoints in cancer and infection has been exhaustively
discussed elsewhere (1160), but in brief, immune checkpoint signaling molecules are
displayed on the surface of various populations of immune cells and on the surface of
every normal cell in the body. As part of normal immune surveillance, immune cells
(predominantly CD8� cytotoxic lymphocytes) circulate and patrol the body, interro-
gating cells for their immune identity and status. Cells infected with viruses are likely
to generate viral proteins that are processed and degraded in the proteasome, with
these peptides presented on the cell surface on MHC class I and class II molecules.
Lymphocytes expressing T or B cell receptors may then interact with these infected
cells. When the antigen being displayed by the infected cell is recognized, an immune
synapse between the target cell and immune cell is created. At this point, the immune
checkpoint signaling partners align within the immune synapse and a quorum is
reached depending on the balance of positive and negative regulatory signals. The
canonical signaling pair PD-1/PD-L1 illustrates this balance well; if there is sufficiently
strong negative costimulatory signaling from PD-L1 expression, then T cells become
anergic and unresponsive; otherwise, the T cell becomes activated and initiates cell-
mediated immune destruction of the target cell.
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Originally evolved to manage viral infections, this immunosurveillance process is
also critical for identification and destruction of transformed cancerous cells. There is
considerable overlap between these two processes, as one of the key oncogenic
processes leading to cancer is viral infection, e.g., human papillomavirus (HPV)-related
squamous carcinomas or hepatitis B virus-related hepatocellular carcinoma. Immune
checkpoint inhibitors (ICIs) are a rapidly evolving class of drugs whose members
currently target three molecules: PD-1, PD-L1, and CTLA-4. Originally conceived for the
treatment of resistant viral infection, it was rapidly appreciated that cancer treatment
would be a major use of this drug class. In and of themselves, ICIs cause negligible side
effects, barring the rare cases of infusion reaction (�0.5%). However, the mechanism of
action and, thus, side effects are almost entirely related to their pharmacodynamic
effects, i.e., whether they induce immune activation or not, so we will consider their
influence on infectious complications as a group but account for variations in terms of
the degree of immune activation.

Immune Checkpoint Inhibitors: Available Agents

The structures of ICIs are very similar across the class (Table 17), all comprising
human or fully humanized immunoglobulins with some minor differences that are
speculated to have an influence on mode of action that is not necessarily proven in
clinical practice. For example, avelumab is said to enable antibody-dependent cellular
cytotoxicity (ADCC), though whether this has any relevance in vivo is unclear (1161).
Likewise, ipilimumab, a human IgG1 anti-CTLA-4, has been shown to mediate Fc�R-
mediated cytotoxicity of human regulatory T cells ex vivo and to be associated with
intratumoral regulatory T cell depletion (1162). However, the binding and therapeutic
activity of different anti-CTLA-4 antibodies appear to be very similar (1163). The
on-label indications for ICI are changing rapidly and continuously, but approved
indications at the time of writing are shown in Table 17.

Immune Checkpoint Inhibitors: Infectious Complications

The epidemiology of infectious complications with ICI is hard to define, as this is a
comparatively recent drug class. The overall incidence of infections in those taking ICIs
is modest, and it is difficult to discern if there is any additive risk of infection on top of
an already elevated background risk of infection in patients immunocompromised by
being burdened with metastatic cancers.

A number of authors have examined the incidence of infections in people with
various cancers taking ICIs. In one report (1164), 84 non-small cell lung cancer (NSCLC)
patients taking nivolumab were observed. One-quarter of patients developed an
infection, including pneumonia, lung abscess, and septicemia. Of the patients who
developed infection, 50% were taking corticosteroids. In a retrospective case series, 740
patients taking ICIs for metastatic melanoma were reviewed, and serious infection

TABLE 17 Available immune checkpoint inhibitors

Target Drug Isotypea On-label indication(s)b

Anti-CTLA-4 Ab Ipilimumab Human IgG1 Melanoma, renal carcinoma
Tremelimumab Human IgG2 None yet

Anti-PD-1 Ab Pembrolizumab Humanized IgG4(�) Melanoma, lung cancer, head and neck cancer, bladder cancer,
renal carcinoma, Hodgkin’s disease, MSI-high cancers

Nivolumab Human IgG4 Melanoma, lung cancer, head and neck cancer, bladder cancer,
renal carcinoma, Hodgkin’s disease

Cemiplimab Human IgG4 Squamous carcinoma of skin

Anti-PD-L1 Ab Atezolizumab Humanized IgG1 with modified
Fc to limit ADCC

Bladder cancer, breast cancer, lung cancer

Avelumab Human IgG1, ADCC enabled Merkel cell carcinoma, bladder cancer
Durvalumab Human IgG1(�) Bladder cancer, lung cancer

aADCC, antibody-dependent cellular cytotoxicity.
bMSI, microsatellite instability.
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occurred in 54 patients (7.3%) (1165). Again, the main risk factors were the need for
corticosteroids and/or infliximab.

A systematic review and meta-analysis examining the risk of pneumonitis and
pneumonia associated with ICI therapy identified 23 randomized controlled trials in
patients with solid cancers (1166). Compared with taking chemotherapy or other
agents, patients taking various classes of ICIs had higher levels of pneumonitis
(immune-mediated noninfectious lung inflammation) but did not have any apparent
increase in the risk of infectious pneumonia. The absolute risk of pneumonitis remains
relatively low (1 to 5%) (1167), making pneumonia an important diagnosis to exclude
in patients presenting with respiratory syndromes. A retrospective review of patients
with melanoma, renal cell carcinoma, or NSCLC taking ICIs identified 39 infectious
episodes (35 bacterial and 4 viral) among 111 patients, of which 12.6% were defined as
serious (requiring intravenous therapy and/or hospitalization). While there was no
association with the specific ICI or the type of cancer, corticosteroid use was again
associated with serious infections (85.7% versus 28.4%; P � 0.0003) (1168).

Systemic immunosuppression is a key risk and cause of treatment-related mortality
in people taking cytotoxic chemotherapy, with neutropenia or neutropenic sepsis
occurring in some degree in up to one-sixth of patients taking chemotherapy (1169).
Conversely, though rarely reported (1170), the incidence of cytopenia after treatment
with ICIs remains extremely low, �1% (1169). No cases of neutropenic sepsis appear to
have been reported, however, indicating that this is one risk factor for infection that is
of very low frequency.

These early retrospective reports suggest that there is no specific increased risk of
infection in patients taking ICIs, but by placing patients at risk of requiring immuno-
suppression (e.g., corticosteroids used to treat ICI-induced pneumonitis), this in turn
does appear to increase the risk of serious and opportunistic infections.

Whereas immune checkpoint blockade may unleash potentially beneficial tumor-
specific T cell responses, the influence of ICIs on pathogen-specific T cell function
through PD-1 blockade is unclear. In humans, immune checkpoint expression levels on
circulating lymphocytes, in particular on Mycobacterium tuberculosis-specific CD4 T
cells, are increased during active infection, while levels of PD-1 expression decrease
after successful tuberculosis treatment (1171, 1172). PD-1 checkpoint inhibition has
therefore been suggested as an adjunctive treatment for tuberculosis, but it re-
mains unclear whether PD-1 inhibitors would be beneficial or harmful in human
tuberculosis infection. There have been several case reports of tuberculosis reactivation
in patients being treated with ICIs (1173–1178), but most of these were in the context
of previous or concomitant cytotoxic chemotherapy, so the relative contribution (if any)
of ICIs to the reactivation is unknown. These sparse case reports should be viewed in
the context of the known risk of tuberculosis reactivation in people with metastatic
malignancies in general. A systematic review and meta-analysis that included over
900,000 patients with cancer confirmed a substantially increased risk of tuberculosis, in
particular in adults with metastatic lung cancer or hematological malignancies and in
children with all malignancies (1179). The standardized incidence rate varied with
tumor group and time since diagnosis but ranged from �2 to 12 per 100,000 per
annum. In a second systematic review and meta-analysis, including over 300,000
patients with cancer treated between 1950 and 2011, almost 600 cases of tuberculosis
were reported, again giving an incidence of around 2 per 100,000 (1180). Compared to
that in the general population, the incidence rate ratio was over 9 times higher, and
again, the risk was highest in patients with lung cancer and hematological cancers.
Contextualizing this background risk, it is difficult to know if our early experience with
ICIs in cancer is associated with a further increase in the risk of tuberculosis reactivation.

Potential Use of Immune Checkpoint Inhibitors for the Treatment of Infections

Not only does it appear that ICIs are not associated with an increased risk of
infections; they may actually be a useful adjunctive therapeutic against infections. ICIs
have shown potential to restore HIV-specific antiviral cellular immune responses in
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early-stage clinical trials (1181). However, due to the multiple mechanisms influencing
HIV persistence, clinical benefit from monotherapy is unlikely and combination thera-
pies are the most likely path forward for the chance of HIV cure. People with HIV are
routinely excluded from clinical trials in cancer therapy, presumably for fear of com-
plications or competing medical problems that will interfere with interpretation of the
trial results. In a literature review and case report, 63 patients were identified as having
been treated with ICIs in the context of having established HIV infection. There were no
apparent differences in the safety or efficacy of ICIs in this cohort compared to their
safety or efficacy in other patient populations (1182). Apart from the HIV examples
mentioned above, there are several other situations under active study. Alveolar
echinococcosis is a rare zoonotic parasitic disease of the liver characterized by pseu-
dotumor formation and distinct from hydatid disease (cystic echinococcosis). In pre-
clinical studies, PD-1/PD-L1 immune checkpoint blockade improves outcomes in mice
suffering alveolar echinococcosis (1183). The PD-1/PD-L1 pathway is overexpressed in
the liver during the chronic stage of alveolar echinococcosis, and in a mouse model,
PD-L1 inhibitor therapy was associated with reduced parasite load, increased Th1
responses, decreased Treg responses, and reduced liver lesions.

In a mouse model, anti-PD-1 antibody therapy was found to promote clearance of
persistent cryptococcal lung infection in mice (1184). Immunosuppressive immune
checkpoints like PD-1 were found to be upregulated in the lungs of infected mice, while
PD-1 treatment reduced IL-5 and IL-10 expression and upregulated OX40 by Th1 and
Th17 cells but did not alter immune effector cell numbers or myeloid cell activation.

Targeting immune checkpoints during sepsis is another strategy being explored.
Preclinical and clinical studies show that inhibitory molecules like PD-1, PD-L1, CTLA-4,
TIM3, and LAG3 are upregulated in patients with sepsis. In preclinical models, immune
checkpoint inhibitors improve innate and adaptive immune cell function, increase host
resistance to infection, and significantly improve survival (1185). In a phase I clinical
trial, people suffering sepsis with low absolute lymphocyte counts were given two
doses of an anti-PD-L1 antibody, BMS-936559, in a dose-escalation study (1186). The
drug was well tolerated with only low-grade toxicity, and the levels of HLA-DR on
peripheral monocytes were increased following treatment. CD14� HLA-DRlow periph-
eral blood monocytes are commonly referred to as monocytic myeloid-derived sup-
pressor cells and were first characterized in patients with sepsis, where they regulate a
transition from a proinflammatory state to an immunosuppressive state, both in the
face of infection and cancer (1187, 1188).

Finally, immune checkpoints and ICIs have recently been implicated in the patho-
genesis and perhaps treatment of JC polyomavirus-associated progressive multifocal
leukoencephalopathy (PML). Recent case reports suggest that ICI therapy with pem-
brolizumab may improve the outcome from this devastating infection, by restoring
immune responses to the JC virus (430).

Finally, there appears to be an interaction of the human gut microbiota and
response to ICI therapy (1189). For example, one group used metagenomics of patient
stool samples prior to ICI therapy to show correlations between clinical response and
the relative abundance of Akkermansia muciniphila. Oral supplementation of this same
organism into mice bearing tumors improved the efficacy of anti-PD-1 therapy by
driving recruitment of CCR9� CXCR3� CD4� T lymphocytes into tumors (1190). Like-
wise, there is an abundance of data showing that taking antibiotics concurrently or
immediately prior to taking an ICI for cancer immunotherapy is associated with
decreased efficacy of ICI therapy, for example, in kidney cancer (1191), non-small cell
lung cancer (1192, 1193), and metastatic melanoma (1194), and in cancers more
broadly (1195). Whether the type of antibiotic, timing of therapy, or underlying medical
comorbidity that necessitated the antibiotic prescription is relevant is unclear.

Immune Checkpoint Inhibitors: Prevention of Infection

Given that the side effects of ICIs are directly related to excessive immune dysregu-
lation, one of the key management steps in abrogating and reversing these toxicities
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involves the judicious use of immunosuppressants, such as corticosteroids. While in
most cases, severe immune-related adverse effects resolve quickly with cessation of the
ICI and administration of corticosteroids, in some patients, prolonged courses (over 6
weeks) of corticosteroids or more complex immunosuppressants, such as mycopheno-
late mofetil, infliximab, or other biologics, are needed.

Given that the noninvasive diagnosis of tuberculosis remains challenging, a height-
ened awareness of the possibility of tuberculosis reactivation and a low threshold to
consider investigations should be a minimum for preventative measures. Of note, initial
and ongoing clinical trials for ICIs in cancer typically have shown no evidence of HIV
infection or active hepatitis B or C virus infection.

Immune Checkpoint Inhibitors: Summary

Immune checkpoint inhibitors do not appear to be associated with an increased risk
of infection, independent of background diagnoses and the concomitant use of
immunosuppressive agents. In fact, they may even be beneficial as adjunctive therapy
in certain infections. However, this drug class has only been used in clinical practice for
less than a decade, and it is possible that rare infectious complications will emerge as
further data accumulate.

COMPLEMENT PATHWAY INHIBITORS
Role of the Complement Pathway

The complement pathway is a pivotal component of both the innate and adaptive
immune systems (1196, 1197). Complements are a series of proteins that work together
with antibodies to help destroy and clear pathogens by opsonization and lysis. There
are several recognized complement pathways (classical, alternative, and lectin), with
different triggers. The final common pathway for all of these is the activation of
complement component 5 (C5) and the consequent formation of the membrane attack
complex (MAC), which destroys foreign cells. The “late” components of the comple-
ment cascade (C5 to C9) are important in the immune response to encapsulated
organisms, particularly Neisseria species. Those with genetic mutations causing defi-
ciencies of the late complement pathway are predisposed to Neisseria gonorrhoeae and
Neisseria meningitidis infections, which have been reported in up to 50% of such
patients, but have minimal or no increase in risk of other infections (1198–1201).

Complement Pathway Inhibitors: Available Agents

The only currently approved complement inhibitor is eculizumab, a humanized IgG
monoclonal antibody directed against C5 complement (1202). This inhibits the terminal
part of the complement pathway, thus preventing the destruction of red blood cells in
those with paroxysmal nocturnal hemoglobinuria (PNH) while preserving the function
of earlier parts of the complement pathway, allowing C3b and C4b opsonins to clear
pathogens and immune complexes. Eculizumab is also indicated for use in atypical
hemolytic uremic syndrome (aHUS) (1203), which is caused by mutations in regulatory
genes that lead to hyperactivation of the alternative complement pathway, as well as
in myasthenia gravis and neuromyelitis optica spectrum disorder. It has been used
off-label to prevent or treat antibody-mediated rejection (1204–1208), thrombotic
microangiopathy (1209), and ischemia-reperfusion injury (1210) following kidney trans-
plant. Eculizumab prevents both hemolysis and thrombosis in PNH and leads to
decreased transfusion requirements (1202). It is said to be one of the most expensive
medicines in the world currently, at over $500,000 per patient per year. Because PNH
is a genetic disorder, eculizumab needs to be used long-term, with fortnightly intra-
venous maintenance infusions. Ravulizumab is a selective C5 inhibitor currently under-
going phase III trials; it appears to have similar efficacy to eculizumab but more
convenient dosing, needing 8-weekly rather than 2-weekly infusions (1211, 1212).
Selective inhibitors of other parts of the complement pathway are under development,
including inhibitors of the alternative pathway currently being developed for macular
degeneration (1213, 1214).
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Complement Pathway Inhibitors: Infectious Complications

In line with the data from those with inborn complement deficiencies, treatment
with eculizumab is associated with a clear increased risk of Neisseria infections but little
other infectious risk. Although too rare to have been detected in registrational trials,
shortly after this agent entered clinical use, case reports emerged of meningococcal
and gonococcal infections (1215–1217). Infections with species of Neisseria, which are
usually regarded as harmless commensals, have also been reported (1218, 1219) in
those taking eculizumab. Disseminated gonococcal infection has recently emerged as
a risk in those on treatment (1220).

Ten years of safety data on eculizumab have recently been compiled (1221). In
28,518 cumulative patient years of exposure, there were 76 reported cases of menin-
gococcal infection (0.25 per 100 patient years), 8 of which were fatal. Nonmeningo-
coccal serious infections were also common, including pneumonia (11.8% of patients),
sepsis (11.1%), and urinary tract infections (4.1%). Although the absolute risk of invasive
meningococcal infection is low, it is at least 1,000-fold higher than that in the back-
ground population (1222). Unfortunately, many of these infections occurred in patients
who had been vaccinated against meningococcus (1217, 1223–1225). This is likely due
to a combination of poor serological response to the vaccine (1226), nonvaccine strains
(1222), or an initial good vaccine response which then became ineffective in the
absence of an adequate C5 response because of eculizumab.

Complement Pathway Inhibitors: Prevention of Infection

Given the risk of meningococcal infection, ideally patients should be immunized
with conjugate tetravalent meningococcal vaccine (Men ACWY) at least 4 weeks before
treatment commences. Two doses should be given, 8 to 12 weeks apart. In addition,
meningococcus group B vaccine should be given (two or three doses depending on
which product is used). Antibiotic prophylaxis (e.g., with oral phenoxymethyl penicillin
at 500 mg twice daily) should be given until 4 to 8 weeks following the completion
of both vaccine courses and should be continued in those receiving other immu-
nosuppressive therapy as long as the patient is on eculizumab. Although there is no
clear evidence of increased risk of pneumococcal or Haemophilus infection, it is
prudent to also vaccinate against these pathogens prior to commencing treatment
with eculizumab. Patients should be educated about the risk of gonococcal infec-
tion and how to avoid it. Those who are sexually active, especially with more than
one partner over time, should be offered regular screening for urogenital and/or
pharyngeal gonorrhoea.

Complement Pathway Inhibitors: Summary

Eculizumab, a monoclonal antibody directed against C5, is the only currently
available complement pathway inhibitor. It is unusual among biological immunosup-
pressive agents in that it is often used without any concomitant immunosuppression
and in that the predicted infection risk (based on basic science, animal models, and
complement-deficient humans) appears to be exactly correct. The risk of Neisseria
infections (especially meningococcus) is markedly increased in patients treated with
eculizumab, but it is unclear if there is increased risk of other infections.

SUMMARY AND CONCLUSIONS

At the end of this long journey through the literature, there are several key lessons
which emerge. (i) Most biological immunomodulatory agents are used in the context of
concomitant conventional immunosuppressive therapy (such as corticosteroids), and
hence, it is often difficult to tease out the attributable risk of infectious complications
and to prove associations between particular infections and specific agents. (ii) We do
not know as much about the human immune system as we think we do. It is vastly
complex, with substantial redundancy. Many observed infectious complications were
not anticipated (e.g., PML in those treated with integrin inhibitors or HBV reactivation
due to B cell inhibition with rituximab), and conversely, many that were predicted did
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not turn out to be a problem (e.g., parasitic infection in those treated with IL-5 or
eosinophil inhibition or overwhelming sepsis in those treated with IL-6 inhibition). (iii)
Corticosteroids are worse than you think. We often tend to underestimate the risk of
the familiar and assume that the infection risk from new and expensive biologicals must
be much higher than that of corticosteroids, which most clinicians prescribe quite
often. However, the reverse seems to be true: the risk of any serious infection appears
to be higher with prolonged corticosteroids than with most biologics, and combining
steroids with biologics greatly augments the infection-related risk. (iv) Biologic and
small molecule immunosuppressive agents should not all be painted with the same
brush—there is a wide spectrum of risk between the various agents, ranging from
almost none to very high (Tables 18 and 19). (v) Preventive strategies are usually
effective but often are neglected or are impractical. Clinicians treating a patient with
one of these agents are usually primarily concerned with the target syndrome, which
may be rapidly progressive and life-threatening. Hence, opportunities for prevention
may be overlooked or be impossible in the time frame (e.g., vaccinations prior to
treatment or treatment of LTBI with isoniazid or rifampin). Simpler and more effective
prevention strategies are needed and should be an active area of research. This
includes vaccines that are safe to give after the onset of immunosuppression (e.g., the
new recombinant varicella vaccine), shorter courses of treatment for latent tuberculosis
infection, and better risk prediction models to select out those who should be offered
prophylactic anti-infectious treatments. Finally, (vi) practicing clinicians need to learn
about and keep abreast of new developments in biologic therapies. While these started
out being developed for relatively niche indications in rheumatoid arthritis and se-
lected malignancies, biologics and small molecule immunosuppressive agents are now
mainstream treatments in dermatology, ophthalmology, respiratory medicine, gastro-
enterology, oncology, hematology, neurology, rheumatology, immunology, and trans-
plant medicine, and this list will almost certainly grow over time. In addition, the
practice of infectious diseases and general internal medicine is highly relevant to all of
these agents, because of their consequences.

Despite the caveats listed above, there are some infectious complications with
well-established evidence for a specific association, independent of background im-
munosuppression. Such associations are presented in Table 20.

Prevention of infection should be considered in every patient prior to the initiation
of biologic or small molecule immunomodulatory therapy, with the possible exception
of the agents listed in Table 18. The recommendations for specific actions are contex-
tual, depending on the agent, the concomitant therapy, the underlying disease process,
and the geographical and behavioral circumstances of the patient. Hence, it is difficult
to summarize the recommendations across all agents. The discussion of prevention at
the end of each section of this article is the best place to look for these recommen-
dations, although even there, the recommendations are often uncertain or limited due
to a lack of evidence or large interindividual variation in risk. Having said that, there are
several measures that can be recommended in all patients prior to the use of any agent

TABLE 18 Biological immunomodulatory agents with no or minimal increased risk of infection

Agent(s) Mechanism of action Notes

Anakinra IL-1 receptor antagonist Nonsignificant increase in upper respiratory tract infections; canakinumab (another
IL-1 receptor antagonist) appears to have a higher infection risk than anakinra

Ustekinumab, risankizumab,
tildrakizumab, guselkumab

IL-12 and/or IL-23 Possible small increase in risk of nonserious upper respiratory tract infections

Mepolizumab, reslizumab,
benralizumab

IL-5 Possible small increase in risk of geohelminth infection, but no definite such risk
detected thus far despite specifically looking for it

Omalizumab IgE Possible small increase in risk of geohelminth infection, but no definite such risk
detected thus far despite specifically looking for it

Dupilumab IL-4 Lower risk of skin infection than placebo in those treated for atopic eczema
Ipilimumab CTLA-4 Observed infection risk relates to use of corticosteroids to treat complications
Nivolumab PD-1 Also applies to pembrolizumab, atezolizumab, and avelumab; observed infection risk

relates primarily to use of corticosteroids to treat complications
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discussed in this article, including those listed in Table 18. These include the following:
(i) optimization of skin health, through identification and treatment of xerodermatitis,
pyoderma, ulcerating skin cancers, scabies infection, and other potential portals of
infection; (ii) optimization of respiratory health, through smoking cessation, use of
regular inhaled long-acting bronchodilators and/or corticosteroids where indicated,
and treatment of chronic or recurrent sinusitis with antibiotics and/or local measures
like lavage or functional endoscopic sinus surgery; (iii) provision of pneumococcal
vaccination (13-valent conjugate vaccine followed 8 weeks later by 23-valent polysac-
charide vaccine, with a repeat 23-valent polysaccharide vaccine every 5 years) and
influenza vaccination (yearly); and (iv) behavior modification to minimize infection risk,
including the use of personal protective equipment (gloves, respirator, boots, and long

TABLE 19 Infection risk gradient for biological immunomodulatory agents

Risk category, drug(s) Key detailsa

High risk
Anti-CD52 MAb (alemtuzumab) Herpes zoster in �3%

CMV reactivation at 20–50% in lymphoma patients and �1% in MS patients
PML in 0.5%
Serious infections in 4.2%
Pneumocystis pneumonia and tuberculosis reactivation also described, but

risk estimates vary widely
Also applies to blinatumomab, daratumumab and elotuzumab, but fewer

data are available for these agents

Moderate risk—high consequences
Natalizumab PML due to JC virus reactivation in 4.2/1,000 patients after 5 years of

treatment; individual risk depends on JC virus serology, previous or
concomitant immunosuppression, and duration of therapy

Bruton’s tyrosine kinase inhibitors (ibrutinib,
acalabrutinib)

Invasive fungal infections; reported incidence varies widely, from 0–44%
Serious respiratory tract infections in 20–68%

Moderate risk—low to moderate consequences
TNF inhibitors (infliximab, etanercept, adalimumab,

certolizumab, golimumab)
HBV reactivation in 12–39%
Tuberculosis reactivation at 117/100,000 PY
Serious infections at 4.5–14.0/100 PY

Anti-CD20 MAbs (rituximab, ocrelizumab,
ofatumumab, obinutuzumab)

Serious infections at 31.8/100 PY with underlying lymphoma and 5/100 PY
with underlying RA

HBV reactivation in up to 42%
IL-6 pathway inhibitors (tocilizumab, sarilumab,

siltuximab)
Serious infections in 2.7% or at 4.0–4.5/100 PY

IL-17 pathway inhibitors (secukinumab, ixekizumab,
brodalumab)

Mucocutaneous candidiasis in 3–4%

JAK inhibitors (tofacitinib, baricitinib, ruxolitinib) Serious infections at 2.6–3.1/100 PY for tofacitinib
Herpes zoster at 2.5–5.3/100 PY

BCR-ABL inhibitors (most data relate to imatinib) HBV in 1–10% if HBsAg�

Herpes zoster and CMV present low risk, not clearly quantified, but higher
than for placebo

aPercentages refer to proportion of patients experiencing each infection during the reported trial or cohort study, over various periods of follow up. HBV, hepatitis B
virus; PML, progressive multifocal leukoencephalopathy; RA, rheumatoid arthritis; CMV; cytomegalovirus.

TABLE 20 Key well-established associations between biological agents and particular infections

Target Exemplar Key infectious association Notes

TNF Infliximab Reactivation of latent tuberculosis Gradient of risk: etanercept/certolizumab¡infliximab
CD20 Rituximab Reactivation of HBV infection Also described with ocrelizumab
CD52 Alemtuzumab AIDS-like syndrome (profound

CD4 depletion)
Pneumocystis pneumonia, reactivation of CMV, VZV, HSV, and

tuberculosis
IL-17 Secukinumab Mucocutaneous candidiasis Also seen with brodalumab and ixekizumab; minimal other

infectious risk
Integrins Natalizumab PML due to JC virus reactivation Not seen with gut selective agents (vedolizumab)
Bruton’s tyrosine kinase Ibrutinib Invasive fungal infections Aggressive/atypical presentations
Complement pathway

inhibitors
Eculizumab Infections with Neisseria spp. About 1,000 times the rate in the background population
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pants) when gardening or renovating houses, avoidance of unprotected sexual inter-
course with casual partners, avoidance of major building excavation, avoidance of
foods with a potential for contamination by Listeria spp., including soft cheeses, raw
seafood, and salad bars, and seeking expert advice prior to travelling to low- or
middle-income countries.

In conclusion, biologic and small molecule targeted immunosuppressive therapies
have revolutionized the treatment of many conditions over the past 2 decades and are
likely to become more commonly used for a wider range of indications in the near
future. Awareness of, vigilance for, and tailored preventative strategies against their
infectious complications are needed to ensure that the risk-benefit ratio of these agents
remains firmly on the benefit side of the ledger.
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241. Trunečka P, Klempnauer J, Bechstein WO, Pirenne J, Friman S, Zhao A,
Isoniemi H, Rostaing L, Settmacher U, Mönch C, Brown M, Undre N,
Tisone G, the DIAMOND Study Group. 2015. Renal function in de novo
liver transplant recipients receiving different prolonged-release ta-
crolimus regimens—The DIAMOND Study. Am J Transplant 15:
1843–1854. https://doi.org/10.1111/ajt.13182.

242. Clinckart F, Bulpa P, Jamart J, Eucher P, Delaunois L, Evrard P. 2009.
Basiliximab as an alternative to antithymocyte globulin for early im-
munosuppression in lung transplantation. Transplant Proc 41:
607– 609. https://doi.org/10.1016/j.transproceed.2008.12.028.

243. Kaine JL. 2007. Abatacept for the treatment of rheumatoid arthritis: a

review. Curr Ther Res Clin Exp 68:379 –399. https://doi.org/10.1016/j
.curtheres.2007.12.001.

244. Gron KL, Glintborg B, Norgaard M, Mehnert F, Ostergaard M, Dreyer L,
Krogh NS, Bjorner JB, Hetland ML. 2019. Comparative effectiveness of
certolizumab pegol, abatacept and biosimilar infliximab in patients
with rheumatoid arthritis treated in routine care. Observational data
from the Danish DANBIO registry emulating a randomized trial. Ar-
thritis Rheumatol 71:1997–2004. https://doi.org/10.1002/art.41031.

245. Schiff M, Keiserman M, Codding C, Songcharoen S, Berman A, Nay-
iager S, Saldate C, Li T, Aranda R, Becker JC, Lin C, Cornet PL, Douga-
dos M. 2008. Efficacy and safety of abatacept or infliximab vs placebo
in ATTEST: a phase III, multi-centre, randomised, double-blind,
placebo-controlled study in patients with rheumatoid arthritis and an
inadequate response to methotrexate. Ann Rheum Dis 67:1096 –1103.
https://doi.org/10.1136/ard.2007.080002.

246. Taylor PC. 2009. How do the efficacy and safety of abatacept and
infliximab compare in the treatment of active RA? Nat Rev Rheumatol
5:126 –127. https://doi.org/10.1038/ncprheum1022.

247. Maxwell LJ, Singh JA. 2010. Abatacept for rheumatoid arthritis: a
Cochrane systematic review. J Rheumatol 37:234 –245. https://doi.org/
10.3899/jrheum.091066.

248. Song I-H, Heldmann F, Rudwaleit M, Haibel H, Weiß A, Braun J, Sieper
J. 2011. Treatment of active ankylosing spondylitis with abatacept: an
open-label, 24-week pilot study. Ann Rheum Dis 70:1108 –1110.
https://doi.org/10.1136/ard.2010.145946.

249. Meiners PM, Vissink A, Kroese FG, Spijkervet FK, Smitt-Kamminga NS,
Abdulahad WH, Bulthuis-Kuiper J, Brouwer E, Arends S, Bootsma H.
2014. Abatacept treatment reduces disease activity in early primary
Sjogren’s syndrome (open-label proof of concept ASAP study). Ann
Rheum Dis 73:1393–1396. https://doi.org/10.1136/annrheumdis-2013
-204653.

250. Hoi A, Littlejohn G. 2014. Is there still a role for abatacept in the
treatment of lupus? Expert Opin Biol Ther 14:1345–1350. https://doi
.org/10.1517/14712598.2014.935329.

251. Langford CA, Monach PA, Specks U, Seo P, Cuthbertson D, McAlear
CA, Ytterberg SR, Hoffman GS, Krischer JP, Merkel PA, Vasculitis Clin-
ical Research Consortium. 2014. An open-label trial of abatacept
(CTLA4-IG) in non-severe relapsing granulomatosis with polyangiitis
(Wegener’s). Ann Rheum Dis 73:1376 –1379. https://doi.org/10.1136/
annrheumdis-2013-204164.

252. Anonymous. 2011. Full prescribing information: Adcetris (brentux-
imab vedotin). Reference ID 3662552. Food and Drug Administration,
Silver Spring, MD.

253. Nademanee A, Sureda A, Stiff P, Holowiecki J, Abidi M, Hunder N,
Pecsok M, Uttarwar M, Purevjal I, Sweetenham J. 2018. Safety analysis
of brentuximab vedotin from the phase III AETHERA trial in Hodgkin
lymphoma in the post-transplant consolidation setting. Biol Blood
Marrow Transplant 24:2354 –2359. https://doi.org/10.1016/j.bbmt
.2018.05.026.

254. Pro B, Advani R, Brice P, Bartlett NL, Rosenblatt JD, Illidge T, Matous J,
Ramchandren R, Fanale M, Connors JM, Yang Y, Sievers EL, Kennedy
DA, Shustov A. 2012. Brentuximab vedotin (SGN-35) in patients with
relapsed or refractory systemic anaplastic large-cell lymphoma: results
of a phase II study. J Clin Oncol 30:2190 –2196. https://doi.org/10
.1200/JCO.2011.38.0402.

255. Raisch DW, Rafi JA, Chen C, Bennett CL. 2016. Detection of cases of
progressive multifocal leukoencephalopathy associated with new bi-
ologicals and targeted cancer therapies from the FDA’s adverse event
reporting system. Exp Opin Drug Saf 15:1003–1011. https://doi.org/
10.1080/14740338.2016.1198775.

256. Tudesq J-J, Vincent L, Lebrun J, Hicheri Y, Gabellier L, Busetto T, Merle
C, Fegueux N, Ceballos P, Quittet P, Navarro R, Hillaire-Buys D, Cartron
G. 2017. Cytomegalovirus infection with retinitis after brentuximab
vedotin treatment for CD30(�) lymphoma. Open Forum Infect Dis
4:ofx091. https://doi.org/10.1093/ofid/ofx091.

257. Osherov M, Milo R. 2017. Daclizumab for the treatment of adults with
relapsing forms of multiple sclerosis. Expert Rev Clin Pharmacol 10:
1037–1047. https://doi.org/10.1080/17512433.2017.1366854.

258. Brooks M. 2 March 2018. MS drug daclizumab (Zinbryta) pulled from
the market. Medscape, New York, NY. https://www.medscape.com/
viewarticle/893352. Accessed 10 November 2019.

259. Ellis CN, Krueger GG, Alefacept Clinical Study Group. 2001. Treatment
of chronic plaque psoriasis by selective targeting of memory effector

Infectious Complications of Biologics Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 83

https://doi.org/10.1038/nri3839
https://doi.org/10.1074/jbc.M302709200
https://doi.org/10.1038/cdd.2011.153
https://doi.org/10.1038/cdd.2011.153
https://doi.org/10.1615/CritRevImmunol.2014010373
https://doi.org/10.1615/CritRevImmunol.2014010373
https://doi.org/10.1038/cddis.2015.42
https://doi.org/10.4049/jimmunol.0902761
https://doi.org/10.1128/JVI.02844-06
https://doi.org/10.1128/JVI.02844-06
https://doi.org/10.1371/journal.ppat.1002464
https://doi.org/10.1371/journal.ppat.1002464
https://doi.org/10.4049/jimmunol.1400019
https://doi.org/10.4049/jimmunol.1400019
https://doi.org/10.1128/CMR.00097-13
https://doi.org/10.1128/CMR.00097-13
https://doi.org/10.1007/s00281-015-0490-8
https://doi.org/10.1007/s00281-015-0490-8
https://doi.org/10.1126/science.282.5386.121
https://doi.org/10.1126/science.282.5386.121
https://doi.org/10.1002/1521-4141(200012)30:12%3C3689::AID-IMMU3689%3E3.0.CO;2-4
https://doi.org/10.1002/1521-4141(200012)30:12%3C3689::AID-IMMU3689%3E3.0.CO;2-4
https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/basnov010203LB.htm
https://www.accessdata.fda.gov/drugsatfda_docs/label/2003/basnov010203LB.htm
https://doi.org/10.1016/j.transproceed.2015.08.009
https://doi.org/10.1016/j.transproceed.2015.08.009
https://doi.org/10.1111/j.1365-2141.2005.05631.x
https://doi.org/10.1111/j.1365-2141.2005.05631.x
https://doi.org/10.1111/ajt.13182
https://doi.org/10.1016/j.transproceed.2008.12.028
https://doi.org/10.1016/j.curtheres.2007.12.001
https://doi.org/10.1016/j.curtheres.2007.12.001
https://doi.org/10.1002/art.41031
https://doi.org/10.1136/ard.2007.080002
https://doi.org/10.1038/ncprheum1022
https://doi.org/10.3899/jrheum.091066
https://doi.org/10.3899/jrheum.091066
https://doi.org/10.1136/ard.2010.145946
https://doi.org/10.1136/annrheumdis-2013-204653
https://doi.org/10.1136/annrheumdis-2013-204653
https://doi.org/10.1517/14712598.2014.935329
https://doi.org/10.1517/14712598.2014.935329
https://doi.org/10.1136/annrheumdis-2013-204164
https://doi.org/10.1136/annrheumdis-2013-204164
https://doi.org/10.1016/j.bbmt.2018.05.026
https://doi.org/10.1016/j.bbmt.2018.05.026
https://doi.org/10.1200/JCO.2011.38.0402
https://doi.org/10.1200/JCO.2011.38.0402
https://doi.org/10.1080/14740338.2016.1198775
https://doi.org/10.1080/14740338.2016.1198775
https://doi.org/10.1093/ofid/ofx091
https://doi.org/10.1080/17512433.2017.1366854
https://www.medscape.com/viewarticle/893352
https://www.medscape.com/viewarticle/893352
https://cmr.asm.org


T lymphocytes. N Engl J Med 345:248 –255. https://doi.org/10.1056/
NEJM200107263450403.

260. Anonymous. 2011. Amevive (alefacept) voluntarily discontinued in
the U.S. National Psoriasis Foundation, Portland, OR. https://www
.psoriasis.org/media/press-releases/amevive-alefacept-voluntarily
-discontinued-us. Accessed 10 November 2019.

261. Reichert JM. 2012. Marketed therapeutic antibodies compendium.
MAbs 4:413– 415. https://doi.org/10.4161/mabs.19931.

262. Adu D, Cockwell P, Ives NJ, Shaw J, Wheatley K. 2003. Interleukin-2
receptor monoclonal antibodies in renal transplantation: meta-
analysis of randomised trials. BMJ 326:789. https://doi.org/10.1136/
bmj.326.7393.789.

263. Webster AC, Playford EG, Higgins G, Chapman JR, Craig JC. 2004.
Interleukin 2 receptor antagonists for renal transplant recipients: a
meta-analysis of randomized trials1. Transplantation 77:166 –176.
https://doi.org/10.1097/01.TP.0000109643.32659.C4.

264. Keown P, Balshaw R, Khorasheh S, Chong M, Marra C, Kalo Z, Korn
A. 2003. Meta-analysis of basiliximab for immunoprophylaxis
in renal transplantation. BioDrugs 17:271–279. https://doi.org/10
.2165/00063030-200317040-00006.

265. Liu Y, Zhou P, Han M, Xue CB, Hu XP, Li C. 2010. Basiliximab or
antithymocyte globulin for induction therapy in kidney
transplantation: a meta-analysis. Transplant Proc 42:1667–1670.
https://doi.org/10.1016/j.transproceed.2010.02.088.

266. Ponticelli C, Yussim A, Cambi V, Legendre C, Rizzo G, Salvadori M,
Kahn D, Kashi H, Salmela K, Fricke L, Heemann U, Garcia-Martinez J,
Lechler R, Prestele H, Girault D, Simulect Phase IV Study Group. 2001.
A randomized, double-blind trial of basiliximab immunoprophylaxis
plus triple therapy in kidney transplant recipients. Transplantation
72:1261–1267. https://doi.org/10.1097/00007890-200110150-00014.

267. Nashan B, Moore R, Amlot P, Schmidt A-G, Abeywickrama K, Soulillou
J-P. 1997. Randomised trial of basiliximab versus placebo for control
of acute cellular rejection in renal allograft recipients. Lancet 350:
1193–1198. https://doi.org/10.1016/S0140-6736(97)09278-7.

268. Kyriakidis I, Tragiannidis A, Zundorf I, Groll AH. 2017. Invasive fungal
infections in paediatric patients treated with macromolecular immu-
nomodulators other than tumour necrosis alpha inhibitors. Mycoses
60:493–507. https://doi.org/10.1111/myc.12621.

269. Wang XF, Li JD, Peng Y, Dai Y, Shi G, Xu W. 2010. Interleukin-2
receptor antagonists in liver transplantation: a meta-analysis of
randomized trials. Transplant Proc 42:4567– 4572. https://doi.org/
10.1016/j.transproceed.2010.09.169.

270. Neuhaus P, Clavien PA, Kittur D, Salizzoni M, Rimola A, Abeywickrama
K, Ortmann E, Chodoff L, Hall M, Korn A, Nashan B. 2002. Improved
treatment response with basiliximab immunoprophylaxis after liver
transplantation: results from a double-blind randomized placebo-
controlled trial. Liver Transpl 8:132–142. https://doi.org/10.1053/jlts
.2002.30302.

271. Mehra MR, Zucker MJ, Wagoner L, Michler R, Boehmer J, Kovarik J,
Vasquez A. 2005. A multicenter, prospective, randomized, double-
blind trial of basiliximab in heart transplantation. J Heart Lung Trans-
plant 24:1297–1304. https://doi.org/10.1016/j.healun.2004.09.010.

272. Flaman F, Zieroth S, Rao V, Ross H, Delgado DH. 2006. Basiliximab
versus rabbit anti-thymocyte globulin for induction therapy in pa-
tients after heart transplantation. J Heart Lung Transplant 25:
1358 –1362. https://doi.org/10.1016/j.healun.2006.09.002.

273. Ansari D, Höglund P, Andersson B, Nilsson J. 2015. Comparison of
basiliximab and anti-thymocyte globulin as induction therapy in pe-
diatric heart transplantation: a survival analysis. J Am Heart Assoc
5:e002790. https://doi.org/10.1161/JAHA.115.002790.

274. Butts RJ, Dipchand AI, Sutcliffe D, Bano M, Dimas V, Morrow R, Das B,
Kirk R. 2018. Comparison of basiliximab vs antithymocyte globulin for
induction in pediatric heart transplant recipients: an analysis of the
International Society for Heart and Lung Transplantation database.
Pediatr Transplant 22:e13190. https://doi.org/10.1111/petr.13190.

275. Borro JM, De la Torre M, Mı́guelez C, Fernandez R, Gonzalez D, Lemos
C. 2005. Comparative study of basiliximab treatment in lung trans-
plantation. Transplant Proc 37:3996 –3998. https://doi.org/10.1016/j
.transproceed.2005.09.192.

276. Whited LK, Latran MJ, Hashmi ZA, Wang IW, Wozniak TC, Duncan MD,
Roe DW, Baz MA, Hage CA. 2015. Evaluation of alemtuzumab versus
basiliximab induction: a retrospective cohort study in lung transplant
recipients. Transplantation 99:2190 –2195. https://doi.org/10.1097/TP
.0000000000000687.

277. Furuya Y, Jayarajan SN, Taghavi S, Cordova FC, Patel N, Shiose A,
Leotta E, Criner GJ, Guy TS, Wheatley GH, Kaiser LR, Toyoda Y. 2016.
The impact of alemtuzumab and basiliximab induction on patient
survival and time to bronchiolitis obliterans syndrome in double lung
transplantation recipients. Am J Transplant 16:2334 –2341. https://doi
.org/10.1111/ajt.13739.

278. Zinzani PL, Sasse S, Radford J, Shonukan O, Bonthapally V. 2015.
Experience of brentuximab vedotin in relapsed/refractory Hodgkin
lymphoma and relapsed/refractory systemic anaplastic large-cell lym-
phoma in the Named Patient Program: review of the literature. Crit
Rev Oncol Hematol 95:359 –369. https://doi.org/10.1016/j.critrevonc
.2015.03.011.

279. Gandolfi L, Pellegrini C, Casadei B, Stefoni V, Broccoli A, Tonialini L,
Morigi A, Argnani L, Zinzani PL. 2016. Long-term responders
after brentuximab vedotin: single-center experience on relapsed
and refractory Hodgkin lymphoma and anaplastic large cell lym-
phoma patients. Oncologist 21:1436 –1441. https://doi.org/10
.1634/theoncologist.2016-0112.

280. Genovese MC, Becker JC, Schiff M, Luggen M, Sherrer Y, Kremer J,
Birbara C, Box J, Natarajan K, Nuamah I, Li T, Aranda R, Hagerty DT,
Dougados M. 2005. Abatacept for rheumatoid arthritis refractory to
tumor necrosis factor alpha inhibition. N Engl J Med 353:1114 –1123.
https://doi.org/10.1056/NEJMoa050524.

281. Weinblatt M, Combe B, Covucci A, Aranda R, Becker JC, Keystone E.
2006. Safety of the selective costimulation modulator abatacept in
rheumatoid arthritis patients receiving background biologic and non-
biologic disease-modifying antirheumatic drugs: a one-year random-
ized, placebo-controlled study. Arthritis Rheum 54:2807–2816. https://
doi.org/10.1002/art.22070.

282. Weinblatt M, Schiff M, Goldman A, Kremer J, Luggen M, Li T, Chen D,
Becker JC. 2006. Selective costimulation modulation using abatacept
in patients with active rheumatoid arthritis while receiving
etanercept: a randomised clinical trial. Ann Rheum Dis 66:228 –234.
https://doi.org/10.1136/ard.2006.055111.

283. Khraishi M, Russell A, Olszynski WP. 2010. Safety profile of abatacept
in rheumatoid arthritis: a review. Clin Ther 32:1855–1870. https://doi
.org/10.1016/j.clinthera.2010.10.011.

284. Montastruc F, Renoux C, Hudson M, Dell’Aniello S, Simon TA, Suissa
S. 2019. Abatacept initiation in rheumatoid arthritis and the risk of
serious infection: a population-based cohort study. Semin Arthritis
Rheum 48:1053–1058. https://doi.org/10.1016/j.semarthrit.2019.01
.009.

285. Fanouriakis A, Vassilopoulos D, Repa A, Boumpas DT, Sidiropoulos P.
2014. Hepatitis B reactivation following treatment with abatacept in a
patient with past hepatitis B virus infection. Rheumatology (Oxford)
53:195–196. https://doi.org/10.1093/rheumatology/ket221.

286. Germanidis G, Hytiroglou P, Zakalka M, Settas L. 2012. Reactivation of
occult hepatitis B virus infection, following treatment of refractory
rheumatoid arthritis with abatacept. J Hepatol 56:1420 –1421. https://
doi.org/10.1016/j.jhep.2011.10.011.

287. Talotta R, Atzeni F, Sarzi Puttini P. 2016. Reactivation of occult
hepatitis B virus infection under treatment with abatacept: a case
report. BMC Pharmacol Toxicol 17:17. https://doi.org/10.1186/
s40360-016-0060-2.

288. Padovan M, Filippini M, Tincani A, Lanciano E, Bruschi E, Epis O, Garau
P, Mathieu A, Celletti E, Giani L, Tomietto P, Atzeni F, Sarzi Puttini P,
Zuliani F, De Vita S, Trotta F, Grilli A, Puoti M, Govoni M. 2016. Safety
of abatacept in rheumatoid arthritis with serologic evidence of past or
present hepatitis B virus infection. Arthritis Care Res (Hoboken) 68:
738 –743. https://doi.org/10.1002/acr.22786.

289. Kim PS, Ho GY, Prete PE, Furst DE. 2012. Safety and efficacy of
abatacept in eight rheumatoid arthritis patients with chronic hepatitis
B. Arthritis Care Res (Hoboken) 64:1265–1268. https://doi.org/10.1002/
acr.21654.

290. Bigbee CL, Gonchoroff DG, Vratsanos G, Nadler SG, Haggerty HG,
Flynn JL. 2007. Abatacept treatment does not exacerbate chronic
Mycobacterium tuberculosis infection in mice. Arthritis Rheum 56:
2557–2565. https://doi.org/10.1002/art.22750.

291. Cantini F, Niccoli L, Goletti D. 2014. Tuberculosis risk in patients
treated with non-anti-tumor necrosis factor-alpha (TNF-alpha) tar-
geted biologics and recently licensed TNF-alpha inhibitors: data from
clinical trials and national registries. J Rheumatol Suppl 91:56 – 64.
https://doi.org/10.3899/jrheum.140103.

292. Lim CH, Chen HH, Chen YH, Chen DY, Huang WN, Tsai JJ, Hsieh TY,

Davis et al. Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 84

https://doi.org/10.1056/NEJM200107263450403
https://doi.org/10.1056/NEJM200107263450403
https://www.psoriasis.org/media/press-releases/amevive-alefacept-voluntarily-discontinued-us
https://www.psoriasis.org/media/press-releases/amevive-alefacept-voluntarily-discontinued-us
https://www.psoriasis.org/media/press-releases/amevive-alefacept-voluntarily-discontinued-us
https://doi.org/10.4161/mabs.19931
https://doi.org/10.1136/bmj.326.7393.789
https://doi.org/10.1136/bmj.326.7393.789
https://doi.org/10.1097/01.TP.0000109643.32659.C4
https://doi.org/10.2165/00063030-200317040-00006
https://doi.org/10.2165/00063030-200317040-00006
https://doi.org/10.1016/j.transproceed.2010.02.088
https://doi.org/10.1097/00007890-200110150-00014
https://doi.org/10.1016/S0140-6736(97)09278-7
https://doi.org/10.1111/myc.12621
https://doi.org/10.1016/j.transproceed.2010.09.169
https://doi.org/10.1016/j.transproceed.2010.09.169
https://doi.org/10.1053/jlts.2002.30302
https://doi.org/10.1053/jlts.2002.30302
https://doi.org/10.1016/j.healun.2004.09.010
https://doi.org/10.1016/j.healun.2006.09.002
https://doi.org/10.1161/JAHA.115.002790
https://doi.org/10.1111/petr.13190
https://doi.org/10.1016/j.transproceed.2005.09.192
https://doi.org/10.1016/j.transproceed.2005.09.192
https://doi.org/10.1097/TP.0000000000000687
https://doi.org/10.1097/TP.0000000000000687
https://doi.org/10.1111/ajt.13739
https://doi.org/10.1111/ajt.13739
https://doi.org/10.1016/j.critrevonc.2015.03.011
https://doi.org/10.1016/j.critrevonc.2015.03.011
https://doi.org/10.1634/theoncologist.2016-0112
https://doi.org/10.1634/theoncologist.2016-0112
https://doi.org/10.1056/NEJMoa050524
https://doi.org/10.1002/art.22070
https://doi.org/10.1002/art.22070
https://doi.org/10.1136/ard.2006.055111
https://doi.org/10.1016/j.clinthera.2010.10.011
https://doi.org/10.1016/j.clinthera.2010.10.011
https://doi.org/10.1016/j.semarthrit.2019.01.009
https://doi.org/10.1016/j.semarthrit.2019.01.009
https://doi.org/10.1093/rheumatology/ket221
https://doi.org/10.1016/j.jhep.2011.10.011
https://doi.org/10.1016/j.jhep.2011.10.011
https://doi.org/10.1186/s40360-016-0060-2
https://doi.org/10.1186/s40360-016-0060-2
https://doi.org/10.1002/acr.22786
https://doi.org/10.1002/acr.21654
https://doi.org/10.1002/acr.21654
https://doi.org/10.1002/art.22750
https://doi.org/10.3899/jrheum.140103
https://cmr.asm.org


Hsieh CW, Hung WT, Lin CT, Lai KL, Tang KT, Tseng CW, Chen YM.
2017. The risk of tuberculosis disease in rheumatoid arthritis patients
on biologics and targeted therapy: a 15-year real world experience in
Taiwan. PLoS One 12:e0178035. https://doi.org/10.1371/journal.pone
.0178035.

293. Kawabe A, Nakano K, Miyata H, Shibuya R, Matsuyama A, Ogoshi T,
Tanaka Y. 2019. Fatal chronic active Epstein-Barr virus infection in a
rheumatoid arthritis patient treated with abatacept. Intern Med 58:
585–591. https://doi.org/10.2169/internalmedicine.1280-18.

294. Dalal RS, LeGolvan MP, Stachurski DR, Goldberg LR. 2014. Epstein-Barr
virus associated hemophagocytic lymphohistiocytosis in a rheumatic
patient receiving abatacept therapy. R I Med J (2013) 97:28 –31.

295. Nakajima H, Takayama A, Ito T, Yoshikawa T. 2013. Acute encephalo-
myelitis with multiple herpes viral reactivations during abatacept
therapy. BMJ Case Rep 2013:bcr2013009731. https://doi.org/10.1136/
bcr-2013-009731.

296. Balandraud N, Texier G, Massy E, Muis-Pistor O, Martin M, Auger I,
Guzian MC, Guis S, Pham T, Roudier J. 2017. Long term treatment
with abatacept or tocilizumab does not increase Epstein-Barr virus
load in patients with rheumatoid arthritis—a three years retrospec-
tive study. PLoS One 12:e0171623. https://doi.org/10.1371/journal
.pone.0171623.

297. Issa NC, Fishman JA, Snydman DR. 2009. Infectious complications of
antilymphocyte therapies in solid organ transplantation. Clin Infect
Dis 48:772–786. https://doi.org/10.1086/597089.

298. Cooper MD, Peterson RD, Good RA. 1965. Delineation of the thymic
and bursal lymphoid systems in the chicken. Nature 205:143–146.
https://doi.org/10.1038/205143a0.

299. LeBien TW, Tedder TF. 2008. B lymphocytes: how they develop and
function. Blood 112:1570 –1580. https://doi.org/10.1182/blood-2008
-02-078071.

300. Forthal DN. 2014. Functions of antibodies. Microbiol Spectr 2:AID-
0019-2014. https://doi.org/10.1128/microbiolspec.AID-0019-2014.

301. Chen X, Jensen PE. 2008. The role of B lymphocytes as antigen-
presenting cells. Arch Immunol Ther Exp 56:77– 83. https://doi.org/10
.1007/s00005-008-0014-5.

302. Rivera A, Chen CC, Ron N, Dougherty JP, Ron Y. 2001. Role of B cells
as antigen-presenting cells in vivo revisited: antigen-specific B cells
are essential for T cell expansion in lymph nodes and for systemic T
cell responses to low antigen concentrations. Int Immunol 13:
1583–1593. https://doi.org/10.1093/intimm/13.12.1583.

303. Bouaziz J-D, Yanaba K, Venturi GM, Wang Y, Tisch RM, Poe JC, Tedder
TF. 2007. Therapeutic B cell depletion impairs adaptive and autore-
active CD4(�) T cell activation in mice. Proc Natl Acad Sci U S A
104:20878 –20883. https://doi.org/10.1073/pnas.0709205105.

304. Stavnezer J, Schrader CE. 2014. Ig heavy chain class switch
recombination: mechanism and regulation. J Immunol 193:
5370 –5378. https://doi.org/10.4049/jimmunol.1401849.

305. Lykken JM, DiLillo DJ, Weimer ET, Roser-Page S, Heise MT, Grayson JM,
Weitzmann MN, Tedder TF. 2014. Acute and chronic B cell depletion
disrupts CD4(�) and CD8(�) T cell homeostasis and expansion during
acute viral infection in mice. J Immunol 193:746 –756. https://doi.org/
10.4049/jimmunol.1302848.

306. Misumi I, Whitmire JK. 2014. B cell depletion curtails CD4� T cell
memory and reduces protection against disseminating virus infec-
tion. J Immunol 192:1597–1608. https://doi.org/10.4049/jimmunol
.1302661.

307. Mazanec MB, Coudret CL, Fletcher DR. 1995. Intracellular neutraliza-
tion of influenza virus by immunoglobulin A anti-hemagglutinin
monoclonal antibodies. J Virol 69:1339 –1343. https://doi.org/10.1128/
JVI.69.2.1339-1343.1995.

308. Mazanec MB, Kaetzel CS, Lamm ME, Fletcher D, Nedrud JG. 1992.
Intracellular neutralization of virus by immunoglobulin A antibodies.
Proc Natl Acad Sci U S A 89:6901– 6905. https://doi.org/10.1073/pnas
.89.15.6901.

309. Baumgarth N. 2013. How specific is too specific? B-cell responses to
viral infections reveal the importance of breadth over depth. Immunol
Rev 255:82–94. https://doi.org/10.1111/imr.12094.

310. Xu X, Shang Q, Chen X, Nie W, Zou Z, Huang A, Meng M, Jin L, Xu R,
Zhang J-Y, Fu J, Wang L, Tang Z, Xie Y, Yang X, Zhang Z, Wang F-S.
2015. Reversal of B-cell hyperactivation and functional impairment is
associated with HBsAg seroconversion in chronic hepatitis B patients.
Cell Mol Immunol 12:309 –316. https://doi.org/10.1038/cmi.2015.25.

311. Wang G, Liu Y, Huang R, Jia B, Su R, Sun Z, Tian C, Xiong Y, Xia J, Yan

X, Zhang Z, Wu C. 2017. Characteristics of regulatory B cells in patients
with chronic hepatitis B virus infection in different immune phases.
Discov Med 23:295–304.

312. Sugalski JM, Rodriguez B, Moir S, Anthony DD. 2010. Peripheral blood
B cell subset skewing is associated with altered cell cycling and
intrinsic resistance to apoptosis and reflects a state of immune acti-
vation in chronic hepatitis C virus infection. J Immunol 185:
3019 –3027. https://doi.org/10.4049/jimmunol.1000879.

313. Racanelli V, Frassanito MA, Leone P, Galiano M, De Re V, Silvestris F,
Dammacco F. 2006. Antibody production and in vitro behavior of
CD27-defined B-cell subsets: persistent hepatitis C virus infection
changes the rules. J Virol 80:3923–3934. https://doi.org/10.1128/JVI.80
.8.3923-3934.2006.

314. Dai B, Chen AY, Corkum CP, Peroutka RJ, Landon A, Houng S, Muni-
andy PA, Zhang Y, Lehrmann E, Mazan-Mamczarz K, Steinhardt J,
Shlyak M, Chen QC, Becker KG, Livak F, Michalak TI, Talwani R, Gar-
tenhaus RB. 2016. Hepatitis C virus upregulates B-cell receptor
signaling: a novel mechanism for HCV-associated B-cell lymphoprolif-
erative disorders. Oncogene 35:2979 –2990. https://doi.org/10.1038/
onc.2015.364.

315. Lavillette D, Morice Y, Germanidis G, Donot P, Soulier A, Pagkalos E,
Sakellariou G, Intrator L, Bartosch B, Pawlotsky JM, Cosset FL. 2005.
Human serum facilitates hepatitis C virus infection, and neutralizing
responses inversely correlate with viral replication kinetics at the
acute phase of hepatitis C virus infection. J Virol 79:6023– 6034.
https://doi.org/10.1128/JVI.79.10.6023-6034.2005.

316. Pestka JM, Zeisel MB, Blaser E, Schurmann P, Bartosch B, Cosset FL,
Patel AH, Meisel H, Baumert J, Viazov S, Rispeter K, Blum HE, Roggen-
dorf M, Baumert TF. 2007. Rapid induction of virus-neutralizing anti-
bodies and viral clearance in a single-source outbreak of hepatitis C.
Proc Natl Acad Sci U S A 104:6025– 6030. https://doi.org/10.1073/pnas
.0607026104.

317. Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC. 2009. Selection
pressure from neutralizing antibodies drives sequence evolution dur-
ing acute infection with hepatitis C virus. Gastroenterology 136:
2377–2386. https://doi.org/10.1053/j.gastro.2009.02.080.

318. Tomaras GD, Yates NL, Liu P, Qin L, Fouda GG, Chavez LL, Decamp AC,
Parks RJ, Ashley VC, Lucas JT, Cohen M, Eron J, Hicks CB, Liao HX, Self
SG, Landucci G, Forthal DN, Weinhold KJ, Keele BF, Hahn BH, Green-
berg ML, Morris L, Karim SS, Blattner WA, Montefiori DC, Shaw GM,
Perelson AS, Haynes BF. 2008. Initial B-cell responses to transmitted
human immunodeficiency virus type 1: virion-binding immunoglob-
ulin M (IgM) and IgG antibodies followed by plasma anti-gp41 anti-
bodies with ineffective control of initial viremia. J Virol 82:
12449 –12463. https://doi.org/10.1128/JVI.01708-08.

319. Mouquet H. 2014. Antibody B cell responses in HIV-1 infection. Trends
Immunol 35:549 –561. https://doi.org/10.1016/j.it.2014.08.007.

320. Richman DD, Wrin T, Little SJ, Petropoulos CJ. 2003. Rapid evolu-
tion of the neutralizing antibody response to HIV type 1 infection.
Proc Natl Acad Sci U S A 100:4144 – 4149. https://doi.org/10.1073/
pnas.0630530100.

321. Gray ES, Madiga MC, Hermanus T, Moore PL, Wibmer CK, Tumba NL,
Werner L, Mlisana K, Sibeko S, Williamson C, Abdool Karim SS, Morris
L, CAPRISA002 Study Team. 2011. The neutralization breadth of HIV-1
develops incrementally over four years and is associated with CD4� T
cell decline and high viral load during acute infection. J Virol 85:
4828 – 4840. https://doi.org/10.1128/JVI.00198-11.

322. Binley JM, Lybarger EA, Crooks ET, Seaman MS, Gray E, Davis KL,
Decker JM, Wycuff D, Harris L, Hawkins N, Wood B, Nathe C, Richman
D, Tomaras GD, Bibollet-Ruche F, Robinson JE, Morris L, Shaw GM,
Montefiori DC, Mascola JR. 2008. Profiling the specificity of neutraliz-
ing antibodies in a large panel of plasmas from patients chronically
infected with human immunodeficiency virus type 1 subtypes B and
C. J Virol 82:11651–11668. https://doi.org/10.1128/JVI.01762-08.

323. Hraber P, Seaman MS, Bailer RT, Mascola JR, Montefiori DC, Korber BT.
2014. Prevalence of broadly neutralizing antibody responses during
chronic HIV-1 infection. AIDS 28:163–169. https://doi.org/10.1097/
QAD.0000000000000106.

324. Simek MD, Rida W, Priddy FH, Pung P, Carrow E, Laufer DS, Lehrman
JK, Boaz M, Tarragona-Fiol T, Miiro G, Birungi J, Pozniak A, McPhee DA,
Manigart O, Karita E, Inwoley A, Jaoko W, DeHovitz J, Bekker L-G,
Pitisuttithum P, Paris R, Walker LM, Poignard P, Wrin T, Fast PE, Burton
DR, Koff WC. 2009. Human immunodeficiency virus type 1 elite
neutralizers: individuals with broad and potent neutralizing activity

Infectious Complications of Biologics Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 85

https://doi.org/10.1371/journal.pone.0178035
https://doi.org/10.1371/journal.pone.0178035
https://doi.org/10.2169/internalmedicine.1280-18
https://doi.org/10.1136/bcr-2013-009731
https://doi.org/10.1136/bcr-2013-009731
https://doi.org/10.1371/journal.pone.0171623
https://doi.org/10.1371/journal.pone.0171623
https://doi.org/10.1086/597089
https://doi.org/10.1038/205143a0
https://doi.org/10.1182/blood-2008-02-078071
https://doi.org/10.1182/blood-2008-02-078071
https://doi.org/10.1128/microbiolspec.AID-0019-2014
https://doi.org/10.1007/s00005-008-0014-5
https://doi.org/10.1007/s00005-008-0014-5
https://doi.org/10.1093/intimm/13.12.1583
https://doi.org/10.1073/pnas.0709205105
https://doi.org/10.4049/jimmunol.1401849
https://doi.org/10.4049/jimmunol.1302848
https://doi.org/10.4049/jimmunol.1302848
https://doi.org/10.4049/jimmunol.1302661
https://doi.org/10.4049/jimmunol.1302661
https://doi.org/10.1128/JVI.69.2.1339-1343.1995
https://doi.org/10.1128/JVI.69.2.1339-1343.1995
https://doi.org/10.1073/pnas.89.15.6901
https://doi.org/10.1073/pnas.89.15.6901
https://doi.org/10.1111/imr.12094
https://doi.org/10.1038/cmi.2015.25
https://doi.org/10.4049/jimmunol.1000879
https://doi.org/10.1128/JVI.80.8.3923-3934.2006
https://doi.org/10.1128/JVI.80.8.3923-3934.2006
https://doi.org/10.1038/onc.2015.364
https://doi.org/10.1038/onc.2015.364
https://doi.org/10.1128/JVI.79.10.6023-6034.2005
https://doi.org/10.1073/pnas.0607026104
https://doi.org/10.1073/pnas.0607026104
https://doi.org/10.1053/j.gastro.2009.02.080
https://doi.org/10.1128/JVI.01708-08
https://doi.org/10.1016/j.it.2014.08.007
https://doi.org/10.1073/pnas.0630530100
https://doi.org/10.1073/pnas.0630530100
https://doi.org/10.1128/JVI.00198-11
https://doi.org/10.1128/JVI.01762-08
https://doi.org/10.1097/QAD.0000000000000106
https://doi.org/10.1097/QAD.0000000000000106
https://cmr.asm.org


identified by using a high-throughput neutralization assay together
with an analytical selection algorithm. J Virol 83:7337–7348. https://
doi.org/10.1128/JVI.00110-09.

325. Goo L, Chohan V, Nduati R, Overbaugh J. 2014. Early development of
broadly neutralizing antibodies in HIV-1–infected infants. Nat Med
20:655– 658. https://doi.org/10.1038/nm.3565.

326. Mabuka J, Nduati R, Odem-Davis K, Peterson D, Overbaugh J. 2012.
HIV-specific antibodies capable of ADCC are common in breastmilk
and are associated with reduced risk of transmission in women with
high viral loads. PLoS Pathog 8:e1002739. https://doi.org/10.1371/
journal.ppat.1002739.

327. Baum LL, Cassutt KJ, Knigge K, Khattri R, Margolick J, Rinaldo C,
Kleeberger CA, Nishanian P, Henrard DR, Phair J. 1996. HIV-1 gp120-
specific antibody-dependent cell-mediated cytotoxicity correlates
with rate of disease progression. J Immunol 157:2168.

328. Halper-Stromberg A, Lu CL, Klein F, Horwitz JA, Bournazos S, Nogueira
L, Eisenreich TR, Liu C, Gazumyan A, Schaefer U, Furze RC, Seaman MS,
Prinjha R, Tarakhovsky A, Ravetch JV, Nussenzweig MC. 2014. Broadly
neutralizing antibodies and viral inducers decrease rebound from
HIV-1 latent reservoirs in humanized mice. Cell 158:989 –999. https://
doi.org/10.1016/j.cell.2014.07.043.

329. Ng CT, Jaworski JP, Jayaraman P, Sutton WF, Delio P, Kuller L, Ander-
son D, Landucci G, Richardson BA, Burton DR, Forthal DN, Haigwood
NL. 2010. Passive neutralizing antibody controls SHIV viremia and
enhances B cell responses in infant macaques. Nat Med 16:1117–1119.
https://doi.org/10.1038/nm.2233.

330. Winkelstein JA, Marino MC, Lederman HM, Jones SM, Sullivan K, Burks
AW, Conley ME, Cunningham-Rundles C, Ochs HD. 2006. X-linked
agammaglobulinemia: report on a United States registry of 201 pa-
tients. Medicine (Baltimore) 85:193–202. https://doi.org/10.1097/01
.md.0000229482.27398.ad.

331. Casadevall A. 2003. Antibody-mediated immunity against intracellular
pathogens: two-dimensional thinking comes full circle. Infect Immun
71:4225– 4228. https://doi.org/10.1128/IAI.71.8.4225-4228.2003.

332. Chan J, Mehta S, Bharrhan S, Chen Y, Achkar JM, Casadevall A, Flynn
J. 2014. The role of B cells and humoral immunity in Mycobacterium
tuberculosis infection. Semin Immunol 26:588 – 600. https://doi.org/
10.1016/j.smim.2014.10.005.

333. Maglione PJ, Chan J. 2009. How B cells shape the immune response
against Mycobacterium tuberculosis. Eur J Immunol 39:676 – 686.
https://doi.org/10.1002/eji.200839148.

334. Casadevall A, Pirofski LA. 2006. A reappraisal of humoral immunity
based on mechanisms of antibody-mediated protection against
intracellular pathogens. Adv Immunol 91:1– 44. https://doi.org/10
.1016/S0065-2776(06)91001-3.

335. Martinez LR, Casadevall A. 2005. Specific antibody can prevent fungal
biofilm formation and this effect correlates with protective efficacy.
Infect Immun 73:6350 – 6362. https://doi.org/10.1128/IAI.73.10.6350
-6362.2005.

336. Brena S, Omaetxebarria MJ, Elguezabal N, Cabezas J, Moragues MD,
Ponton J. 2007. Fungicidal monoclonal antibody C7 binds to Candida
albicans Als3. Infect Immun 75:3680 –3682. https://doi.org/10.1128/IAI
.01840-06.

337. Moragues MD, Omaetxebarria MJ, Elguezabal N, Sevilla MJ, Conti S,
Polonelli L, Ponton J. 2003. A monoclonal antibody directed against a
Candida albicans cell wall mannoprotein exerts three anti-C. albicans
activities. Infect Immun 71:5273–5279. https://doi.org/10.1128/IAI.71
.9.5273-5279.2003.

338. Nabavi N, Murphy JW. 1986. Antibody-dependent natural killer cell-
mediated growth inhibition of Cryptococcus neoformans. Infect Im-
mun 51:556 –562. https://doi.org/10.1128/IAI.51.2.556-562.1986.

339. Shapiro S, Beenhouwer DO, Feldmesser M, Taborda C, Carroll MC,
Casadevall A, Scharff MD. 2002. Immunoglobulin G monoclonal anti-
bodies to Cryptococcus neoformans protect mice deficient in com-
plement component C3. Infect Immun 70:2598 –2604. https://doi.org/
10.1128/IAI.70.5.2598-2604.2002.

340. Schlageter AM, Kozel TR. 1990. Opsonization of Cryptococcus neofor-
mans by a family of isotype-switch variant antibodies specific for the
capsular polysaccharide. Infect Immun 58:1914 –1918. https://doi.org/
10.1128/IAI.58.6.1914-1918.1990.

341. Brena S, Cabezas-Olcoz J, Moragues MD, Fernández de Larrinoa I,
Domínguez A, Quindós G, Pontón J. 2011. Fungicidal monoclonal
antibody C7 interferes with iron acquisition in Candida albicans.

Antimicrob Agents Chemother 55:3156 –3163. https://doi.org/10
.1128/AAC.00892-10.

342. Rivera J, Zaragoza O, Casadevall A. 2005. Antibody-mediated protec-
tion against Cryptococcus neoformans pulmonary infection is depen-
dent on B cells. Infect Immun 73:1141–1150. https://doi.org/10.1128/
IAI.73.2.1141-1150.2005.

343. Subramaniam KS, Datta K, Quintero E, Manix C, Marks MS, Pirofski LA.
2010. The absence of serum IgM enhances the susceptibility of mice
to pulmonary challenge with Cryptococcus neoformans. J Immunol
184:5755–5767. https://doi.org/10.4049/jimmunol.0901638.

344. Harris N, Gause WC. 2011. B cell function in the immune response to
helminths. Trends Immunol 32:80 – 88. https://doi.org/10.1016/j.it
.2010.11.005.

345. Horsnell WG, Darby MG, Hoving JC, Nieuwenhuizen N, McSorley HJ,
Ndlovu H, Bobat S, Kimberg M, Kirstein F, Cutler AJ, Dewals B, Cun-
ningham AF, Brombacher F. 2013. IL-4Ralpha-associated antigen pro-
cessing by B cells promotes immunity in Nippostrongylus brasiliensis
infection. PLoS Pathog 9:e1003662. https://doi.org/10.1371/journal
.ppat.1003662.

346. Lantz CS, Boesiger J, Song CH, Mach N, Kobayashi T, Mulligan RC,
Nawa Y, Dranoff G, Galli SJ. 1998. Role for interleukin-3 in mast-cell
and basophil development and in immunity to parasites. Nature
392:90 –93. https://doi.org/10.1038/32190.

347. Caughey GH. 2011. Mast cell proteases as protective and inflamma-
tory mediators. Adv Exp Med Biol 716:212–234. https://doi.org/10
.1007/978-1-4419-9533-9_12.

348. Schwartz LB, Austen KF. 1980. Enzymes of the mast cell granule. J
Invest Dermatol 74:349 –353. https://doi.org/10.1111/1523-1747
.ep12543620.

349. Kanzaki M, Lindorfer MA, Garrison JC, Kojima I. 1997. Activation of the
calcium-permeable cation channel CD20 by alpha subunits of the Gi
protein. J Biol Chem 272:14733–14739. https://doi.org/10.1074/jbc
.272.23.14733.

350. Riley JK, Sliwkowski MX. 2000. CD20: a gene in search of a function.
Semin Oncol 27:17–24.

351. Anonymous. 2010. Rituxan (rituximab). Full prescribing information.
Food and Drug Administration, Silver Spring, MD. https://www
.accessdata.fda.gov/drugsatfda_docs/label/2010/103705s5311lbl.pdf.

352. Marco H, Smith RM, Jones RB, Guerry M-J, Catapano F, Burns S,
Chaudhry AN, Smith KGC, Jayne D. 2014. The effect of rituximab
therapy on immunoglobulin levels in patients with multisystem au-
toimmune disease. BMC Musculoskelet Disord 15:178. https://doi.org/
10.1186/1471-2474-15-178.

353. Martin F, Chan AC. 2006. B cell immunobiology in disease: evolving
concepts from the clinic. Annu Rev Immunol 24:467– 496. https://doi
.org/10.1146/annurev.immunol.24.021605.090517.

354. Hoelzer D, Walewski J, Döhner H, Viardot A, Hiddemann W, Spieker-
mann K, Serve H, Dührsen U, Hüttmann A, Thiel E, Dengler J, Kneba M,
Schaich M, Schmidt-Wolf IGH, Beck J, Hertenstein B, Reichle A,
Domanska-Czyz K, Fietkau R, Horst H-A, Rieder H, Schwartz S, Bur-
meister T, Gökbuget N. 2014. Improved outcome of adult Burkitt
lymphoma/leukemia with rituximab and chemotherapy: report of a
large prospective multicenter trial. Blood 124:3870 –3879. https://doi
.org/10.1182/blood-2014-03-563627.

355. Holdhoff M, Ambady P, Abdelaziz A, Sarai G, Bonekamp D, Blakeley J,
Grossman SA, Ye X. 2014. High-dose methotrexate with or without
rituximab in newly diagnosed primary CNS lymphoma. Neurology
83:235–239. https://doi.org/10.1212/WNL.0000000000000593.

356. Kalpadakis C, Pangalis GA, Angelopoulou MK, Sachanas S, Kontopidou
FN, Yiakoumis X, Kokoris SI, Dimitriadou EM, Dimopoulou MN,
Moschogiannis M, Korkolopoulou P, Kyrtsonis MC, Siakantaris MP,
Papadaki T, Tsaftaridis P, Plata E, Papadaki HE, Vassilakopoulos TP.
2013. Treatment of splenic marginal zone lymphoma with rituximab
monotherapy: progress report and comparison with splene-
ctomy. Oncologist 18:190–197. https://doi.org/10.1634/theoncologist
.2012-0251.

357. Martinelli G, Laszlo D, Ferreri AJ, Pruneri G, Ponzoni M, Conconi A,
Crosta C, Pedrinis E, Bertoni F, Calabrese L, Zucca E. 2005. Clinical
activity of rituximab in gastric marginal zone non-Hodgkin’s lym-
phoma resistant to or not eligible for anti-Helicobacter pylori therapy.
J Clin Oncol 23:1979 –1983. https://doi.org/10.1200/JCO.2005.08.128.

358. Trappe R, Oertel S, Leblond V, Mollee P, Sender M, Reinke P, Neuhaus
R, Lehmkuhl H, Horst HA, Salles G, Morschhauser F, Jaccard A, Lamy T,
Leithauser M, Zimmermann H, Anagnostopoulos I, Raphael M, Riess H,

Davis et al. Clinical Microbiology Reviews

July 2020 Volume 33 Issue 3 e00035-19 cmr.asm.org 86

https://doi.org/10.1128/JVI.00110-09
https://doi.org/10.1128/JVI.00110-09
https://doi.org/10.1038/nm.3565
https://doi.org/10.1371/journal.ppat.1002739
https://doi.org/10.1371/journal.ppat.1002739
https://doi.org/10.1016/j.cell.2014.07.043
https://doi.org/10.1016/j.cell.2014.07.043
https://doi.org/10.1038/nm.2233
https://doi.org/10.1097/01.md.0000229482.27398.ad
https://doi.org/10.1097/01.md.0000229482.27398.ad
https://doi.org/10.1128/IAI.71.8.4225-4228.2003
https://doi.org/10.1016/j.smim.2014.10.005
https://doi.org/10.1016/j.smim.2014.10.005
https://doi.org/10.1002/eji.200839148
https://doi.org/10.1016/S0065-2776(06)91001-3
https://doi.org/10.1016/S0065-2776(06)91001-3
https://doi.org/10.1128/IAI.73.10.6350-6362.2005
https://doi.org/10.1128/IAI.73.10.6350-6362.2005
https://doi.org/10.1128/IAI.01840-06
https://doi.org/10.1128/IAI.01840-06
https://doi.org/10.1128/IAI.71.9.5273-5279.2003
https://doi.org/10.1128/IAI.71.9.5273-5279.2003
https://doi.org/10.1128/IAI.51.2.556-562.1986
https://doi.org/10.1128/IAI.70.5.2598-2604.2002
https://doi.org/10.1128/IAI.70.5.2598-2604.2002
https://doi.org/10.1128/IAI.58.6.1914-1918.1990
https://doi.org/10.1128/IAI.58.6.1914-1918.1990
https://doi.org/10.1128/AAC.00892-10
https://doi.org/10.1128/AAC.00892-10
https://doi.org/10.1128/IAI.73.2.1141-1150.2005
https://doi.org/10.1128/IAI.73.2.1141-1150.2005
https://doi.org/10.4049/jimmunol.0901638
https://doi.org/10.1016/j.it.2010.11.005
https://doi.org/10.1016/j.it.2010.11.005
https://doi.org/10.1371/journal.ppat.1003662
https://doi.org/10.1371/journal.ppat.1003662
https://doi.org/10.1038/32190
https://doi.org/10.1007/978-1-4419-9533-9_12
https://doi.org/10.1007/978-1-4419-9533-9_12
https://doi.org/10.1111/1523-1747.ep12543620
https://doi.org/10.1111/1523-1747.ep12543620
https://doi.org/10.1074/jbc.272.23.14733
https://doi.org/10.1074/jbc.272.23.14733
https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/103705s5311lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2010/103705s5311lbl.pdf
https://doi.org/10.1186/1471-2474-15-178
https://doi.org/10.1186/1471-2474-15-178
https://doi.org/10.1146/annurev.immunol.24.021605.090517
https://doi.org/10.1146/annurev.immunol.24.021605.090517
https://doi.org/10.1182/blood-2014-03-563627
https://doi.org/10.1182/blood-2014-03-563627
https://doi.org/10.1212/WNL.0000000000000593
https://doi.org/10.1634/theoncologist.2012-0251
https://doi.org/10.1634/theoncologist.2012-0251
https://doi.org/10.1200/JCO.2005.08.128
https://cmr.asm.org


Choquet S. 2012. Sequential treatment with rituximab followed by
CHOP chemotherapy in adult B-cell post-transplant lymphoprolifera-
tive disorder (PTLD): the prospective international multicentre phase
2 PTLD-1 trial. Lancet Oncol 13:196 –206. https://doi.org/10.1016/
S1470-2045(11)70300-X.

359. Dimopoulos MA, Garcia-Sanz R, Gavriatopoulou M, Morel P, Kyrtsonis
MC, Michalis E, Kartasis Z, Leleu X, Palladini G, Tedeschi A, Gika D,
Merlini G, Kastritis E, Sonneveld P. 2013. Primary therapy of Walden-
strom macroglobulinemia (WM) with weekly bortezomib, low-dose
dexamethasone, and rituximab (BDR): long-term results of a phase 2
study of the European Myeloma Network (EMN). Blood 122:
3276 –3282. https://doi.org/10.1182/blood-2013-05-503862.

360. Yamout BI, El-Ayoubi NK, Nicolas J, El Kouzi Y, Khoury SJ, Zeineddine
MM. 2018. Safety and efficacy of rituximab in multiple sclerosis: a
retrospective observational study. J Immunol Res 2018:9084759.
https://doi.org/10.1155/2018/9084759.

361. Zecca C, Bovis F, Novi G, Capobianco M, Lanzillo R, Frau J, Repice AM,
Hakiki B, Realmuto S, Bonavita S, Curti E, Brambilla L, Mataluni G, Cavalla
P, Di Sapio A, Signoriello E, Barone S, Maniscalco GT, Maietta I, Maraffi I,
Boffa G, Malucchi S, Nozzolillo A, Coghe G, Mechi C, Salemi G, Gallo A,
Sacco R, Cellerino M, Malentacchi M, De Angelis M, Lorefice L, Magnani E,
Prestipino E, Sperli F, Brescia Morra V, Fenu G, Barilaro A, Abbadessa G,
Signori A, Granella F, Amato MP, Uccelli A, Gobbi C, Sormani MP. 2019.
Treatment of multiple sclerosis with rituximab: a multicentric Italian-Swiss
experience. Mult Scler 2019:1352458519872889. https://doi.org/10.1177/
1352458519872889:1352458519872889.

362. Scully M, McDonald V, Cavenagh J, Hunt BJ, Longair I, Cohen H,
Machin SJ. 2011. A phase 2 study of the safety and efficacy of
rituximab with plasma exchange in acute acquired thrombotic throm-
bocytopenic purpura. Blood 118:1746 –1753. https://doi.org/10.1182/
blood-2011-03-341131.

363. Sayani FA, Abrams CS. 2015. How I treat refractory thrombotic throm-
bocytopenic purpura. Blood 125:3860 –3867. https://doi.org/10.1182/
blood-2014-11-551580.

364. Zaja F, Vianelli N, Volpetti S, Battista ML, Defina M, Palmieri S, Bocchia
M, Medeot M, De Luca S, Ferrara F, Isola M, Baccarani M, Fanin R. 2010.
Low-dose rituximab in adult patients with primary immune thrombo-
cytopenia. Eur J Haematol 85:329 –334. https://doi.org/10.1111/j.1600
-0609.2010.01486.x.

365. Tandan R, Hehir MK, Waheed W, Howard DB. 2017. Rituximab treat-
ment of myasthenia gravis: a systematic review. Muscle Nerve 56:
185–196. https://doi.org/10.1002/mus.25597.

366. Damato V, Evoli A, Iorio R. 2016. Efficacy and safety of rituximab
therapy in neuromyelitis optica spectrum disorders: a systematic re-
view and meta-analysis. JAMA Neurol 73:1342–1348. https://doi.org/
10.1001/jamaneurol.2016.1637.

367. Vigna-Perez M, Hernández-Castro B, Paredes-Saharopulos O, Portales-
Pérez D, Baranda L, Abud-Mendoza C, González-Amaro R. 2006. Clin-
ical and immunological effects of Rituximab in patients with lupus
nephritis refractory to conventional therapy: a pilot study. Arthritis Res
Ther 8:R83. https://doi.org/10.1186/ar1954.

368. Dahan K, Debiec H, Plaisier E, Cachanado M, Rousseau A, Wakselman
L, Michel PA, Mihout F, Dussol B, Matignon M, Mousson C, Simon T,
Ronco P, GEMRITUX Study Group. 2017. Rituximab for severe mem-
branous nephropathy: a 6-month trial with extended follow-up. J Am
Soc Nephrol 28:348 –358. https://doi.org/10.1681/ASN.2016040449.

369. Reynaud Q, Durieu I, Dutertre M, Ledochowski S, Durupt S, Michallet
AS, Vital-Durand D, Lega JC. 2015. Efficacy and safety of rituximab in
auto-immune hemolytic anemia: a meta-analysis of 21 studies. Auto-
immun Rev 14:304 –313. https://doi.org/10.1016/j.autrev.2014.11.014.

370. Wolff D, Schleuning M, von Harsdorf S, Bacher U, Gerbitz A, Stadler M,
Ayuk F, Kiani A, Schwerdtfeger R, Vogelsang GB, Kobbe G, Gramatzki
M, Lawitschka A, Mohty M, Pavletic SZ, Greinix H, Holler E. 2011.
Consensus Conference on Clinical Practice in Chronic GVHD: second-
line treatment of chronic graft-versus-host disease. Biol Blood Marrow
Transplant 17:1–17. https://doi.org/10.1016/j.bbmt.2010.05.011.

371. Keystone E, Fleischmann R, Emery P, Furst DE, van Vollenhoven R,
Bathon J, Dougados M, Baldassare A, Ferraccioli G, Chubick A, Udell J,
Cravets MW, Agarwal S, Cooper S, Magrini F. 2007. Safety and efficacy
of additional courses of rituximab in patients with active rheumatoid
arthritis: an open-label extension analysis. Arthritis Rheum 56:
3896 –3908. https://doi.org/10.1002/art.23059.

372. Muhammad K, Roll P, Einsele H, Dorner T, Tony HP. 2009. Delayed
acquisition of somatic hypermutations in repopulated IGD�CD27�

memory B cell receptors after rituximab treatment. Arthritis Rheum
60:2284 –2293. https://doi.org/10.1002/art.24722.

373. Anonymous. 2009. Arzerra (ofatumumab). Full prescribing informa-
tion. Reference ID 3490691. Food and Drug Administration, Silver
Spring, MD.

374. Anonymous. 2017. Ocrevus (ocrelizumab). Full prescribing informa-
tion. Reference ID 4076448. Food and Drug Administration, Silver
Spring, MD.

375. Emery P, Rigby W, Tak PP, Dorner T, Olech E, Martin C, Millar L, Travers
H, Fisheleva E. 2014. Safety with ocrelizumab in rheumatoid arthritis:
results from the ocrelizumab phase III program. PLoS One 9:e87379.
https://doi.org/10.1371/journal.pone.0087379.

376. Mysler EF, Spindler AJ, Guzman R, Bijl M, Jayne D, Furie RA, Houssiau
FA, Drappa J, Close D, Maciuca R, Rao K, Shahdad S, Brunetta P. 2013.
Efficacy and safety of ocrelizumab in active proliferative lupus
nephritis: results from a randomized, double-blind, phase III study.
Arthritis Rheum 65:2368 –2379. https://doi.org/10.1002/art.38037.

377. Anonymous. 2013. Gazyva (obinutuzumab). Full prescribing informa-
tion. Reference ID 3893320. Food and Drug Administration, Silver
Spring, MD.

378. Anonymous. 2011. Benlysta (belimumab). Full prescribing informa-
tion. Reference ID 4281596. Food and Drug Administration, Silver
Spring, MD.

379. Chen D, Gallagher S, Monson NL, Herbst R, Wang Y. 2016. Inebili-
zumab, a B cell-depleting anti-CD19 antibody for the treatment of
autoimmune neurological diseases: insights from preclinical studies. J
Clin Med 5:E107. https://doi.org/10.3390/jcm5120107.

380. Cree BAC, Bennett JL, Kim HJ, Weinshenker BG, Pittock SJ, Wingerchuk
DM, Fujihara K, Paul F, Cutter GR, Marignier R, Green AJ, Aktas O,
Hartung HP, Lublin FD, Drappa J, Barron G, Madani S, Ratchford JN,
She D, Cimbora D, Katz E, N-MOmentum study Investigators. 2019.
Inebilizumab for the treatment of neuromyelitis optica spectrum
disorder (N-MOmentum): a double-blind, randomised placebo-
controlled phase 2/3 trial. Lancet 394:1352–1363. https://doi.org/10
.1016/S0140-6736(19)31817-3.

381. Agius MA, Klodowska-Duda G, Maciejowski M, Potemkowski A, Li J,
Patra K, Wesley J, Madani S, Barron G, Katz E, Flor A. 2019. Safety and
tolerability of inebilizumab (MEDI-551), an anti-CD19 monoclonal an-
tibody, in patients with relapsing forms of multiple sclerosis: results
from a phase 1 randomised, placebo-controlled, escalating intrave-
nous and subcutaneous dose study. Mult Scler 25:235–245. https://
doi.org/10.1177/1352458517740641.

382. Ohmachi K, Ogura M, Suehiro Y, Ando K, Uchida T, Choi I, Ogawa Y,
Kobayashi M, Fukino K, Yokoi Y, Okamura J. 2019. A multicenter phase
I study of inebilizumab, a humanized anti-CD19 monoclonal antibody,
in Japanese patients with relapsed or refractory B-cell lymphoma and
multiple myeloma. Int J Hematol 109:657– 664. https://doi.org/10
.1007/s12185-019-02635-9.

383. Anonymous. 2003. Bexxar (tositumomab and iodine I 131 tositu-
momab). Full prescribing information. Food and Drug Administration,
Silver Spring, MD. https://www.accessdata.fda.gov/drugsatfda_docs/
label/2012/125011s102lbl.pdf.

384. Kaminski MS, Tuck M, Estes J, Kolstad A, Ross CW, Zasadny K, Regan D,
Kison P, Fisher S, Kroll S, Wahl RL. 2005. 131I-tositumomab therapy as
initial treatment for follicular lymphoma. N Engl J Med 352:441– 449.
https://doi.org/10.1056/NEJMoa041511.

385. Aksoy S, Dizdar Ö, Hayran M, Harputluoğlu H. 2009. Infectious com-
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