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Abstract

Biologic medications are an expanding field of therapeutics for various medical conditions including cancer and inflammatory
diseases. Due to their targeted approach to therapy, biologics can be less toxic than traditional systemic medications. However,
as use becomes more widespread, adverse effects from biologic administration have also become apparent. Immune-related
adverse events are a common mechanism by which biologics can cause on-target immune-related toxicities and both immedi-
ate and delayed-type hypersensitivity reactions. Immediate hypersensitivity reactions can be mediated by cytokine release
or antibody mediated reactions, while delayed-type hypersensitivity is most often caused by serum sickness-like reactions.
Additionally, biologics used for treatment of cancer using checkpoint blockade and rheumatologic disease using cytokine
blockade can result in autoimmunity. Finally, when inflammatory cytokines are targeted for treatment of autoimmune or
autoinflammatory disease, the host immune defense can be compromised predisposing to secondary immunodeficiency.
This review will discuss the mechanisms of these reactions and discuss examples of biologics implicated in each of these

adverse events.
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Introduction

Biologic drugs are an emerging category of pharmaceuticals
broadly defined by their derivation from a biological source
[1, 2]. They encompass a range of protein-based therapeu-
tics, including monoclonal antibodies (mAb), fusion recep-
tor proteins, hormones, and cytokines [1, 3]. In this review,
we will focus mainly on mAbs, which are derived from a
single clone binding to a single epitope. This method was
first introduced by Kohler et al.in 1974 with the advent of
hybridoma technology [2, 4]. Initial monoclonal antibody
structure was comprised of a murine-derived variable region
fused with a human IgG constant region [2]. Initially, mAbs
were approximately 25% murine Fab fragments fused with a
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human IgG heavy chain, referred to as chimeric mAbs and
contain the highest percentage of murine-derived compo-
nents [2, 3]. As murine sequence increases immunogenic-
ity, production of therapeutic mAbs with reduced murine
components occurred forming “humanized” mAb [2, 3].
Humanized mAbs contain 2-5% of murine sequence, lim-
ited to the hypervariable regions of the Fab fragment [1,
2]. Fully human mAbs are derived completely from human
immunoglobulin IgG and do not contain murine components
[1].

Biologics differ from conventional pharmaceutical drugs
in many ways. They are structurally similar to autologous
proteins, while conventional drugs are synthesized small-
molecule chemicals [3, 5]. Most biologics are administered
parenterally, while conventional drugs have numerous routes
of administration [3]. Another distinction of biologics is
they are metabolized like endogenous proteins [3]. Biolog-
ics are considered complete allergens capable of inducing
IgE-mediated responses to murine epitopes or neoepitopes
contained in these large molecular weight proteins [3]. Con-
ventional drugs may require covalent binding to self-protein
to elicit an immune response as they are not allergens [6].
Additionally, unique properties of biologics contribute to
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longer half-life and unique episodic dosing intervals con-
tributing to increased risk of immunogenicity compared to
conventional medications [5].

Adverse events related to biologics may limit use when
few alternatives are available. As biologic medications
represent a distinct group of therapeutics, adverse reac-
tions do not fit into traditional Gel and Coombs reaction
classification. Pichler et al.proposed new classification
of adverse reactions to biologic medications encom-
passing five distinct adverse drug events [7, 8]. Alpha
reactions occur from release of high levels of cytokines
(cytokine release syndrome (CRS)). Beta reactions are
hypersensitivity reactions (HSR) that are immediate (IgE/
IgG) or delayed (IgG) antibody mediated reactions or T

cell mediated. Gamma reactions manifest as immune or
cytokine imbalance syndromes such as immunodeficiency,
autoimmune, or atopic disorders. Delta reactions occur
due to cross reactivity based on biologic recognition of the
target or similar antigen on normal or tumor cells. Epsilon
reactions are non-immunological side effects [7]. This
review will focus on adverse events that are immunologic,
including immediate and delayed HSRs, and those due to
biologic-induced alterations in the immune system leading
to autoimmunity, inflammation, or immunosuppression.
The text for HSRs is summarized in Tables 1-4 with
Table 1 listing immediate reactions and the associated
biologics, Table 2 the delayed reactions and associ-
ated biologics, Table 3 listing single biologics and their

Table 1 Immediate hypersensitivity reactions and skin testing concentrations for biologics

Cutaneous reactions: Pruritus

Infliximab

Rituximab

Cutaneous reactions: Urticaria and/or Angioedema
Infliximab

Rituximab

Etanercept

Adalimumab

Acute infusion reactions (including cytokine release syndrome (CRS))

Reported in 5-8% of autoimmune patients [14]

Reported in up to 20% of lymphoma patients [14]

Up to 3% of Crohn’s disease patients and up to 6% of rheumatoid arthritis patients [13]
Study reports vary from no reports to 3—14% of reactions [13]

Reported in 38.5% of reactions [15]

Reported in up to 42.8% of reactions [15]

Infliximab

Rituximab

Trastuzumab

Cetuximab

Immediate hypersensitivity reactions (HSR)
Infliximab

Rituximab

Trastuzumab

Cetuximab

Omalizumab

Natalizumab
Non-irritating skin testing concentrations [12, 16]
Medication
Infliximab [32, 154]
Rituximab [5, 154]
Etanercept [53]
Adalimumab [53]
Trastuzumab [5]
Omalizumab [155]
Natalizumab [42]
Cetuximab [39, 154]

1.3-4.6% of initial infusions [17, 23-25]

Acute infusion reactions in up to 70-78% of initial infusions; majority CRS [3, 20-22]
Up to 50% of initial infusions for B-cell lymphoma [12, 22]Up to 25% of initial infusions for inflammatory
disorders [12]

16-40% of initial infusions for breast cancer [12, 26, 27]
Incidence of 15-20% of infusions [19]

Reported in up to 10% of patients; IgG mediated with incidence peaking at~7th infusion [12, 33]
Reported in 5-10% of infusions [3, 38]

Rare reports at 0.6-5% of infusions [5, 12]

Up to 22% of initial infusions in Southeast USA. Due to preformed alpha-gal IgE [11, 12, 29, 59]

Rare reports at 0.1% of doses; 78% occur within the first 3 doses [1, 3, 12]Case reports of IgE-mediated
anaphylaxis to polysorbate in Xolair formulation [1, 36]

Rare case reports [1, 3, 12]

Skin prick testing concentration
10 mg/mL (full strength)

10 mg/mL (full strength)

50 mg/mL (full strength)

40 mg/ mL (full strength)

21 mg/mL (full strength)

125 mg/mL (full strength)f

20 mg/mL (full strength)

2 mg/mL (full strength)

Intradermal testing concentration

1 mg/mL (1/10 dilution)

1 mg/mL (1/10 dilution)#

0.5 mg/mL (1/100 dilution)

0.4 mg/mL (1/100 dilution)

2.1 mg/mL (1/10 dilution)

0.00125 mg/mL (1/100,000 dilution)
0.002 mg/mL (1/10,000 dilution)
0.2 mg/mL (1/10 dilution)*

“A concentration of 0.5 mg/mL was shown to be nonirritating in 8 controls [155], and another group reported a concentration of 5 mg/mL to be

nonirritating [153]

fOmalizumab should be reconstituted with normal saline to avoid false positive results [154]

#Although 1 mg/mL (IDT) is more commonly used, a maximal concentration of 10 mg/mL (full strength) for rituximab IDT is recommended by
the European Network on Drug Allergies and does not seem irritating [153]
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Table 2 Delayed hypersensitivity reactions with biologic use

Delayed cutaneous injection site reactions (ISR)

Etanercept

Adalimumab

Certolizumab

Golimumab

Ustekinumab

Anakinra

Delayed generalized cutaneous reactions
Infliximab

Severe cutaneous adverse reactions (SCAR)
Infliximab

Rituximab

Cetuximab

Checkpoint Inhibitors

Serum sickness like reactions (SSLR)
Infliximab

Rituximab

20% of patients develop ISRs. Most ISRs occur in first 2 months [9, 12]
20% of patients develop ISRs. Most ISRs occur in first 2 months [9, 12]
2-6% of patients developed ISRs [12]

2-6% of patients developed ISRs [12]

ISRs develop in 2.4% of patients [1]

Up to 71% of patients develop ISRs [1]

Generalized erythemato-squamous exanthema within 2—4 weeks following infusion [9]

1 case of Symmetrical Drug-Related Intertriginous and Flexural Exanthema (SDFRIFE) [60]
Small numbers of both SJS and SJS-TEN overlap. One case of TEN [13, 38, 59]

1 case of TEN reported [9]

SJS and TEN described with ipilimumab, nivolumab, and pembrolizumab [59]

2.5% of patients [9]. Described in IBD patients [8, 20]

85% of cases in patients with autoimmune disease

15% of cases in hematologic malignancy [56]

Trastuzumab
Omalizumab

Described in treatment of breast cancer patients [9]
Described in 0.4-0.6% patients overall

Reported in up to 25% of patients with mast cell activation disorders [69]

Natalizumab

Described in MS patients [33]

associated reactions, while Table 4 lists management for
the described hypersensitivity reactions.

Immune-related Hypersensitivity Reactions

HSRs to biologic medications comprise a variety of immu-
nologic and non-immunologic mechanisms leading to clini-
cal reactions. The term allergic hypersensitivity refers to
reactions attributed to underlying antibody- or cellular-medi-
ated immune reactions [9]. The clinical manifestations of
HSRs may vary depending on the underlying immune mech-
anism and range from cutaneous reactions (pruritus, rash,
urticaria, flushing) to life-threatening reactions (e.g., ana-
phylaxis or severe cutaneous adverse reactions (SCARSs)).
Reactions are further classified by timing of presentation of
symptoms; reactions may occur immediately (within 1-2 h
of biologic administration) or be delayed (greater than 2 h
and up to 14 days) [9]. Timing of the reaction within the
therapeutic course may also reveal the underlying immune
mechanism; reactions occurring with initial administra-
tion are attributed to cytokine release or existence of pre-
formed antibodies versus reactions that occur after several
administrations, indicating development of anti-drug anti-
bodies (ADA). Isabwe et al.proposed a classification sys-
tem for mAb-specific HSRs based on endotype, defined
by biomarkers (specific laboratory values and test results)

and phenotype, defined by the clinical presentation, of the
adverse reaction [10]. This system serves as a subclassifica-
tion of Pichler’s beta reactions (HSRs), and further charac-
terizes the subcategories of mAb HSRs and includes type I/
type I-like reactions, cytokine-release reactions, mixed reac-
tions, and delayed type IV reactions [7, 10].

Immediate Hypersensitivity Reactions

Immediate or acute HSRs are defined by the presence of
clinical symptoms within 1-2 h of biologic administra-
tion and includes type I-like reactions as defined by Isabwe
etal. [1,9-11] Isabwe et al.define these type I reactions
as symptoms of flushing, pruritus, urticaria, shortness of
breath, hypotension, and anaphylaxis that occur within
1-2 h due to release of mast cell and basophil mediators,
such as tryptase, histamine, leukotrienes, and prostaglan-
dins [10]. In contrast, type IV reactions can manifest as
nonsevere maculopapular rash to more severe cutaneous
adverse reactions (SCARSs) that arise 12 h to several weeks
following biologic exposure [10]. Clinical manifestations
may be limited to cutaneous symptoms or include more dif-
fuse systemic involvement with symptoms reflective of ana-
phylactic reactions [9, 11]. Clinical symptoms may include
pruritus, flushing, urticaria/angioedema, shortness of breath,
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Table 3 Biologics and associated hypersensitivity reactions and immune-related adverse events

Infliximab

Rituximab

Etanercept

Hypersensitivity reactions
Cutaneous reactions

Immediate

Delayed

Systemic reactions
Infusion Reactions/CRS
Immediate HSR

SSLR

Immune-related adverse events (IRAE)
Inflammatory reactions

Paradoxical Psoriasis

Lupus-like disease

Vasculitis

Anti-Drug Antibodies

Pruritus alone in 5-8% patients [15]
Urticaria/angioedema in 3% of CD and 6% of RA patients [13]

Generalized erythemato-squamous exanthema. Onset 2—4 weeks
following infusion [9]

Up to 1.3-4.6% of infusions in IBD patients [17, 23-25]
Up to 10% of infliximab treated patients [12, 33]

Onset 5-7 days following infusion in 2.5% of patients [9, 12,
62]

Up to 1.4% of patients [91]
Incidence of 0.66% of patients [91]

0.7% of patients on biologics. A total of 94% of cases were RA/
sJIA patients on infliximab or etanercept [91]

Highest rates of ADAs from infliximab and adalimumab in RA
patients [104]

Opportunistic infection: Increased risk of M. tuberculosis infection [112, 136, 137]

Hypersensitivity reactions
Cutaneous reactions

Immediate

Delayed

Systemic reactions

Infusion reactions/CRS

Immediate HSR
SSLR

Immune-related adverse events
Inflammatory reactions
Paradoxical Psoriasis
Vasculitis

Hypersensitivity reactions
Cutaneous reactions
Immediate

Delayed

Immune-related adverse events
Paradoxical Psoriasis
Lupus-like disease

Vasculitis

Pruritus alone in up to 20% lymphoma patients [13]
Urticaria/angioedema varying from 3 to 14% [13]

Small numbers of SJS and SJIS-TEN overlap
1 case report of TEN [13, 38, 59]

Up to 70-78% of initial infusions; majority CRS [3, 20-22]
Up to 50% of initial infusions for B-cell lymphoma [12, 22]Up
to 25% of initial infusions for inflammatory disorders [12]

Reported in 5-10% of infusions [3, 38]

85% of cases in patients with autoimmune disease
15% of cases in hematologic malignancy [56]

Very uncommon cause (< 1%) of total cases [91]
Rare cases with rituximab [91]

Reported in 38.5% of reactions [15]
ISRs in 20%. Most occur in first 2 months [9, 12]

Up to 0.19% of patients [91]
Incidence of 0.49% of patients [91]

0.7% of patients on biologics. A total of 94% of cases were RA/
sJIA patients on infliximab or etanercept [91]

Opportunistic infection: Increased risk of M. tuberculosis infection [112, 136, 137]
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Table 3 (continued)

Adalimumab Hypersensitivity reactions
Cutaneous reactions
Immediate
Delayed
Immune-related adverse events
Paradoxical Psoriasis
Lupus-like disease

Anti-drug antibodies

Urticaria/angioedema reported in up to 42.8% of reactions [15]

ISRs in 20%. Most occur in first 2 months. [9, 12]

Up to 1.29% of patients [91]
Incidence of 0.11% of patients [91]

Highest rates of ADAs from infliximab and adalimumab in RA
patients [104]

Opportunistic infection: increased risk of M. tuberculosis infection [112, 136, 137]

Trastuzumab Hypersensitivity reactions
Systemic reactions
CRS
Immediate HSR
SSLR
Cetuximab  Hypersensitivity reactions
Cutaneous reactions
Delayed
Systemic reactions
CRS
Immediate HSR

Omalizumab Hypersensitivity reactions
Systemic reactions
Immediate HSR

SSLR

Natalizumab Hypersensitivity reactions
Systemic reactions
Immediate HSR
SSLR

16-40% of initial infusions for breast cancer [12, 26, 27]
Rare reports at 0.6-5% of infusions [5, 12]
Described in treatment of breast cancer patients [9]

1 case of TEN reported [9]

Incidence of 15-20% of infusions [19]

Up to 22% of initial infusions in Southeast USA
Due to preformed alpha-gal IgE [11, 12, 29, 59]

Rare (0.1% of doses); 78% occur within the first 3 doses [1, 3,
12]Case reports of anaphylaxis to polysorbate in formulation
[1, 36]

Described in 0.4-0.6% patients overall

Up to 25% of patients with mast cell activation disorders [69]

Rare case reports [1, 42, 43]
Described in MS patients [33]

Opportunistic infection: PML development due to JC virus reactivation [143, 144, 146]

hypotension, and life-threatening anaphylaxis. Biomarkers
include elevated serum tryptase and patients may have posi-
tive skin testing, although the utility of skin testing with
mAbs remains limited [10]. For clinical management and
evaluation of immediate HSRs, Picard and Galvao have pre-
viously published a useful algorithm (Fig. 1) [12].

Cutaneous Reactions

Symptoms with cutaneous limited reactions may occur
locally or have widespread involvement of the skin. Local
injection site reactions result from immediate development
of erythema, swelling, burning/stinging, pruritus, urticaria,
and pain [8, 13]. These symptoms are more commonly

associated with subcutaneous injections and triggered by
direct mast cell degranulation [8, 9, 13]. Pruritus, as a non-
immunologic side effect, is associated with multiple biologic
medications, including infliximab and rituximab [14].
Clinical manifestations of disseminated skin reactions
may include diffuse pruritus, urticaria, and angioedema, and
have been reported with several biologic agents. Urticaria
has been reported with biologics including etanercept, inf-
liximab, and rituximab [13, 15]. With infliximab therapy,
up to 3% and 6% of Crohn’s disease and rheumatoid arthritis
(RA) patients, respectively, reported urticaria [13]. Subse-
quent cases of urticaria alone or with angioedema have been
reported with infliximab, etanercept, and adalimumab [15].
Urticaria is also common with rituximab, ranging from 3 to
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Table 4 Management of reactions

Cutaneous reactions Immediate

Urticaria/pruritus

Slowing infusion rate (as low as 10 mL/h) or

pretreatment with antihistamines [13]
Recurrent symptoms with premedication or slower infusion rate may require desensitiza-

tion [12, 16]
Delayed
Injection site reactions
help [9, 12]
Generalized
SCAR
Systemic Reactions Immediate*

Infusion reactions

Apply ice, topical corticosteroids. Oral H1/H2 antihistamines and/or analgesics may also

No consensus on management. Avoidance recommended [9]

Strict avoidance of biologic recommended [10]

Stop infusion, then restart at a slower rate. Control or prevent symptoms with H1 antihis-

tamines and corticosteroids during or prior to infusions [3, 9, 16, 18]

CRS (severe infusion reaction)

Stop infusion, treat with rescue medications epinephrine, IV fluids, H1 antihistamine,

oxygen, high dose IV steroids [9, 16]
Premedication for prevention: [12, 15, 17]Acetaminophen 650 mg
Corticosteroids: Options include the following:
1. Prednisone 50 mg, 3 doses in 12 h prior to infusion
2. Hydrocortisone 100 mg IV 20 min prior to infusion
3. Methylprednisolone 20-40 mg IV 20 min prior to infusion [16]

HSR/Anaphylaxis

Stop infusion, treat with rescue medications epinephrine, IV fluids, H1 antihistamine,

oxygen. Corticosteroids for delayed symptoms may be used [11]

For further treatment:

Referral to allergist:

o Biologic skin testing for treatment guidance (Table 1)

e Desensitization if consistent with [gE-mediated reaction. Protocols specific for each
biologic. Many use a 3-bag/12-step protocol [5, 10, 16, 33]

o Desensitization possible for IgG mediated immediate HSRs with infliximab [17, 53]

Delayed
SSLR

Treatment of symptoms with corticosteroids

Severe reactions may require plasma exchange
Premedication: No established role [9]
Desensitization: Not safe in most SSLRs [12, 61]

14% of patients receiving rituximab, though other studies
have not reported urticaria [13].

Most reactions are mild and can be managed by the pri-
mary prescribing provider (the oncologist or rheumatolo-
gist) without need for allergy referral [16]. Management of
urticaria may include slowing infusion rate to restart as low
as 10 mL/h, depending on the biologic, and antihistamine
premedication with H1 or H2 antihistamines administered
orally 30 min to 1 h prior to subsequent doses [12, 13, 17].
Recurrent symptoms despite premedication and slowing
infusion rate may require desensitization [12, 16].

Acute Infusion Reactions and CRS

Acute infusion reactions are the most commonly reported
reactions to mAbs, occurring in up to 50% of biologic
administrations [3, 10]. Reactions are generally mild and
may occur with initial administration. They are non-immu-
nogenic, caused by non-specific release of proinflammatory
cytokines IL-6, IFN-y, and TNF-« [3, 8], often from binding
of the mAb to the targeted molecule causing cell lysis and
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cytokine release [3, 9, 10]. These reactions are considered
predictable and related to rate of medication administration
[3]. Clinical presentation includes fevers, rigors, back and
abdominal pain, nausea, vomiting, diarrhea, dyspnea, flush-
ing, pruritus, and changes to heart rate or blood pressure [3].
Rituximab and infliximab are implicated in these reactions
[3,8,9,18].

Management includes premedication with antihista-
mines (diphenhydramine 25-50 mg PO) and acetaminophen
(650 mg PO) given 30 min prior to biologic administration,
and slowing infusion rates; more severe reactions may war-
rant systemic corticosteroid premedication with either oral
prednisone (3 doses of 50 mg given over 12 h prior to infu-
sion) or intravenous hydrocortisone (100 mg) or methylpred-
nisolone (20—40 mg) given 20 min before infusion [16, 17].

CRS is considered the most severe type of acute infusion
reaction [8]. These reactions are postulated to result from the
biologic binding to Fcy-receptors on monocytes and mac-
rophages, cytotoxic T cells, and natural killer cells, induc-
ing release of IL-6, IFN-y, and TNF-a [8, 9, 12, 18]. CRS
is associated with the initial administration of a biologic
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Fig. 1 Suggested algorithm for
the management of immediate
hypersensitivity reactions to

Immediate HSR

monoclonal antibodies. HSR
hypersensitivity reaction, mAb
monoclonal antibody. Adapted

What is the suspected mechanism based on the
clinical presentation, mAb and skin test result?

from Picard et al. [12]

Cytokine release }\ /{ IgG-mediated

IgE-mediated

What was the severity of the HSR?

Challenge

Grade 2

According to patient and
physician preference

If recurrent HSR:
consider
desensitization

and waning with subsequent doses in the therapeutic course
[12]. Symptoms may be nonspecific, such as flushing,
dyspnea, throat tightness, dizziness, hypotension, vomiting,
diarrhea, and may be indistinguishable from anaphylaxis or
symptoms may be more distinctive and include headache,
increased blood pressure, chest and back pain, fever, chills,
and rigors [3, 8,9, 12, 18]. While clinical manifestations in
CRS may be overlap with symptoms seen in immediate anti-
body mediated HSRs, elevation of tryptase and generation
of drug specific IgE or IgG antibodies are not observed in
CSR [12]. A number of biologics may cause CRS, including
rituximab, trastuzumab, and cetuximab [8, 12, 19].

Management of cytokine release syndrome involves pre-
medication with systemic corticosteroids and acetaminophen
(650 mg PO), as well as slowing the infusion rate of the bio-
logic medication [12]. The route, dose, and specific corticos-
teroid may vary depending on reaction severity, medication
availability, and clinic protocol; this may range from a 50-mg
oral dose of prednisone for three doses prior to infusion to
100 mg I'V hydrocortisone or 20—40 mg IV methylpredniso-
lone given 20 min prior to the infusion [12, 16, 17].

Rituximab

Up to 70-78% of initial rituximab infusions have been
associated with acute infusion reactions [3, 20-22]. Most
reactions are mild to moderate in severity and do not recur
upon rituximab readministration [12]. Patients receiving
rituximab for B-cell lymphoma have had reports of up to

Desensitization

If well tolerated:
consider shortening the protocol

l

If well tolerated:
consider a challenge except if IgE-mediated

50% infusion reaction rates, with inflammatory disorders
such as rheumatoid arthritis patients experiencing a lower
incidence with reaction rate around 25% per infusion [12,
21]. The majority of symptoms resolved with slowing of
infusion rate or with antihistamines or acetaminophen [23].
Up to 50% of patients treated for B cell malignancy with
rituximab experience CRS upon first exposure. These reac-
tions are attributed to massive B-cell lysis with elevated levels
of [L-6 and TNF-a correlating to reaction severity [12]. CRS
reactions are less common in patients receiving rituximab for
inflammatory disorders; in one study, 25% of RA patients
were reported to have CRS upon initial drug exposure [12,
21]. This patient population consisted of majority females
with a diagnosis of RA and a mean age of 51 years; patients
in this study received 100 mg intravenous methylprednisolone
prior to all rituximab infusions while on concurrent metho-
trexate (10-25 mg/week) and the majority also received aceta-
minophen and antihistamine premedication as well [21].

Infliximab

Lower rates of acute infusion reactions are reported with
infliximab, mainly occurring in inflammatory bowel disease
(IBD) patients, ranging from 1.3 to 4.6% [17, 23-25].

Trastuzumab

Trastuzumab, a biologic targeting the human epidermal
growth factor receptor 2 (HER 2) in breast cancer, has also
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been associated with CRS in 16-40% of patients [12, 26,
27]. Most patients who had CRS tolerated future infusions
of trastuzumab with antihistamine and corticosteroid pre-
medication [12].

Antibody-mediated Reactions

Immediate reactions may also be caused by anti-drug anti-
body (ADA)-mediated mechanisms. Reactions mediated
by biologics may be triggered by drug-specific IgE or IgG.
ADAs are induced after multiple tolerated exposures to the
biologic agent [8, 9, 28]. However, immediate antibody-
mediated reactions may also occur secondary to preformed
anti-biologic IgE or IgG [9, 18, 29, 30]. Although the role
of IgG antibodies as mediators of immediate HSRs is not
as well established as IgE, they have been implicated in
pathogenesis of HSRs for some biologics, such as inflixi-
mab [12]. The proposed mechanism is that IgG ADAs bind
to Fcy-receptors on basophils and neutrophils, stimulating
release of platelet-activating factor [12, 31]. Additionally,
large IgG ADA-drug complexes may activate complement,
causing mast cell degranulation of anaphylatoxins [9, 12].

Clinical manifestations include GI symptoms, dyspnea,
flushing, pruritus, back pain, and may overlap with symp-
toms due to acute infusion reactions or CRS [3, 12]. In
order to distinguish these reactions from CRS, antibody-
mediated reactions may be confirmed by elevated tryptase
at the time of reaction for both IgG and IgE-mediated reac-
tions, and through traditional allergy skin testing for IgE-
mediated reactions [12]. However, as biologics are relatively
new, studies are needed to determine appropriate reagent
concentrations for allergy skin testing of specific biologics.
Detection of drug specific IgE and IgG antibodies is also
possible for the purposes of identifying adverse reactions,
but are not commercially available [12]. Allergy skin testing
with IgG-mediated HSRs is negative as they are mediated
by IgG, not IgE [12].

Immediate IgE-mediated HSRs occur when repeated
exposure to a biologic elicits drug-specific IgE [9, 12,
32]. Anti-biologic IgE binds to the Fce receptor I on mast
cells and basophils and, upon re-exposure to the drug, IgE
crosslinking leads to cellular degranulation and release of
inflammatory mediators including histamine, cysteinyl leu-
kotrienes, and tryptase [9, 18, 32]. Symptoms range from
mild to anaphylaxis and may include flushing, urticaria,
angioedema, airway obstruction, and hypotension [3, 9, 12,
18]. Several biologics are implicated in IgE HSRs including
omalizumab, rituximab, infliximab, trastuzumab, and others
[5, 12, 33].

Management includes referral to an allergist for skin test-
ing and possible desensitization if the medication is neces-
sary with no suitable therapeutic alternatives [16]. Multiple
groups have successfully achieved desensitization to several

@ Springer

biologics and many of these protocols have been published
[16]. Desensitization protocols vary depending on the bio-
logic and route of administration, with several protocols
based on a 3-bag /12-step protocol [5, 10, 16, 33].

It is notable that acute infusion or CRS reactions may
be indistinguishable from IgE and IgG-mediated anaphy-
laxis [9, 12, 18], and also mixed reactions with symptoms
from both cytokine release and ADA mechanisms may occur
[12].

Omalizumab

Omalizumab is known to cause anaphylaxis, triggering a
joint task force to further investigate reports of omalizumab
anaphylaxis [3, 34]. Using NIAID/FAAN criteria, reported
anaphylaxis was rare at 0.1% with the majority (78%) of
reactions occurring within the first 3 doses of administration
[1, 3, 12]. Notably, 44% of reactions occurred more than 1 h
after administration, prompting a black box warning label
to monitor patients for 2 h following the initial 3 doses [3,
34]. Follow-up in 2011 revealed an increased association of
omalizumab HSR in those who reported a history of anaphy-
laxis from any cause [3, 35]. The suspected mechanism is
development of drug-specific IgE, though this is incongruent
for those reactions occurring with the first omalizumab dose
[3]. Additionally, one study failed to demonstrate elevated
serum tryptase or specific IgE or IgG antibodies in patients
who experienced immediate omalizumab HSR [12].

Anaphylaxis due to preformed IgE anti-excipient antibod-
ies in the omalizumab formulation have also been reported
[36]. Two patients with anaphylaxis following omalizumab
were triggered by polysorbate, confirmed through positive
polysorbate intradermal testing and negative in vitro testing
for omalizumab-specific IgE and IgG antibodies [1, 36].
Desensitization is available to patients who have experienced
HSR to omalizumab, with recommendation to continue
weekly or biweekly administration to maintain desensitized
state [10, 37].

Rituximab

Rituximab associated immediate HSRs are reported at a
high rate of 5-10% of infusions [3, 38]. Anti-rituximab
IgE likely mediate these reactions [3]. Positive intradermal
testing has been reported in 67% of patients with rituximab
HSRs with follow-up studies reporting similar rates, but
studies failed to use non-allergic controls [5, 9, 39]. This
group also successfully desensitized patients experiencing
HSR with rituximab, further supporting an IgE mechanism
[39]. More recently, positive skin testing was reported in
60% of patients with immediate HSRs to rituximab, and
nearly all patients underwent successful desensitization
[20]. Multiple desensitization protocols, including rapid
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desensitization, have been published [20, 40]. In addi-
tion to these published protocols for adults, pediatric
patients have also successfully undergone desensitization
to rituximab using a similar 12-step protocol [41]. For
younger pediatric patients unable to tolerate this protocol
due to significant reactions, weight-based adjustments in
rituximab rates were utilized for successful desensitiza-
tion [41].

Natalizumab

Natalizumab targets a4-integrin in the treatment of multiple
sclerosis (MS); rare cases of anaphylaxis have been reported
[1]. There are two case reports describing anaphylaxis with
natalizumab with confirmatory work up: one patient with
positive intradermal testing and anti-natalizumab IgE and
the other patient with positive IgE [42, 43]. Another group
found that up to 6% of patients developed natalizumab
ADAs; ADA positive patients had higher rates of HSRs
(21-46%) compared to ADA negative patients (0.6-0.7%)
[44]. Several published case reports describe successful
desensitization utilizing varying protocols [45-48].

Infliximab

Immediate HSRs with infliximab occur frequently (10% of
infliximab treated patients) and account for 60% of TNF-
inhibitor (TNFi) associated immediate HSRs [12, 33].
Immediate HSRs with infliximab may occur with initial
infusions, but incidence peaks after multiple (7) infusions
and are linked to anti-infliximab IgG ADAs. While most
immediate infliximab HSRs are IgG-mediated, some are
associated with anti-infliximab IgE [12, 15, 49]. This has
been confirmed by a number of studies demonstrating that
with infliximab HSRs, 13-27% had detectable infliximab
ADAs, and in one study 30% had positive infliximab intra-
dermal skin testing [5, 12, 32, 39]. Additionally, the pres-
ence of infliximab ADAs was associated with increased odds
of developing immediate HSR to infliximab along with an
associated loss of drug efficacy due to the antibody-mediated
neutralizing effect compared to ADA negative patients [12,
50]. Conversely, 10% of infliximab ADA positive patients
continued to tolerate infliximab therapy [5, 12, 32, 39].
Finally, infliximab ADA positive patients were more likely
to become anti-adalimumab IgE positive [12, 49]. While inf-
liximab ADAs are not predictive of cross-reactivity between
TNFis, there are case reports of immediate HSR with adali-
mumab in patients who have had previous infliximab related
HSR [12, 49]. Concomitant use of immunosuppressants
(e.g., methotrexate or azathioprine) may reduce ADA devel-
opment [12, 51, 52]. Successful desensitization protocols

have been published with weekly infliximab administration
to maintain desensitization [17, 53].

Trastuzumab

While most immediate HSRs to trastuzumab are due to CRS,
other patients have HSRs after previous tolerance, sugges-
tive of antibody-mediated reactions [12]. Additionally,
patients with positive skin testing have successfully under-
gone trastuzumab desensitization with subsequent tolerance,
further supporting an IgE mechanism [5].

Cetuximab

Cases of immediate HSRs have occurred with initial infusions
and are attributed to preformed IgE antibodies to antigens in
the formulation or preformed IgE that are cross-reactive with
the structure of the mAb itself. The prototypic example is an
immediate HSR upon initial cetuximab infusion [11, 12].
While worldwide studies reported < 3% immediate HSRs to
cetuximab, studies focused in the southeastern USA revealed
increased incidence rates up to 22% [11, 12, 29, 54]. Pre-
formed IgE antibodies were directed against the oligosac-
charide galactose-a-1,3-galactose (alpha-gal) present on the
murine F(ab’) [2] component of cetuximab [12, 29]. Patients
with alpha-gal IgE prior to cetuximab treatment were more
likely to have severe immediate HSRs upon initial cetuximab
exposure [11, 12]. Alpha-gal IgE formation is thought to
be secondary to Lone star tick exposure, which resides geo-
graphically in the southeastern USA [12, 55]. More recently,
alpha-gal IgE cross-reactivity has been described in a case of
anaphylaxis with initial infliximab dose [56]. Although dis-
continuation of cetuximab is indicated with immediate HSRs,
there have been case reports of successful desensitization to
cetuximab, utilizing both rapid desensitization protocols and
amodified 1-bag, 5-step protocol [16, 57].

Delayed Hypersensitivity Reactions

Delayed HSRs occur greater than 1-2 h after drug adminis-
tration, with most presenting within 2 weeks following bio-
logic administration [9]. Delayed HSRs encompass a wide
range of clinical presentations and include local cutaneous
lesions, generalized cutaneous symptoms, severe cutaneous
adverse reactions (SCARs) (e.g., Stevens-Johnson syndrome
(SJS) and toxic epidermal necrolysis (TEN), and serum
sickness-like reactions (SSLR)) [9].

Delayed Local Cutaneous Reactions

Delayed cutaneous symptoms following biologics may be
limited to a distinct location [9]. Similar to immediate
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cutaneous reactions, patients may present with delayed cuta-
neous symptoms at injection sites (injection site reaction:
ISR). Delayed ISRs are more common with subcutaneous
dosing and are characterized by erythema, swelling, itching,
or infiltrated plaques that present 1-2 days following injec-
tion [9]. They are most commonly associated with TNFis,
especially etanercept and adalimumab, and usually occur
within the first 2 months of therapy [9]. Approximately 20%
of patients treated with adalimumab and etanercept develop
ISRs, while 2-6% receiving certolizumab or golimumab
develop ISRs [12]. ISR rates vary widely depending on the
biologic, and range from 2.4% of ustekinumab injections
to 71% of anakinra injections [1]. Recall ISRs may also
develop at previous injection sites with subsequent medica-
tion administrations; these have been reported with TNFi
therapy [58].

As these reactions are self-limited and improve with sub-
sequent administrations, management is limited to sympto-
matic treatment with ice, topical corticosteroids, and oral H1
or H2 antihistamines [9, 12, 16].

Delayed Generalized Cutaneous Symptoms

Some cases of delayed systemic HSRs are limited to cutane-
ous symptoms. These reactions encompass a broad range of
symptoms, including maculopapular, eczematous, lichenoid,
and granulomatous exanthems with the majority consist-
ing of mild maculopapular lesions [9, 10]. The underlying
pathophysiology is not well defined, but suspected to be cell-
mediated immune responses [9]. Generalized erythemato-
squamous exanthema have been reported in multiple patients
treated with TNFis, specifically infliximab, with onset
delayed 2—4 weeks following biologic administration [9].

There is no consensus on management of delayed general-
ized cutaneous symptoms and avoidance of the biologic is
often recommended [9].

Severe Cutaneous Adverse Reactions

Other delayed hypersensitivity reactions to biologics are
rare, but recognition is important given the severity and
life-threatening nature of these reactions [9]. These include
severe cutaneous adverse reactions (SCARs) such as Ste-
vens-Johnson syndrome (SJS) and toxic epidermal necroly-
sis (TEN). Although uncommon, there have been a small
number of cases of SJS, SJIS-TEN overlap, and one case
of TEN following rituximab administration [13, 38, 59].
SJS and TEN reactions have also occurred with check-
point inhibitor therapy (e.g., ipilimumab, nivolumab, and
pembrolizumab) [59]. TEN also occurred with cetuximab
administration [9]. One case of symmetrical drug-related
intertriginous and flexural exanthema (SDFRIFE), also
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referred to as baboon syndrome, has been reported with
infliximab used in the treatment of psoriasis [60]. Strict
avoidance of the instigating medication is recommended
[10].

Serum Sickness-like Reactions

The most common non-immediate hypersensitivity reac-
tions to biologics are serum sickness-like reactions (SSLR).
Pathophysiology is secondary to deposition of biologic-
ADA immune complexes in small blood vessels that activate
the complement cascade, subsequently inducing inflamma-
tory infiltration [9, 12]. Although SSLRs may occur with
the first infusion, they commonly occur after tolerance of at
least one administration [12]. Patients present with fever,
malaise, arthralgia or arthritis, jaw pain or tightness, erythe-
matous skin eruption, purpura, and conjunctival hyperemia
occurring several days after biologic infusion [9, 12]. Some
patients with severe or progressive symptoms require treat-
ment with corticosteroids with some severe cases requiring
plasma exchange [9]. Management of SSLRs is not clear
as desensitization is not safe with SSLRs and avoidance is
most often recommended [12, 61], although some patients
tolerate subsequent doses with steroid premedication [5,
12]. Multiple biologics have been associated with SSLRs,
including infliximab, rituximab, omalizumab, natalizumab,
adalimumab, and trastuzumab [9, 12].

Infliximab

SSLRs with infliximab are less common than immediate
HSRs, occurring in 2.5% of patients [9, 12]. Infliximab
SSLRs usually occur about 5-7 days following infusion
[12, 62].

Rituximab

Rituximab-related SSLRs have been reported, with most
occurring with treatment of inflammatory disorders [5,
12, 63]. Specifically, a review of rituximab-induced SSLRs
found that the majority (85%) of cases were in patient with
underlying autoimmune disease (e.g., immune thrombocyto-
penic purpura, Sjogren syndrome, and RA), while those with
hematologic malignancies, such as lymphoma, comprised
only 15% of reactions [63]. Symptoms presented 6-10 days
after second rituximab infusion, in the first cycle; the most
common symptoms were fever, arthralgias, and rash [63].

Corticosteroids (most commonly IV methylprednisolone)
were used for treatment and resulted in complete resolution
of symptoms in most cases [63, 64]. Wong et al.reported
successful desensitization of 2 patients with serum sickness
and SSLR with subsequent tolerance of rituximab with cor-
ticosteroid premedication in both patients [20].
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Omalizumab

While reactions consistent with SSLR are included in the
reported adverse effects of omalizumab clinical trials, cases
of omalizumab-induced SSLR are rare [65]. Dreyfus et al.
reported the development of generalized pruritic petechia
presenting 1-2 days after tolerating multiple previous omal-
izumab doses diagnosed as SSLR [66]. Pilette et al.also
reported a SSLR 5 days following an initial omalizumab
injection. A second omalizumab injection resulted in soft
tissue necrosis in one of the affected joints despite corti-
costeroid treatment [67]. SSLRs have also been reported
in pediatric patients; Eapen et al.has reported a reaction in
a 12-year-old female treated for urticaria and angioedema
[68]. More recently, Molderings et al.reviewed SSLRs in
patients treated with omalizumab and found that 25% of
mast cell activation disorder (MCAD) patients developed
SSLR compared to 0.4-0.6% in all omalizumab-treated
patients, suggesting a higher incidence of SSLRs in this con-
dition [69]. They suggested that long-term glucocorticoid
use in MCAD patients may predispose to increased risk of
omalizumab induced SSLRs [69].

Natalizumab

SSLRs have been reported with natalizamab. One group
reported 3 cases of SSLRs in a cohort of MS patients receiv-
ing natalizumab [43]. These patients developed symptoms
of arthralgia, neck stiffness, and fever approximately 1 day
after receiving the first natalizumab infusions; symptoms
self-resolved, and they were able to tolerate subsequent
natalizumab therapy with slower infusion rates and corti-
costeroid premedication. However, one patient discontinued
natalizumab therapy due to presence of serum ADAs [43].

Autoimmunity

Biologic therapies for the treatment of autoimmune disease
and cancers have led to remarkable improvements in out-
comes for this broad collection of diseases [70, 71]. These
biologics work by interfering with cytokine-to-cytokine
receptor interactions and reversing negative regulation
through checkpoint inhibition. Cytokine antagonism may
alter immunity to pathogens while checkpoint inhibition
predisposes to autoimmunity and inflammation.

Checkpoint Inhibitors

Immune checkpoint inhibitors for cancer treatment are a
transformative approach to cancer immunotherapy [72].
MAbs blocking the negative regulator proteins cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), programmed

death 1 (PD-1), and its ligand programmed death ligand 1
(PD-L1) have FDA approval for the treatment of numer-
ous malignancies. CTLA-4 is up-regulated during T cell
responses and inhibits T cell co-stimulation by binding to
co-stimulatory molecules CD80 and CD86, decreasing T
cell activation intracellular signaling [71]. PD-1, expressed
on T cells, is a negative regulator of anti-tumor T cell func-
tion when engaged by PD-L1 expressed and up-regulated on
tumor cells [71, 73]. Under homeostatic conditions, these
checkpoint molecules regulate aggressive immune responses
and prevent autoimmunity [72]. Checkpoint inhibition with
mADbs blocking the CTLA-4 or PD-1 pathways, either alone
or in combination, allows release of negative regulators of
immune activation, allowing an anti-tumor immune response
[71]. MAbs blocking CTLA-4 (ipilumab), PD-1 (pembroli-
zumab, nivolumab), and PD-L1 (atezolizumab, avelumab,
durvalumab) are FDA-approved for treating specific cancers
individually or in combination therapy [74-76].

Although highly beneficial in treatment of cancer, inhibi-
tion of CTLA-4 and PD-1 pathways may lead to immune-
related adverse events (irAE) [71]. These toxicities are pre-
dictable based on the mechanism of action of checkpoint
inhibitors. The proposed mechanisms of checkpoint inhibi-
tor irAE involve activation of T cells against cross-reactive
antigens from tumor and healthy tissue [74], reduction of
regulatory T cell function with loss of peripheral tolerance,
increasing levels of pre-existing autoantibodies, and increas-
ing levels of inflammatory cytokines including IL-17 and
IL-6 [77]. Cross-reactivity for specific antigens is proposed
with vitiligo, which is markedly increased in patients being
treated for melanoma versus other cancers [74]. These are
relatively common, with grade 1 toxicities (those clinically
detectable but not requiring therapy) occurring in 90% of
patients, whereas grade 3 or higher occur in 60% [72].

Checkpoint inhibitor-induced irAE may occur in nearly
all vital organs and almost any time after treatment, though
a majority occur in the first 2-16 weeks [74, 77]. Dermato-
logic manifestations typically occur first and range in sever-
ity from eczema and pruritus to vitiligo to drug reaction
with eosinophilia and systemic symptoms (DRESS) and SJS.
Endocrinopathies are also relatively common. Hypophysitis
occurs with CTLA-4 blockade, while thyroid dysfunction is
more common in PD-1 pathway inhibition [78, 79]. Type 1
diabetes mellitus is less common (< 1%) [80]. Unlike other
irAE-mediated systemic toxicities, endocrinopathies often
require lifelong replacement of hormones, even after treat-
ment with immunosuppressive therapy [72].

Gastrointestinal manifestations include colitis, occurring
in up to 20% of individuals on combination ipilimumab/
nivolumab pathway blockade, and hepatitis [72, 79, 81].
Cardiac toxicity is rare, (< 1%) and myocarditis occurs
most often, but cardiac involvement may include pericardi-
tis, Takotsubo cardiomyopathy [72], and temporal arteritis
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[82]. Pneumonitis is relatively rare (1-3%), and unlike the
toxicities listed above, is more frequent in PD-1 pathway tar-
geting therapies [72]. Rheumatologic disease characterized
by arthritis, arthralgia, or polymyalgia rheumatica is com-
mon (up to 26%) [72], and neurologic diseases including
peripheral neuropathy, myasthenia gravis, and encephalopa-
thy are also described [83]. In studies of pharmacovigilance
databases, the most common irAE associated with death in
CTLA-4 blockade was colitis, PD-1 was pneumonitis, and
combination therapy was colitis and myocarditis [84].

Immune-related adverse events in the setting of check-
point inhibitors are graded based on severity [85]. Grade I
symptoms are mild, not requiring intervention in many cases.
Grade 2 are moderate symptoms that are noninvasive. Grade
3 adverse effects are severe, requiring hospitalization but not
immediately life threatening. Grade 4 are life-threatening
consequences requiring immediate intervention. In general,
immune checkpoint inhibitors can be continued with grade
1 toxicity. Immune checkpoint inhibitors may be held for
most grade 2 toxicities and then resumed when symptoms
improve to grade 1 or resolve [86]. Treatment of grade 3
iRAE involves systemic glucocorticoids [74], at prednisone
or methylprednisolone doses of 1 mg/kg/day over a course
of at least 4 weeks [74]. In steroid-refractory cases (non-
responsive after 72 h of intraventous corticosteroids), adjunc-
tive immunosuppressant medications (e.g., mycophenolate)
and biologics (e.g., TNFis including infliximab, anti-a4f7
integrin with vedolizumab, and anti-IL-6 with tocilizumab)
have been used as second-line immunosuppressants [81]. In
most grade 4 toxicities, checkpoint inhibitor therapy should be
permanently discontinued, with the exception of some cases
of endocrinopathy treated with hormone replacement [86].

Many questions remain about irAE in checkpoint inhibi-
tor therapy. In a pharmacovigilance study on recurrence of
irAE with checkpoint inhibitors on re-challenge, there was a
28.8% rate of recurrence of the same irAE with re-introduc-
tion of the original checkpoint inhibitor [87]. Colitis, hepati-
tis, and pneumonitis were associated with higher recurrence
rate than other irAE. Risk factors for irAE include personal
or family history of autoimmune disease but no HLA risk
allele has been identified [72, 74]. The association of irAE
with treatment efficacy has been suggested with supportive
data indicating irAE association with recurrence-free sur-
vival [88-90]. However, irAE development is not required
for treatment efficacy. Furthermore, there are no reliable
biomarkers available to predict the development of irAE or
which organ systems will have involvement [72].

Paradoxical Inflammation

Biologics targeting pro-inflammatory cytokines may
cause paradoxical inflammation driving autoimmune or
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autoimmune-like disease resembling psoriasis, systemic
lupus erythematosus (SLE), and vasculitis [70, 91].

Paradoxical psoriasis is described in 1.34% of patients on
biologics with the majority (99%) on TNFi therapy with a
very small proportion with rituximab treatment [91]. Inf-
liximab (1.4%) and adalimumab (1.29%) are more frequently
associated with this condition than etanercept (0.19%). The
most common underlying diseases include IBD, RA/systemic
juvenile idiopathic arthritis (sJIA), and spondyloarthropa-
thies. Unlike spontaneously occurring psoriasis, dependent
on T cell derived IL-17/-23 and TNF to drive disease patho-
genesis, paradoxical psoriasis is induced by TNFi treatment
[92, 93]. TNF blockade releases negatively regulated plasma-
cytoid dendritic cells (DCs) allowing proliferation and type-I
interferon-dependent, T cell-independent psoriatic inflamma-
tion [93]. In mild cases, topical steroid therapy for manage-
ment while continuing the TNFi can be employed. However,
more severe psoriatic symptoms should prompt discontinu-
ation of the biologic [81]. In 80% of cases, discontinuation
of the TNFi and topical steroids leads to the resolution of
symptoms. In approximately 50% of cases, re-introduction
of TNFi, either with the same or a different agent, induces
recurrence of paradoxical inflammation-driver psoriasis
[94]. Methotrexate and ustekinumab have been used success-
fully for the treatment of TNFi induced paradoxical psoriasis
and the underlying autoimmune disease.

Lupus-like disease occurs in 0.33% of individuals on bio-
logics, with 97% on TNFi therapies [91]. The frequency
of this condition is most common with use of infliximab
compared to etanercept or adalimumab (0.66% incidence
compared to 0.49% and 0.11%, respectively). Biologic-
induced lupus has also been described during treatment with
bevacizumab, efalizumab, rituximab, ustekinumab, and ipili-
mumab. Approximately 30% of cases meet diagnostic crite-
ria for SLE including positive ANA, clinical symptoms, and
immunologic parameters [95, 96], with the majority limited
to cutaneous involvement. Lupus-like syndrome resolved in
all cases with discontinuation of therapy implying a drug-
induced lupus phenotype [97]. However, 99% of TNFi-
induced lupus cases were anti-dsDNA antibody positive with
a lower rate of anti-histone antibodies compared to typical
drug-induced lupus suggesting an alternate mechanism.

Vasculitis resulting from biologic therapy is rare, occur-
ring in 0.7% of individuals, all with RA or sJIA [91]. In
94% of cases, TNFi therapy was identified as the causa-
tive agent, most commonly etanercept or infliximab. Rare
cases have identified rituximab, alemtuzumab, tocilizumab,
ustekinumab, daclizumab, ipilimumab, pembrolizumab,
and bevacizumab. Cutaneous involvement predominates in
65-90% of biologic-induced vasculitis cases, with systemic
involvement in only 10% including ANCA-vasculitis, giant
cell arteritis (GCA), Takayasu arteritis, Henoch-Schonlein
purpura, and polyarteritis nodosa [91, 92, 98]. The most
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common findings were purpura clinically and leukocyto-
clastic vascultitis on histology. A small case series showed
resolution of vasculitis with discontinuation of anti-TNF
therapy [99]. With lupus-like disease and vasculitis second-
ary to TNFi, cessation of TNFi therapy may be adequate to
allow for symptom resolution [100]. In cases where TNFi
therapy is essential for control of the underlying autoimmune
disease, close monitoring of symptoms with continuation
of TNFi has also been described. When end-organ damage
occurs, TNFI should be discontinued and immunosuppres-
sive treatment with glucocorticoids is used.

Immunogenicity and Development of Anti-biologic
Antibodies

The production of ADAs during biologic treatment can
impact effective therapy, leading to secondary treatment fail-
ure [101]. In RA patients, development of anti-adalimumab
antibodies was associated with lower drug concentrations
and lower likelihood of reduced disease activity or clini-
cal remission [102]. This was illustrated in another study
examining treatment of RA with etanercept, adalimumab, or
infliximab which demonstrated patients without ADAs had
better clinical outcomes [103]. The highest rates of ADA
formation occurred with infliximab and adalimumab [104].

The mechanism of ADA generation is an anti-idiotype
response producing high affinity IgG antibodies [101].
While chimeric, humanized, and fully human mAbs are
less immunogenic than murine counterparts, formation of
ADAs have been described in all cases. The ADA response
begins with IgM response that undergoes typical maturation
including isotype switching to IgG and affinity maturation.
While development of ADAs cannot be predicted, there is
increased risk with certain HLA alleles (HLA-DRB1*03
and HLA-DRB*011 and lower risk with HLA-DQB1%*05,
HLA-DRB1#01, and HLA-DRB1*07). Use of methotrex-
ate along with biologics is associated with decreased ADA
formation [101].

Immune Deficiency

The use of biologics targeting cytokines, T cell co-stimulatory
molecules, B cells, complement cascade, and cell adhesion
molecules for autoimmune and autoinflammatory disease
treatment is associated with an increased rate of infections
[105-107]. Immune modulation by specific biologic therapy
may mimic aspects of primary immunodeficiency (PID)
resulting from genetic mutations in these immune pathways.
However, the biologic phenotype does not always coincide
with the PID [106]. Many excellent reviews detail the diverse
infection-related adverse events of biologics based on their
target [70, 106, 107]. We will discuss the most common

irAEs of biologics by types of infections associated with
their use, specifically bacterial, opportunistic, viral, and fun-
gal infections.

Bacterial Infections

As the majority of biologics used for autoimmune disease
target innate pro-inflammatory cytokines TNF, IL-1, and
IL-6, the initial response of neutrophils, macrophages, and
other epithelial immune defenses to bacterial infection may
be attenuated [107].

TNF Inhibitors

TNF is a pleiotropic cytokine, with important roles in ger-
minal center formation, host infection defense, and induc-
tion of autoimmune disease including RA and IBD [108].
Antagonism of TNF to treat RA has longstanding success
since infliximab approval in 1998. However, the impact of
TNFi therapy on serious bacterial infection is variable. Risk
of serious bacterial infection in some studies ranged from 2
to threefold above non-biologic DMARD, while other stud-
ies did not detect significant increase above controls [109,
110]. Others demonstrated an increased frequency of severe
skin and soft tissue infections which has been contradicted in
other studies where pneumonia is the predominant infection.
Overall, risk of bacterial infection appears to be highest in
the first six to twelve months of therapy [111-113].

IL-1 Antagonists

Interleukin-1 (IL-1) is important in innate immune responses
to infection [114, 115]. IL-1a and IL-1f both bind and acti-
vate the IL-1R1. The IL-1 receptor antagonist (IL-1RA) reg-
ulates activity of both cytokines as an endogenous antagonist
of IL-1R1. IL-1a often acts as an alarmin when it is released
from epithelial cells, leading to recruitment of neutrophils.
IL-1p is important for elimination of bacteria, endothelial
activation, pro-inflammatory cytokine production, and leu-
kocyte recruitment [116]. IL-1 is dysregulated in autoin-
flammatory syndromes such as the cryopyrinopathies and
some autoimmune diseases including sJIA [114]. Treatment
with the recombinant IL-1RA anakinra in RA and sJIA was
associated with an increased risk of severe infections, most
often bronchopulmonary infections, particularly at higher
doses [105, 117, 118]. IL-1p blockade with canakinumab
was associated with a higher rate of fatal infections and sep-
sis in treatment of atherosclerotic disease [119].

IL-6 Receptor Antagonists

IL-6 has many roles in immunity including acute phase
reactions, B cell activation, T effector cell differentiation,
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oncogenesis, tissue regeneration, and metabolism [120, 121].
IL-6 is the main driver of hepatic acute phase responses,
including C-reactive protein during bacterial infection [122].
Targeting IL-6 and IL-6R with mAbs has been effective ther-
apy in autoimmune and autoinflammatory diseases includ-
ing RA, sJIA, and GCA [121]. Anti-IL-6 pathway therapies
are FDA-approved for RA, sJTIA, GCA [123], multi-centric
HIV-negative/HHV8-negative Castleman’s disease [124],
and CRS secondary to chimeric antigen receptor (CAR)-T
cell therapy [121]. Inhibition of IL-6 can lead to severe bac-
terial infections, which could reflect impaired acute phase
response or impaired Ty;17 differentiation and function [125,
126]. Adverse infectious events are serious infections in the
respiratory tract and skin/soft tissue infections [127-129].
The most common pathogens are Staphylococcus and Strep-
tococcus followed by enteric bacteria [130].

C5 Inhibitor

The use of biologics inhibiting complement component
C5 for treatment of paroxysmal nocturnal hemoglobinuria,
atypical hemolytic uremic syndrome, and myasthenia gravis
predisposes to bacterial infections [106]. Eculizumab pre-
vents the cleavage of C5 and the formation of the terminal
complement cascade important for host defense against
Neisseria [131]. The incidence of Neisseria meningitidis
in individuals receiving anti-C5 therapy is 1000-2000-fold
higher than untreated controls [132]. Before initiation of
therapy, meningococcal vaccination (MenACWY and MenB)
is required along with risk evaluation and plan to identify and
treat early meningococcal disease. Even with vaccination,
non-groupable meningococcal infection [132] and dissemi-
nated gonococcal infections are an ongoing risk [133].

Opportunistic Infections

A key example of opportunistic infection that occurs with
biologic therapy is Mycobacterium tuberculosis (Mtb) [134].
Control of Mtb, by creating and maintaining granulomas to
prevent disseminated disease, involves interplay between
innate and adaptive responses, including DCs, macrophages,
and T cells, and multiple cytokines including TNF, IL-6,
IL-12, IL-23, and IFNY. Inhibition of these cytokines has
been associated with risk for Mtb re-activation. The Ameri-
can College of Rheumatology recommends Mtb screening in
all patients initiating biologic therapy for RA [135].

TNFi treatment has been associated with increased risk of
Mitb infection in patients with RA, ankylosing spondylitis,
psoriasis, and Crohn’s disease [136, 137] without signifi-
cant difference between therapeutics [112]. Opportunistic
infections with anti-IL-6 therapy have also been described
including tuberculosis, nontuberculous mycobacteria, inva-
sive forms of candidiasis, and fungal infections including
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Pneumocystis jiroveci and cryptococcal pneumonias being
described, with little real-world data [120, 126].

IL-12/-23 inhibition with anti-IL-12p40 mAb, usteki-
numab, blocks the shared receptor 3 chain and is used in pso-
riasis and IBD [138-140]. IL-12 secreted by DCs induce T
cells to differentiate into Ty 1 cells that release IFNy [141].
IL-23 is produced by DCs in response to microbes promotes
the maintenance of Ty17 differentiation. Although muta-
tions in these cytokines result in Mendelian susceptibility
to mycobacterial disease [106], there were no cases of Mtb,
atypical mycobacterial diseases or disseminated salmonello-
sis in psoriasis patients on ustekinumab over a 5 year period
[142].

Viral Infections

An increase in nasopharyngeal and other minor viral infec-
tions is noted with immunosuppressive biologics. However,
certain therapies are implicated in more severe infections
including progressive multifocal leukoencephalopathy
(PML) caused by the JC virus. PML is a demyelinating
disease of the central nervous system caused by lytic JC
virus infection. [143] Biologics targeting cell adhesion mol-
ecules have been linked to development of PML, presumably
through decreased CNS immune surveillance [143, 144].
Natalizumab targets the a4 chain of both a4f1 and adp7
integrins, expressed on lymphocytes and monocytic cells
[144, 145]. By blocking a4f1 from binding vascular cell
adhesion protein 1 (VCAM-1), natalizumab impairs lym-
phocyte binding to endothelium and trafficking into sites
of neural inflammation and is the mechanism of action in
treatment of MS. While rates of PML were relatively low in
clinical trials (1:1000), in practice, increased risk of PML
occurs with duration of treatment over 24 months, JC virus
seropositivity (at least 30% of the population), and prior
treatment with immunosuppressive therapy and is as high as
1 in 44 patients [146]. In contrast, with vedolizumab, used
in the treatment of IBD by selectively targeting gut-specific
a4P7 integrin, the risk appears to be similar to that of the
general population [145].

Fungal Infections

Ty17 cells secrete IL-17 and are maintained by IL-23. They
are important for host defense against fungal infections, par-
ticularly at epithelial surfaces [147]. Ustekinumab therapy
for psoriasis has not demonstrated a marked increase in sys-
temic fungal infections and minimal change in mucocuta-
neous candidiasis [142, 148]. Primary immunodeficiency
resulting from mutations in IL-17A and IL-17F and STAT3
and STATI that prevent normal Ty;17 development lead to
chronic mucocutaneous candidiasis (CMC) and invasive
fungal infections, respectively [149]. IL-17A blockade in
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psoriasis and ankylosing spondylitis results in increased
risk of CMC only [150]. IL-17 has an important role in
skin barrier protection, and treatment with IL-17 targeting
medications secukinumab and ixekizumab and IL-17R tar-
geting medication brodalumab can predispose to this class
of infections [147, 150].

Vaccination

Individuals with autoimmune and autoinflammatory condi-
tions are at higher risk of infection than the general popula-
tion especially with use of targeted biologic therapy [151].
The American College of Rheumatology (ACR) and the
European League Against Rheumatism (EULAR) recom-
mend vaccination before the initiation of biologic DMARD
therapy, if possible, specifically for live vaccinations [135,
152]. The ACR recommends administration of pneumococ-
cal vaccination (PCV13 and PPSV23), influenza, hepatitis
B, human papilloma virus, and herpes zoster. If an indi-
vidual is already on a biologic therapy, ACR recommends
avoidance of live vaccines, including the live herpes zoster
vaccination and live virus yellow fever vaccine. With the
availability of the recombinant protein herpes zoster vac-
cine (Shingrix), the safety of administration of herpes zoster
vaccination during biologic therapy will likely improve, but
new recommendations have not yet been released [152].
In individuals treated with rituximab, multiple studies have
demonstrated a reduced humoral immune response to influ-
enza vaccination and polysaccharide pneumococcal vaccine
(PPSV23) [151]. Recommendations from ACR and EULAR
support vaccination for influenza and pneumococcus before
initiation of rituximab therapy when possible [135, 152].
However, in the case of the T cell dependent protein vaccine
tetanus toxoid, individuals receiving rituximab developed
protective immune responses [153].

Conclusions

Adverse effects of biologics are broad and variable, rang-
ing from transient infusion symptoms to increased suscep-
tibility to infections. As biologic medications, specifically
mAbs, expand into fields outside of cancer and inflammatory
diseases, it will be important to recognize risk for immedi-
ate and delayed onset HSRs and the potential for immune
modulation leading to autoimmunity or immunodeficiency.
Acute-onset side effects from antigen-driven hypersensi-
tivity reactions can be unpredictable and, in some cases,
interfere with ongoing therapy. As the number of biologic
medications increases and the range of diseases treated using
these medications expands, a better understanding of the
underlying mechanisms of HSRs, irAEs, and on and off
target effects of these medications will help practitioners

predict what reactions might occur, identify at risk patients,
and improve management plans. This is a significant stum-
bling block with reactions to biologics and will be an ongo-
ing need going forward. Areas for improvement for treating
immediate and delayed HSRs and irAEs (autoimmune side
effects in checkpoint inhibitors and paradoxical inflamma-
tion with anti-cytokine therapies) would be the identification
of improved biomarkers, risk factors, and the development
of treatments which could be improved perhaps with the
introduction of precision medicine. In the case of secondary
immunodeficiency, understanding how biologics suppress
immune responses and how pathogens exploit pharmaco-
logic inhibition of these immune pathways provides a frame-
work for monitoring for infectious complications.

Author Contribution JLW, SAS, and MK performed literature search
and wrote the article. JLW and SAS contributed equally to the article
as co-first authors.

Funding SAS is supported by the National Institute of Allergy and
Infectious Diseases, National Institutes of Health, through Grant
T32A1007062.

Declarations

Conflict of Interest The authors declare no competing interests.

References

1. Corominas M, Gastaminza G, Lobera T (2014) Hypersensitivity
reactions to biological drugs. J Investig Allergol Clin Immunol
24:212-25; quiz 1p following 25

2. Purcell RT, Lockey RF (2008) Immunologic responses to
therapeutic biologic agents. J Investig Allergol Clin Immunol
18:335-342

3. Khan DA (2016) Hypersensitivity and immunologic reactions
to biologics: opportunities for the allergist. Ann Allergy Asthma
Immunol 117:115-120

4. Kohler G, Milstein C (1975) Continuous cultures of fused cells
secreting antibody of predefined specificity. Nature 256:495-497

5. Brennan PJ, Rodriguez Bouza T, Hsu FI, Sloane DE, Castells
MC (2009) Hypersensitivity reactions to mAbs: 105 desensitiza-
tions in 23 patients, from evaluation to treatment. J Allergy Clin
Immunol 124:1259-1266

6. Pichler WJ (2019) Immune pathomechanism and classification
of drug hypersensitivity. Allergy 74:1457-1471

7. Pichler WJ (2006) Adverse side-effects to biological agents.
Allergy 61:912-920

8. Mori F, Saretta F, Bianchi A, Crisafulli G, Caimmi S, Liotti L
et al (2020) Hypersensitivity reactions to monoclonal antibodies
in children. Medicina (Kaunas) 56

9. Vultaggio A, Castells MC (2014) Hypersensitivity reactions to
biologic agents. Immunol Allergy Clin North Am 34(615-32):ix

10. Isabwe GAC, Garcia Neuer M, de Las Vecillas Sanchez L, Lynch
DM, Marquis K, Castells M (2018) Hypersensitivity reactions to
therapeutic monoclonal antibodies: Phenotypes and endotypes. J
Allergy Clin Immunol 142:159-70 e2

@ Springer



Clinical Reviews in Allergy & Immunology

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Galvao VR, Castells MC (2015) Hypersensitivity to biological
agents-updated diagnosis, management, and treatment. J Allergy
Clin Immunol Pract 3:175-85; quiz 86

Picard M, Galvao VR (2017) Current knowledge and manage-
ment of hypersensitivity reactions to monoclonal antibodies. J
Allergy Clin Immunol Pract 5:600-609

Bremmer M, Deng A, Gaspari AA (2009) A mechanism-based
classification of dermatologic reactions to biologic agents used in
the treatment of cutaneous disease: Part 2. Dermatitis 20:243-256
Bremmer M, Deng A, Gaspari AA (2009) A mechanism-based
classification of dermatologic reactions to biologic agents used in
the treatment of cutaneous disease: Part 1. Dermatitis 20:182—192
Puxeddu I, Giori L, Rocchi V, Bazzichi L, Bombardieri S, Tavoni
A et al (2012) Hypersensitivity reactions during treatment with
infliximab, etanercept, and adalimumab. Ann Allergy Asthma
Immunol 108:123-124

Broyles AD, Banerji A, Barmettler S, Biggs CM, Blumenthal K,
Brennan PJ et al (2020) Practical guidance for the evaluation and
management of drug hypersensitivity: specific drugs. J Allergy
Clin Immunol Pract 8:5S16-S116

Cheifetz A, Smedley M, Martin S, Reiter M, Leone G, Mayer L et al
(2003) The incidence and management of infusion reactions to inf-
liximab: a large center experience. Am J Gastroenterol 98:1315-1324
Akarsu A, Soyer O, Sekerel BE (2020) Hypersensitivity reactions
to biologicals: from bench to bedside. Curr Treat Options Allergy
7:71-83

Baldo BA (2013) Adverse events to monoclonal antibodies
used for cancer therapy: Focus on hypersensitivity responses.
Oncoimmunology 2:¢26333

Wong JT, Long A (2017) Rituximab hypersensitivity: evalua-
tion, desensitization, and potential mechanisms. J Allergy Clin
Immunol Pract 5:1564-1571

van Vollenhoven RF, Emery P, Bingham CO, 3rd, Keystone
EC, Fleischmann RM, Furst DE et al (2013) Long-term safety
of rituximab in rheumatoid arthritis: 9.5-year follow-up of the
global clinical trial programme with a focus on adverse events
of interest in RA patients. Ann Rheum Dis 72:1496-502

Jung JW, Kang HR, Lee SH, Cho SH (2014) The incidence and
risk factors of infusion-related reactions to rituximab for treat-
ing B cell malignancies in a single tertiary hospital. Oncology
86:127-134

Checkley LA, Kristofek L, Kile S, Bolgar W (2019) Incidence
and Management of Infusion Reactions to Infliximab in an Alter-
nate Care Setting. Dig Dis Sci 64:855-862

Choquette D, Faraawi R, Chow A, Rodrigues J, Bensen WJ, Nantel
F (2015) Incidence and management of infusion reactions to inflixi-
mab in a prospective real-world community registry. J Rheumatol
42:1105-1111

Lichtenstein L, Ron Y, Kivity S, Ben-Horin S, Israeli E, Fraser
GM et al (2015) Infliximab-Related Infusion Reactions: System-
atic Review. J Crohns Colitis 9:806-815

Cook-Bruns N (2001) Retrospective analysis of the safety of
Herceptin immunotherapy in metastatic breast cancer. Oncol-
ogy 61(Suppl 2):58-66

Thompson LM, Eckmann K, Boster BL, Hess KR, Michaud LB,
Esteva FJ et al (2014) Incidence, risk factors, and management
of infusion-related reactions in breast cancer patients receiving
trastuzumab. Oncologist 19:228-234

Pratt KP (2018) Anti-drug antibodies: emerging approaches to
predict, reduce or reverse biotherapeutic immunogenicity. Anti-
bodies (Basel) 7

Chung CH, Mirakhur B, Chan E, Le QT, Berlin J, Morse M
et al (2008) Cetuximab-induced anaphylaxis and IgE specific for
galactose-alpha-1,3-galactose. N Engl J Med 358:1109-1117
Lammerts van Bueren JJ, Rispens T, Verploegen S, van
der Palen-Merkus T, Stapel S, Workman LIJ et al (2011)

@ Springer

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Anti-galactose-alpha-1,3-galactose IgE from allergic patients
does not bind alpha-galactosylated glycans on intact therapeutic
antibody Fc domains. Nat Biotechnol 29:574-6

Finkelman FD, Khodoun MYV, Strait R (2016) Human IgE-
independent systemic anaphylaxis. J Allergy Clin Immunol
137:1674-1680

Matucci A, Pratesi S, Petroni G, Nencini F, Virgili G, Milla M
et al (2013) Allergological in vitro and in vivo evaluation of
patients with hypersensitivity reactions to infliximab. Clin Exp
Allergy 43:659-664

Mourad AA, Boktor MN, Yilmaz-Demirdag Y, Bahna SL (2015)
Adverse reactions to infliximab and the outcome of desensitiza-
tion. Ann Allergy Asthma Immunol 115:143-146

Cox L, Platts-Mills TA, Finegold I, Schwartz LB, Simons FE,
Wallace DV et al (2007) American Academy of Allergy, Asthma
& Immunology/American College of Allergy, Asthma and
Immunology Joint Task Force Report on omalizumab-associated
anaphylaxis. J Allergy Clin Immunol 120:1373-1377

Cox L, Lieberman P, Wallace D, Simons FE, Finegold I, Platts-
Mills T et al (2011) American Academy of Allergy, Asthma &
Immunology/American College of Allergy, Asthma & Immu-
nology Omalizumab-Associated Anaphylaxis Joint Task Force
follow-up report. J Allergy Clin Immunol 128:210-212

Price KS, Hamilton RG (2007) Anaphylactoid reactions in two
patients after omalizumab administration after successful long-
term therapy. Allergy Asthma Proc 28:313-319

Owens G, Petrov A (2011) Successful desensitization of three
patients with hypersensitivity reactions to omalizumab. Curr
Drug Saf 6:339-342

Fouda GE, Bavbek S (2020) Rituximab hypersensitivity: from
clinical presentation to management. Front Pharmacol 11:572863
Sloane D, Govindarajulu U, Harrow-Mortelliti J, Barry W, Hsu
FI, Hong D et al (2016) Safety, costs, and efficacy of rapid drug
desensitizations to chemotherapy and monoclonal antibodies. J
Allergy Clin Immunol Pract 4:497-504

Hong DI, Dioun AF (2014) Indications, protocols, and out-
comes of drug desensitizations for chemotherapy and monoclo-
nal antibodies in adults and children. J Allergy Clin Immunol
Pract 2:13-9; quiz 20

Dilley MA, Lee JP, Platt CD, Broyles AD (2016) Rituximab
desensitization in pediatric patients: results of a case series. Pedi-
atr Allergy Immunol Pulmonol 29:91-94

Munoz-Cano R, Carnes J, Sanchez-Lopez J, Saiz A, Bartra J,
Lopez-Matas MA et al (2010) Biological agents: new drugs, old
problems. J Allergy Clin Immunol 126:394-395

Hellwig K, Schimrigk S, Fischer M, Haghikia A, Muller T, Chan
A et al (2008) Allergic and nonallergic delayed infusion reactions
during natalizumab therapy. Arch Neurol 65:656-658

Calabresi PA, Giovannoni G, Confavreux C, Galetta SL, Havrdova
E, Hutchinson M et al (2007) The incidence and significance of
anti-natalizumab antibodies: results from AFFIRM and SENTI-
NEL. Neurology 69:1391-1403

Camacho-Halili M, George R, Gottesman M, Davis-Lorton M
(2011) An approach to natalizumab hypersensitivity: a case
series of induction of tolerance. Mult Scler 17:250-253
Bignardi D, Ribizzi G, Voltolini S, Serrati C, Troise C (2012)
Successful desensitization to natalizumab in a skin test—positive
patient: a case report. Eur Ann Allergy Clin Immunol 44:26-29
Ribizzi G, Bignardi D, Farinini D, Sassos D, Gentile R, Arecco
D et al (2013) Desensitization to natalizumab: clinical and immu-
nological observations. Mult Scler 19:376-377
Perez-Rodriguez E, Hernandez-Perez MA, Martinez-Tadeo JA
(2017) Successful desensitization to natalizumab using a 1-solution
protocol. Ann Allergy Asthma Immunol 118:113-114

Hansel K, Bianchi L, Tramontana M, Balato A, Scala E, Brozzi
Jet al (2019) Immediate local and systemic hypersensitivity due



Clinical Reviews in Allergy & Immunology

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

to etanercept and adalimumab. J Allergy Clin Immunol Pract
7:726-727

Baert F, Noman M, Vermeire S, Van Assche G, G DH, Carbonez
A et al (2003) Influence of immunogenicity on the long-term effi-
cacy of infliximab in Crohn’s disease. N Engl ] Med 348:601-8
O’Meara S, Nanda KS, Moss AC (2014) Antibodies to inflixi-
mab and risk of infusion reactions in patients with inflammatory
bowel disease: a systematic review and meta-analysis. Inflamm
Bowel Dis 20:1-6

Maneiro JR, Salgado E, Gomez-Reino JJ (2013) Immunogenicity
of monoclonal antibodies against tumor necrosis factor used in
chronic immune-mediated Inflammatory conditions: systematic
review and meta-analysis. JAMA Intern Med 173:1416-1428
Bavbek S, Ataman S, Akinci A, Castells M (2015) Rapid subcu-
taneous desensitization for the management of local and systemic
hypersensitivity reactions to etanercept and adalimumab in 12
patients. J Allergy Clin Immunol Pract 3:629-632

O’Neil BH, Allen R, Spigel DR, Stinchcombe TE, Moore DT,
Berlin JD et al (2007) High incidence of cetuximab-related infu-
sion reactions in Tennessee and North Carolina and the associa-
tion with atopic history. J Clin Oncol 25:3644-3648

Commins SP, Satinover SM, Hosen J, Mozena J, Borish L, Lewis
BD et al (2009) Delayed anaphylaxis, angioedema, or urticaria
after consumption of red meat in patients with IgE antibodies
specific for galactose-alpha-1,3-galactose. J Allergy Clin Immu-
nol 123:426-433

Chitnavis M, Stein DJ, Commins S, Schuyler AJ, Behm B (2017)
First-dose anaphylaxis to infliximab: a case of mammalian meat
allergy. J Allergy Clin Immunol Pract 5:1425-1426

Jerath MR, Kwan M, Kannarkat M, Mirakhur B, Carey L, Valgus
Jet al (2009) A desensitization protocol for the mAb cetuximab.
J Allergy Clin Immunol 123:260-262

Murdaca G, Spano F, Puppo F (2013) Selective TNF-alpha
inhibitor-induced injection site reactions. Expert Opin Drug Saf
12:187-193

Chen CB, Wu MY, Ng CY, Lu CW, Wu J, Kao PH et al (2018)
Severe cutaneous adverse reactions induced by targeted anti-
cancer therapies and immunotherapies. Cancer Manag Res
10:1259-1273

Bulur I, Keseroglu HO, Saracoglu ZN, Gonul M (2015) Sym-
metrical drug-related intertriginous and flexural exanthema
(Baboon syndrome) associated with infliximab. J Dermatol Case
Rep 9:12-14

Castells M (2017) Drug hypersensitivity and anaphylaxis in can-
cer and chronic inflammatory diseases: the role of desensitiza-
tions. Front Immunol 8:1472

Gamarra RM, McGraw SD, Drelichman VS, Maas LC (2006)
Serum sickness-like reactions in patients receiving intravenous
infliximab. J Emerg Med 30:41-44

Karmacharya P, Poudel DR, Pathak R, Donato AA, Ghimire S,
Giri S et al (2015) Rituximab-induced serum sickness: A system-
atic review. Semin Arthritis Rheum 45:334-340

Bayer G, Agier MS, Lioger B, Lepelley M, Zenut M, Lanoue MC
et al (2019) Rituximab-induced serum sickness is more frequent
in autoimmune diseases as compared to hematological malignan-
cies: A French nationwide study. Eur J Intern Med 67:59-64
Barakat L, Torres MJ, Phillips EJ, Caminati M, Chang YS, Caimmi
D et al (2020) Biological treatments in allergy: prescribing pat-
terns and management of hypersensitivity reactions. J Allergy Clin
Immunol Pract

Dreyfus DH, Randolph CC (2006) Characterization of an ana-
phylactoid reaction to omalizumab. Ann Allergy Asthma Immu-
nol 96:624-627

Pilette C, Coppens N, Houssiau FA, Rodenstein DO (2007)
Severe serum sickness-like syndrome after omalizumab therapy
for asthma. J Allergy Clin Immunol 120:972-973

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Eapen A, Kloepfer KM (2018) Serum sickness-like reaction in
a pediatric patient using omalizumab for chronic spontaneous
urticaria. Pediatr Allergy Immunol 29:449-450

Molderings GJ, Dumoulin FL, Homann J, Sido B, Textor J,
Mucke M et al (2020) Adrenal insufficiency is a contraindica-
tion for omalizumab therapy in mast cell activation disease: risk
for serum sickness. Naunyn Schmiedebergs Arch Pharmacol
393:1573-1580

Her M, Kavanaugh A (2016) Alterations in immune function
with biologic therapies for autoimmune disease. J Allergy Clin
Immunol 137:19-27

Ribas A, Wolchok JD (2018) Cancer immunotherapy using
checkpoint blockade. Science 359:1350-1355

Ramos-Casals M (2020) Immune-related adverse events of
checkpoint inhibitors. Nat Rev Dis Primers 21

Hu J-R, Florido R, Lipson EJ, Naidoo J, Ardehali R, Tocchetti
CG et al (2019) Cardiovascular toxicities associated with immune
checkpoint inhibitors. Cardiovasc Res 115:854-868

Postow MA, Sidlow R, Hellmann MD (2018) Immune-Related
Adverse Events Associated with Immune Checkpoint Blockade.
N Engl J Med 378:158-168

Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar
B, Choueiri TK et al (2018) Nivolumab plus Ipilimumab versus
Sunitinib in Advanced Renal-Cell Carcinoma. N Engl J Med
378:1277-1290

Hellmann MD, Paz-Ares L, Bernabe Caro R, Zurawski B, Kim
S-W, Carcereny Costa E et al (2019) Nivolumab plus ipili-
mumab in advanced non—small-cell lung cancer. N Engl J Med
381:2020-2031

Ramos-Casals M, Brahmer JR, Callahan MK, Flores-Chavez A,
Keegan N, Khamashta MA et al (2020) Immune-related adverse
events of checkpoint inhibitors. Nat Rev Dis Primers 6:38
Barroso-Sousa R, Barry WT, Garrido-Castro AC, Hodi FS, Min
L, Krop IE et al (2018) Incidence of endocrine dysfunction fol-
lowing the use of different immune checkpoint inhibitor regi-
mens: a systematic review and meta-analysis. JAMA Oncol 4:173
Johnson DB, Jakubovic BD, Sibaud V, Sise ME (2020) Balanc-
ing cancer immunotherapy efficacy and toxicity. J Allergy Clin
Immunol: In Pract 8:2898-906.

Akturk HK, Kahramangil D, Sarwal A, Hoffecker L, Murad MH,
Michels AW (2019) Immune checkpoint inhibitor-induced Type
1 diabetes: a systematic review and meta-analysis. Diabet Med
36:1075-1081

Shivaji UN, Jeffery L, Gui X, Smith SCL, Ahmad OF, Akbar A
et al (2019) Immune checkpoint inhibitor-associated gastrointes-
tinal and hepatic adverse events and their management. Therap
Adv Gastroenterol 12:1756284819884196

Salem J-E, Manouchehri A, Moey M, Lebrun-Vignes B, Bastarache
L, Pariente A et al (2018) Cardiovascular toxicities associated with
immune checkpoint inhibitors: an observational, retrospective, phar-
macovigilance study. Lancet Oncol 19:1579-1589

Johnson DB, Manouchehri A, Haugh AM, Quach HT, Balko
JM, Lebrun-Vignes B et al (2019) Neurologic toxicity associated
with immune checkpoint inhibitors: a pharmacovigilance study.
J Immunother Cancer 7:134

Wang DY, Salem J-E, Cohen JV, Chandra S, Menzer C, Ye F et al
(2018) Fatal toxic effects associated with immune checkpoint inhib-
itors: a systematic review and meta-analysis. JAMA Oncol 4:1721
Darnell EP, Mooradian MJ, Baruch EN, Yilmaz M, Reynolds
KL (2020) Immune-related adverse events (irAEs): diagnosis,
management, and clinical pearls. Curr Oncol Rep 22:39
Brahmer JR, Lacchetti C, Schneider BJ, Atkins MB, Brassil
KJ, Caterino JM et al (2018) Management of immune-related
adverse events in patients treated with immune checkpoint
inhibitor therapy: American Society of Clinical Oncology
Clinical Practice Guideline. J Clin Oncol 36:1714-1768

@ Springer



Clinical Reviews in Allergy & Immunology

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Dolladille C, Ederhy S, Sassier M, Cautela J, Thuny F, Cohen
AA et al (2020) Immune checkpoint inhibitor rechallenge after
immune-related adverse events in patients with cancer. JAMA
Oncol 6:865-871

Eggermont AMM, Kicinski M, Blank CU, Mandala M, Long
GV, Atkinson V et al (2020) Association between immune-
related adverse events and recurrence-free survival among
patients with stage III melanoma randomized to receive pem-
brolizumab or placebo: a secondary analysis of a randomized
clinical trial. JAMA Oncol 6:519-527

Fujii T, Colen RR, Bilen MA, Hess KR, Hajjar J, Suarez-
Almazor ME et al (2018) Incidence of immune-related adverse
events and its association with treatment outcomes: the MD
Anderson Cancer Center experience. Invest New Drugs
36:638-646

Cortellini A, Buti S, Agostinelli V, Bersanelli M (2019) A sys-
tematic review on the emerging association between the occur-
rence of immune-related adverse events and clinical outcomes
with checkpoint inhibitors in advanced cancer patients. Semin
Oncol 46:362-371

Perez-De-Lis M, Retamozo S, Flores-Chavez A, Kostov B,
Perez-Alvarez R, Brito-Zeron P et al (2017) Autoimmune dis-
eases induced by biological agents. A review of 12,731 cases
(BIOGEAS Registry). Expert Opin Drug Saf 16:1255-71

Her M, Kavanaugh A (2016) Alterations in immune function
with biologic therapies for autoimmune disease. Journal of
Allergy and Clinical Immunology 137:19-27

Conrad C, Di Domizio J, Mylonas A, Belkhodja C, Demaria O,
Navarini AA et al (2018) TNF blockade induces a dysregulated
type I interferon response without autoimmunity in paradoxical
psoriasis. Nat Commun 9:25

Guerra I, Perez-Jeldres T, Iborra M, Algaba A, Monfort D, Calvet
X et al (2016) Incidence, clinical characteristics, and manage-
ment of psoriasis induced by anti-TNF therapy in patients with
inflammatory bowel disease: a nationwide cohort study. Inflamm
Bowel Dis 22:894-901

Hochberg MC (1997) Updating the American College of Rheu-
matology revised criteria for the classification of systemic lupus
erythematosus. Arthritis Rheum 40:1725

Petri M, Orbai AM, Alarcon GS, Gordon C, Merrill JT, Fortin
PR et al (2012) Derivation and validation of the Systemic Lupus
International Collaborating Clinics classification criteria for sys-
temic lupus erythematosus. Arthritis Rheum 64:2677-2686
Borchers AT, Leibushor N, Cheema GS, Naguwa SM, Gershwin
ME (2011) Immune-mediated adverse effects of biologicals used
in the treatment of rheumatic diseases. J Autoimmun 37:273-288
Perez-Alvarez R, Pérez-de-Lis M, Ramos-Casals M (2013)
Biologics-induced autoimmune diseases. Curr Opin Rheumatol
25:56-64

Sokumbi O, Wetter DA, Makol A, Warrington KJ (2012) Vascu-
litis associated with tumor necrosis factor-alpha inhibitors. Mayo
Clin Proc 87:739-745

Shivaji UN, Jeffery L, Gui X, Smith SCL, Ahmad OF, Akbar A
et al (2019) Immune checkpoint inhibitor-associated gastrointes-
tinal and hepatic adverse events and their management. Ther Adv
Gastroenterol 12:175628481988419

Atiqi S, Hooijberg F, Loeff FC, Rispens T, Wolbink GJ (2020)
Immunogenicity of TNF-Inhibitors Front Immunol 11:312
Bartelds GM, Krieckaert CL, Nurmohamed MT, van Schouwenburg
PA, Lems WF, Twisk JW et al (2011) Development of antidrug anti-
bodies against adalimumab and association with disease activity and
treatment failure during long-term follow-up. JAMA 305:1460-1468
Moots RJ, Xavier RM, Mok CC, Rahman MU, Tsai W-C, Al-
Maini MH et al (2017) The impact of anti-drug antibodies on
drug concentrations and clinical outcomes in theumatoid arthri-
tis patients treated with adalimumab, etanercept, or infliximab:

@ Springer

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Results from a multinational, real-world clinical practice, non-
interventional study. PLoS One 12:e0175207

Strand V, Balsa A, Al-Saleh J, Barile-Fabris L, Horiuchi T,
Takeuchi T et al (2017) Immunogenicity of biologics in chronic
inflammatory diseases: a systematic review. BioDrugs 31:299-316
Singh JA, Wells GA, Christensen R, Tanjong Ghogomu E, Maxwell
L, Macdonald JK et al (2011) Adverse effects of biologics: a network
meta-analysis and Cochrane overview. Cochrane Database Syst Rev
CD008794

Henrickson SE, Ruffner MA, Kwan M (2016) Unintended
immunological consequences of biologic therapy. Curr Allergy
Asthma Rep 16:46

Davis BP, Ballas Z (2017) Biologic response modifiers: indi-
cations, implications, and insights. J Allergy Clin Immunol
139:1445-1456

Kalliolias GD, Ivashkiv LB (2016) TNF biology, pathogenic
mechanisms and emerging therapeutic strategies. Nat Rev Rheu-
matol 12:49-62

Keystone EC (2011) Does anti-tumor necrosis factor-a ther-
apy affect risk of serious infection and cancer in patients with
rheumatoid arthritis?: a review of longterm data. J] Rheumatol
38:1552-1562

Garcia-Doval I, Cohen AD, Cazzaniga S, Feldhamer I, Addis A,
Carretero G et al (2017) Risk of serious infections, cutaneous
bacterial infections, and granulomatous infections in patients
with psoriasis treated with anti—tumor necrosis factor agents
versus classic therapies: Prospective meta-analysis of Psonet
registries. ] Am Acad Dermatol 76:299-308

Dixon WG, Watson K, Lunt M, Hyrich KL, Silman AJ, Symmons
DP et al (2006) Rates of serious infection, including site-specific
and bacterial intracellular infection, in rheumatoid arthritis patients
receiving anti-tumor necrosis factor therapy: results from the Brit-
ish Society for Rheumatology Biologics Register. Arthritis Rheum
54:2368-2376

Keystone EC (2011) Does anti-tumor necrosis factor-alpha therapy
affect risk of serious infection and cancer in patients with rheumatoid
arthritis?: a review of longterm data. J Rheumatol 38:1552-1562
Curtis JR, Patkar N, Xie A, Martin C, Allison JJ, Saag M et al
(2007) Risk of serious bacterial infections among rheumatoid
arthritis patients exposed to tumor necrosis factor o antagonists.
Arthritis Rheum 56:1125-1133

Dinarello CA, Simon A, van der Meer JWM (2012) Treating
inflammation by blocking interleukin-1 in a broad spectrum of
diseases. Nat Rev Drug Discovery 11:633-652

Mantovani A, Dinarello CA, Molgora M, Garlanda C (2019)
Interleukin-1 and related cytokines in the regulation of inflam-
mation and immunity. Immunity 50:778-795

Evavold CL, Kagan JC (2019) Inflammasomes: threat-assessment
organelles of the innate immune system. Immunity 51:609-624
Beukelman T, Xie F, Baddley JW, Chen L, Mannion ML, Saag
KG et al (2016) The risk of hospitalized infection following ini-
tiation of biologic agents versus methotrexate in the treatment of
juvenile idiopathic arthritis. Arthritis Res Ther 18:210

Salliot C, Dougados M, Gossec L (2009) Risk of serious infec-
tions during rituximab, abatacept and anakinra treatments for
rheumatoid arthritis: meta-analyses of randomised placebo-
controlled trials. Ann Rheum Dis 68:25-32

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang
WH, Ballantyne C et al (2017) Antiinflammatory therapy
with canakinumab for atherosclerotic disease. N Engl J Med
377:1119-1131

Rose-John S, Winthrop K, Calabrese L (2017) The role of IL-6
in host defence against infections: immunobiology and clinical
implications. Nat Rev Rheumatol 13:399-409

Kang S, Tanaka T, Narazaki M, Kishimoto T (2019) Targeting
Interleukin-6 Signaling in Clinic. Immunity 50:1007-1023



Clinical Reviews in Allergy & Immunology

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Schaper F, Rose-John S (2015) Interleukin-6: biology, signal-
ing and strategies of blockade. Cytokine Growth Factor Rev
26:475-487

Stone JH, Tuckwell K, Dimonaco S, Klearman M, Aringer M,
Blockmans D et al (2017) Trial of Tocilizumab in Giant-Cell
Arteritis. N Engl ] Med 377:317-328

van Rhee F, Wong RS, Munshi N, Rossi JF, Ke XY, Fossa A
et al (2014) Siltuximab for multicentric Castleman’s disease:
a randomised, double-blind, placebo-controlled trial. Lancet
Oncol 15:966-974

Garbers C, Heink S, Korn T, Rose-John S (2018) Interleukin-6:
designing specific therapeutics for a complex cytokine. Nat
Rev Drug Discov 17:395-412

Schiff MH, Kremer JM, Jahreis A, Vernon E, Isaacs JD, van
Vollenhoven RF (2011) Integrated safety in tocilizumab clini-
cal trials. Arthritis Res Ther 13:R141

Morel J, Constantin A, Baron G, Dernis E, Flipo RM, Rist S
et al (2017) Risk factors of serious infections in patients with
rheumatoid arthritis treated with tocilizumab in the French
Registry REGATE. Rheumatology (Oxford) 56:1746-1754
Pawar A, Desai RJ, Solomon DH, Santiago Ortiz AJ, Gale S,
Bao M et al (2019) Risk of serious infections in tocilizumab
versus other biologic drugs in patients with rheumatoid arthri-
tis: a multidatabase cohort study. Ann Rheum Dis 78:456-464
Rutherford Al, Patarata E, Subesinghe S, Hyrich KL, Galloway
JB (2018) Opportunistic infections in rheumatoid arthritis patients
exposed to biologic therapy: results from the British Society for
Rheumatology Biologics Register for Rheumatoid Arthritis.
Rheumatology 57:997-1001

Koike T, Harigai M, Inokuma S, Ishiguro N, Ryu J, Takeuchi T
et al (2014) Effectiveness and safety of tocilizumab: postmar-
keting surveillance of 7901 patients with rheumatoid arthritis
in Japan. J Rheumatol 41:15-23

Socié G, Caby-Tosi MP, Marantz JL, Cole A, Bedrosian CL,
Gasteyger C et al (2019) Eculizumab in paroxysmal nocturnal
haemoglobinuria and atypical haemolytic uraemic syndrome:
10-year pharmacovigilance analysis. Br J Haematol 185:297-310
McNamara LA, Topaz N, Wang X, Hariri S, Fox L, Mac-
Neil JR (2017) High risk for invasive meningococcal disease
among patients receiving eculizumab (Soliris) despite receipt
of meningococcal vaccine. MMWR Morb Mortal Wkly Rep
66:734-737

Crew PE, Abara WE, McCulley L, Waldron PE, Kirkcaldy RD,
Weston EJ et al (2019) Disseminated gonococcal infections in
patients receiving eculizumab: a case series. Clin Infect Dis
69:596-600

Matucci A, Maggi E, Vultaggio A (2014) Cellular and humoral
immune responses during tuberculosis infection: useful
knowledge in the era of biological agents. ] Rheumatol Suppl
91:17-23

Singh JA, Saag KG, Bridges SL Jr, Akl EA, Bannuru RR, Sullivan
MC et al (2016) 2015 American College of Rheumatology Guide-
line for the Treatment of Rheumatoid Arthritis. Arthritis Rheumatol
68:1-26

Cao BL, Qasem A, Sharp RC, Abdelli LS, Naser SA (2018)
Systematic review and meta-analysis on the association of
tuberculosis in Crohn’s disease patients treated with tumor
necrosis factor-alpha inhibitors (Anti-TNFalpha). World J
Gastroenterol 24:2764-2775

Zhang Z, Fan W, Yang G, Xu Z, Wang J, Cheng Q et al (2017)
Risk of tuberculosis in patients treated with TNF-alpha antago-
nists: a systematic review and meta-analysis of randomised
controlled trials. BMJ Open 7:e012567

Sands BE, Sandborn WJ, Panaccione R, O’Brien CD, Zhang H,
Johanns J et al (2019) Ustekinumab as induction and maintenance
therapy for ulcerative colitis. N Engl J Med 381:1201-1214

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Feagan BG, Sandborn WJ, Gasink C, Jacobstein D, Lang
Y, Friedman JR et al (2016) Ustekinumab as induction and
maintenance therapy for Crohn’s disease. N Engl J Med
375:1946-1960

Gottlieb A, Menter A, Mendelsohn A, Shen Y-K, Li S, Guzzo
C et al (2009) Ustekinumab, a human interleukin 12/23 mono-
clonal antibody, for psoriatic arthritis: randomised, double-
blind, placebo-controlled, crossover trial. 373:8

Vignali DA, Kuchroo VK (2012) IL-12 family cytokines:
immunological playmakers. Nat Immunol 13:722-728

Papp KA, Griffiths CE, Gordon K, Lebwohl M, Szapary PO,
Wasfi Y et al (2013) Long-term safety of ustekinumab in
patients with moderate-to-severe psoriasis: final results from
5 years of follow-up. Br J Dermatol 168:844-854

Major EO (2010) Progressive multifocal leukoencephalopathy
in patients on immunomodulatory therapies. Annu Rev Med
61:35-47

Misbah SA (2017) Progressive multi-focal leucoencephalop-
athy-driven from rarity to clinical mainstream by iatrogenic
immunodeficiency. Clin Exp Immunol 188:342-352

Card T, Xu J, Liang H, Bhayat F (2018) What is the risk of
progressive multifocal leukoencephalopathy in patients with
ulcerative colitis or Crohn's disease Treated With Vedoli-
zumab? Inflamm Bowel Dis 24:953-959

Berger JR, Fox RJ (2016) Reassessing the risk of natalizumab-
associated PML. J Neurovirol 22:533-535

Teng MW, Bowman EP, McElwee JJ, Smyth MJ, Casanova
JL, Cooper AM et al (2015) IL-12 and IL-23 cytokines: from
discovery to targeted therapies for immune-mediated inflam-
matory diseases. Nat Med 21:719-729

Srinivas C, Odsbu I, Linder M (2020) Risk of common infec-
tions among individuals with psoriasis in Sweden: a nation-
wide cohort study comparing secukinumab to ustekinumab.
Pharmacoepidemiol Drug Saf 29:1562-1569

Li X, Bechara R, Zhao J, McGeachy MJ, Gaftfen SL (2019)
IL-17 receptor-based signaling and implications for disease.
Nat Immunol 20:1594-1602

Zwicky P, Unger S, Becher B (2020) Targeting interleukin-17
in chronic inflammatory disease: a clinical perspective. J Exp
Med 217

Meroni PL, Zavaglia D, Girmenia C (2018) Vaccinations in adults
with rheumatoid arthritis in an era of new disease-modifying anti-
rheumatic drugs. Clin Exp Rheumatol 36:317-328

Furer V, Rondaan C, Heijstek MW, Agmon-Levin N, van Assen
S, Bijl M et al (2020) 2019 update of EULAR recommenda-
tions for vaccination in adult patients with autoimmune inflam-
matory rheumatic diseases. Ann Rheum Dis 79:39-52
Bingham CO 3rd, Looney RJ, Deodhar A, Halsey N, Greenwald
M, Codding C et al (2010) Immunization responses in rheu-
matoid arthritis patients treated with rituximab: results from a
controlled clinical trial. Arthritis Rheum 62:64-74
Alvarez-Cuesta E, Madrigal-Burgaleta R, Angel-Pereira D,
Urena-Tavera A, Zamora-Verduga M, Lopez-Gonzalez P et al
(2015) Delving into cornerstones of hypersensitivity to anti-
neoplastic and biological agents: value of diagnostic tools prior
to desensitization. Allergy 70:784-794

Lieberman P, Rahmaoui A, Wong DA (2010) The safety and
interpretability of skin tests with omalizumab. Ann Allergy
Asthma Immunol 105:493-495

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Hypersensitivity and Immune-related Adverse Events in Biologic Therapy
	Abstract
	Introduction
	Immune-related Hypersensitivity Reactions
	Immediate Hypersensitivity Reactions
	Cutaneous Reactions
	Acute Infusion Reactions and CRS
	Rituximab
	Infliximab
	Trastuzumab

	Antibody-mediated Reactions
	Omalizumab
	Rituximab
	Natalizumab
	Infliximab
	Trastuzumab
	Cetuximab


	Delayed Hypersensitivity Reactions
	Delayed Local Cutaneous Reactions
	Delayed Generalized Cutaneous Symptoms
	Severe Cutaneous Adverse Reactions
	Serum Sickness-like Reactions
	Infliximab
	Rituximab
	Omalizumab
	Natalizumab


	Autoimmunity
	Checkpoint Inhibitors
	Paradoxical Inflammation
	Immunogenicity and Development of Anti-biologic Antibodies

	Immune Deficiency
	Bacterial Infections
	TNF Inhibitors
	IL-1 Antagonists
	IL-6 Receptor Antagonists
	C5 Inhibitor

	Opportunistic Infections
	Viral Infections
	Fungal Infections
	Vaccination

	Conclusions
	References


