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The use of monoclonal antibodies (mAbs) in the clinic has successfully expanded to
treatment of cancer, viral infections, inflammations, and other indications. However, some
of the classes of mAbs that are used in the clinic show the formation of anti-drug
antibodies (ADAs) leading to loss of efficacy. This review describes ADA formation for the
various mAbs, and its clinical effect. Lastly, this review considers the use of HLA-
haplotypes as biomarkers to predict vulnerability of patients sensitive to formation
of ADAs.
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INTRODUCTION – WHAT EXACTLY IS A
MONOCLONAL ANTIBODY

In order to recognize and neutralize alien organisms or antigens, B-cells secrete antibodies (Abs).
These Abs are glycoproteins that belong to the superfamily of immunoglobulins. The Abs consist of
two heavy chains and two light chains that characterize the isotype of the Ab (1). In the clinic,
therapeutic monoclonal antibodies (mAbs) usually are of the g-immunoglobulin (IgG) isotype. For
this IgG isotype, the hypervariable regions of the heavy chains and light chains connect to form the
antigen binding site (Fab-domain). The two constant domains together function as the fragment
crystallizable (Fc-domain), which is responsible for the effector function of the immunoglobulin.
Due to these Fab and Fc-domains, the IgG molecule is bivalent (2). In mice, the neonatal Fc receptor
(FcRn) regulates the serum half-life of the IgG molecule through pH-dependent antibody recycling
(2, 3).

Most therapeutic mAbs can target multiple disease targets (4). Of the mAbs currently on the
market, 54% are fully human, meaning that they only feature human genetic sequences. 32% of the
market is humanized, and 14% is chimeric (5).
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REPEATED ADMINISTRATION OF MABS
ELICITS EFFICACY REDUCING
IMMUNE RESPONSE

Even though mAbs are currently used in the treatment of a
variety of diseases and have a promising future, their use has
shown to be highly immunogenic and can cause an anti-drug
antibody (ADA) response (2). These ADA responses intervene
with the efficacy of a drug, or neutralizes a drug completely.
Thereby, ADAs can alter the pharmacokinetic (PK) and
pharmacodynamic (PD) properties of the mAb. ADAs can also
eventually lead to severe adverse immune reactions in humans
(5, 6).

The formation of these ADA responses is believed to depend
on the interaction between the drug itself (e.g., its glycosylation,
impurities, aggregation, or non-human sequences), the patient
(e.g., the type of disease, genetic factors, concomitant
immunomodulators) and to the route and regularity of
administration of the mAb. Because the molecular mechanism
of the development of these ADA responses are not fully
understood, several researchers believed that the murine origin
of the mAbs was the cause of the development of the
immunogenic reaction. For that reason, humanized and
chimeric mAbs were developed aimed at avoiding the human
antimouse antibody response (HAMA) in the clinic (5, 7–9).

However, this did not eradicate the immunogenicity potential
of mAbs and the related ADA response (2). Besides the questions
of how and why ADA responses occur, the difficulty of the
situation is further increased by the observation that some
patients do develop ADA, but others don’t. It is also
complicated more by the notion that the immunogenicity
differences in patients receiving the same mAbs as treatment
(10). These differences not only caused by regular interindividual
factors, but also by geographical and racial differences (11).

The consequences of the immunogenicity elicited by mAbs
range from absence of effect of the mAb to severe and life-
threatening responses (12–14). Registered consequences include
infusion reaction, anaphylaxis, immune complex-mediated
diseases and loss of efficacy (15–21).

The anti-drug antibody responses that are elicited in mAbs-
receiving patients can be classified into two categories,
neutralizing ADA (ntADA) which influence the binding
capacity of the drug directly by targeting the antigen-binding
site, and the non-ntADA which recognizes other epitopes that
are present on the drug while still facilitating mAb binding
activity. However, the non-ntADA’s can in fact be malignant
(22, 23).
ADA-RESPONSES ELICITED BY MABS
AND THEIR CLINICAL EFFECTS

Over 90% of the therapeutic proteins cause immunogenicity,
with the production of ADAs as a result (24). However, this
immunogenic reaction is not the same in all patients and also not
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the same for all mAbs. The concentration of ADA can be
measured (i.e., in blood), which is indicated as the titer.
However, there is currently a lack of consitent and reliable
immunogenicity assays to use for clinical desiscion making (25).

Some patients show a low ADA titer, in whom the
concentration of free drug may still be high enough to be
effective. Other patients may show a high ADA titer, causing
the majority of the drug to be neutralized resulting in an absence
of clinical response (23, 24, 26). As such, the formation of ADAs
upon mAb use is of major clinical importance.

As the ADA responses are not only different between patients
but also between mAb-classes, these were studied separately to
describe which class of mAb shows an ADA response, when in
the treatment that response is occurring and what the clinical
effect of this response is (11). A summary of this literature study
can be found in Table 1.
METHOD

For this literature study, a search of English publications listed in
the electronic databases of the NCBI through PubMed was
performed. Included in this search were the terms
‘Pharmacogenomic variants’, ‘Antidrug Antibody’, ‘Human
Leukocyte Antigens’ and ‘Monoclonal Antibodies’ and MESH-
terms related to them. After this PubMed search, an analytical
review based on inclusion of humans in ADA response
development tests was performed.
OVERVIEW OF ANTIDRUG ANTIBODIES
ELICITED AGAINST MONOCLONAL
ANTIBODIES AND THEIR
CLINICAL EFFECTS

Tumour Necrosis Factor Alpha
Antagonistic mAbs
Tumour necrosis factor alpha (TNFa) antagonistic mAbs are
used in the clinic to treat rheumatoid arthritis, spondylarthritis,
psoriasis and inflammatory bowel disease. Three biologic
therapies are currently approved: etanercept, infliximab and
adalimumab. Etanercept is a dimeric fusion protein that blocks
the effect of TNFa, infliximab is a chimeric monoclonal receptor
antibody and adalimumab is a human monoclonal TNFa
antibody. While all these mAbs elicit an ADA response, this
response can be attenuated by immunosuppressors (especially
methotrexate) as much as a reduction of 80% (16, 27). For this
reduction, the mechanism is still unknown (27).

Immunogenicity of Etanercept
ADAs against etanercept are formed in 20 to 25% of the
patients receiving the drug. However, the antibodies formed
are all non-neutralizing. Patients that were monitored for the
formation of these antidrug antibodies in a study that lasted
June 2022 | Volume 13 | Article 885672
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120 weeks, showed an increase of antibodies with an increase
in the duration of the study. Despite the presence of these
antibodies, these have no correlation to the clinical response
or adverse effects (16, 96). This suggests the presence of drug
binding antibodies rather than drug neutralizing antibodies
(27–30).

Immunogenicity of Infliximab
In adults receiving treatment with infliximab, about 10% show
development of ntADAs, and this rate goes up to 51% for non-
ntADAs (30, 31). The incidence rates of ntADAs is even higher
in patients with Crohn’s Disease that receive infliximab after
drug-free intervals of maximum 16 weeks (32). The patients in
which these antibodies are present, infusion reactions, low titers
and loss of drug efficacy are seen more often than in antibody-
negative patients receiving the same treatment (16, 33–37). The
development of these ADA responses is seen less often in
patients that simultaneously receive immunosuppressive
therapies like methotrexate (32).

In children, the incidence of ADA responses is higher. In a
study that include paediatric patients with Crohn’s Disease, 12%
of the tested population was antibody-positive despite the
simultaneous administration of immunosuppressive therapies.
In the study covering paediatric patients with ulcerative colitis,
52% of the tested population was antibody-positive after a
Frontiers in Immunology | www.frontiersin.org 3
median 24-month period. Here, there was no simultaneous
administration of immunosuppressive therapies (30, 32).

Immunogenicity of Adalimumab
In rheumatoid arthritis-patients receiving treatment with
adalimumab, the patients treated with only adalimumab
showed higher incidence of immunogenicity against the mAb
after 6 months than patients treated with adalimumab and
concomitant immunosuppressants (12% versus 1%) (32, 38–
43). The levels of non-ntADAs in patients ranges up to 35% (42).
No apparent correlation was shown between the development of
the antibodies to the adverse reactions. The antibodies that were
formed in the patients, were neutralizing. The formation of the
antibodies was seen more often in patients that received their
dosage every other week than it was in patients receiving their
dosage weekly. The same effects were seen in patients with other
diseases as is described in the Humira (adalimumab) label
distributed by the FDA (16, 32).

For the anti-TNFa therapies discussed here, reports show
that dose titration reduces the incidence of ADA responses and
improves the drug response (18, 97). However, other studies
show that this dose escalation boosts the immune response with
consequences like infusion-related adverse events or severe
thromboembolic phenomena (27, 98, 99). The mechanisms
behind this remains unclear (27).
TABLE 1 | Summarized overview of mAbs with corresponding type and whether ntADAs are formed or not.

Type Name ntADA formation

Anti-TNFa Etanercept Non-ntADA in 20 to 25% of patients (27–30).
Infliximab ntADA in adults: 10% of patients, in children 12 to 52% of patients. Non-ntADA in up to 51% of

the patients (30–37).
Adalimumab ntADA in 12-35% of patients (16, 32, 38–43).

Anti-VEGF Bevacizumab, ranibizumab,
ramucirumab

No ADA development (32–41).

Anti-CD3 Muromonab ntADA in 100% of patients (44–48).
Foralumab No ADA development (48–51).

Anti-CD20 Rituximab ntADA in 11 to 26.4% of patients (52–55).
Ofatumumab No ADA development (56).
Obinutuzumab Non-ntADA in 7% of patients (57).
Ocrelizumab Non-ntADA in 1 to 4.7% of patients (52, 58).

Anti-CD38 Daratumumab Non-ntADA in 1.3% of patients (59, 60).
Anti-CD52 Alemtuzumab Non-ntADA in 85% of patients (60, 61).
Anti-HER2 Trastuzumab Non-ntADA in 1% of patients (62–64).

Pertuzumab Non-ntADA in 30% of patients (65).
Anti-EGFR Cetuximab Non-ntADA in 5% of patients (66–69).

Panitumumab Non-ntADA in 1.8% of patients (70–72).
Nimotuzumab No ADA development (73).
Necitumumab ntADA in 1.4% of patients (74).

Immune checkpoint inhibitor-
inhibiting

Ipilimumab ntADA in 26% of patients (75).

Pembrolizumab Non-ntADA in 3.7% of patients (76).
Nivolumab Non-ntADA in 12.7% of patients (73, 77, 78).
Atezolizumab Non-ntADA in 13 to 54% of patients (79).
Avelumab Non-ntADA in 14 to 19% of patients (80, 81).

Anti-IL Tocilizumab Non-ntADA in <2% of patients (82).
Ustekinumab ntADA in 5% of patients (83, 84).
Secukinumab Non-ntADA in <1% of patients (85).
Ixekizumab Non-ntADA in 17% of patients (86, 87).

Anti-IgE Omalizumab No ADA development (88–92).
Anti-VLA-4 Natalizumab ntADA in 4-14% of patients (93–95).
June 2022 | Volume 13 | Article 885672
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Vascular Endothelial Growth Factor
Antagonistic mAbs
As vascular endothelial growth factor (VEGF) is a mediator of
angiogenesis related to tumours and conditions like diabetic
retinopathy and age-related macular degeneration, anti-VEGF
therapy is used in the clinic predominantly for therapy of solid
tumours (100, 101). Anti-VEGF therapies that have been
developed and are currently used in the clinic are bevacizumab,
ranibizumab and ramucirumab (102). Bevacizumab is a
recombinant humanized IgG mAb targeting VEGF-A, thus
preventing the complex of VEGF-A and VEGFR-2 to form (102,
103). Ranibizumab is an affinity-matured antibody Fab-domain,
which is developed against all fragments of the VEGF (104, 105).
Ramucirumab is a fully human mAbs that inhibits VEGFR2 via
the blockage of the VEGFR2-VEGF ligand interaction (102, 106,
107). None of the mentioned VEGF-inhibiting mAbs show
immunogenicity (102–110).

Cell Surface Antigen-Targeted mAbs
CD3-inhibiting mAbs
Immunogenicity of Muromonab
The first murine mAb available on the market was Ortho Kung T3
(OKT3, muromonab) (44). This mAb is from murine origin, and
showed extreme immunogenicity with a high incidence of ADA
responses, but also a wide variety of severe side effects including
cytokine syndrome, seizures, encephalopathy and graft thrombosis
(45–47).OKT3 is amouse IgG2a-antibody that targets theCD3e-chain
in the CD3/TCR that complex characterizes T-lymphocytes (44).

Muromonab was later humanized by grafting the
complementary-determining region into a structure with a
human IgG-backbone, which in phase I studies did not show
immunogenicity when administered orally (48).

Immunogenicity of Foralumab
Foralumab is a completely human anti-CD3 mAb. For this mAb,
the Fc-fragment of human IgG1 was mutated so the mAb shows
no FcR-binding in vitro and displays minor cytokine release in
vivo while sustaining the modulation of the CD3/TCR-complex
and T-cell depletion (49).

The present generation of anti-CD3 mAb presents a reduced
affinity for Fc-receptors, resulting in decreased side effects when
compared to the original FcR-biding antibodies that were derived
from rodents (44). This generation shows very promising results in
preclinical studies looking at the possibility of oral or nasal
administration (48–51).

CD20-inhibiting mAbs
Anti-CD20 mAbs are used in the clinic to achieve B-cell depletion.
Initially, this class of mAbs was developed to treat B-cell
proliferative disorders such as non-Hodgkin’s lymphoma and
chronic lymphocytic leukaemia, but the therapies are currently
also applied in the therapy of rheumatoid arthritis and other
autoimmune diseases with both T-cell and B-cell etiology (52).

Immunogenicity of Rituximab
Rituximab is a murine-human chimeric anti-CD20 mAb. The
development of ntADA responses in the clinic is seen often,
Frontiers in Immunology | www.frontiersin.org 4
which is believed to be caused by the chimeric nature of the
antibody (52). A study focused on the safety of rituximab in
patients with rheumatoid arthritis that administered rituximab
together with methotrexate showed that 11% of the patients
enrolled in the study showed an ADA response within 8 to 12
weeks after administration (53). Another study, the HERMES
trial, presented 26.4% of the patients with immunogenicity
against the drug at week 48 (54). Similar studies show that
anti-rituximab antibodies reduce the efficacy of the drug (55).

Immunogenicity of New-Generation Anti-CD20 mAbs
Ofatumumab is one of the new-generation anti-CD20 mAbs
currently used in the clinic (52). In one of the phase II trials that
was conducted for ofatumumab, the none of the patients
developed an ADA response in week 48 (56).

Obinutuzumab is another new-generation anti-CD20 mAb
that is FDA-approved for the treatment of chronic lymphocytic
leukaemia (52). In the clinical trials, 7% of the patients have
developed an ADA response against this drug during treatment;
the ADA were found in follow-up tests performed 6-months or
more after treatment and did not have any effect on the efficacy
of the drug. Other studies did not show development of ADA
responses at all (57).

Ocrelizumab has been FDA-approved in the treatment of
relapsing-remitting MS (52). Several trials were conducted to
assess the safety of ocrelizumab, which all showed comparable
between the ocrelizumab/methotrexate and placebo/methotrexate
groups, ranging from 1 to 4.7% (52, 58). Of the patients that
developed an ADA response, there was no correlation between
immunogenicity and reduced efficacy or adverse effects of the
drug (52).

For other new-generation anti-CD20 mAb, studies showed
development of ADA responses but no effect on the efficacy of
the drugs (111). This shows that the new generation of anti-
CD20 mAbs is as efficient as the ‘old’ generation, but with a
better safety profile in terms of immunogenicity (52).

CD38-inhibiting mAbs
CD38 functions as cell surface ectoenzyme. It contributes to the
modification ofNAD+ released fromdamaged cells in inflammation,
to immunosuppressive extracellular adenosine.CD38mightalsoplay
a role in the promotion of tumour growth via the suppression of
effector T-cell responses in a tumour environment (112). An anti-
CD38 specific mAb used in the clinic is daratumumab, which shows
to be effective in multiple myeloma (112).

Immunogenicity of Daratumumab
Daratumumab is generated from CD38-immunized transgenic
mice carrying the genomic loci encoding human IgH and IgI
(112). When administered intravenously, the drug shows a low
risk of immunogenicity (1.3% of the patients). The presence of
antibodies increased with increased dosage. The antibodies that
were formed, were neutralizing but did not affect pharmacokinetics
(59, 60).

CD52-inhibiting mAbs
The membrane glycoprotein CD52 is expressed by lymphocytes,
monocytes, subsets of dendritic cells and subsets of epithelial
June 2022 | Volume 13 | Article 885672
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cells. Inhibiting this glycoprotein causes the depletion of
lymphocytes and blood dendritic cells in vivo, making it a
target for mAbs designed to treat graft versus host disease in
bone marrow transplantation, relapsing multiple sclerosis and
chronic lymphocytic leukaemia (113). The anti-CD52 mAb used
in the clinic is alemtuzumab, which is a humanized mAb.

Alemtuzumab
Alemtuzumab is the first humanized mAb. The humanization was
performed by removing rodent constant regions and grafting the
complementarity-determining regions onto human framework
regions. This process, however, seemed not enough to prevent
ADAresponses tooccur. Studies reveal thepresenceof antibodies in
85%of caseswithin 24months, even though these have no reported
clinical significance (60, 61). Itwasmentioned that thedevelopment
of these ADAs can become more problematic with increasing
number of treatment cycles and will therefore need monitoring in
the clinic, as they can persist for years (61).

HER2-inhibiting mAbs
The human epidermal growth factor receptor-2 (HER2) is a
proto-oncogene, encoding a transmembrane tyrosine kinase
receptor (114). Amplification of the HER2-gene and
overexpression of this tyrosine kinase receptor is observed in
20-30% of women with breast cancer, which is associated with a
worse prognosis. Amplification or overexpression of HER2 is
believed to have a role in the pathogenesis of breast cancer (115).
Trastuzumab and pertuzumab are anti-HER2 mAbs currently
used in the clinic. The mAbs are used separately, but also in
combination (62, 63, 65).

Immunogenicity of Trastuzumab
Trastuzumab, a humanized anti-HER2 mAb, inhibits the growth of
HER2-overexpressing tumour cells. It provides a significant survival
benefit on its own and in combinationwith chemotherapeutic agents
(115). Studies show the relation between the number of administered
doses and the percentage of ADA-positive patients up to 3
administered doses. Higher administered doses present a dose-
dependent reduction in percentage of positive samples which could
be due to a developed tolerance after initial administered doses. Only
a lowpercentage (1%) of the patients showADA responses, but these
do have high titers of anti-trastuzumab antibodies. These ADAs do
not impact the efficacy of the drug (62–64).

Immunogenicity of Pertuzumab
Pertuzumab blocks the formation of the HER2-dimer and its
receptor, by binding to HER2. It thereby inhibits the activation of
the Pi3K-PKB/Akt signalling pathway Thereby, pertuzumab
inhibits cancer cell activation, slows tumour growth and
reduces the recurrence rate (65). However, a study shows that
30% of patients included in the trial develop an ADA response,
70 days after administration. The antibodies did not neutralize or
affect pertuzumab (65).

EGFR-inhibiting mAbs
The epidermal growth factor receptor (EGFR) is a tyrosine kinase
receptor that plays a role in the homeostatic regulation of normal
cells and carcinogenesis of epithelial malignancies (116). There are
Frontiers in Immunology | www.frontiersin.org 5
currently four anti-EGFR mAbs approved for use in the clinic;
cetuximab, panitumumab, nimotuzumab and necitumumab.

Immunogenicity of Cetuximab
Cetuximab is a human/mouse chimeric IgG1 mAb that blocks
the interaction between EGFR and its ligands, by which the
downstream RAS-signalling pathway and ERK-activation is
inhibited (117). In studies assessing the immunogenicity, only
non-neutralizing anti-cetuximab antibodies were found in 5% of
the patients, indicating that there is no relation between these
antibodies and the pharmacokinetics or efficacy and safety profile
(66–69).

Immunogenicity of Panitumumab
Panitumumab is a fully human IgG2 antibody that, like cetuximab,
binds the EGFR (117). Immunogenicity of panitumumab in
combination therapy with cytostatics is similar to the
immunogenicity observed in panitumumab monotherapy (1.8%).
The antibodies formed do not have a clinical effect as these do not
alter the pharmacokinetics or safety profile (70–72).

Immunogenicity of Nimotuzumab
Nimotuzumab is a humanized IgG1-mAb that binds the EGFR
to inhibit the EGFR-pathway (73, 116). In studies testing the
immunogenicity, no anti-nimotuzumab antibodies were
detected (73).

Immunogenicity of Necitumumab
Necitumumab is a fully human IgG2 anti-EGFR antibody that
stimulates natural killer (NK) cell-driven cytotoxicity against
tumour cells via the interaction of its constant region and CD16
receptor on NK-cells (118). Clinical trials show neutralizing anti-
necitumumab antibodies in 1.4% of the tested population (74).

Immune Checkpoint Inhibitor-Inhibiting mAbs
The cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and
programmed death 1 (PD-1) immune checkpoint pathways play
key roles in the peripheral tolerance. CTLA-4 is often considered
‘leader’ of immune checkpoint inhibitors, due to its ability to
prevent autoreactive T-cells at initial stage of naïve T-cell
activation, primarily in lymph nodes. The previously activated
T-cells are in a later stage of the immune response regulated by
PD-1 (119–121). In cancer immunotherapy, tumour cells have
developed ways to avoid recognition by T-cells, by which the
cells can take advantage of peripheral tolerance (120).

Immunogenicity of Ipilimumab
Ipilimumab is a fully human IgG1 mAb. Neutralizing anti-
ipilimumab antibodies have been found in 26% of the patients
after administration of the drug. These neutralize drug target
binding or enhance drug clearance, which both cause loss of
treatment efficacy and suboptimal levels of active drugs. Also,
several hypersensitivity reactions have been registered in relation
to the ADA response. Studies even show shortened overall
survival and shortened progression-free survival (75).

Immunogenicity of Pembrolizumab
Pembrolizumab is a humanized IgG4 mAb, targeting immune
checkpoint PD-1. The incidence of ADA responses against
June 2022 | Volume 13 | Article 885672
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pembrolizumab is low, as anti-pembrolizumab antibodies were
found in 3.4% of the patients. The antibodies are non-
neutralizing; this immunogenicity has no clinically relevant
effects on exposure, safety or efficacy of the drug (76).

Immunogenicity of Nivolumab
Nivolumab is a fully human IgG4 mAb that targets the immune
checkpoint PD-1. The incidence of ADA responses against
nivolumab is low (12.7% of patients were ADA-positive), and
the antibodies that are formed do not affect the pharmacokinetic
profile or efficacy of the drug (73, 77, 78).

Immunogenicity of Atezolizumab
Atezolizumab is a humanized IgG1 mAb that binds programmed
death-ligand 1 (PD-L1), thereby inhibiting interactions between
PD-1 and CD80 receptors. The drug shows high variability of
ADA response rates, ranging from 13 to 54%. The antibodies
formed, however, did not show impact on the pharmacokinetic
profile and efficacy of the drug (79).

Immunogenicity of Avelumab
Avelumab is a fully human IgG1 mAb which targets PD-L1. An
ADA response was observed in 14 to 19% of the tested patients
after 2.5 months. The presence of the antibodies, however, had
no influence on pharmacokinetics or safety of the drug (80, 81).

Interleukin-targeted mAbs
Immunogenicity of Tocilizumab
Tocilizumab is a humanized IgG1 mAb that blocks the binding
between IL-6 and IL-6R, by which it inhibits IL-6 activity. Studies
show low immunogenicity of the drug (<2% of patients), with the
antibodies present not affecting pharmacokinetics or safety
profiles (82, 122).

Immunogenicity of Ustekinumab
Ustekinumab is a human IgG1 mAb that targets the shared p40
subunit of IL-12 and IL-23. ADA responses occur in 5% of
patients, of which the majority consist of neutralizing antibodies
which affect the effectivity of the drug (83, 84).

Immunogenicity of Secukinumab
Secukinumab is a fully human IgG1 mAb that targets IL-17.
ADA responses were seen in <1% of patients, and was not linked
to immunogenicity-related adverse effects and therefore there is
no clinical effect on the efficacy and/or the pharmacokinetics of
the drug (85).

Immunogenicity of Ixekizumab
Ixekizumab is a humanized mAb targeted against IL-17A. In
clinical trials, 17% of patients receiving the drug developed non-
ntADAs where the presence of the anti-ixekizumab antibodies
did not interfere with serum concentrations and drug efficacy
(86, 87).

IgE-inhibiting mAbs
IgE antibodies are known for their effector functions and their
function in mediating allergic reactions. This effector function is
an interesting target for mAb (123).
Frontiers in Immunology | www.frontiersin.org 6
Immunogenicity of Omalizumab
Omalizumab is an anti-IgE mAb which inhibits the effector
function of IgE, as well as the activation of mast cells and
basophils (124). No antibodies against omalizumab are
detected (88).

VLA4-inhibiting mAbs
Very late active antigen (VLA)-4 functions as receptor for the
vascular cellular adhesion molecule 1 (VCAM-1) (93).

Immunogenicity of Natalizumab
Natalizumab is a IgG4 mAb targeting VLA-4. The drug is
prescribed in multiple sclerosis-patients. Here, it effectively
reduces the disease activity and decreases the risk of disability
progression (94). In 4 to 14% of the patients, anti-natalizumab
antibodies are found. The presence of these antibodies is
associated with an increased risk for infusion-related adverse
effects, but it also causes a reduced clinical effect (93–95).
HLA HAPLOTYPES AS BIOMARKER TO
PREDICT THE OCCURRENCE OF ADA
RESPONSES IN VULNERABLE
INDIVIDUALS

Our review indicates that there is no clear path to say if and which
ADA responses will occur based on the structure of the mAb. The
summarising Table 1 clearly shows an overview of the ADA
responses against commonly usedmAbs in the clinic. The range of
frequencies of ADAs reported are due to various factors, few of
them being the lack of standardized tests to detect ADAs, different
patient populations used in the studies, different diseases present
in the studied populations and so on. This is especially true for the
older molecules like infliximab, adalimumab and rituximab, but is
also an important note for the ‘newer’ molecules.

Recently, studies have focused on the possibility to predict the
occurrence of ADA responses in individual patients. There is
evidence that patients carrying specific HLA haplotypes are more
vulnerable to form ADAs and this may be useful to personalize
mAb treatment (125–129).

The human leukocyte antigen (HLA) system is involved in
rejecting foreign entities that enter the body. They encode highly
polymorphic cell surface molecules (130). Due to their role in the
immune response against foreign entities, HLA haplotypes are
believed to play an important role in the formation of ADA
responses. For example, the relation between anti-infliximab
antibodies and the HLA-DRB1 alleles has been studied, as well
as the relation between anti-adalimumab antibodies and HLA-
DRB1*03 (128).

Another study mentions the link between genetic variations
in HLA and a higher risk of anti-TNFa antagonist antibodies. A
direct causal link has not been found, but the results suggest that
polymorphisms in HLA-DQA1*05 not only cause
immunogenicity against the drug, but also a lower efficacy and
affected pharmacokinetic profile. A single nucleotide variation
(rs2097432) that shows increased risk of immunogenicity against
June 2022 | Volume 13 | Article 885672
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adalimumab and infliximab have been described (131–133). In a
study covering this variation, the allele frequency of rs2097432
was 25.5%. The risk of developing ADA responses was higher in
the variant carriers (adjusted HR = 7.29). The carriers of this
variant also had an increased risk of loss of response (adjusted
HR = 2.34) and discontinuation (adjusted HR = 2.27) (132).

The possibility for these HLA-haplotypes to predict the
occurrence of ADA responses was also tested for rituximab
and atezolizumab (134, 135). Here, the associated alleles were
HLA-DRB1*01:01 for all ADA (p = 3.4*10−5, odds ratio = 1.96),
and HLA-DQA1*01:01 when considering ntADA (p = 2.8 x 10−7,
odds ratio = 2.31). These alleles both occur in common HLA
haplotypes. The study indicates that the HLA class II genotype
plays a role in the development of anti-atezolizumab antibodies.
However, the study also suggests that these genetic factors are yet
insufficient as clinically meaningful predictors of ADA
responses (135).

The explorative studies on the relation of the HLA haplotypes
and variants need validation before they can be used as reliable
biomarker in the clinic. This is, however, by far not enough
information to base all ADA responses against all mAbs upon, as
it is unlikely that there is one general biomarker to predict ADA
formation for all different mAbs. Therefore, future research
should be focused on the possibility to use these variants in
HLA haplotypes as biomarker in the clinic, to prevent the
immunogenicity against the mAb and thereby increase the
benefit patients can experience from the drugs.
FUTURE PERSPECTIVES ON THE USE OF
HLA HAPLOTYPES TO PREDICT
VULNERABLE PATIENTS

In conclusion, the occurrence of antidrug antibody responses
against mAb is a serious clinical concern. However, despite many
mAbs displaying these ADA responses, it is inappropriate to
directly compare the incidence rates of these responses across
molecules. The immunogenicity incidence rates are highly
dependend on the type of assay that is used to identify the
ADA response, the dosing regimen that is prescribed, the time
Frontiers in Immunology | www.frontiersin.org 7
points on which the samples for the ADA-assays are taken, the
route of administration of the mAb, the state of the underlying
disease, the use of concurrent immunosuppressive treatment and
many other factors. Therefore, the direct comparison of
immunogenicity rates across the biologicals described in this
paper is difficult.

Additionally, it is currently not possible to predict the
occurrence of ADA responses, neither based upon mAb related
factors nor on patient related factors. While not being the only
plausible risk factor for ADA formation, studies that explore the
possibility to predict ADA formation suggest the involvement of
genetic variants in HLA haplotypes. For some drugs and in some
diseases, the possibility to use these genetic variants as
biomarkers has been studied, but for the majority of mAbs this
is yet unexplored.

In the future, HLA haplotype identification might play an
important role in the prevention of ADA responses, thereby not
only improving the experience of the patients receiving drugs,
but also minimizing hospitalization due to ADA responses and
improving the treatment of patients as the correct drugs that do
not elicit an ADA response can be prescribed quicker. This
technique can not only be applied to MoAbs, but can also be
explored to be helpful in the prediction of reactions of the
immune system against other classes of drugs.
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91. Dupont B, Mariotte D, Dugué AE, Clarisse B, Grellard JM, Babin E, et al.
Utility of Serum Anti-Cetuximab Immunoglobulin E Levels to Identify
Patients at a High Risk of Severe Hypersensitivity Reaction to Cetuximab.
Br J Clin Pharmacol (2017) 83:623–31. doi: 10.1111/bcp.13140

92. Lungulescu CV, Ungureanu BS, Turcu-Stiolica A, Ghimpau V, Artene SA,
Cazacu IM, et al. The Role of IgE Specific for Galactose-a-1,3-Galactose in
Predicting Cetuximab Induced Hypersensitivity Reaction: A Systematic
Review and a Diagnostic Meta-Analysis. Sci Rep (2020) 10. doi: 10.1038/
S41598-020-78497-7

93. Weeraratne D, Chen A, Pennucci JJ, Wu CY, Zhang K, Wright J, et al.
Immunogenicity of Panitumumab in Combination Chemotherapy Clinical
Trials. BMC Clin Pharmacol (2011) 11:17. doi: 10.1186/1472-6904-11-17

94. Kast J, Dutta S, Upreti VV. Panitumumab: A Review of Clinical
Pharmacokinetic and Pharmacology Properties After Over a Decade of
Experience in Patients With Solid Tumors. Adv Ther (2021) 38:3712–23.
doi: 10.1007/S12325-021-01809-4

95. Peeters M, Balfourf J, Arnold D. Review Article: Panitumumab - A Fully
Human Anti-EGFR Monoclonal Antibody for Treatment of Metastatic
Colorectal Cancer. Aliment Pharmacol Ther (2008) 28:269–81.
doi: 10.1111/j.1365-2036.2008.03717.x

96. Kato K, Ura T, Koizumi W, Iwasa S, Katada C, Azuma M, et al.
Nimotuzumab Combined With Concurrent Chemoradiotherapy in
Japanese Patients With Esophageal Cancer: A Phase I Study. Cancer Sci
(2018) 109:785–93. doi: 10.1111/cas.13481
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