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Abstract

Monoclonal antibodies (mAbs) have transformed therapeutic strategies for various diseases. Their high specificity to target
antigens makes them ideal therapeutic agents for certain diseases. However, a challenge to their application in clinical practice
is their potential risk to induce unwanted immune response, termed immunogenicity. This challenge drives the continued
efforts to deimmunize these protein therapeutics while maintaining their pharmacokinetic properties and therapeutic efficacy.
Because mAbs hold a central position in therapeutic strategies against an array of diseases, the importance of conducting
comprehensive immunogenicity risk assessment during the drug development process cannot be overstated. Such assessment
necessitates the employment of in silico, in vitro, and in vivo strategies to evaluate the immunogenicity risk of mAbs.
Understanding the intricacies of the mechanisms that drive mAb immunogenicity is crucial to improving their therapeutic
efficacy and safety and developing the most effective strategies to determine and mitigate their immunogenic risk. This
review highlights recent advances in immunogenicity prediction strategies, with a focus on protein engineering strategies

used throughout development to reduce immunogenicity.

Antidrug antibody (ADA) rates vary among protein
therapeutics, and immunogenicity remains a major
challenge in the development of mAb therapies.

Multiple factors related to the therapeutic protein and to
the patient may lead to ADA generation.

Early assessment of immunogenicity risk can contribute
to the development of more effective and selective
protein therapeutics with low ADAs, ultimately
improving patient outcomes.

Multiple strategies exist to limit and mitigate
immunogenicity risk during therapeutic protein design or
drug development.
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1 Introduction

As of 2022, the number of biopharmaceutical agents with
active licenses in the USA is greater than 620, with monoclo-
nal antibodies (mAbs) accounting for more than 50% of all
new approvals in the past few years [1, 2]. Initially, murine
mAbs derived from mouse B cell hybridomas entered clini-
cal studies. However, the success of those mAbs was very
limited because of the human immune system’s high rec-
ognition of those murine mAbs as foreign protein [3]. To
reduce this risk, mAbs were then generated by fusing the
variable domain (Fab) encoded by B cells from immunized
mice with the constant domain (Fc) of human IgG. These
chimeric antibodies retain the antigen-binding specificity of
the original murine antibody and interact with human effec-
tor cells and proteins due to their human constant regions.
Although these mouse—human chimeric antibodies were suc-
cessfully applied for diagnostic purposes, their application
as treatments was limited due to the generation of a robust
antidrug antibody (ADA) response in patients, leading to
increased drug clearance and even fatal adverse events in
some cases [4]. Nevertheless, the seminal work with chi-
meric antibodies laid the groundwork for future develop-
ments in antibody engineering and for the development of
humanized and fully human antibodies.
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Humanization is a widely utilized technique to
deimmunize mAbs by replacing nonhuman components
with human ones. The process may involve retaining only
the complementarity-determining regions (CDRs)—the
portions of the mAb that bind to the target antigen—from
the nonhuman (typically mouse) antibody and replacing
the rest of the antibody structure with human sequences
[5, 6]. Such a more “human-like” antibody is less likely to
be recognized as foreign by the patient’s immune system,
thus reducing the risk of an immune response toward the
antibody. Compared with chimeric mAbs, humanization
reduces, but does not eliminate, immunogenicity. Indeed,
even fully human antibodies with both the CDRs and
frameworks derived from human immunoglobulin gene
repertoires may potentially provoke an unwanted immune
response [7]. Therefore, ADA rates vary substantially among
mAbs (Table 1); accordingly, immunogenicity remains a
major challenge in the development of mAb therapies. In
this review, we provide a comprehensive overview of the
strategies currently employed to mitigate immunogenicity
risk of these protein therapeutics. Although the focus of this
review is on ADAs directed against mAbs, the principles
often apply to other types of protein therapeutics.

2 The Clinical Consequences Associated
with Immunogenicity of mAbs

ADA formation results in different clinical consequences,
ranging from no effect to severe toxicity. Relevant adverse
effects of ADAs include: (1) impairment of treatment
efficacy by altering the bioavailability, pharmacodynamics,
or pharmacokinetics of mAbs, (2) interference with the
function of endogenous proteins through crossreactivity, or
(3) immune modulatory effects [8—10].

ADAs can be categorized into neutralizing and
nonneutralizing antibodies, each with implications for mAb
or other protein therapeutic treatment. Neutralizing ADAs
(NADs) directly inhibit the biological activity of the protein
therapeutic by binding to its active site or to regions critical
for its function [11], thereby reducing the efficacy of the
therapy. Whereas non-neutralizing ADAs do not inhibit the
biological activity of the protein therapeutic directly, such
ADA responses can still impact the pharmacokinetics and
pharmacodynamics of the drug [8]. Both types of ADAs
can modify the clearance of the protein therapeutic from
circulation or alter its distribution and, thus, reduce efficacy
[12].

Severe adverse effects of ADA often involve immune
complex formation. These complexes can induce
complement activation, triggering an inflammatory cascade
that can produce severe infusion reactions [13, 14]. For
example, the immunogenicity of brolucizumab, an antibody
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used for the treatment of neovascular age-related macular
degeneration, resulted in ADAs that were associated with the
development of retinal vasculitis/retinal vascular occlusion
(RV/RO) in some patients. Formation of immune complexes
with brolucizumab is a proposed mechanism for RV/RO
induced in some patients through cellular responses such
as enhanced antigen presentation, platelet aggregation,
endothelial cell activation, and cytokine release [15].

3 T Cell-Dependent or T Cell-Independent
Pathways to ADA Development

ADAs can arise through either T cell-dependent or T cell-
independent pathways. The T cell-dependent pathway
requires the internalization of the mAb, or other protein
therapeutics, and processing by antigen-presenting cells
(APCs), leading to the presentation of peptides derived
from the therapeutic agent by human leukocyte antigen
(HLA) class II (HLA-II) molecules and the recognition of
the peptide-HLA-II complexes by T cells with cognate T
cell receptors (TCRs). The immune response to recognition
depends on the surrounding cytokines [16]. ADAs are
produced when T helper cells (Th) interact with B cells
leading to B cell differentiation into plasma cells that can
release ADAs.

The T cell-independent pathway involves mAbs or protein
therapeutics that bind B cell receptors (BCRs) directly,
stimulating B cells to differentiate into plasma cells that
produce ADAs [17-19].

4 Factors Intrinsic to a Protein Therapeutic
that Contribute to Immunogenicity

Complex, multifactorial elements contribute to ADA genera-
tion, including properties intrinsic to the protein therapeutic,
properties of the drug preparation, and patient characteris-
tics (Fig. 1). It is still unclear which factors have the most
substantial influence and how these multiple factors interact
with each other. Attributes of the protein therapeutic itself,
such as amino acid sequence, three-dimensional structure,
and posttranslational modifications (PTMs), can all factor
into ADA development in a patient. Additionally, manufac-
turing-related impurities, dosing regimen or administration
route, and even the mechanism of action (MOA) are addi-
tional elements that can impact ADA responses.

4.1 Preparation-Related Factors: Host Cell Proteins
Protein therapeutics are primarily produced in and puri-

fied from genetically engineered mammalian expression
systems. Although rigorously manufactured in controlled



Reducing Immunogenicity by Design 207
Table 1 Overview of FDA approved fully human or humanized mAbs and their reported ADA rates

mAb Target Isotype Type ADA (range) (%) USA approval
Adalimumab TNF-a IgGl1 Human 3-61 2002
Aducanumab amyloid-p IgGl1 Human 0.6 2021
Alemtuzumab CD52 I1gGl1 Humanized 29-83 2001
Alirocumab PCSK9 IgGl1 Human 5.5 2015
Anifrolumab IFNARI1 I1gGl1 Human 1.7 2021
Atezolizumab PD-L1 1gGl1 Humanized 1348 2016
Avelumab PD-L1 1gGl1 Human 8.5-19.1 2017
Belimumab BLyS 1gGl1 Humanized 0.64.8 2011
Benralizumab IL-5R 1gGl1 Human 13 2017
Bevacizumab VEGF-A 1gGl Humanized 0.2-0.6 2004
Bezlotoxumab C. difficile toxin B 1gGl Human 0 2016
Bimekizumab IL-17A,IL-17F 1gGl Humanized 31-45 2023
Brodalumab IL17RA 1gG2 Human 3 2017
Brolucizumab VEGF-A scFv Human 53-76 2019
Burosumab FGF23 1gGl Human 0-19 2018
Canakinumab IL-1B IgGl1 Human 1.5-3.1 2009
Cemiplimab PD-1 1gG4 Human 22 2018
Certolizumab TNF-a IgGl1 Humanized 8-28 2008
Crizanlizumab P-selectin 1gG2 Humanized 0-1.6 2019
Daclizumab CD25 IgGl1 Humanized 12-19 2016
Daratumumab CD38 1gGl Human 0 2015
Denosumab RANKL 1gG2 Human 0.67 2010
Dostarlimab PD-1 1gG4 Humanized 2.5 2021
Dupilumab IL-4Ra 1gG4 Human 1-16 2017
Durvalumab PD-L1 1gGl Human 0.8-3 2017
Eculizumab C5 1gG2/4 Humanized 0-3 2007
Efalizumab CDlla IgGl1 Humanized 6.3 2003
Elotuzumab SLAMF7 IgGl Humanized 18.5-36 2015
Epcoritamab CD20, CD3 IgGl Humanized 2.6 2023
Emapalumab IFNG IgGl1 Human 3-5 2018
Eptinezumab CGRP IgGl1 Humanized 18-20.6 2020
Erenumab CGRPR 1gG2 Human 2.6-6.2 2018
Evinacumab ANGPTL3 1gG4 Human 0 2021
Evolocumab PCSK9 1gG2 Human 0.3 2015
Faricimab VEGF-A/Ang-2 I1gG1 Humanized 8.4-10.4 2022
Fremanezumab CGRP I1gG2a Human 0.4-1.6 2018
Galcanezumab CGRP 1gG4 Human 4.8-12.5 2018
Glofitamab CD20, CD3e IgGl1 Humanized 1.1 2023
Golimumab TNFa IgGl Human 19-31 2009
Guselkumab IL-23 IgGl1 Human 2-9 2017
Ibalizumab CD4 I1gG4 Humanized 0.6 2018
Idarucizumab dabigatran Fab Humanized 2-4 2015
Ipilimumab CTLA-4 IgG1 Human 1.1-36.7 2011
Ixekizumab IL-17A I1gG4 Humanized 5.2-22 2016
Lanadelumab pKal 1gGl Human 5-12 2018
Lecanemab AB 1gGl Humanized 40.9 2023
Loncastuximab tesirine CD19 1gGl Humanized 0 2021
Mepolizumab IL-5 IgG1 Humanized <2-6 2015
Mosunetuzumab CD20, CD3 1gGl1 Humanized 0 2022
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Table 1 (continued)

mAb Target Isotype Type ADA (range) (%) USA approval
Mogamulizumab CCR4 IgGl1 Humanized 14.1 2018
Natalizumab ad-integrin I1gG4 Humanized 9-10 2004
Naxitamab GD2 IgGl1 Humanized 8-23 2020
Necitumumab EGFR IgGl1 Human 4.1 2015
Nivolumab PD-1 I1gG4 Human 11 2014
Obinutuzumab CD20 1gG1 Humanized 0.27 2013
Ocrelizumab CD20 1gGl1 Humanized ~1 2017
Ofatumumab CD20 1gGl1 Human <1 2009
Olaratumab PDGFRa 1gGl1 Human 35 2016
Omalizumab IgE 1gGl1 Humanized <0.1 2003
Palivizumab RSV F protein IgG1 Humanized 1.1-1.5 1998
Panitumumab EGFR 1gG2 Human 0.5-5.3 2006
Pembrolizumab PD-1 1gG4 Humanized 2.1 2014
Pertuzumab HER2 IgGl1 Humanized 0.3-3 2012
Polatuzumab vedotin CD79% IgG1 Humanized 1.4-6 2019
Ramucirumab VEGFR2 IgG1 Human 3 2014
Ranibizumab VEGF-A IgGl1 Humanized 1-9 2022
Ravulizumab C5 1gG2/4 Humanized 0.5-1.4 2018
Reslizumab IL-5 1gG4 Humanized 4.8-5.4 2016
Relatlimab and Nivolumab LAG-3 1gG4 Human 3.8-5.6 2022
Retifanlimab PD-1 1gG4 Humanized 2.9 2023
Risankizumab 1L-23 1gGl1 Humanized 12.1-24 2019
Romosozumab sclerostin 1gG2 Humanized 18.1 2019
Rozanolixizumab FcRn 1gG4 Humanized 37 2023
Sarilumab IL-6R 1gG1 Human 9.2 2017
Satralizumab IL-6R 1gG2 Humanized 38-73 2020
Secukinumab IL-17A 1gG1 Human <1 2015
Spesolimab IL-36R IgGl1 Humanized 46 2022
Sutimlimab Cls 1gG4 Humanized 0 2022
Teclistamab BCMA, CD3 1gG4 Humanized 0.5 2022
Teplizumab CD3 IgGl1 Humanized 57 2022
Teprotumumab IGF-1R IgG1 Human 0 2020
Tezepelumab TSLP 1gG2 Human 5 2021
Tildrakizumab IL-23 I1gGl1 Humanized 6.5 2018
Tocilizumab IL-6R 1gG2 Humanized 2 2010
Tralokinumab IL-13 1gG4 Human 1.4-4.6 2021
Trastuzumab HER2 IgG1 Humanized 10 1998
Tremelimumab CTLA-4 1gG2a Human 11 2022
Ustekinumab 1L-12, IL-23 1gGl Human 6-12.4 2009
Vedolizumab o4p7 integrin 1gG1 Humanized 4-13 2014

environments, process-related impurities, such as host cell
proteins (HCPs), often, but typically at trace amount, copu-
rify with protein therapeutics. Like other proteins, HCPs
have the potential to be immunogenic themselves or act
as adjuvants. Additionally, specific HCPs may impact the
efficacy of the therapeutic protein or produce toxicity in
patients when their levels in the product are increased [20].
An exemplary case of this phenomenon is lebrikizumab, a
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humanized IgG4 antibody used for the treatment of severe
asthma. A preparation of lebrikizumab, produced and puri-
fied from Chinese hamster ovary (CHO) cells, contained the
phospholipase B-like 2 (PLBL2) protein, an HCP that was a
process-related impurity. More than ~90% of subjects during
the phase II clinical study developed an immune response
to PLBL2. These findings emphasized the need for rigorous



Reducing Immunogenicity by Design 209
Fig. 1 Factors that can influence Post-translation
protein therapeutics immu- modifications
nogenicity. The center of the MOA
diagram represents drug related Host cell protein \ ] 0
factors (top) and patient rel.ated Co-purification . \‘ ; ﬂ%m
factors (bottom). Surrounding \f e 2

. . . ® \ 1 Beell egee?
the inner circle are illustra- v . P
tions depicting the drug related
factors and patient related
factors on the top and bottom, Aggregation T cell/ B cell
respectively. MOA mechanism epitopes
of action

v E @
LT ~
, W\ . .
Genetics/HLA o Qib . @ | Co-medication
. ' . @
polymorphism
Replacement N dmi R,O;’tet,Of q
Therapy aaminis r.a Ion an
dosing

monitoring and control of HCPs in protein therapeutics to
ensure patient safety and optimize treatment outcomes [20].

4.2 Aggregation

Aggregates can range in size from dimers of the protein
therapeutic protein to visible particles with formation
occurring at various stages of production, transport, and
storage, even after delivery to the patient [21, 22]). The
presence of aggregates, mainly those with a high molecular
weight rather than dimers, may augment the immune
response toward protein therapeutics by triggering both T
cell-dependent and T cell-independent pathways [23-26].
Activation of the innate immune response by aggregates
can lead to enhanced dendritic cell maturation and antigen
presentation [27], thereby stimulating the T cell-mediated
pathway to ADA. Aggregate-mediated crosslinking of
the BCR may directly trigger the formation of antibodies
targeting both the aggregates and the monomeric form of
the protein therapeutic.

Several studies showed a correlation between the presence
of aggregation and unwanted immune responses [21]. For
example, high degree of aggregation in the product likely
caused the increased immunogenicity and Nab production
observed following the administration of recombinant
erythropoietin or human growth hormone (hGH) [28, 29].
Thus, drug manufacturing practices should be optimized to
limit the formation of protein aggregates.

Disease indication

4.3 Isoelectric Point of mAbs

Specific properties of some mAbs present a greater risk for
ADA development. mAbs with a high isoelectric point (pl),
which corresponds to a high amount of positive charge,
are more immunogenic than mAbs with those with a low
pI [12]. This is likely due to the interaction of positively
charged mAbs with negatively charged cell surfaces and
proteins, which can lead to receptor mediated uptake and
facilitates the internalization and presentation of mAb-
derived peptides by APCs. Positively charged mAbs can also
exhibit nonspecific binding to off-target proteins, leading to
immune complexes and faster mAb clearance [30, 31].

4.4 Posttranslational Modifications

Posttranslational modifications of antibodies may lead to an
immunogenic response [32, 33]. Antibodies have diverse
numbers and positions of conserved N-linked glycosylation
sites, which are present on both the antigen-binding fragment
(Fab) and the common portion (Fc) [34]. IgG molecules
are the most abundant antibodies in serum and most mAb
therapeutics of IgGs. IgG molecules are N-glycosylated at
the conserved asparagine position, Asn297, in the Fc region,
a modification that is essential for Fc effector functions.
Changes to the N-linked glycosylation pattern of the Fc
domain can alter the safety and efficacy of an mAb [35-37].

Glycan patterns are highly variable and depend on
the host glycosylation machinery. Thus, the glycoform
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of a protein therapeutic largely depends on the host
cells. For mAbs, variations in glycosylation can have
a substantial influence on function in patients [38, 39],
whereas mAbs produced in CHO cells have glycosylation
patterns similar to human antibodies. mAbs produced in
murine myeloma cells have glycosylation patterns that
differ from produced by human cells, which may lead to
an immunogenic response when administered to patients
[40]. For example, mouse glycosylation with galactose-a-
1,3-galactose on the Fab portion of cetuximab, a chimeric
mouse—human IgG1l mAb against epidermal growth
factor receptor (EGFR), resulted in hypersensitivity
reactions in many patients mediated by preexisting IgE
antibodies against this oligosaccharide on cetuximab
[41-43]. Cetuximab lacking these galactose modifications
exhibited less immunogenicity, demonstrating the impact
of glycosylation patterns on mAb immunogenicity [41].
Thus, many mAbs are produced using expression systems
that confer glycosylation patterns like those found on
endogenous human proteins [44—46].

Glycosylation is not the only type of posttranslational
modification that is important. Other posttranslational
modifications affect the quality of protein therapeutics.
These include PTMs such as oxidation, deamidation, and
isomerization, all of which increase immune activation
potential toward the mAbs [47]. Thus, quality control
measures for mAbs and other protein therapeutics should
include an analysis of the propensity to undergo chemical
alteration events.

4.5 T Cell and B Cell Epitopes

The presence of T cell and B cell epitopes serves as an
additional factor intrinsic to protein therapeutics, which
contributes to their immunogenicity [48, 49]. Epitopes
recognized by T cells are typically linear fragments of the
amino acid sequence of a protein therapeutic. Such peptides
are presented by HLA-II and can be recognized and bound
by TCRs to initiate CD4" T cells.

Epitopes recognized by B cells can be either linear or
conformational. Like the linear peptide antigens bound by
HLA-II and recognized by TCRs, linear epitopes recognized
by BCRs consist of a contiguous sequence of amino acids.
In contrast, conformational epitopes are formed by amino
acids that are close in the three-dimensional structure but
not necessarily contiguous in the primary sequence [50].
Since most B cell epitopes are conformational, they are
more challenging to predict than T cell epitopes. ADA
production can arise through direct B cell activation by
protein therapeutic epitopes or through activation by T cells.
Therefore, minimizing both T cell and B cell epitopes during
mADb design can reduce potential immunogenicity.
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4.6 Mechanism of Action of mAbs

Immunogenicity of an mAb can be influenced by the MOA
of the drug. In some cases, especially for cancer therapy, the
goal of the mAb is to trigger an immune response against
the target antigen, which may affect the immunogenic
response toward the protein therapeutic itself. Another
factor influencing immunogenicity of mAbs is whether the
target is a cell-surface molecule or a soluble molecule. Those
targeting cell-surface antigens tend to produce a higher
immune response than those targeting soluble antigens.
The higher response could be due to enhanced uptake of the
cell-surface antigen—-mAb complexes by APCs, thus inciting
a stronger immune response [51]. Additionally, immune
complexes formed between mAbs and soluble antigens are
typically smaller and less immunogenic than those formed
with cell-surface antigens. The immune complexes formed
with soluble antigens are typically cleared faster, reducing
the chance of stimulating an immune response [52].

The MOA of mAb-targeting antigens present on
malignant and normal hematological cells may also
influence potential immunogenicity. B cell-depleting mAbs
have a low risk of immunogenicity. The use of anti-CD19
(such as tafasitamab and loncastuximab) and anti-CD20
mADbs (such as ofatumumab, obinutuzumab, and rituximab)
for the treatment of acute lymphocytic leukemia (ALL) or
B-cell chronic lymphocytic leukemia (CLL) resulted in very
low ADA rates with no ADA-related clinical consequences
[53]. In contrast, antibodies targeting T cell functions or
APCs may have a higher likelihood of immunogenicity.
For example, administration of the immune checkpoint
inhibitor (ICI) ipilimumab caused a flare of an underlying
autoimmune disease [54], and the development of ADAs
was observed in 30% of patients (range 13-54%) following
atezolizumab treatment. However, in most patients, the
incidences of ADA for most ICIs have been relatively
low, and their presence has not shown significant effects
on safety, pharmacokinetics, or efficacy in large patient
populations [53].

5 Patient-Related Factors that Contribute
to Immunogenicity

Within a patient, genetic-based differences in the immune
system, additional medications, disease indication, the
presence of diseases or disorders (comorbidities) other
than the one targeted by the protein therapeutic, and the
route of administration or dosing regimen can all impact
ADA development and clinical consequences thereof.
The interplay between the protein therapeutic and the
patient’s unique characteristics can impact the safety and
effectiveness of such therapy. Thus, customizing protein
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therapeutics to patients is a key aspect of personalized
medicine that is important to study for improving
therapeutic outcomes.

5.1 Genetics and HLA-1l Polymorphism

Genetic variability, particularly within genes encoding
proteins responsible for controlling immune responses
and HLA-II presentation, can predispose individuals to the
formation of ADAs [55]. Three distinct loci—HLA-DR,
HLA-DP, and HLA-DQ—encode the HLA-II proteins.
These genes are highly polymorphic [56]. HLA-II proteins
bind a diversity of peptides 13—25 amino acids in length
[57]. The binding affinity between a peptide and HLA-II
depends on both the peptide’s amino acid at the anchor
residue position (the backbone of the peptide directed into
the pocket of the HLA-II) and the specific HLA-II variant
[57-59]. Each patient’s HLA-II repertoire determines
whether peptides from the protein therapeutic bind and
are presented by APCs to T cells. Thus, the HLA-II
repertoire dictates the risk of a patient developing ADAs.
For example, patients with HLA-DQ-03, HLA-DQ-05,
and HLA-DRf-11 were suggested to have a higher risk
for ADA formation in response to treatment with mAb-
targeting tumor necrosis factor (TNF) [60].

Replacement therapy is typically the administration of
an exogenous protein as a protein therapeutic to patients
who fail to naturally produce the fully functional protein
or who fail to produce enough of the protein. Such patients
tend to have an increased immunogenicity risk, because
central or peripheral tolerance toward the sequence of the
protein was not developed [61]. Hemophilia patients who
lack a functional clotting factor, such as factor VIII (FVIII)
in hemophilia A or factor IX in hemophilia B, are at risk of
an ADA that impairs the effectiveness of the treatment or
causes adverse effects [62]. For patients receiving FVIII,
the choice of protein therapeutic is critical because there
are six variants of the encoding gene. The clinically used
FVIII products match only two of the variants, the H1
and H2 haplotypes. However, patients with the H3 or H4
haplotypes, which are found only in African Americans,
had a higher incidence of ADAs than those with the H1 or
H2 haplotypes, suggesting that the mismatch of the FVIII
amino acid sequence in the recombinant FVIII product and
that encoded by the H3 or H4 haplotypes caused the high
incidence of ADA [63]. Therefore, demographic factors,
such as race and ethnicity, can have significant effects on
the immunogenic potential of protein therapeutics. Genetic
screening and matching the patient with the appropriate
recombinant protein is one approach to reducing ADA-
targeting protein-based replacement therapies.

5.2 Variation in Drug Target Abundance

The amount of the target of an mAb can influence the
immunogenicity of the therapeutic agent. One example is
the interaction between TNFa and the mAb adalimumab
[64]. Patients with lower baseline levels of TNFa prior to
adalimumab treatment had a higher frequency of ADAs
against adalimumab than patients with higher amounts
of TNFa at baseline [65]. One proposed mechanism for
this difference is the presence of a surplus of unbound
adalimumab triggering an immune response in patients
with low amounts of TNFa; whereas, those with higher
initial TNFa levels bound more molecules of adalimumab,
lessening the chance of triggering an immune response and
ADA production [66].

5.3 Medical Condition

The coexistence of autoimmune disease can profoundly
enhance the immunogenicity of mAbs. A prominent factor
is the underlying inflammatory milieu that accompanies
autoimmune diseases. This environment is rich in activated
immune cells and cytokines that can boost the immune
response to the mAb, leading to the generation of ADAs [67].
For example, rituximab, a chimeric anti-CD20 monoclonal
antibody, demonstrated a low incidence of ADAs in patients
with malignant tumors. However, it resulted in a higher
emergence of treatment-related ADAs in a distinct patient
cohort undergoing treatment for autoimmune diseases, such
as rheumatoid arthritis or systemic lupus erythematosus
[68]. Additionally, in autoimmune patients, antibodies
against rituximab decreased the drug’s therapeutic efficacy
and increased adverse reactions [69].

B cells can further enhance the diversity of their ADA
repertoire using a process of affinity maturation. This results
in ADAs being generated against additional regions of the
therapeutic, a phenomenon called “epitope spreading,”
in which the immune system inappropriately recognizes
endogenous proteins [70, 71]. Thus, these patients face the
risk of an autoimmune flare-up or development of a new
autoimmune condition due to the mAb therapy.

5.4 Comedication

Individual variation in the susceptibility to ADAs
also relates to other medications a patient is taking.
Coadministration of drugs that suppress the immune
system have been reported to reduce the development of
ADAs. A study assessing adalimumab immunogenicity
in juvenile idiopathic arthritis patients found that
concomitant use of methotrexate, a commonly prescribed
immunosuppressant, was associated with lower
immunogenicity toward adalimumab than in patients
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who were receiving adalimumab as a monotherapy [72].
Additionally, a low-dose of methotrexate given at the
beginning of a treatment with an enzyme replacement
therapy of recombinant human acid a-glucosidase
(thGAA) was shown to attenuate the immune response
and reduce the formation of anti-rhGAA in Pompe
disease [73]. Similarly, combinational treatment with
anti-CD20 antibodies can reduce B cell responses and
ADA generation. Lower ADAs toward utomilumab, an
anti-CD137 mAb, were observed in patients with non-
Hodgkin lymphoma who received this mAb in combination
treatment with rituximab, anti-CD20 mAb, compared with
those receiving utomilumab as a single-agent treatment
[74].

In contrast, treatments that promote immune responses
can enhance the development of ADAs. In particular,
combination treatment with ICI mAbs nivolumab
(targeting PD-1) and ipilimumab (targeting CTLA-4)
increased ADAs rates against nivolumab, whereas a lower
incidence of ADAs occurred with nivolumab monotherapy
[53].

In silico epitope

prediction

6 In Silico Approaches to Reduce
the Immunogenicity Risk of Protein
Therapeutics

Rigorous preclinical and clinical assessments of immuno-
genicity risk are critical to ensure the safety and efficacy
of protein therapeutics (Fig. 2). Comprehensive analysis
of immunogenicity risk before clinical trials contributes to
the development of more effective protein therapeutics and
can guide clinical candidate selection and optimization for
therapeutic candidates. Additionally, it provides valuable
insights for decisions related to dosage and administration
of the protein therapeutics, ultimately enhancing patient
outcomes. Consequently, evaluation of immunogenicity
risk prior to initiation of clinical trials is highly recom-
mended by regulatory agencies such as the FDA. A recent
survey spanning 5 years showed an increased use of in
silico algorithms, human immune cell-based assays, and
proteomics-based studies to improve protein-engineering
strategies, including selection of lead molecules, amino
acid sequence optimization, and deimmunization [75].
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Fig.2 Selected tools employed for immunogenicity risk assessment.
A In silico approaches are available for computational prediction
of mAb immunogenicity risk. In silico tools are often employed for
lead candidate selection, followed by further optimization of the drug
candidate. B Some tools are specific to characterizing mAb internali-
zation, presentation, and dendritic cell (DC) activation, such as anti-
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T cell activation/
proliferation & Elispot

Flow cytometry

gen presenting cell (APC) internalization and DC activation assays
as well as MHC-associated peptide proteomics (MAPPs) assays. C
Some tools are specific to identify T cell response. The tools listed
include enzyme-linked immunospot (ELISPOT) and flow cytometry-
based methods that measure T cell activation and proliferation
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Prior to performing in vitro or in vivo studies, various
bioinformatic-based or computational approaches,
collectively referred to here as “in silico” approaches, are
valuable methods employed to limit immunogenicity of
a candidate protein therapeutic and to optimize antibody
sequences (Fig. 2A). Application of such strategies can also
reduce effort and cost by limiting experiments requiring cell
culture or animal studies.

These in silico strategies leverage an array of algorithms
and databases. Two of the most used are the Immune
Epitope Database (IEDB) [76] and Basic Local Alignment
Search Tool (BLAST), the sequence alignment tool from
the National Library of Medicine [72, 74]. The IEDB is
used to predict potential immunogenic threats within a
protein’s sequence, thereby enabling early interventions
and design amendments in the drug development pipeline
[78]. The IEDB contains a vast library of known T cell and
B cell epitopes and provides access to many of the tools
and algorithms and includes access to prediction tools
for both T cell epitopes and B cell epitopes (http://tools.
iedb.org/main/). Using alignments from BLAST searches,
sequences of chimeric mAbs, for example, can be assessed
for divergence from the human antibody sequence. Together,
these bioinformatic tools inform many aspects of protein
therapeutic or mAb development, such as selection of lead
candidate protein therapeutics, optimization and engineering
of the protein therapeutic, and prediction of the binding
affinity of a peptide to the HLA-II pocket.

6.1 T Cell Epitope Prediction

A key strategy in immunogenicity prediction is the
identification of linear sequences, typically around 15 amino
acids, that serve as peptides presented by HLA-II to T cells
[58, 59]. However, the sole use of the presence of T cell
epitopes results in overpredicting clinical immunogenicity.

Algorithms that predict such antigens have been trained
on extensive datasets of peptide—-HLA-II binding affinities
and/or mass spectrometry—HLA-II eluted-ligand data to
predict peptide interaction or presentation on specific
HLA-II alleles [79]. Tools that integrate peptide elution
data and apply various machine-learning approaches
have improved performance over predictors based solely
on peptide-HLA-II binding algorithms [80-84]. One
of the common algorithms available in the IEDB is the
NetMHClIIpan 4.0. This algorithm employs machine-
learning strategies to integrate both binding affinity and
mass spectrometry-eluted ligand presentation data, thereby
identifying peptides that are presented by multiple HLA-II
[81].

Recently the same group has developed the NetMHClIIpan
4.2 [79, 85], which shows a superior performance

of the HLA-DQ peptide by training and integrating
immunoinformatic data mining models with high-quality
HLA-DQ-specific mass spectrometry immunopeptidomic
data into their model [86].

Multiple studies have demonstrated the use of in
silico tools to assess the immunogenicity risk of protein
therapeutics. NetMHCIIpan 3.2, a binding in silico
algorithm and ISPRI, a commercial in silico option
developed by Epivax, were both used to find the cause
for the immunogenicity of a bispecific antibody (bsAb)
that exhibited high immunogenicity in both preclinical
and clinical studies [87]. Using in silico analysis, the
monospecific and bispecific variants of the antibody
were compared, revealing mechanisms for the higher
immunogenicity of the bispecific antibodies. Based on the
in silico analysis, it was suggested that a higher epitope
count and a larger population were at risk for ADA
development following the bispecific antibody compared
with the monospecific variants [87]. Another study showed
the ability of the NetMHClIIpan algorithm to successfully
predicted peptide-HLA-DR presentation that can lead to
T cell immunogenicity for infliximab and rituximab [88].
Lastly, the application of NetMHCIIpan-4.0 and graph-
pMHC to assess the immunogenicity risk of mAbs was
assessed. In this study, both algorithms showed to be
effective in their ability to separate 107 mAbs into those with
high immunogenicity and those with low immunogenicity
[89]. Such tools have the potential to improve mAb sequence
design and lead candidate selection; however, they also
carry the risk of overprediction, thereby eliminating good
candidates. The peptide-HLA interaction is one step in
activating an immune response to a potential antigen.
In vivo, proteolytic processing generates the peptides that
are loaded onto HLA proteins for presentation [90]; in silico
analysis typically accounts for all possible peptides that can
be formed from a protein (not all computationally predicted
peptides may be produced). Additionally, not all therapeutics
will be taken up similarly by APCs and not all HLA-peptide
complexes will be recognized by the TCR and, hence, will
not activate T cells.

6.2 B Cell Epitope Prediction

B cell epitope prediction is another important step in
immunogenicity assessment. However, the conformation-
dependent nature of most B cell epitopes makes them
challenging to predict due to the complexities associated
with protein structure [50]. B cell prediction tools apply
various machine-learning algorithms and structural
bioinformatics methods to predict B cell epitopes based on
the characteristics of known epitopes, such as hydrophilicity,
flexibility, accessibility, and propensity to form turns
or other secondary structures. Although promising, the
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performance of current computational tools for B cell
epitope prediction remains suboptimal. There is a lack
of high-quality, experimentally validated epitope data,
especially for conformational epitopes. Consequently, the
training data available for machine-learning algorithms are
limited, which currently limits the accuracy of these tools.

Thus, the performance of B cell epitope-predicting
algorithms is lower than for predicting potential T cell
epitopes. Improving structure modeling will continue to
enhance our ability to define B cell epitopes.

6.3 Structural Modeling

Homology modeling is a computational structure prediction
method that generates three-dimensional protein structures
when experimental data are not available [91]. The main
principle of homology modeling relies on the evolutionary
conservation of protein structures, where structurally similar
proteins usually share similar functions [92]. The constant
regions of mAbs are highly conserved and easily modeled
from available experimental data, whereas the variable
regions, which confer specificity to the mAb, can be modeled
based on sequence similarities with known structures. More
specifically, the three CDRs of the light chain, as well as
CDRI1 and CDR?2 of the heavy chain in the variable region,
contain conserved folds that can be predicted effectively by
sequence similarity. However, due to its high diversity, both
in sequence and length, the CDR3 of the heavy chain is the
most difficult to model [93].

Several structural modeling tools are available, such
as AlphaFold, which can predict protein structures even
when a similar structure is unknown [94], ABodyBuilder2,
which was trained to predict the structure of antibodies [95],
SWISS-MODEL, which provides a user-friendly interface
for homology modeling with fully automated workflows [96,
97], and Phyre2, which performs homology modeling and
predicts various structural features without the requirement
for a template [98]. For all homology models, the accuracy
depends on the level of sequence identity between the target
and the template: low sequence identity may result in less
reliable models [92].

7 InVitro Approaches to Predicting
Immunogenicity

In vitro methods can be used to evaluate immunogenicity
at different stages of immune activation and are
commonly used to assess the immunogenicity risk of
protein therapeutics (Fig. 2B—C). Such methods may help
provide early indications for deimmunization planning or
ranking of candidate drugs early in the selection process,
leading to the identification of lower-risk clinical leads
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for further development and testing in clinical trials [75].
Standardization of in vitro assay procedures, readouts, and
data interpretation would benefit the data interpretation
by providing a consistent set of validated approaches and
control molecules to evaluate immunogenicity risk at
different stages of drug development.

7.1 Monitoring T Cell Activation and Proliferation
as a Measure of Inmunogenicity

In vivo, CD4 T cells are necessary to induce B cells to
produce high-affinity specific antibodies. Thus, CD4 T cells
isolated from peripheral blood mononuclear cells (PBMCs)
of healthy donors are often used in assays as a surrogate to
assess the potential for ADA development. Assays include
detection of the release of specific immunomodulatory
cytokines, induction of specific cell surface markers of
activation, and stimulation of proliferation.

The enzyme-linked immunospot (ELISPOT) assay
quantifies cytokines, such as interferon y (IFN-y) and
interleukin-2 (IL-2), which are produced by activated
CD4 T cells [99, 100]. The ELISPOT assay can detect T
cells activated by coculturing with dendritic cells (DCs)
preincubated with an mAb. If the mAb is immunogenic,
the DCs activate the CD4 T cells leading to the production
and release of IFN-y, which is detected by ELISPOT [101].
Flow cytometric measurement of CD4 T cell activation
surface markers, CD134 and CD137, accurately assessed
the immunogenicity of multiple mAbs, although this assay
was limited in predicting the immunogenicity risk of mAbs
that inhibit TNFa, which itself is an immune-activating
cytokine [102].

Various methods for evaluating the stimulation of
proliferation of CD4 T cells in response to protein
therapeutics are available. Historically, incorporation
of radioactively labeled [*H] thymidine into the DNA of
dividing cells was the main method for monitoring cell
proliferation, and this approach has been applied to detect
proliferation in cultures of PBMCs [103].

Flow cytometric methods using incorporation
of the synthetic nucleoside analog of thymidine
bromodeoxyuridine (BrdU) during the DNA synthesis
phase of cell division, staining for the proliferation marker
Ki67, or carboxyfluorescein diacetate succinimidyl ester
(CFSE) staining provide less hazardous and more selective
approaches to evaluate T cell proliferation. By combining
proliferation markers with detection of the presence of
CD4%-selective markers, such flow cytometry-based
methods provide single-cell resolution, making them more
suitable for studying heterogeneous cell populations [102,
104, 105]. CFSE is a cell-permeable dye that distributes
evenly amongst all cells, and its concentration reduces by
half with each cell division, enabling detection of up to
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ten rounds of cell division [105]. Measuring CD4 T cell
proliferation by CFSE readout was shown to be valuable
for assessing the immunogenicity risk of mAbs. To achieve
better sensitivity, this assay required the enrichment of CD4
in the culture and the removal of CD8 T cells [106, 107].
Yet, measuring CD4 T cell proliferation with CFSE was a
partially effective method for predicting immunogenicity
risk of mAbs in PBMCs [107].

7.2 APCInternalization Assays

Internalization of a protein therapeutic by APCs initiates
the presentation of protein therapeutic-derived peptides to
T cells, which may trigger an immune response. Therefore,
the propensity of mAbs to be internalized in vitro by
APCs, particularly DCs, which are the most potent APCs,
is a valuable assay of potential immunogenicity [108].
Two strategies have been used: either direct conjugation
of a fluorescent dye to the protein therapeutic or indirect
detection with a secondary, often fluorescently labeled,
molecule [109]. Each has advantages and disadvantages.
Indirect detection has the advantage of avoiding alteration
of the therapeutic molecule; however, care is required to
identify internalization of the protein therapeutic from
binding to the surface of the APC. Direct conjugation
of the protein therapeutic to the fluorescent dye runs the
risk of altering the properties of the protein therapeutic
and, for most fluorescent dyes, still requires a careful
distinction between the signal that is a result of membrane
binding versus that of internalization [110, 111]. The use
of pHrodo dye as the fluorescent signal, which fluoresces
only in acidic environments [111], enables detection
only upon internalization into the lysosome or endosome
compartments. A high-throughput DC internalization assay,
which uses fluorescence resonance energy transfer (FRET),
was developed that requires not only internalization but also
antigen processing to produce a positive signal [112]. This
FRET-based assay uses TAMRA and QSY7 as fluorophore
and quencher, respectively. When conjugated to a folded
protein molecule, this pair produces minimal signal, but
when the conjugated protein is degraded, a bright fluorescent
signal is observed as a result of separation of the fluorophore
and quencher. Thus, when the fluorophore and quencher are
conjugated to a mAb of interest, this assay provides a robust
signal for DC internalization and processing of the mAb.
To avoid the variability associated with donor cells,
as well as the limitations in cell numbers associated with
using donor cells, the cell line THP1 has been explored
as surrogate cells to study APC internalization and innate
immune activation. THP1 cells can replicate the innate
immune responses of monocyte-derived DCs (MoDCs) and
primary CD14" monocytes when exposed to therapeutic
antibodies, enabling the development of a high-throughput

internalization assay to assess immunogenic risk at the
prelead candidate stage of mAb development [113].

These DC-based internalization assays have demonstrated
a correlation between clinical immunogenicity and the rate
of internalization of mAbs [112]. However, internalization
and antigen processing are only the initial events in eliciting
an immunogenic response; peptide binding to HLA and a
T cell response are also needed to lead to ADAs against
the protein therapeutics [87]. Thus, internalization assays
should be combined with other in vitro or in silico studies,
or both, to provide a more complete picture of the potential
for immunogenicity.

7.3 MHC-Associated Peptide Proteomics (MAPPs)
Assay

Proteomics provide a comprehensive strategy for detecting
peptides presented by HLA proteins. This approach is
referred to as MHC-associated peptide proteomics (MAPPs)
for MHC-associated peptide proteomics. MAPPs involves
an initial step of culturing the APCs, typically MoDC,
with the protein therapeutic of interest, followed by an
elution process to isolate HLA-II-peptide complexes from
the APCs and, lastly, identification of the bound peptides
by high-resolution mass spectrometry. The sequences of
these peptides presented by HLA-II are ascertained by
searching through the proteomic data with algorithms like
Sequest, Mascot, or PEAKS [114-117]. These algorithms
compare the proteomic data against public protein databases
specifically filtered for human taxonomy and supplemented
with protein sequences from the protein therapeutic under
investigation. The identification of the peptides that are
presented on the HLA-II molecules not only provides
information about the immunogenic potential of a protein
therapeutic but also provides key information about the
antigenic portion of the protein therapeutic that may trigger
the immune response [118].

MAPPs assays have been used in multiple contexts to
evaluate the immunogenicity of mAbs and identify potential
antigenic sequences. MAPPs was utilized to characterize
HLA-DR-associated peptides from DCs loaded with
inflixumab and rituximab, and the identified peptides were
experimentally documented or found to align with known
amino acid sequences that activate CD4" T cells [119].
Similarly, a comparative study employing MAPPs explored
the immunogenicity potential and T cell epitopes of two anti-
IL17A antibodies, secukinumab and ixekizumab [120]. The
frequency of ADAs observed clinically for these compounds
aligned with the quantity of T cell-reactive peptides detected
by MAPPs [120].

The primary advantages of MAPPs over other in vitro
assays are that the data can be leveraged to identify the
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specific epitope(s) causing T cell activation, thereby
providing key information for deimmunization of a protein
therapeutic. However, similarly to the in silico analysis data,
not all presented peptides will be recognized by the TCR
and trigger T cell response, thus a careful interpretation
of the MAPPs data should be conducted. Additionally,
broad application of MAPPs is presently limited by its low-
throughput capacity and limitation of the antibody used for
immunoprecipitation prior to MAPPs [75].

7.4 Epitope Mapping

Epitope mapping is a powerful immunological technique
employed to identify the specific epitopes of the protein
therapeutic that are recognized by the ADA generated
against the therapeutic. This technique is typically
applied once ADAs or Nabs are found in patients and is
used to help recognize the potential regions within the
protein therapeutics that are recognized by the patient’s
ADAs. Different methods, including peptide array, phage
display, hydrogen—deuterium exchange mass spectrometry
(HDX-MS), and various types of imaging technologies are
employed to determine these antigen—antibody interactions.
These methods may be combined with in silico prediction
approaches to aid in the identification of the potential linear
or conformational epitopes and map the epitopes onto the
protein therapeutic.

Although epitope mapping to determine ADA binding
is challenging due to the polyclonal nature of ADAs,
knowledge of potential B cell epitopes can be used to reduce
the immunogenicity of future protein therapeutics. For
example, a short amino acid sequence within brolucizumab
similar to that of a bacterial protein antigen was identified
through a peptide-scanning approach [15]. This suggests
that the ADA response toward brolucizumab was due to
preexisting antibodies against this bacterial epitope. This
result emphasized the need for considering sequence
similarity to bacterial proteins in the design of protein
therapeutics [15, 121]. Additionally, it demonstrated the
importance of epitope mapping for a better understanding
of ADA targets and for better design of mAbs for therapy.

8 Mitigation and Deimmunization
Strategies

Based on the known factors that may trigger an unwanted
immune response toward mAbs, multiple strategies have
been proposed to limit the immunogenicity risk and miti-
gate it prior to or during treatment (Fig. 3). These include
the preferential administration of fully human or human-
ized mAbs for therapy. However, these antibody-based
therapies still have a risk of ADA production. Additionally,
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the implementation of a risk-based approach to mitigate
patient-related factors, such as modification of the dosing
regimen and administration schedules or cessation or addi-
tion of comedications, may also reduce the risk of ADA
development.

Other methods of deimmunization by addressing the
drug-related factors that lead to mAb immunogenicity
include improving the quality of the therapeutic by design.
Design-based strategies include removing predicted or
known T cell and B cell epitopes.

8.1 Antibody Design, Development, and Selection
of mAbs with Reduced Immunogenicity

Two approaches to eliminating potential or known T cell
and B cell epitopes and designing mAbs with reduced
immunogenicity risk are rational design and directed
evolution. Rational design, as the name implies, is a
process that employs a systematic, knowledge-based
approach to design proteins with specific traits. It leverages
an understanding of protein structure, function, and
interaction with other molecules (such as the immune system
components) to guide the precise modification of the protein.
Directed evolution is an iterative process simulating natural
evolution in a laboratory setting. This method generates a
large library of mAb variants through random mutagenesis,
recombination, or both, and then uses a high-throughput
screening or selection process to identify variants with
desired properties, such as reduced immunogenicity [34,
122].

In the context of mAbs, rational design could involve
identifying and modifying immunodominant epitopes to
reduce the risk of an immune response while preserving
therapeutic functionality [123]. A rational design
approach was used to deimmunize moxetumomab
pasudotox (MP), calcitonin, Epo, human growth
hormone (hGH), emicizumab, and IFN-p [124, 125].
Identification of immunogenic T cell epitopes in these
protein therapeutics was performed experimentally. For
example, MP peptides containing overlapping sequences,
spanning the entire length of the antibody sequence, were
generated and used to stimulate healthy donor PBMCs.
Epitopes demonstrating immunogenic potential were then
selectively mutated by alanine scanning or systematic
substitutions with other viable amino acids. Peptides
were then rescreened to identify mutagenic peptides that
conferred reduced immunogenicity [126]. This strategy,
which uses primarily experimental methods for T cell
epitope identification, has been widely applied. However,
this approach is expensive and labor intensive due to
the need to generate dozens, and possibly hundreds, of
overlapping peptides that expand the entire length of the
protein therapeutic [127, 128]. With the advancement of
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Fig.3 Design approaches for deimmunization of monoclonal anti-
bodies (mAbs). Based on the source that leads to high immunogenic-
ity, various design approaches can be applied for deimmunizing
mAbs. A These approaches include the humanization process, which
removes nonhuman segments within the mAbs. B Antibody design:
a comprehensive strategy that includes screening of multiple variants
with in silico and in vitro immunogenicity risk prediction tools and
selection of a lead molecule with low immunogenicity risk. C Process

in silico tools to identify T cell epitopes, this “trial and
error mutagenic approach” spanning the entire sequence
of the protein therapeutic can be avoided. Currently, the
deimmunization process often involves in silico methods
to predict and analyze potential epitopes, followed by site-
directed mutagenesis to modify these epitopes (Fig. 3).
The mAb variants generated are then tested for binding
affinity, specificity, stability, and reduced immunogenicity
[129].

design: a necessary step to reduce immunogenic factors such as host
cell proteins (HCPs) and aggregates. D Study design: mitigation strat-
egy that does not require alteration of the drug. Attenuation of the
immunogenic response and reduction of anti-drug antibodies (ADA)
toward mAbs is done by combininig the mAb treatment with comedi-
cation with immunosuppressant activity

In silico methods used to rationally design antibodies have
also been applied successfully to reduce the immunogenicity
of a recombinant activated human factor VII (rFVIIa)
variant called vatreptacog alfa (VA). This recombinant
protein was designed to provide increased procoagulant
activity for hemophilia patients with inhibitors to factor
VIII or factor IX [130]. Clinical trials revealed that the
bioengineered VA variant led to the development of ADAs
in some patients, leading to discontinuation of the product.
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To deimmunize the rFVIIa analog, an in silico prediction
strategy, named rational immunogenicity determination
(RID), was developed and applied to identify amino acid
substitutions that reduced T cell epitopes without modifying
conserved positions, which are likely functionally important.
In vitro immunogenicity assays and thrombin generation
assays showed that the redesigned protein therapeutics
had reduced T cell responses without compromising
the biological activity [130]. This proof-of-principle
experimental validation of the deimmunization strategy
provided a potential approach to mitigate immunogenicity
risks associated with bioengineered proteins.

8.2 Epitope Shielding

Epitope shielding methods are used to disguise parts of the
antigenic fragment from the immune system when removal
of T cell or B cell epitopes could impair the functionality of
the protein therapeutic. Although glycosylation is critical
to some functions of antibodies, such as regulating ADCC
and CDC activity, glycosylation can also alter protein
therapeutic immunogenicity. mAb can bear N-glycosylation
or O-glycosylation in the Fc region, typically at asparagine
occupying position 297, and in the Fab region of IgG [131].
It has been previously shown that mannan (a polymer of
mannose) glycosylation can increase the immunogenicity
of antigens, thus removal of mannose content in the
protein therapeutic may reduce its immunogenicity [38].
PEGylation involves attaching polyethylene glycol (PEG)
polymers to mAbs to shield the surface epitopes from the
immune system [132]. Compared with unmodified mAbs,
the PEGylated versions have a longer circulatory half-life,
improved water solubility, and reduced immunogenicity
[133]. However, potential drawbacks include decreased
biological activity, altered properties, PEG accumulation in
organs, and the creation or presence of preexisting anti-PEG
antibodies. PASylation and XTENylation are alternative
shielding methods. PASylation involves the fusion of a long,
unstructured polypeptide (proline—alanine—serine sequence)
to the protein therapeutic protein, and XTENylation involves
the attachment or association with XTEN (a proprietary
unstructured hydrophilic, biodegradable protein polymer)
[134, 135].

These shielding methods may be used to mitigate
both product- and patient-related factors that contribute
to immunogenicity. The engineered product may escape
immune surveillance, enabling enhanced therapeutic
efficacy and a longer half-life, thus reducing the need for
frequent dosing [136]. However, these approaches need to
be carefully evaluated for each protein therapeutic because
they have the potential to introduce new epitopes or reduce
efficacy of the final product.
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8.3 Pharmaceutical Quality by Design

The Quality by Design (QbD) strategy is a systematic
approach that aims to ensure product quality, safety, and
efficacy by understanding the impact of critical quality
attributes (CQAs) related to the product and production
process on adverse immune effects QbD optimizes mAb
production, purification, and downstream processes
throughout the development program to ensure batch-to-
batch comparability. Two of the major issues addressed
by this strategy are aggregation and HCP contamination.
Defining a limit for the acceptable levels of both product-
and process-related impurities, supported by published
safety limits and data gathered during clinical trials, is
required [137].

With regard to aggregation, regulatory authorities
have varying expectations regarding the acceptable level
of aggregation propensity. Regardless of the regulatory
requirements, efforts should be taken to both monitor and
minimize aggregate formation, thereby both minimizing
immunogenicity risk and maximizing the effective amount
of the protein therapeutic in the preparation. According to
the suggested FDA guidelines, minimization should be done
as early as feasible in product development. Implementing
manufacturing practices that minimize aggregate formation,
incorporating purification steps that remove aggregates,
selecting an appropriate cell system and formulation buffer,
and determining the appropriate containers to minimize
aggregation during storage are strategies to deimmunize
a protein therapeutic due to aggregation [1]. Importantly,
based on the FDA guidance, unless shown to be unnecessary,
each final lot of an mAb preparation should be analyzed for
aggregate content during lot release and at the end of its
shelf life.

To address the issue of HCP copurification leading to
increased immunogenicity risk, several methods have been
explored at different stages of mAb manufacturing. One
approach involves cell line engineering using CRISPR—Cas9-
based gene editing to reduce or eliminate expression of
genes encoding problematic HCPs [138]. By targeting
specific genes responsible for HCP production, such as
lipoprotein lipase (LPL), CHO cell lines were engineered
to produce mAbs with substantially reduced amounts of this
problematic HCP [139, 140]. CRISPR-Cas9 technology,
which has high target selectivity and is cost effective, is
a promising technique for eliminating problematic HCPs
that are not essential to the growth, survival, or cellular
production of the protein therapeutic. Other techniques
focus on downstream processing and purification steps.
Affinity precipitation, activated carbon membranes,
flocculation reagents, and various types of peptide resins are
being explored as alternatives or improvements to current
purification methods [141].
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Although there is no clear health authority guidance for
the amount of HCPs that is safe within protein therapeutic
preparations, levels below 100 ppm (< 100 ng/mg mAb
protein) are generally recognized as acceptable. However, the
final determination of the safe and acceptable level of HCP
for any mAb product must be based on a risk assessment
and depends on dose and frequency of administration [137].

8.4 Comedication

Various strategies can be employed to minimize the
immunogenicity of monoclonal antibodies (mAbs)
during clinical-stage treatment. These approaches can
be implemented without requiring modification or
reformulation of the protein therapeutic. One specific
approach involves coadministering mAbs with an additional
immunosuppressive agent, which reduces the overall
immune response and may minimize the generation of
ADAs. This immunosuppressive agent could be a drug
targeting costimulatory signals crucial for T cell activation
and function, thereby inhibiting T cell responses to mAbs
and diminishing the probability of an adverse immune
reaction [142]. In a typical immune response, T cell
activation requires three signals: one delivered through the
TCR upon recognition of an antigen presented on HLA,
a second “costimulatory” signal provided by interactions
between additional molecules present on the surface of
T cells and APCs, and a third signal delivered through
cytokines from an APC to a T cell [143, 144]. This
costimulatory signal is crucial for a full immune response.
Without this second signal, T cells become anergic, or
nonreactive, rather than activated. This concept is exploited
with costimulatory blockade, in which the aim is to prevent
this second signal and inhibit T cell activation. One strategy
for costimulatory blockade involves a fusion protein called
CTLA-4-Ig (for example, abatacept and belatacept), which
binds to the CD80 and CD86 proteins on APCs [142, 145].
CTLA-4-Ig prevents these proteins from interacting with
CD28, a costimulatory molecule on T cells, effectively
blocking the second signal and reducing T cell responses
to therapeutic mAb [142]. Moreover, synthetic vaccine
particles containing rapamycin (SVP-rapamycin) have
shown efficacy in inducing immunogenic tolerance and
reducing the formation of ADAs when coadministered
with various protein therapeutics [146]. For example, the
administration of SVP-rapamycin, alongside adalimumab,
successfully prevented the formation of ADAs in transgenic
mice expressing human TNFa [146].

Costimulation blockade strategies have been successful
in reducing immunogenicity and increasing the efficacy of
mAbs in various settings, particularly in transplantation
and autoimmune diseases. However, they also carry risks,
such as the potential for general immunosuppression and

increased susceptibility to infections and malignancies
[147]. As mentioned above, administration of the mAb with
comedication of immune suppressors, such as methotrexate
or CD20 blockade, can attenuate the immune response and
may prevent ADA development toward the primary mAb
protein therapeutic. Like with any therapeutic approach,
balancing the benefits of reduced immunogenicity with
potential side effects is a key concern when combining
different treatments together.

9 Challenges, Unmet Needs, and Future
Research Directions

ADAs are a complex group of analytes with variable
isotypes, binding regions, and affinities, leading to different
clinical consequences among patients. Due to the diverse
consequences and possible adverse immunological responses
caused by ADA development, clinical immunogenicity must
be monitored during clinical trials. Analytical detection
methods, such as the enzyme-linked immunosorbent
assay (ELISA), meso scale discovery immunoassays
(MSD), radioimmunoprecipitation (RIP) assay, and
electrochemiluminescence (ECL), are commonly used to
detect ADAs in the clinical setting. These immunoassays
are not considered quantitative because standardized human
polyclonal ADA reference materials are unavailable [148].
Additionally, the observed incidence of clinical ADAs is
influenced by multiple factors, such as assay sensitivity,
sample handling, and sampling collection time, which
hinder the ability to compare ADA rates between protein
therapeutics [149, 150]. The lack of standardization in the
terminologies and methodologies for collecting, analyzing,
and reporting immunogenicity results adds to the complexity
of harmonizing clinical ADA data. Additionally, the
incidence of ADA in patient populations varies substantially
depending on the disease and specific therapeutic regimen,
as well as patient-related factors, such as genetics, immune
status, and comorbidities [151, 152]. Consequently, mining
ADA data and clinical consequences across studies to enable
data-based decisions regarding immunogenicity risk of
mAbs before reaching the clinic are not yet possible, and
ADA assessment of protein therapeutics at clinical stages
requires empirical testing.

As the complexity and volume of biological data grow,
in silico strategies to predict immunogenicity risk are
increasingly employed. Although these methods offer an
efficient preliminary screening of potential immunogenic
threats, these tools are not definitive with one of the
main challenges still being the accurate prediction of
immunogenicity at the steps of BCR or TCR recognition
and immune cell activation, not only peptide-HLA-II
binding or presentation. Because the in silico strategies rely
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on machine-learning algorithms trained on existing data,
they may fail to accurately predict the immunogenicity
of novel sequences. Currently available algorithms for
immunogenicity prediction often lack precision, because
they depend primarily on the identification of linear
sequence-based T cell epitopes, neglecting factors such
as the influence of tertiary structure, posttranslational
modifications, and individual patient factors on
immunogenicity [153].

Several health authorities recommend performing immu-
nogenicity risk assessment by in silico tools or in vitro
assays before clinical trials and submitting an integrated
immunogenicity risk assessment summary (ISI) that can
evolve through the product’s lifecycle [154]. Therefore, a
strategy that integrates multiple methods to assess immuno-
genicity risk of protein therapeutics, including a step-based
evaluation of the immunogenicity risk at different stages of
the drug development and offering a tailored deimmuniza-
tion or mitigation plan to address the risk, will increase the
pace of the development of safe and effective protein thera-
peutics (Fig. 4). As a first step, computational methods can
help screen multiple candidates and assist with the selec-
tion of candidates with a potential low epitope count. These
methods can also be applied for antibody design and removal
of potential epitopes. As a next step, in vitro immunogenic-
ity assessment assays can be conducted, and an integrated
approach that combines different immunogenicity risk out-
put can facilitate the selection of lead molecule selection
based on its immunogenicity risk. Other factors will also
determine the selection of a lead molecule, such as PK, affin-
ity, and safety. Presence of aggregation, sequence variants,
and HCPs are some of the factors that can influence immu-
nogenicity and should be evaluated during production. Once
the product reaches clinical trials, immunogenicity monitor-
ing by ADA assays should be conducted with clinical sam-
ples. Those results will determine the true value of ADAs.
The clinical consequences of development of ADAs, such
as any potential safety risk to the patients, influence on PK/
PD and efficacy should be strictly watched and may trigger
the need for mitigation of immunogenicity (Fig. 4). Addi-
tional conversation may be required with health authorities
to discuss the risk before or during clinical trials and review
the mitigation plan.

Future research should focus on improving the accuracy
and interpretability of machine-learning models and
in vitro assays. Because the treatment regimen and the
patient’s genetic makeup and immune status influence
immunogenicity risk, integrating key genetic data and
clinical details is important to minimize ADA development
at the individual patient level. Fostering collaborations
between computational scientists, experimental biologists,
and clinicians will ensure the translational potential of these
innovative strategies.
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