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ABSTRACT

The immunogenicity of therapeutic proteins remains a key challenge, leading to early and late-stage clinical
failures, posing a significant hurdle in the development of safe and efficacious biopharmaceuticals. This review
highlights the main categories of factors influencing the immune response-mediated impacts of biotherapeutics:
1) patient-related factors, 2) product-related factors, and 3) administration-related factors. It provides a
comprehensive overview of these immune response-mediated impacts, ranging from the development of anti-
drug antibody (ADA) responses, injection site reactions (ISR), and injection site pain (ISP). Using immune
response-mediated impacts as a focal point, the review discusses tools and strategies that can be used to evaluate
the potential critical quality attributes (pCQAs) of therapeutic proteins as they have an impact on immunoge-
nicity. These tools include various immunogenicity assessment assays spanning in silico, in vitro, ex vivo, in vivo
animal models, and clinical tools. It also highlights a comprehensive repertoire of analytical characterization
methods. Emphasis is placed on the importance of combined stage-appropriate use of these tools to minimize the
risk of immunogenicity. Additionally, regulatory guidance, forums, and consortium landscapes are outlined to
inform immunogenicity risk assessment strategy for therapeutic proteins. Ultimately, this integrated compre-
hensive immunogenicity testing strategy aims to advance the field of immunogenicity risk assessment to develop
safe and efficacious protein therapeutics.

Introduction

as central themes.® Failures occurring as a result of efficacy or safety can
often be attributed to the immunogenicity of the drug product.'

The immunogenicity of therapeutic proteins has been a constant
challenge in developing safe and efficacious drug products. Despite the
rise in approvals of therapeutic protein drug products, the attrition rate
of biotherapeutics also remains high'>. While the reasons for the high
attrition rates may vary, product safety and efficacy consistently emerge

Addressing this challenge requires an integrated approach that com-
bines meticulous analytical characterization with thorough and relevant
translational testing for effective immunogenicity risk evaluation. While
immunogenicity is a concern across a broad range of therapeutic mo-
dalities like cell and gene therapies, this review specifically focuses on
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protein-based therapies. Emerging modalities could have distinct
immunogenicity mechanisms that are outside the scope of this review.

Clinical immunogenicity is given significant importance, with
reverse translation emerging as a primary tool for managing this
concern.® Reverse translation involves using immunogenicity data
collected during clinical studies to assess the impact of critical quality
attributes (CQAs). While it is evident that reverse translation is crucial
during clinical stages, it can be a powerful tool if implemented earlier
during drug selection and development in conjunction with forward
translation, termed mixed translation.*

Using early reverse translation through the perspective of mixed
translational approaches necessitates a thorough understanding of
various factors influencing immunogenicity and the nuances thereof. It
also necessitates addressing the limitations and risks of different
analytical and immunogenicity tests used in evaluations. It is crucial to
carefully and rigorously document the CQAs as understood at the time of
all drug batches used in preclinical and clinical studies. This practice can
include analyzing the ADA incidence with changes in chemical modifi-
cations such as glycosylation, oxidation, or sequence variants across
clinical lots,> which could inform a specification setting strategy.
Reverse translation can be used to justify more relaxed specifications for
certain CQAs, such as subvisible particles, in cases where only high
thresholds are known to break immune tolerance, as evidenced for
specific products.®? Additionally, while admittedly in vivo studies have
limited translatability to humans with respect to immunogenicity, im-
mune monitoring in non-GLP and GLP toxicology studies can serve as
early indicators of clinical risk, especially when performed in relevant
species. Beyond later-stage pre-clinical applications, reverse translation
can also be leveraged during early discovery, where epitope mapping
and in silico immunogenicity predictions guide early sequence optimi-
zation to minimize immunogenic potential.’>?’ Taken together,
although complex in nature, these applications can demonstrate the
utility of this mixed translation approach as a cross-development deci-
sion-making tool, especially when timely monitoring and correlation
analysis are conducted.

The regulatory heritage behind immunogenicity assessment adds an
additional layer of complexity that should be factored into decision-
making. While examples of the mixed translation approach have been
successfully used in improving the treatment response,” integrating
reverse translation within a mixed translational framework could
further support immunogenicity mitigation. The approach could enable
potentially high-throughput, high-fidelity immunogenicity predictions,
and support the broader shift toward reducing reliance on in vivo
models, in alignment with emerging regulatory trends."

This review aims to provide a comprehensive spectrum of tools for
assessing the immune consequences of various factors impacting the
immunogenicity of therapeutic proteins. The intentional broad reach of
immune response-mediated impacts to include injection site reactions
(ISR) and injection site pain (ISP), along with clinical immunogenicity
(ADA development), aims to capture the complex interplay of factors
that could potentially affect immunogenicity risk. The discussion here is
anchored on key categories of factors influencing the immunogenicity of
therapeutic proteins. The review proposes an integrated approach to-
wards immunogenicity assessment at various stages tailored to specific
factors. A key emphasis is placed on understanding that no single assay
can capture the entirety of the immune response or the breadth of
analytical factors involved in the assessment. This limitation becomes
particularly apparent when considering the nature of the readout and
the stage of testing. Finally, the review summarizes collective recom-
mendations from regulatory authorities, immunogenicity forums, and
consortia to facilitate informed, stage-appropriate decision-making
regarding the immunogenicity risk assessment of therapeutic proteins.

The immune impact of factors affecting immunogenicity
The immune

system orchestrates sophisticated coordinated
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responses via various cells, signaling chemicals such as cytokines and
chemokines, and plasma proteins, amongst other elements, to combat
foreign molecules and abnormal molecules of self-origin.® This elicita-
tion of immune responses to pathogens and vaccine therapies is
immensely beneficial. Conversely, aberrant immune reactions to
self-antigens in autoimmunity, as well as against peptide and protein
therapeutics, are undesirable and are referred to as
immunogenicity.>”° The desired and undesired immune responses
present myriad physiological and pathological implications. Despite the
differing nature of these implications, the fundamental contributors to
immune responses remain consistent. Thus, to identify and mitigate the
immunogenicity of therapeutic proteins, an understanding of the key
contributors to immune responses, both in relation to human immu-
nology and the drug-related factors, is essential.

While various factors relating to the immunogenicity of therapeutic
proteins have been captured in detail elsewhere,'? '® a brief insight into
the landscape of the immune impacts from these factors paves the way to
better inform the tools for comprehensively assessing immunogenicity.
Table 1 summarizes examples of these patient, product, and
administration-related factors, highlighting the complexity of immu-
nogenicity (ADA) and associated responses such as injection site re-
actions (ISRs) and injection site pain (ISP).

Patient-related factors

The human immune system comprises consistent key players across
individuals, yet exhibits high variability influenced by various heritable
and non-heritable factors. While a healthy individual’s immune system
can remain relatively stable over long periods of time (up to six years in
case of yearly sampling done by Brodin et. al.), excluding acute
infection-dependent spikes, significant inter-individual variability exists
in immune cell populations.'® Table 1 highlights the variability in im-
mune cell populations of seemingly healthy individuals. This highlights
that the immune system employs complex adaptive strategies to balance
the increased or decreased counts of immune cells in outlier in-
dividuals.'* While not an immunological organ by itself, blood serves as
a reliable medium for circulating immune cells and can offer a practical,
but admittedly incomplete, snapshot of the immune activity.'* This
variability can lead to a lack of correlation between larger human
populations in clinical trials. Understanding these baseline compensa-
tory factors is crucial for interpreting immunogenicity data and
improving the prediction capabilities of clinical trial outcomes. Addi-
tionally, the genetic influence of HLA haplotypes, which is another
patient-related factor, plays an important role in determining the im-
mune responses against the protein therapeutics of different pop-
ulations. The variability in immune responses can be further affected by
age and sex, as seen in the examples in Table 1.

Similarly, the disease status of a patient can significantly influence
their immunogenicity risk. The frequency of immune response to the
same drug may be a function of the disease it is targeting, as seen from
the examples in Table 1. For instance, the variability of immunogenicity
to infliximab and adalimumab when used to treat rheumatoid arthritis,
Crohn’s disease, and ankylosing spondylitis indicates a disease-specific
break of immune tolerance.'”> While each of these diseases differs in
clinical presentation, their underlying cause of inflammation forms a
framework for comparison between the incidences of immunogenicity
as a function of disease context. Moreover, patients with a longer
duration of the disease and a higher activity of the disease are more
likely to develop ADA against the treatment being administered, as
observed in the infliximab and adalimumab cases.'® While these data
lack nuance regarding individual patient factors, their consideration is
important for understanding immunogenicity risk. ADA development
could be influenced by concomitant use of immunosuppressive agents
(e.g., methotrexate or azathioprine), prior treatments the patients have
been under, and genetic predispositions such as HLA haplotypes,
particularly HLA-DQA1*05 for infliximab and adalimumab.'” Notably,
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the immunogenicity data reported in Table 1 may include studies
involving both monotherapy and combination therapy with the
above-mentioned combination of factors. This could further complicate
direct comparisons across disease contexts. While it is challenging to
disaggregate these influences in the available literature, the data pre-
sented is the best estimate that can be used for comparative purposes
across different disease settings. Overall, the above considerations un-
derscore that the immune system can mount a variable immune
response dependent on the state of distress, which can contribute to the
immunogenicity of therapeutic proteins.

While post hoc monitoring of these factors is common for immuno-
genicity risk assessments, systematic studies can aid in identifying and
subsequently using these factors for informed patient selection to
minimize risk.'’ Such studies could help identify markers and stratify
patients based on risk of immunogenicity to achieve the best treatment
outcomes.

Administration-related factors

Except route of delivery, the associated immunogenicity risk of other
administration-related factors have not been studied. This review aims
to touch upon other administration factors such as the site of adminis-
tration, volume, viscosity, and needle gauge used, and their non-ADA
immunological impacts such as ISP, ISRs, and hypersensitivity.

While the subcutaneous route by itself is not necessarily more
immunogenic than its intravenous counterpart,7’18 subcutaneous injec-
tion sites such as the abdomen, thigh, and arm show significant differ-
ences in pharmacokinetic profile depending on the molecule being
administered, though no concomitant immunogenicity data exists.*°
Although there are differences in the pharmacokinetic profile, these
injection sites also display variable levels of ISP and volume-dependent
ISRs'® (Table 1). While no direct correlation between injection site pain
and immunogenicity has been observed in therapeutic protein literature,
vaccine studies have indicated some link between ISP or reactogenicity
and immunogenicity.?"*>? Further clinical research is needed to explore
this relationship, as studying ISP in pre-clinical models presents chal-
lenges. It is also important to note that the path of therapeutic protein
transfer into systemic circulation varies with different injection sites,
influenced by the number of lymph nodes encountered and the residence
time due to adipose tissue differences.”>* These factors could poten-
tially impact the overall immunogenicity, though no current data con-
firms this.

Similarly, selecting the appropriate needle gauge (higher gauge) and
geometry is crucial to minimize injection site trauma and subsequent
immune response.”> Volume, viscosity, and site of administration
together have an impact on ISRs and ISPs as seen in Table 1.

The above-mentioned administration-related factors can signifi-
cantly impact the ISP associated with protein therapeutic injections.
Additional research possibly correlating ISP to reactogenicity and
immunogenicity in the therapeutic protein field is needed to understand
the complex interactions between these variables to optimize adminis-
tration strategies.

Product-related factors

Various product-related factors play a key role in driving immuno-
genicity (ADA development), ISR, and ISP (Table 1). Some of these
factors have been classically well understood, such as the “humanness”
of the antibody. As a result, the first-generation murine antibodies were
quickly replaced by chimeric (human constant region and non-human
variable region), humanized (non-human CDR), and fully human anti-
bodies over the years.”® This shift is reflected in the Antibody Society
database, which tracks all approved and ’under regulatory review’ an-
tibodies.?” The database shows that, in contrast to 19 monospecific
chimeric antibodies, 75 monospecific humanized antibodies, and 65
monospecific human antibodies approved or under review, only 7
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monospecific murine antibodies have undergone evaluation.”> While
the limited number of murine antibodies captured by the database is
unsurprising due to an expected high xenogeneic immune response, the
data nevertheless highlight the industry’s strategic shift toward reducing
immunogenic risk. Additionally, factors such as T-cell and B-cell epi-
topes present on the antibody must be systematically evaluated through
in silico and in vitro methods to predict, identify, and, if needed, engineer
them as part of a potential mitigation strategy.’>?’

The target and function of the drug are other key factors that can
affect the immunogenicity profile of a protein therapeutic. For example,
drugs targeting CD20 on B-cells can lower immunogenicity, likely due to
the killing of B-cells, and some checkpoint inhibitors are known to drive
up the immunogenicity, possibly due to the release of the “brake”, as
evidenced in Table 1.”*!” However, it is important to note that many
checkpoint inhibitors have "standard" immunogenicity profiles with less
than 10 % ADA rates (e.g., Pembrolizumab: 1.80 %, Avelumab: 4.10 %,
Cemiplimab: 1.30 %, and Durvalumab: 2.90 %)>'”. One contributing
factor may be that checkpoint inhibitors are often administered as a late
line of therapy. In such cases, patients more often than not have un-
dergone prior immunosuppressive treatments such as chemotherapy or
radiotherapy.?® These interventions can contribute to the dampening of
the immune response, potentially resulting in lower observed ADA
rates.”®?° However, as checkpoint inhibitors get increasingly used in
earlier treatment lines, sans the immune suppression features of other
treatment lines, the immunogenicity profiles may shift. While the
above-mentioned factors are patient-related factors, they can heavily
influence the impact of how the product influences immunogenicity.
This indicates that the mechanisms leading to the breakdown of toler-
ance towards the protein sequence and modifications are complex and
not solely attributed to the drug’s mechanism of action. In summary,
while the target and function of a biotherapeutic drug play a critical role
in determining its immunogenicity profile, multiple other factors likely
contribute to this phenomenon, as discussed in this review.

The less well-understood product-related factors are the protein’s
biophysical and biochemical instabilities resulting in immunogenicity,
both independently and as a combination of the two. Systematic studies
delineating the effect of immunogenicity of each of these factors have
been challenging, as inducing one type of CQA might result in a con-
current increase in another type of CQA (Table 1). It is therefore
important to explore the nuances of these instabilities, particularly
focusing on their implications for immunogenicity. For example, despite
their varying characteristics, aggregates are typically classified by size:
soluble oligomeric aggregates (<100 nm), submicron particulates (100
nm-1000 nm), subvisible particulates (1 um-100 pum), and visible par-
ticulates (>100 pm).‘%“"%] Evidence for each size bin driving immuno-
genicity is well-documented in the literature (Table 1). While size-based
links are frequently studied, contrasting and ambiguous data suggest
that other aggregate properties may also play a role in immunogenicity
development. Aggregates can be reversible or non-reversible, self--
associated or covalently bound, and may or may not have chemical
modifications (CMs). Similarly, CMs and post-translational modifica-
tions (PTMs) may be accompanied by aggregation as seen in the ex-
amples from Table 1. It is therefore important to study these variables
both as independent factors and in combination to understand their
impact on the immunogenic potential of therapeutic proteins. A
comprehensive analytical and immunogenicity characterization
approach may be able to delineate the product-specific impact of these
factors. Finally, the threshold of higher-order aggregates required to
induce immunogenicity may be much greater than what is perceived as
acceptable by the field currently, depending on the protein therapeutic
in question(32). While this is not always well understood in the course of
the development of the biotherapeutic, having this knowledge can
significantly append the timelines for development and change the
outlook on the impact of biophysical instabilities of protein
therapeutics.*”

A strategy to comprehensively look at the product-related factors
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Table 1
Factors affecting immunogenicity of therapeutic protein.
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Category Key points

Key examples

Immune impact

Citations

Patient related factors

Variability of immune
responses

High inter-individual variability in the
immune system

HLA haplotypes The presence of certain haplotypes can

become a key immune response driver

Age Age contributes to the overall variability
of the immune system in different

populations

Sex Peak and intensity of immune response
varies in men and women

Disease context The frequency of immunogenicity of the
same biologics drug may be a function of

the disease it is targeting

The frequency of B cells, expressed as a
percentage of total lymphocytes, ranges
from 4-69 %. Monocytes and NK cells,
reported as a percentage of total PBMCs,
range from 0-49 % and 0-59 %,
respectively. CD4+ and CD8+ T cells,
calculated as percentages of total CD3+ T
cells, range from 22-93 % and 6-65 %,
respectively. Total T cells (CD3+)
comprise 13-90 % of PBMCs in seemingly
healthy individuals.
DRB1*0701-DQA1*0201 haplotype is
predominant in Caucasian populations and
is associated with higher incidences of
ADA against interferon f

HLA-DQB1*05, HLA-DRB1*01, and HLA-
DRB1*07 were identified as protective/
tolerizing alleles and resulted in patients
with fewer ADA incidences against
adalimumab

The HLA-DRB1*03 allele was more
prevalent in patients with anti-
adalimumab and anti-infliximab
antibodies

Patients with HLA-DQ-05 and HLA-DRf-11
showed a correlation with ADA
development against anti-TNF antibodies
In elderly patients, pro-inflammatory TNF-
a may be upregulated, leading to a state of
low-grade inflammation, while many in
this demographic also experience
lymphopenia, resulting in downregulated
immune responses

Immune response peaks at day 1 in men
and day 3 in women, based on
transcriptional signatures that have been
shown to correlate with subsequent IgG
responses. Women also generally exhibit
stronger immune responses due to the
upregulation of humoral immunity
induced by estrogen

Infliximab has been recorded to have ADA
incidences ranging from 10-51 % when
treating rheumatoid arthritis, 6-61 %
when treating Crohn’s disease, and 15-29
% when treating ankylosing spondylitis.
Similarly, for adalimumab, this rate is
0.7-87 %, 0.04-17 %, and 31 % for
rheumatoid arthritis, Crohn’s disease and
ankylosing spondylitis, respectively.

A correlation between anti-infliximab
antibodies and anti-adalimumab
antibodies was found in patients with
longer disease durations and baseline
disease activity observed before treatment.

This can lead to a lack of correlation
between smaller clinical trial data when
scaled to a larger human population.

Higher ADA

Lower ADA

Higher ADA

Higher ADA

Heightened or depressed immune
responses

Sex-dependent variability in the peak and
intensity of immune responses

Disease-specific variations in ADA

Disease duration can affect ADA
incidences and titers

11,36

11,36

14

8,15,16,37

Administration-related factors

Route of administration SC versus IV route immunogenicity

Site of administration Abdomen versus arm versus thigh

Immunogenicity of therapeutic proteins
administered subcutaneously is either
comparable to or only moderately higher
than that of intravenous administration.
Pharmacokinetic differences were
observed with no correlation to
immunogenicity. Injections in the thigh
are consistently more painful compared to
the abdomen.

The path of therapeutic protein transfer
into systemic circulation varies with
different injection sites, influencing the
number of lymph nodes encountered and
the residence time due to adipose tissue
differences.

When moderate immunogenicity was
observed with the subcutaneous route, it
did not adversely affect safety and
efficacy.

Site of administration can cause higher
ISP

Lymph node encounter could potentially
impact the incidence and titer of anti-
drug antibodies (ADA), though no
current data confirms this.

7,18

18

23,24

(continued on next page)
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Table 1 (continued)
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Category Key points Key examples Immune impact Citations
Patient related factors
Volume of injection in the Site-specific volume can impact ISP and In one study, the abdomen was able to Site-specific volume tolerability with 8
context of the site of ISR tolerate a 3 mL injection without any pain,  respect to ISP
injection while the injections in the thigh were
painful, even at 1-1.5 mL volume of 0.9 %
NacCl post single administration.
In another study, maximum volumes of up ~ Larger volumes can be associated with 9
to 10 mL were injected into the abdomen transient ISRs and clinically insignificant
and 5 mL in the thigh. The higher volume  ISPs
had a slightly higher perception of pain.
The scores were deemed clinically
insignificant, higher volume was also
accompanied by wheal/ urticaria and
erythema formation but resolved within 2
hours.
Volume and viscosity of the High volume in combination with high Higher volumes were more painful when High ISP with high volume and low 39
drug product administered and low viscosity administered in the abdomen when the viscosity of the drug product
viscosity of the liquid was lower (1.1 cP) administered
but were less painful when the viscosity
was higher.
Needle gauge and tip Needle gauge and tip geometry related to  Higher gauge needles with 5-bevel tips A higher gauge needle can result in a 23,4041
geometry ISP cause less pain. lower ISP
A reduction in needle gauges from 23to 31 A higher gauge needle can result in lower ~ **%°
decreased the perception of pain. Isp
Product-related factors
Protein sequence "Humanness" of a protein impacts Murine antibodies administered to humans ~ More “humanness” results in a lower 25,4243
immunogenicity elicited a strong human anti-mouse likelihood of ADA and resulting
antibody (HAMA) response, resulting in complications in efficacy, safety, and
compromised safety, faster clearance, and immunogenicity.
low efficacy. The first-generation murine
antibodies were quickly replaced by
chimeric (human constant region and non-
human variable region), humanized (non-
human CDR), and fully human antibodies.
Presence of T-cell and B-cell epitopes The presence of T-cell epitopes can result  Possibility of tolerogenic or 8,26,44
in higher immunogenicity through effector =~ immunogenic response
T-cell function or lower immunogenicity
due to Treg function. Presence of B-cell
epitopes can similarly impact
immunogenicity.
Immunogenicity to Sequence and non-sequence related Antibody-mediated pure red cell aplasia Possibly fatal transfusion-dependent 3
endogenous molecules factors driving immunogenicity against (PRCA) following rHUEPO administration anemia in patients with chronic kidney
endogenous molecules due to development of neutralizing anti- disease
erythropoietin antibodies to endogenous
proteins
GLP-1 analogues like Liraglutide, Impaired endogenous GLP-1 activity, 3
semaglutide, and exenatide resulting in mostly observed with greater divergence
immunogenicity against endogenous GLP- in sequence from endogenous GLP-1
1
Function of the drug and its Biotherapeutics that target the immune Rituximab, a monoclonal antibody that Lower ADA as a result of the drug target
target system cells and cytokines can affect the targets CD20 on B-cells in non-Hodgkin
immunogenicity profile of the drug lymphoma and autoimmune diseases,
leads to antibody-dependent cellular
cytotoxicity (ADCC) of B-cells, resulting in
lower incidences of antidrug antibodies
(ADA).
8,17

Checkpoint inhibitors targeting PD1, PD-
L1, CTLA-4, and other molecules can
exhibit high ADA incidences, particularly
in monotherapies (e.g., Atezolizumab:
30-48 %, Ipilimumab: up to 26 % and even
more so in combination therapies (e.g.,
Nivolumab-Ipilimumab: 24-38 % ADA).
Depletion of Treg tolerance against the
drug epitopes was hypothesized as a cause
for their enhanced immunogenicity. Not
true for all checkpoint inhibitors, though.

Higher ADA as a function of the drug

(continued on next page)
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Table 1 (continued)
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Category

Key points

Key examples

Immune impact

Citations

Patient related factors

Biochemical instability: Post-
translational and chemical
modifications

Biophysical instability

Impurities

PTMs and CMs impact the
immunogenicity of biotherapeutics

Aggregation impacts the immunogenicity
of therapeutic proteins

Host cell proteins (HCPs) can result in
immunogenicity

Extrinsic and intrinsic particulates can
result in immunogenicity

PEGylation, the PTM itself can mask
immunogenic epitopes and drive
immunogenicity down

Preexisting antibodies to PEG can be the
drivers of compromised efficacy and
adverse reactions

Glycosylation can either increase or
decrease the immunogenicity of
therapeutic proteins

CMs like oxidation, deamidation, and
isomerization have been implicated in the
immunogenicity of biotherapeutics.
Isomerization increased the
immunogenicity of Elotuzumab. Oxidation
of therapeutic factor VIII increases
immunogenicity.

Celiac disease: deamidated variants of
wheat proteins had better T-cell
recognition in comparison to the
chemically unmodified protein
Aggregates have been linked to longer
residence times in the subcutaneous space
when administered via the S.C. route, with
a size-based higher accumulation in lymph
nodes and the spleen during in vivo murine
studies.

The increase in retention time in the case
of precipitated antibodies delayed the
onset and the magnitude of the immune
response

Native oligomeric aggregates exhibit high
immunogenicity compared to subvisible
non-native counterparts, regardless of
administration route

Submicron particles were more
immunogenic than oligomeric or
subvisible aggregates in a murine antibody
study

Preclinical and clinical evidence linking
subvisible particles to immunogenicity
Roche’s study demonstrated that chemical
modifications (oxidation) combined with
aggregate size could result in neo-epitope
formation, leading to immunogenicity of
monoclonal antibodies

Recombinant mouse growth hormone
aggregates adsorbed on glass and alum
particles maintained more of their native
structure than those produced by
mechanical or freeze-thaw stress. This
structural preservation led to a higher
degree of immune tolerance disruption in
the mouse model

The threshold of higher order aggregates
required to induce immunogenicity may be
much greater than what is perceived as
acceptable by the field currently
depending on the protein therapeutic in
question

Sandoz biosimilar clinical trial for human
growth hormone, produced in Escherichia
coli, which contained residual E. coli
proteins due to inadequate HCP detection
assays

Protein aggregates adsorbed to
particulates, especially metal particles,
increased antidrug antibody incidences
Protein aggregates adsorbed to glass
particles heightened immunogenicity due
to an adjuvant-like response.

Adsorption of therapeutic protein mAbl on
glass, silicone oil, or aluminum hydroxide
acted as adjuvants in terms of the
immunological response elicited in mice

Lower immunogenicity

Preexisting ADAs to PEGs drive up
immunogenicity.

Shielding of the epitope lowers ADA,
while preexisting antibodies to non-
human glycans can drive up ADA
Increased immunogenicity as a result of
CMs with or without underlying
aggregation.

Increased immunogenicity from the
disease example as a result of CM.

Longer residence time due to aggregation
resulted in immunogenicity

Longer residence time due to aggregation
resulted lowering immunogenicity
response

Native aggregation is a driver of
immunogenicity

Submicron particles were the driver of
immunogenicity

Subvisible particles were the driver of
immunogenicity

CMs in combination with aggregation
drive immunogenicity

Native aggregation drives
immunogenicity

High threshold of subvisible particles
may be required to induce
immunogenicity

Presence of HCPs was correlated with
higher immunogenicity

Extrinsic and intrinsic particulates
increase immunogenicity and the
chances of capillary clogging

11,46,47

49-52

9
o

62

63

61

64

(continued on next page)
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Table 1 (continued)
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Category Key points

Key examples

Immune impact Citations

Patient related factors

Formulation factors pH and buffering species can impact ISP

and ISR

Osmolarity impact ISP

Excipients can impact hypersensitivity
and ISPs

Coadministration with
immunomodulatory agents
and other antibodies

Immunogenicity can be affected by the
coadministration of therapeutic proteins
with immunomodulatory agents and other
antibodies

The presence of citrate buffer and sodium
chloride, in a concentration-dependent
manner, has been linked to increased ISP
The pH of buffers significantly affects
tissue damage and pain, with pH levels
above 9 causing tissue damage and levels
below 3 causing pain upon injection
Maintaining a physiological pH or
minimizing buffer concentration (ideally
around 10 mM) is recommended to
prevent ISP

A limit of 600 mOsm/kg for subcutaneous
and 1000 mOsm/kg for intravenous
products is advised to minimize discomfort
Excipients, such as polysorbates (PS), have
also been associated with ISR and
hypersensitivity reactions

Products with polysorbates like
recombinant erythropoietin and
darbepoetin increased hypersensitivity
reactions

Polysorbates in adalimumab and
Ustekinumab caused urticaria and other
hypersensitivity indicators

PS20 has been linked to ISRs with
alirocumab, and PS80 with evolocumab.
Cross-sensitization to PEGs can cause
polysorbate hypersensitivity

PEGs themselves, used as excipients in
some biologics, warrant close monitoring
for anaphylactic reactions and anti-drug
antibody formation.

Mannitol, another commonly used
excipient, has been noted to cause
anaphylactic incidences, though not
specifically in the context of protein
therapeutic administration

The use of methotrexate and prednisone
has been shown to reduce the ADA
incidences of various TNF inhibitors
Rituximab usage as an anti-CD20 antibody
suppresses B-cell expression and has also
been used in modulating the
immunogenicity of biotherapeutics
Azathioprine resulted in immunogenicity
reduction when administered with
infliximab or adalimumab

Independently administered Nivolumab
had an ADA response of 12 %, which
jumped to 24-38 % when administered
with Ipilimumab. Similarly, Ipilimumab,
independently administered, had an
immunogenicity of 1.1 % that increased to
5.4 % upon coadministration with
Nivolumab.

pH and buffering species were implicated ¢

in ISP

Extreme pHs can cause tissue damage 8

and ISP

pH and buffer concentration play a key 68

role in ISP

Osmolarity can drive up ISP

Excipients can increase ISR and 367,70

hypersensitivity

71

72

70

Coadministration of antibodies with 73
other therapeutics can drive the

immunogenicity up or down.

17,74

also includes product process-related impurities. These impurities
include host cell proteins (HCPs), endotoxins, CpG oligodeoxynucleo-
tides, intrinsic and extrinsic particulates, among other molecular pat-
terns and foreign species that can induce an immune response (Table 1).
Each of these can cause immune implications at varying levels and may
or may not have compendial limits. The stringent control strategy to
minimize these impurities can mitigate the immunogenicity risk profiles
of the therapeutics.

A combination of formulation-related factors, sequence, and bio-
physical instability can cause immunogenicity to endogenous proteins,
which is the most devastating consequence of immunogenicity
(Table 1). The most notable example of this is that of neutralizing an-
tibodies attacking endogenous erythropoietin following the adminis-
tration of rHUEPO, resulting in potentially fatal antibody-mediated pure

red cell aplasia (PRCA).>® A relatively recent example of this can be
found in the immunogenicity against endogenous Glucagon-Like Pep-
tide-1 (GLP-1) with the administration of GLP-1 analogs.34 However, the
low antibody titers of transient and non-neutralizing antibodies do not
result in loss of efficacy or compromised safety.>’ An increased risk
might be presented with a greater sequence divergence or neoepitope
formation, as in the case of the exendin-4 from the Gila monster.>* These
cases underscore the importance of careful control over product-related
factors, especially with respect to significant immune responses against
endogenous protein.

Analytical characterization tools

Various analytical assays have been utilized to identify and study the
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potential critical quality attributes (pCQA) of protein therapeutics and
their impact on immunogenicity. Table 3 lists some of these analytical
characterization techniques along with the immunogenicity assays
performed in conjunction. The use of multiple analytical characteriza-
tion techniques along with patient-related factors in the clinic has been
proposed as an approach for reverse translation.’ Using a similar
approach with multiple analytical characterization techniques and
multiple immunogenicity assessment assays can be viewed as a proac-
tive translation of protein therapeutics in a comprehensive manner.
However, an industry-wide need for standardization of both immuno-
genicity assessment tools and tools for analytical characterization are
required for meaningful advances in this strategy of proactive trans-
lation. These analytical characterization assays can be broadly classified
into tools for biophysical analysis, biochemical analysis, and quality
control assays as tools for pCQA identification.

Biophysical analysis tools

Tools for biophysical analysis are a vital part of identifying and
characterizing pCQAs associated with the structure of the protein in
biotherapeutics. One or more of these tools have been used in various
immunogenicity investigations to identify the extent of aggregation of
the protein, changes in the secondary structure that could result in
protein instability, and the type of aggregate (Table 3). While each of
these assays provides a unique perspective on the above-mentioned
criteria, each of these assays has shortcomings or limitations that can
be bridged by using a comprehensive approach of using other assays
along with the readout. For example, turbidity measurement, a simple
and non-destructive technique offering insight into insoluble global
aggregation, has low sensitivity and is prone to interference from bub-
bles or non-proteinaceous particles. If used in conjunction with tech-
niques like size exclusion chromatography (SEC), where the larger
particles are filtered out as a result of sample preparation, would provide
information about the soluble aggregates missed out by turbidity anal-
ysis. Furthermore, layering particle counting techniques like flow im-
aging microscopy, light obscuration, and/ or membrane microscopy
would provide a readout on the particle size population and, in some
cases, on the morphology of these particles. Similarly, more techniques
could be layered on this strategy to build a more comprehensive
analytical framework for characterizing the various types of
aggregations.

Many analytical techniques used to characterize higher-order ag-
gregates focus primarily on size and extent of aggregation but often fall
short in distinguishing between inherent proteinaceous aggregates,
extrinsic particulates introduced from the environment, and intrinsic
particulates generated during the production process. For example, light
obscuration, a tool with the most regulatory heritage is not adept at
identifying the translucent or aspherical proteinaceous aggregates
resulting in undercounting these inherent particulates.”® Some in-
struments such as the Halo labs Aura have the ability to have a fluo-
rescence component with the use of dyes like Thioflavin T (ThT) to
identify proteinaceous aggregates.”’ However, ThT can have
non-specific concentration-dependent aggregation or adsorption to
non-proteinaceous surfaces which could potentially lead to inaccurate
counts.”® Raman microscopy offers some advantages in this area of
high-fidelity aggregate identification. However, this technique suffers
from low throughput and potential overlap of protein spectra with that
of the polycarbonate membranes at 2930 cm™'”° Thus, a concerted effort
in this field would be required to build high throughput, high fidelity
tools for aggregate identification. These tools could then potentially be
adopted by regulatory agencies for product characterization and by re-
searchers in the early stages of product development to minimize
immunogenicity risk arising from protein instability due to structural
changes.

Another key factor, as mentioned above, is that evidence exists for
each size bin of aggregation driving immunogenicity. For instance,
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Fathallah et al. found that native oligomeric aggregates exhibit high
immunogenicity compared to subvisible non-native counterparts,
regardless of administration route.’® Kijanka et al. observed that sub-
micron particles were more immunogenic than oligomeric or subvisible
aggregates in a murine antibody study.® Additionally, Ahmadi et al.,
Barnard et al., and Ratanji et al. provide both preclinical and clinical
evidence linking subvisible particles to immunogenicity.”®®° It is key to
note that each study used a different analytical characterization
approach for aggregate quantitation. While the proteins used in each of
these studies could have independent effects on immunogenicity
post-aggregation, the analytical characterization strategies could result
in a potential gap in knowledge on what truly may be driving immu-
nogenicity. An industry-wide approach was attempted for in vitro
immunogenicity assays and their use in an attempt to contextualize and
standardize early-stage immunogenicity data.®’ A similar consensus on
the use of these analytical tools, based on the limitations of each of these
tools, may be useful to contextualize data and its correlation to
immunogenicity.

Biochemical analysis tools

Biochemical analysis and characterization tools are used to assess the
chemical alterations to a protein’s structure that could impact the
immunogenic potential of the protein. Charge profiling tools such as
cation exchange chromatography (CEX) and charged isoelectric
focusing (cIEF) can provide some level of insight into the possible PTMs
or CMs causing charge alterations. Charge-altering modifications, such
as deamidation, increase acidic species, while C-terminal lysine reten-
tion increases basic species. Modifications like isomerization of aspartic
acid to isoaspartic acid, which are linked to immunogenicity, typically
do not alter the isoelectric point due to no net charge change unless
intermediates like succinimide are detected, which can increase basic
species in these assays.*”®! Therefore, while useful as research tools,
these would likely benefit from the supplementation with peptide
mapping and other mass spectrometry tools, where identification of
site-specific modifications can be conducted. These tools and associated
best practices are reviewed in detail elsewhere.*?** Similarly, chro-
matographic tools such as hydrophobic interaction chromatography
(HIC) and protein A chromatography provide insights into the global
oxidation of antibodies.®>*® Oxidation of methionine residues in the Fc
region of the antibodies reduces the hydrophobicity of the antibodies
and results in earlier elution in a high salt gradient of HIC.®>®” In Protein
A chromatography, oxidized residues of monoclonal antibodies can
reduce the protein A binding affinity, resulting in faster elution.®®
While each of these techniques provides insights into global oxidation,
they are not able to differentiate between methionine and tryptophan
oxidation and are not able to pinpoint the specific residues as sites for
oxidation. Using a mass spectrometry-based approach, using peptide
mapping enables users to overcome the shortcomings of these tech-
niques.®” It is also important to view the modifications in the context of
other pCQAs such as aggregation. For example, Roche’s study demon-
strated that chemical modifications (oxidation) combined with aggre-
gate size could result in neo-epitope formation, leading to
immunogenicity of monoclonal antibodies.”® Thereby highlighting a
need for a comprehensive assessment to enable the development of low
immunogenicity products.

Quality control tools

Quality control tools in this manuscript are the tools used to identify
and characterize the impurities found in protein therapeutics and ensure
a consistent quality of product. Endotoxin, host cell proteins, extrinsic
and intrinsic particulates, among others, can all contribute to the
immunogenicity profiles of products. Some CQAs, like endotoxin, have
clearly defined compendial limits, associated endotoxin tests, and are
consistently used in assays assessing the immunogenicity of therapeutic
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proteins.®>° As mentioned earlier, HCPs and other potential innate
immune response modifiers (IIRMIs), on the other hand, do not have
well-defined limits but pose a significant safety and immunogenicity risk
at likely a similar level as endotoxins.”’ Verthelyi et al. demonstrated
that even trace levels of multiple IIRMIs, like CpG DNA, can synergis-
tically activate the immune system and break tolerance to therapeutic
proteins and, even more seriously, to their endogenous proteins.’” This
underscores the need for more comprehensive impurity profiling. While
significant efforts are devoted to high-quality sample purification for the
removal of HCPs, some HCPs, like phospholipase B-like 2 (PLBL2), can
co-purify in antibody therapeutics produced in Chinese hamster ovary
(CHO) cells.”® The use of a proteomics-based analysis via mass spec-
trometry with concomitant in vitro immunogenicity tests can establish
the risk profile for the pCQA.”*

The analysis for both extrinsic and intrinsic particulates has a sig-
nificant overlap with the biophysical analysis of proteinaceous higher-
order aggregates. The compendia-defined tools for the analysis of
these particulates are light obscuration (LO), membrane microscopy,
flow imaging microscopy, and visual inspection for particles in visible
ranges. The key limitation for all of these techniques in the categorical
identification of extrinsic and intrinsic particulates is the inability of
these methods to identify the nature and chemical makeup of the par-
ticulates that could distinguish them from the inherent proteinaceous
particles. As mentioned, techniques such as LO can result in gross
undercounting of particles with a low contrast, which not only include
proteinaceous particles but also plastic particles.”® Techniques such as
flow imaging microscopy and membrane microscopy offer higher reso-
lution but, again, fail to distinguish between contaminants versus the
inherent proteinaceous particles. For a thorough characterization of
such contaminants, techniques that enable the building of spectra
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libraries for various contaminants, like Raman microscopy, can be
used.” However, Raman microscopy is limited when it comes to metal
analysis due to weak Raman scattering, where should the source of the
contamination be the aluminum from crimp caps of vials, additional
techniques would be required in combination to do a comprehensive
analysis. Overall, similar to the other analysis tools, QC tools require an
all-encompassing analysis strategy considering the limitations of each
tool to ensure a minimized immunogenicity risk of protein therapeutics.

Tools for preclinical and clinical immunogenicity assessment

Immunogenicity assays are critical tools employed to evaluate and
potentially predict the immunogenicity of therapeutic proteins, both in
terms of injection site reactions and humoral responses. Fig. 1 outlines
the various methodologies employed to access the immunogenicity of
therapeutic proteins. Each of these methodologies is used in a stage-
appropriate manner throughout the development of therapeutic pro-
teins and has varying degrees of predictive capacities or can be used as a
measure of relative immunogenicity.'?°

In silico predictions

In silico prediction tools have been widely utilized in early phases of
drug product development to down-select candidates with a low
immunogenicity risk profile. Proteins, when digested into peptides in
antigen-presenting cells (APCs), can be presented on Major Histocom-
patibility Complex (MHC) molecules. These presented peptides have the
ability to potentially engage T-cells and induce an associated immune
response. T-cell engagement and the generation of ADA in response are
correlated, making in silico predictions a critical upstream tool in
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Fig. 1. Methodologies employed to assess immunogenicity.
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immunogenicity risk assessment and minimization. Some notable tools
that enable the prediction of T-cell epitopes are as follows: ISPRI,
(Immunogenicity Screening and Protein Re-engineering Interface) is a
combination of multiple tools used in sequence where EpiMatrix (for
epitope mapping) is used first, followed by ClustiMer (epitope cluster
mapping) and JanusMatrix (to account for Treg specific epitopes), while
also providing a potential ADA prediction.'?' Some other tools include
NetMHCII and NetMHCIIpan,'?>'?® Tepitope.'?* SYFPEITHI,'?*!?°
Epibase,®'?® MCHPRED,® MHC2PRED,® RANKPREP,® SVRMHC,® and
iTope.® Many of these T-cell prediction tools use the Immune Epitope
Database (IEDB) sponsored by NIAID. IEDB also has useful epitope
identification and visualization tools that can be used to run rapid an-
alyses of the immunogenic potential of the protein molecules.'?” While
T-cell epitope identification alone can be a powerful asset in immuno-
genicity risk assessment, it also enables the subsequent deimmunization
of therapeutic proteins by modifying immunogenic epitopes, as long as
such changes do not alter function. T-cell epitope editing has been
employed successfully to reduce immunogenicity potential by using
tools such as OptiMatrix.'*!

While many tools have been developed for T-cell epitope prediction,
B-cell epitope prediction continues to be challenging not only in silico
but also in vitro. T-cell epitopes are linear and can range from 12 to 29
amino acids (sometimes up to 30 amino acids), typically, as a result,
making their detection relatively straightforward. While B-cell epitopes
could sometimes be linear, a large majority of the epitopes are confor-
mational or discontinuous in nature.'**'?® The conformational nature of
these epitopes makes them challenging to predict.'>*'?® Despite this
challenge, some tools have been developed to predict B-cell epitopes: 1)
PREDITOP'?>'?°  2) PEOPLE'?»'®"  3) BepiPred' 2%  4)
BCPREDS'#*'%? 5) CEP'?*!%* 6) PEPITO'**'** 7) EPITOPIA'**'*° 8)
EPSVR.!?%!3 A detailed review of these methods is provided
elsewhere.'?

While in silico epitope prediction tools can be useful in upstream drug
development to optimize for immunogenicity, the reliability and accu-
racy of these tools continue to be an evolving target.®**!?>128 Although
relatively advanced, T-cell epitope prediction tools are known for
overestimating immunogenic epitopes.'?* The conformational nature of
B-cell epitopes makes their prediction using in silico tools limited in
comparison to T-cell epitope tools and mostly unreliable.'?>'?® The
utility of these tools currently does not extend very well beyond early
development. Some efforts have been made to predict aggregation
propensity using in silico tools.'%° These tools, however, may not be able
to do so with high fidelity in late-stage development as aggregation and
its impacts on immunogenicity in the presence of other parameters are
not well understood. Parameters such as PTMs and CMs that a molecule
might undergo independently or in combination with aggregation, in
post-discovery stages are not well accounted for by these tools.® In short,
in silico tools currently fail to meet expectations in late-stage research
where immunogenicity can be influenced by process and formulation
parameters.®

In vitro assays

In vitro assays serve as an indispensable tool for evaluating the
immunogenicity of therapeutic proteins, both in the early and late stages
of development. These methods enable the investigation of various
CQAs by modeling specific immune pathways. Despite their limitations,
these assays provide high throughput and relatively reproducible means
of evaluating immunogenicity, especially in the context of human cells.

Whole blood assay

Whole blood assays have primarily been utilized to study cytokine
release syndrome (CRS), however, their use in evaluating the immuno-
genicity potential of CQAs of protein therapeutics is gaining mo-
mentum.?>!*® Whole blood assays do encounter challenges with
long-term experiments, especially the decrease in the viability of the
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cells after 48 hours.'*” While proinflammatory cytokines like IL-1p, IL-6,
IFN-y, and TNF-a, from the supernatant, can be used to measure the
response of immune cells in blood post-stimulation, each therapeutic
protein can have a unique signature with regards to CRS predic-
tion.®%'3® For example, FeyRIlla-dependent IFN-y release is associated
with the risk of CRS with regard to IgG1 therapies.'*° This signature may
vary for other biotherapeutics. The whole blood assay has the major
advantages of being a high-throughput method, where no additional
processing of the blood samples is required, and the ability to capture
the population heterogeneity with the HLA haplotypes. However, the
short time of operation between the sample collection and conducting
the assay due to the loss of viability of cells, and the high variability in
the responses makes the assay a less frequent tool for the analysis of
immunogenicity.'*”-' %

PBMC stimulation assay

PBMC stimulation assays are commonly utilized to predict CRS and
to assess the impact of CQAs, like aggregation, on the immunogenicity
potential of therapeutic protein.''®'3%140 This assay, in its unmodified
form, involves stimulating isolated PBMCs from the buffy coat of
spun-down whole blood samples with the test articles for 20-48 h, fol-
lowed by collection of the supernatant and a multiplexed cytokine
release analysis.?”!*° Donor-to-donor variability of what constitutes
whole PBMCs can make the interpretation of results difficult.'*

Developments in PBMC-based assays have led to the measurement of
responses of specific cells, like in the case of the DC assays or the T cell
assays described below. PBMC assays have the advantage of being high-
throughput in nature and can act as a launchpad for further testing using
other means. The PBMC-based assays also hold advantages over whole
blood assays due to their higher stability and relative ability to culture
these cells for up to a week.

DC-based assays: activation, migration, internalization, presentation, and
MHC-associated peptide proteomics (MAPPs)

Dendritic cells are the professional APCs of the immune system and
mediate T-cell-dependent immunity. As a result, dendritic cell-based
assays have been widely used to assess the immunogenicity potential
of therapeutic proteins. As APCs, all the key steps to antigen presenta-
tion have been captured by currently available assays. These steps
include DC migration in the direction of the immune insult, DC activa-
tion measured by cytokine release, and increased cell surface
markers,'*’ DC internalization of fluorescently labeled therapeutic
proteins, and the subsequent presentation of the internalized immuno-
genic peptides. The DC internalization and presentation process and its
implications on immunogenicity are reviewed in detail elsewhere.'*?

A monocyte-derived DC (MoDC) assay developed on behalf of the
ABIRISK Consortium, which measured various DC maturation end-
points, was able to detect the effect of aggregation on DC activation.'*!
The assay found that antibodies like infliximab that aggregated upon
induction of stress resulted in high markers of DC activation, like cyto-
kine (IL-1, IL-6, IL-8, IL-12, and TNFa), chemokine (CCL3 and CCL4)
upregulation, and release along with cell surface marker upregula-
tion.'*! Whereas Natalizumab, a monoclonal antibody with low aggre-
gation propensity, caused no DC activation, and adalimumab and
rituximab aggregates induced a moderate response via DC activation.'*!
In another study, a DC activation assay was utilized (activation markers
CD40 and IL-12) along with chemokine receptor CXCR4 levels to
delineate DC migration potential in response to protein therapeutics.'**
The data generated as a part of the DC activation assay was used in
conjunction with a DC migration assay, where migration occurred in the
gradient of the therapeutic protein and chemokine ligand as an indica-
tion of the immunogenic potential of the protein.'*® The assay format
found a strong positive correlation (Pearson r = 0.87) between the in
vitro total response index and the highest percentage of clinical immu-
nogenicity, indicating a strong clinical immunogenicity predictive po-
tential.'*> While not studied specifically for this purpose, migration
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assay can also have applicability in studying immunogenicity induced
by aggregates, as demonstrated by the propensity of DCs to migrate
toward immune complexes.'**

Unlike DC activation and migration, DC internalization assays
require the therapeutic protein entity to be fluorescently labeled. While
‘always-on’ fluorescence labels can be utilized for internalization assays,
they do not provide specific information on whether the protein is
internalized or adsorbed on the surface.'*® Fluorescence as a result of an
interaction indicative of internalization is a more specific measurement
for this kind of assay. A Forster resonance energy transfer (FRET) based
quenching pair approach and a PHrodo dye-based approach were
evaluated simultaneously to study internalization. The measured signals
emerged based on the arising fluorescence as a result of cleaving the
FRET quencher pair or change in pH, respectively.'*® The assay devel-
oped provided a high throughput platform for evaluating the immuno-
genicity risk of monoclonal antibodies.' >

MHC-associated peptide proteomics (MAPPs) is a DC-based assay
that is used in combination with the in silico methods to verify the
immunogenic sequences identified by the algorithms.'*®'*” A version of
the MAPPs assay was used to study the effect of aggregation on the HLA
presentation.'*® The findings indicated that a marked increase in pep-
tide presentation by HLA-DR molecules was observed for aggregated
proteins when compared to unstressed proteins.'*® This indicates the
versatility of the assay can be used to study CQAs beyond screening for
immunogenic antibody sequences in early-stage discovery and devel-
opment.'*® It is, however important to note that the assay alone cannot
distinguish between immunogenic and tolerogenic epitopes and likely
requires subsequent T-cell assays to assess the ability of peptides to
trigger a T-cell response.'”” The assay also depends on the protein
concentration, which in turn influences uptake and presentation, which
can lead to a risk of over-predicting immunogenicity in comparison to
what is observed in the clinic.'*

Given the current optionality that DC-based assays provide, they can
be used in a comprehensive toolkit manner for assessing immunoge-
nicity, where DC is the APC for the protein therapeutic. Using one or a
combination of the assays can prove to augment immunogenicity risk
assessment at various stages of development.

DC-T cell assay

Denderitic cell-T cell co-stimulation assay is another in vitro assay that
attempts to capture cell-mediated immunity/ immunogenicity of protein
therapeutics and the CQAs that might govern their immune
proﬁles.g()’137’l49’l50 In this assay, dendritic cells, the APCs, are differ-
entiated from PBMC-isolated monocytes and are exposed/ pulsed with
the protein therapeutic.>5%137:14%150 The cells are allowed to mature,
which leads to the upregulation of HLA(8,80,137,149,150). This is fol-
lowed by the removal of the protein therapeutic, followed by the
co-culturing of protein therapeutic exposed mature DCs with autologous
CD4+ T-cells or CD8+ T-cells depleted- PBMCs for 7-10
days.®80:137:149,150 The final readout can include a cytokine analysis for
the upregulation of cytokines like IL-2 and interferon-gamma (INFy)
and/or assessment of proliferation by incorporating Carboxyfluorescein
succinimidyl ester (CFSE) stain,®80:187,149,150

As the assay is used widely for immunogenicity risk assessment by
the industry, as per a survey conducted by the Therapeutic Product
Immunogenicity (TPI) community,’® some efforts are being made to
validate the assay to increase the sensitivity and have a consensus on the
assay specifics. In one such assay validation attempt, the DC-T cell
restimulation assay demonstrated an 83 % accuracy, correctly identi-
fying the immunogenicity risk of 20 out of 24 antibodies when compared
to clinical immunogenicity rates.'°! Of the four misclassified antibodies,
two were false positives (daratumumab and pembrolizumab) and two
were false negatives (brentuximab and atezolizumab).'? This resulted
in an assay accuracy of 83 %.'°? However, in another study, modifying
the assay by adding a restimulation step to increase sensitivity did not
improve the detection capabilities of immunogenic antibodies.'®!
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Instead, false-positive responses were observed for an antibody with low
clinical immunogenicity, an issue not observed with the
single-stimulation format of the assay.'®' Therefore, while the DC-T cell
co-stimulation assay can be a powerful assay for the assessment of
immunogenicity, it should be coupled with the use of other immuno-
genicity assays to account for the false-positive and false-negative
readouts. It should also be noted that the many steps of the assay
make it a tedious tool for screening, and the assay must be utilized at an
appropriate stage in the immunogenicity risk assessment of therapeutic
proteins.

T cell assays

The immunogenicity of protein therapeutics can be highly dependent
on T-cell responses, especially those from CD4+ T cells. Evaluation of
various processes leading to T-cell dependent immunogenicity can be
broadly classified into 1) cytokines released from T-cells upon stimula-
tion from therapeutic proteins, 2) T-cell activation by cell surface
markers, and 3) evaluation of T-cell proliferation in the presence of
peptide-MCH complex.

Cytokine released by T-cells in response to therapeutic proteins can
be characterized using ELISA or ELISpot measurements. '°> Where ELISA
provides information on the cytokines released in the supernatant,
whereas the information regarding the number of cells producing cy-
tokines is provided by ELISpot.'>® The assay can be performed inde-
pendently or in conjunction with other T-cell-based assays mentioned
above.

T-cell activation and proliferation assays are both widely used to
predict clinical immunogenicity risk. T-cell activation assay involves the
upregulation of receptors like CD134 (0X40) and CD137 (4-1BB) in
response to therapeutic proteins of varying degrees of clinical immu-
nogenicity rates. In one such study, the assay was found to be highly
predictive of clinical ADA rates of 13 out of 14 therapeutic proteins.'>*
The assay was able to correctly classify antibodies into 3 categories of
high (> 30 % ADA), intermediate/high (15-30 % ADA), and low (< 15
% ADA) rates of immunogenicity, barring one antibody, adalimumab.'>*
Within the study, a T-cell proliferation assay was also conducted using
anti-Ki67 staining of the Ki67 protein, a marker of cell proliferation.'*
However, the T-cell activation assay was deemed to be more sensitive
and has a higher specificity to predict the risk of immunogenicity of
therapeutic proteins tested.'>® Other methods of conducting T-cell
proliferation include Carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling, which measures the dilution of the dye by half as a
result of each cell division, and a lesser utilized method of pulsing ’H]
thymidine into the DNA of dividing cells.'**!°»1% Limitations in the
sensitivity of the T-cell proliferation assay were noted in another study
where CD8+ depleted cultures of PBMCs were used with the CFSE la-
beling method.'®' The assay was only able to correctly predict 4 out of 8
highly immunogenic antibodies.'°" A version of the assay termed as in
vitro comparative immunogenicity assessment assay (IVCIA) was uti-
lized by J. R. Cohen et al., 2024 to test the effects of aggregates on
diseased state donors and healthy donors, where the magnitude of
response was highest in allergy patients.>?

The limited sensitivity and specificity warrant the careful selection
and combination of T-cell-based assays, despite their utility, with other
platforms/ assays for accurate predictions of therapeutic protein
immunogenicity. Another consideration is the lack of factoring in the
Treg bystander response that can considerably alter the immunogenicity
as elicited by T-cell-based assays.'® T-cell responses that can take into
account this Treg bystander effect can likely lead to improved evaluation
of T-cell immunogenicity of proteins in the future.

B-cell assays

B-cells play an important role in both T-cell-dependent and T-cell-
independent immune activation and are the primary drivers of an
antibody response.'?’ However, in vitro B-cell assays are currently both
overlooked and not well developed to predict ADA risk in response to
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therapeutic protein stimuli.'?° The major issue arises when the in vitro
formats of B-cell assays are not able to capture B-cell class switching
from IgM to IgG antibodies, which are the main category of ADA.'?’
Current strategies in measuring and mitigating B-cell responses are
limited to in silico linear epitope prediction,'?*'°® discontinuous epitope
prediction using electron-microscopy density map and X-ray crystal-
lography,°° T-cell-dependent and T-cell-independent stimulation using
PBMC,'?%!%7 PBMC-derived B-cell assays,lzo’157 and B-cell line as-
says.'°® The most commonly used format of the assay involves using an
ELISpot/FluoroSpot-based assay to assess the memory B-cell response to
pre-existing and potentially cross-reactive antibodies against protein
therapeutics.'*® While an assay format may be developed for
non-specific antigen internalization and activation of B-cells, the
amount of antigen required in this process is 1000-10,000 times more as
compared to the specific antigen uptake upon binding with the B-cell
receptors.'” As a result, an assay format that assesses the response of
naive B-cells in terms of ADA formation may be challenging to incor-
porate into the in vitro assay repertoire.

Mast cell degranulation

Mast cells have been implicated in IgE and non-IgE mediated injec-
tion site reactions (ISR) and hypersensitivity reactions (HSR) of protein
therapeutics.®”-'°" Mast cells are most abundantly found in the skin in
the dermal layer, and stimulation-induced degranulation can result in
the release of inflammation-inducing substances like histamine, tryp-
tase, TNFq, IL-6, etc.'®® Mast cells have various surface receptors,
including the IgE-binding FceRI receptor, which can trigger degranula-
tion when bound by IgE or directly by specific proteins.'®® Additionally,
non-IgE-mediated activation and degranulation can occur through re-
ceptors such as toll-like receptors (TLR), protease-activated receptors
(PARs), and Mas-related G-protein coupled receptor member X2
(MRGPRX2).'%° Using the mast cell degranulation assay can inform on
the extent of ISR or HSR that a protein therapeutic might cause. Mast
cells can either be isolated from skin tissue, from CD34+ myeloid pro-
genitor cells, or cell lines like HMC-1 and LAD-2 can be used for con-
ducting in vitro degranulation assays.'®’ Common strategies involve
measuring products of degranulation like beta-hexosaminidase, tryp-
tase, or histamine. MRGPRX2 in vitro p-arrestin assay has also been
utilized for detecting p-arrestin recruitment post-stimulation by test
articles.'® While no explicit examples of the usage of in vitro mast cell
degranulation for studying protein therapeutics in the literature, Ana-
kinra (Kineret) and its association with ISR and mast cell degranulation
is well-studied in patients.®”

Complement activation assay

Complement activation assays have been used to study the immu-
notoxicity of protein therapeutics, especially type II and type III hy-
persensitivity reactions.'®® No direct links can be drawn between
complement activation and the development of ADAs. However, when
protein therapeutics combine with ADA to form immune complexes,
they can then activate the complement pathways, creating a cascade of
inflammatory responses.'®>1%> This can ultimately result in tissue
damage.'®® As per the June 2023 guidance by the FDA: Nonclinical
Evaluation of the Immunotoxic Potential of Pharmaceuticals, comple-
ment activation assessment has been recommended.'®® Commercially
available whole blood assays can be used for this purpose. One such
assay utilizes activation products of C3 and C5, C3a-des-Arg, and
C5a-des-Arg, respectively, using ELISA.'®” Other whole blood assays
may look at split products of C3a, C5a, SC5b-9, and/or Bb.'°*17% 1. An
increase in the presence of one or more of these markers is an indication
of complement activation.'®® While the tool can be valuable in evalu-
ating early innate immune system responses, bridging gaps left by
DC-T-cell assays or PBMC assays, complement activation evaluation
alone cannot capture the immune system complexity, thereby having
limited predictive capabilities.'”’
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Organoid models and organ-on-a-chip

Organoids such as lymph node-mimicking models have witnessed an
advance in recent years.'*”>'”? These models can be used to study the
immune responses of lymph nodes to stimulation by therapeutic pro-
teins. The Human artificial lymph node (HUALN) model is one such
model that utilizes primary human immune cells and stromal cells in the
format of a bioreactor.'”® Cytokine release, cell activation, and poten-
tially antibody secretion can be monitored using this model.'”® The
HuALN model has been used to study the immunogenicity of bev-
acizumab and adalimumab aggregates generated by inducing various
stresses.”® A Th-1 and proinflammatory immune response was noted
using the model with heat-induced bevacizumab aggregates, while no
response was seen for adalimumab aggregates.”® However, since no
correlation was drawn to clinical incidences of immunogenicity, such
tools hold value in terms of relative measurements only. As multiple
cells are being stimulated in the context of an organoid system, the data
generated could be relatively complex to interpret for such models.
Appropriate benchmarking against other in vitro immunogenicity assays
and clinical immunogenicity data could make these models a useful
potential tool in immunogenicity risk assessment.

Organ-on-a-chip models of the lymph node, while currently not
utilized in the study of immunogenicity risk of therapeutic proteins, can
potentially be a simpler version of the organoid model for evaluating
antigenicity.'”*!”> The lymphoid follicles (LFs) model in particular
shows promise.'”* This model contains B-cells that express Activatio-
n-Induced Cytidine Deaminase (vital for class switching) and also
demonstrates activation-induced plasma cells.'”* In the evaluation of
the commercial influenza vaccine, the model produced plasma cells,
anti-hemagglutinin IgG, and cytokine secretion akin to the human
response to the vaccine.'”* Such a model could therefore be evaluated
for studying protein therapeutics and the potential instabilities of the
therapeutics that induce immunogenicity.

Skin models and skin explants

Skin explants and skin models are envisioned to help capture the
immunogenicity risk of biotherapeutics administered subcutaneously,
especially concerning ISRs. While skin models are easier to procure and
have longer viability than skin explants, they have a limitation with
their design as it stands currently. The current availability of models can
be classified as 1) reconstructed human epidermis (RHE) models, that
contain only normal human epidermal keratinocytes (e.g SkinEthic™
RHE (Episkin, Lyon, France), EpiDerm™ (MatTek Corporation, Ashland,
MA), EpiCS® (Phenion, Diisseldorf, Germany)), 2) Pigmented recon-
structed human epidermis (RHE) models that contain normal human
epidermal keratinocytes and melanocytes (e.g. MelanoDerm™ (MatTek
Corporation, Ashland, MA), MEL/001 (StratiCELL, Gembloux, Belgium),
and EpiCS®-M (Phenion, RHPE, Diisseldorf, Germany)) and 3) human
skin equivalent (HSE) models that contain normal human epidermal
keratinocytes with fibroblast cells (e.g. EpiDermFT™ (MatTek Corpo-
ration, Ashland, MA), Phenion® FT (Henkel AG & Co. KgaA, Diisseldorf,
Germany) and T-Skin™(Episkin, Lyon, France)).'”® In all the different
models, there is an apparent lack of adipose cells of the hypodermis, the
site of the subcutaneous injections, thus making it impossible to test
injection site reactions upon actually making the subcutaneous in-
jections.'”® The other key lacking feature of the models is the absence of
key immune cells of the skin, like Langerhans cells, dermal dendritic
cells, T-cells, macrophages, B-cells, etc., grossly limiting the interpre-
tation of the injection site reactions to protein therapeutics.'’® The
models also currently lack skin appendages like hair follicles and sweat
glands, and do not have any evidence of vasculature either.!”® Even so,
the EpidermFT™ skin model has been utilized to test the critical quality
attributes of protein therapeutics like aggregation and process-related
impurities, however, the exposure to the analytes was through the
media and not upon subcutaneous injection, and the interpretation of
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the data concerning cytokine release would be limited by the above--
mentioned shortcomings.'® Having said this, the full-thickness models
or the human skin equivalent (HSE) models can be utilized for screening
early candidates, similar to in vitro cell-based assays.'** Enhancing these
models by incorporating subcutaneous adipose tissue from liposuction
material could improve their immune competence and more closely
mimic subcutaneous injection environments, thus expanding their util-
ity in immunogenicity assessments.'””

Human skin explant-based tests, unlike the skin models, are derived
from human donor biopsies or as waste products of surgical procedures
like abdominoplasty, panniculectomy, or breast reduction surger-
ies.!”8718% These skin explants can be sourced directly from hospitals or
are commercially available from Biopredic International (https://wep
redic.com/en/biopredic), BiolVT (https://bioivt.com/human-sk
in-tissue), Genoskin (https://genoskin.com/tissue-samples/human-skin
-models-nativeskin/) and from Xenoskin (https://www.xenometrix.ch
/shop/XenoSkin-H-Squares-Ex-vivo-dermatomed-Skin-Explants-for-in-
vitro-Dermal-Absorption-Permeation-and-Skin-Penetration-Tests-
OECD-428-EU-Reg-2017-745). While skin explants have been used
extensively by the cosmetic industry for tests like dermal absorption,
permeation and skin penetration, their use in evaluating immunoge-
nicity risk of therapeutic proteins is relatively recent. A recent study
demonstrated a strong correlation (13 out of 16 antibodies) between
results obtained using skin biopsies co-cultured with PBMCs over 10
donors obtained from the corresponding skin donors for 16 different
antibodies, and compared the results with the associated clinical
immunogenicity outcomes for the same.'®® While the study did not
involve injecting the skin directly with the test articles and used samples
at a very low concentration of 1 ug/mL, the proposed method provides a
useful tool to bridge the gap between pre-clinical studies and clinical
trials, especially with protein therapeutics administered subcutane-
ously.'®® Further studies done using injection into the skin can prove to
be crucial in understanding injection site reactions in the context of the
skin’s immune system and further complement the existing infrastruc-
ture of immunogenicity testing.

While skin models have shown promise in their ability to potentially
predict clinical ADA response and ISRs of subcutaneously delivered
protein therapeutics, their use may be limited due to certain short-
comings. One such key shortcoming is the post-excision viability of the
skin. While the epidermal integrity is maintained over 20 days, necrosis
was observed at day 9 and in some cases as early as 7 days (as reported
by vendors).'®! Therefore, all tests post the shipment of the skin sample
and equilibration have a window of 3-7 days, limiting the readouts to
short-term stimulation and primarily the innate immune response. It is
therefore important to stage the testing appropriately to measure both
cytokine response and the histopathology of the skin. The other factor
that further enhances the considerations of using this model is the
availability of skin samples and appropriate diversity of donors.
Therefore, to make this model a widely used assay tool to assess
immunogenicity, it would be important to overcome certain shortcom-
ings and design around others.

In vivo models

While immunogenicity assessment using in vivo models is not always
predictive of human responses, these models can provide critical in-
sights into the relative immunogenicity of biotherapeutics and can be
useful in the overall risk assessment. The human immunogenicity pre-
diction abilities of these models can be highly product-specific. Animal
models, unlike in vitro models, have the advantage of the dynamic
interplay of various immune cells. Advances in the development of
transgenic species can, in the future, improve the relevance of these
models to evaluate immunogenicity. Additionally, the strongest ratio-
nale for the use of these models is conserved endogenous proteins, where
biotherapeutics can be evaluated to study the severe consequences of
unintended immunogenicity against endogenous molecules, such as in
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the case of erythropoietin.®>'84

Mouse

Mouse models have laid the foundation of both basic immunology
research and the evaluation of immunogenicity of therapeutic proteins
in the context of a closed immune system. Mouse models offer a sig-
nificant advantage like low variability as a result of genetic
inbreeding.'®® They are convenient to source or breed and can be easily
housed as a result of their small size.'®> Despite their many advantages,
the inherent immune system differences between wild-type mice and
humans limit the model to evaluating either the relative immunoge-
nicity of therapeutic proteins or the immunogenicity of murine proteins
as surrogates to human proteins.'®>'%® The innate and adaptive immune
systems differ significantly between mice and humans in several aspects,
including leukocyte subset levels, IgG subclasses, and IgG class switch-
ing, which are critical to humoral immune responses.'%”'5%

To overcome the shortcomings of the wild-type mouse models,
various other mouse models were developed to evaluate the immuno-
genicity of protein therapeutics, while maintaining the utility of the
wild-type mouse models. Jiskoot et al., 2016 describe wild-type mice,
transgenic mice, XenoMouse, Xeno-heterozygous mice, and SCID mice
with human blood grafts to name a few, detailing their use, advantages,
and limitations.'®® While the non-wild-type strains can bring the ad-
vantages of having human antibody production (XenoMouse) and ge-
netic tolerance to human proteins (transgenic mouse), they can be
expensive and tedious to develop and still lack the humanness to
translate immune responses to the clinical immunogenicity rates.'®°
Another review by Kraus and colleagues describes that when it comes to
evaluating CQAs like protein aggregation, the most commonly used
mouse models are wild-type and transgenic mouse models.'®” In recent
years, a proprietary model developed by grafting human PBMCs into a
mouse to create the Xenolmmune™ Mouse Model has shown human
immunogenicity predictive potential for rhFVIII, rhGAA, and
rh-Interferon-p, and AAV9 when compared to wild-type C57BL/6
mouse.'?° This indicates that further development on the mouse model
has the potential to not only provide relative immunogenicity rates but
also clinical predictions of human immunogenicity.

Rat

The rat model, although widely used in the toxicology space, is less
frequently used for the immunogenicity assessment of therapeutic pro-
teins compared to the mouse model.'”! Although both mouse and rat
models fall under the class of rodent models, their immune systems have
distinct differences that can impact immunogenicity assessments. His-
torically, mice have been preferred for immunogenicity assessment due
to ease of operation governed by availability and size considerations to
support the large sample size for immunogenicity assessment. However,
when the immune systems are under consideration the rat model has
more similarities to the human immune system compared to wild-type
mice.'”” For example, both rat and human T-cells express MHC-II mol-
ecules, which are thought to regulate immune response by presenting
antigens to other T-cells.'°>!°° This antigen presentation seen in rats can
induce anergy, downregulating the immune response and presenting a
more balanced view of potential immunogenicity similar to humans but
is absent in mice(192). Additionally, both humans and rats exhibit
transient expression of Foxp3 in activated T cells, indicating a nuanced
balance between immune activation and suppression not observed in
mice, where Foxp3 is solely a marker for regulatory T cells (Tregs).'*
Furthermore, CD4+/CD8+ macrophages in rats and humans play a role
in processing and presenting antigens on MHC-I and MHC-II molecules,
a feature limited or absent in mice models.'°? Antibody production also
varies, with rat IgG1 binding to complement similarly to human IgG1,
whereas mouse IgG1 does not.'°® Some studies have recorded the use of
Sprague Dawley rats for studying the immunogenicity impact of thera-
peutic proteins; however, specific CQAs were not assessed indepen-
dently as often seen with mice models.'**'®” Although rat models are
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not claimed to be the most accurate for representing human immuno-
genicity, based on the immune differences presented above, they may
offer a better evaluation of relative immunogenicity between products
than wild-type mouse models.'*®

Table 2
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Pig and minipig

The porcine model is considered to be the closest in skin architecture
to humans(199,200). This has led to the usage of the model extensively
in evaluating the pharmacokinetic profiles of protein therapeutics;
however, human translatability is still questionable.'?>?°° Amongst the

Non-exhaustive list of bioassays used in ADA assessment, their salient features, advantages and disadvantages, and examples of use in the detection of ADA in pre-

clinical and clinical samples.

Type of assay Salient features Advantages Disadvantages Recorded examples of use
ADA ADA detection
detection from clinical
from samples
preclinical
samples

pH-shift-anti-idiotype antigen Antigen-antibody complexes are Drug-tolerant assay. pH-shift- Complex to standardize. - 226,227

binding test (PIA) disrupted by pH shift. Drug-binding Fab  anti-idiotype antigen binding Careful pH control is required
fragments are added to prevent test (PIA) to prevent the unfolding of the
rebinding to ADAs. Labeled Fab ADA and the drug.
fragments are added to measure anti-
idiotypic antibody binding to ADA.
Acid-dissociation lanthanide- Uses lanthanide chelates for detection Drug tolerant. High sensitivity =~ Specialized equipment and - 228
fluorescence immunoassay after acid dissociation of antibody- and specificity. reagents required.
(ALFIA) antigen complexes.
Electrochemiluminescence Detection is done using Drug tolerant. Wide dynamic Specialized equipment is 229-252 230,231,233,234
Assays electrochemiluminescent labels. range and high sensitivity. required
Surface plasmon resonance Refractive index change near the sensor ~ Real-time detection with Expensive equipment. 235 233,236
(SPR) surface is measured. kinetic data.

Biolayer interferometry (BLI) Optical technique measuring Label-free, real-time detection. ~ Expensive equipment and 231 233

interference pattern changes. lower throughput.

Bridging ELISA The drug is used as a capture and High specificity and Not drug tolerant, requires 21,287 234,238,239

detection reagent. sensitivity. Commonly used. acid dissociation or a drug to
wash out.

Direct ELISA Direct detection of ADAs from the Easy to perform assay. High background due to 240 241,242

sample. ubiquitous protein binding
from samples; Change in the
conformation of ADAs bound
to the plate, leading to
masking, lowering sensitivity
of assay. Intolerant to the
presence of drug.

Indirect ELISA Uses a secondary antibody for detection.  Higher sensitivity than direct Change in the conformation of ~ °* 241

ELISA. ADAs bound to the plate
leading to masking
compromising sensitivity of
assay.

Sandwich ELISA Capture antibody binds ADA, and thena  High sensitivity and Not utilized in detecting ADAs ~ *%7-2%%2%4 -

secondary antibody detects it (likely specificity. Preferred assay for ~ from human samples as

species specific). preclinical research. secondary antibody, usually a
human anti-Fc can detect
other IgGs in the samples

Capillary Electrophoresis Separation is based on their size and High resolution and Relatively new, use in human ~ %%2%° -

charge. sensitivity. samples is not established.

Radioimmunoassays (RIA) ADA detection done using radiolabel. High sensitivity and Create radioactive waste. 247 238,248

specificity. Complicated scaling and
automation.

Immunological multi- Microarray-based platform for Multiplexing capabilities Not well established or - 249

parameter chip technology simultaneous detection of multiple frequently used in ADA
(IMPACT) analytes. detection
label-free immunoassay (LFIA-  Thin film interference patterns are Can monitor drug and ADA Recent technique. Not well - 20
thin-film interferometry measured simultaneously. Label-free and  established in ADA detection.
(TFI) real-time analysis.
Homogeneous mobility shift Mobility of antibody (drug)-ADA No separation steps. High Expensive equipment 21 252,253
assay (HMSA) complexes measured using fluorescent- sensitivity. required.
tagged drug elution on SEC.
Cell-based reporter gene assay  Cells with reporter gene bind drug Used for measuring Complex assay setup withlong - 254,255
(RGA) unbound to ADA. Reduction in signal neutralizing ADA, reflects lead times associated with
intensity indicative of ADA presenceand  biological activity. High establishing cell lines. Cell
quantity. specificity. viability can confound results.
256,257 258,259

LC-MS/MS

Pull down or immunocapture of acid-
dissociated ADA sample, followed by
tryptic digestion for ADA peptide
mapping using LC-MS.

Highly quantitative. High drug
tolerance especially when
immunocapture is utilized
with the LC-MS detection.
Multiple classes of antibodies
can be analyzed in single
assay.

Complex data interpretation.
Requires technical expertise.
Expensive equipment is
required
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non-rodent models, the porcine model also has immune system simi-
larities to the human immune system.'°>?°! While some studies have
shown promise with the prediction of a human immune response in the
case of administering adalimumab and infliximab,?*? this model falls
short on the front of predicting human immune response largely as it
lacks MHC complex haplotypes that play a key role in driving humoral
immunogenicity through antigen presentation.'’*?°> However, recent
advances with the genetically modified Gottingen pig model have shown
promise in terms of evaluating immune responses for clinically
well-tolerated molecules (daratumumab, bevacizumab) and clinically
highly immunogenic molecules (atezolizumab, engineered interleukin
cergutuzumab amunaleukin).?’*

Non-human primate

Non-human primates have been considered a valuable preclinical
tool as they have a genetic homology to humans.'°®?°> The use of
non-human primates for nonclinical safety evaluations for biologics has
been common but is gradually slowing down due to a lack of availability
and acceleration of replace, reduce, and refine (3Rs) by the FDA and
industry due to ethical constraints.?’® With respect to absolute immu-
nogenicity, the antidrug antibody response of NHPs and humans was
comparable only in 59 % of the cases with the type of response being
significantly different.’’” However, for cross-species conserved proteins,
the NHP model still may offer advantages in terms of its predictive value
for relative immunogenicity.'”® One such example of the relative
immunogenicity of methionyl-human growth hormone (hGH),
pituitary-derived hGH, and recombinant natural sequence hGH had
antibody incidences of 81 %, 69 %, and 5-23 %, respectively, which
correlated with relative human immunogenicity.?%%2%

In cases where subcutaneous delivery of antibodies is the primary
route of administration, NHPs can be a useful model with respect to the
similarities between the model with human skin. The model contains
similar immune cell populations of Langerhans cells (LCs), dermal
dendritic cells (DDCs), macrophages, and T cells that are crucial to skin
immunity.?'° The model also has shared immune cell markers with
human skin, e.g.,, CDla, CD11c, and HLA-DR.?'° The antigen recogni-
tion, activation, internalization, and migration of the dendritic cells to
lymph nodes are also conserved across the two species.”'’ However,
some differences in the timing and magnitude of the innate immune
responses were observed with TLR agonists between macaque and
human skin.?!!

While some efforts have been made to develop transgenic marmoset
non-human primates due to their short gestation period and easy
availability, no studies have been conducted to test their feasibility for
models for evaluating the immunogenicity of therapeutic proteins.”'?
Therefore, as per the status quo, the current directions indicate that
while NHPs can be a useful model for both subcutaneous and relative
immunogenicity, ethical and availability concerns result in the infre-
quent utilization of this species.

Human immunogenicity assessment

Anti-drug antibody assessment

The nature of the therapeutic protein determines the study design
considerations of ADA monitoring in the clinic. Low-risk therapeutics
are monitored for ADA in the pre-treatment phase, throughout the
treatment period until the end of treatment, and in the treatment-free
period until the end of the study.?'® High-risk therapeutics, however,
require extended monitoring of ADA beyond the end of the study as per
the FDA.?!* While the FDA does not specifically state the conditions
under which the extended monitoring is stipulated, the European
Immunogenicity Platform (EIP) suggests utilizing tailored testing stra-
tegies beyond the standard approaches.?'> ADA monitoring as per the
standard approach involves the collection of samples in a tiered fashion.
Tier 1 involves a screening assay aimed at minimizing false negatives,
tier 2 is an approach to minimize false positives by utilizing a
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confirmatory assay, and tier 3 is a characterization-based approach to
ascertain the titer of the ADA, the isotype, subclass, and other fea-
tures.?'>?!°> Advanced testing strategies are proposed for high-risk
therapeutics where pharmacokinetics/pharmacodynamics (PK/PD),
safety biomarkers, and neutralizing ADA and ADA cross-reactivity with
endogenous proteins must be evaluated.’’® The perspective is to
consider a patient-centric approach in extending the monitoring of ADAs
for ethical reasons and an appropriate risk-benefit analysis, which can
be done using a criteria-based decision tree. The EIP has also empha-
sized being subjective with the end criteria for monitoring ADA as one
where the ADA may not necessarily return to baseline, but where there is
no compromised safety risk as a result of the often-observable fluctua-
tions in the long-term monitoring of ADAs.”'®

Similar to the study design considerations, the assay format for the
assessment of ADAs may also vary between studies, the type of thera-
peutic protein, and the tier of testing. Ligand binding assays are used in
tier 1 and tier 2 settings, some of which are captured in Table 2, and a
wide variety of assays have been used in the tier 3 setting.”'® Readouts
from each of these assays are crucial in understanding the product
profile with regard to PK, PD, efficacy, and safety; hence, the FDA
guidance to appropriately develop and validate these assays.214 How-
ever, standard cutoffs cannot be assigned for ADAs, nor can comparisons
between two therapeutic protein products or even the same protein
product in two studies be made. This arises from the fact that unique
positive controls are used in these assays of non-human species in origin,
where the response may vary from animal to animal and species to
species.’'® Additionally, different assay formats, sensitivity, specificity,
and any other differentiating critical assay parameters further limit the
ability to compare ADA responses across different molecules and studies.
An appropriately tailored approach to ADA assessment is crucial for
determining the immunogenicity of the molecules in a clinical setting.

Injection site reaction and injection site pain

ISR and ISP can both be viewed as standalone parameters and at the
same time interconnected consequences of one on the other. ISP can be
an inflammation-triggered subset of ISR.*'® However, not all incidences
of ISP are a result of ISR.>'® While the recorded data on the adminis-
tration of protein therapeutics does not show any evidence of ISP
correlating with immunogenicity,?'® the vaccine literature has some
examples of reactogenicity, inclusive of ISP correlating with the
magnitude of the immune response.”’?>%'” Therefore, continued data
collection on ISP can inform us of potential links between ISRs and/or
immunogenicity for protein therapeutic products. However, doing so
might be challenging in the current format, as pain perception is highly
subjective, and the data collected is in variable formats, which can
become challenging to normalize to one another. The three methods
primarily utilized to measure pain intensity are the visual analog scale
(VAS), numeric rating scale (NRS), and verbal rating scale (VRS).216:218
The VAS utilized a 10 cm line where patients could pick a point along the
line indicating their pain level. Mild pain on the VAS is characterized as
a score < 3 cm.!® The NRS is a score is a commonly used scoring system
that ranks pain between 1 to 10. A score of 1 indicates that the patient
has “no pain”, and a score of 10 indicates the highest pain level.>!® VAS
scores can sometimes be converted to NRS scores for normalization
purposes. The third method, the verbal rating scale (VRS), uses verbal
descriptors of the severity of pain, bucketing them in categories such as
“none”, “light”, “moderate”, or “severe”.”'® The NRS method has shown
the highest sensitivity and compliance as a scoring method for pain, and
efforts should be made to standardize this as the measurement of in-
jection site pain.”'® The NRS method is likely high in compliance and
sensitivity, as broad descriptors can be supplemented with specific pa-
tient experiences. Thus, advocacy for standardized ISP measurement can
potentially help with better correlation of ISPs with other indicators of
immunogenicity and improve patient experience of protein therapeutic
products.

Similar to ISP, ISRs are a locally occurring phenomenon. ISRs,
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Table 3
Analytical techniques used to evaluate pCQAs and their recorded use in assessing the immunogenicity of therapeutic proteins.
Type of pCQA Analytical technique(s) Key limitation(s) and challenge(s) Associated immunogenicity assay(s) References
Biophysical characterization tools
Global insoluble aggregation Turbidity Prone to interference from non- In vivo mouse ADA analysis, Human artificial ~ *>°°
and particulate analysis proteinaceous particles and bubbles in the lymph node-based immunogenicity analysis
sample. The technique is nonspecific and
semi-quantitative. Sample preparation
(mixing) can determine the outcome.
58,95-98

Soluble aggregates

Soluble aggregates/submicron
particles
Submicron particles

Submicron particles

Submicron particles

Proteinaceous particulate
analysis/ submicron
particle analysis

Insoluble subvisible
particulates: proteinaceous
and non-proteinaceous
(impurities (overlap with
QC tools)

Insoluble subvisible
particulates: proteinaceous
and non-proteinaceous
(impurities) (overlap with
QC tools)

Insoluble subvisible
particulates: proteinaceous

Insoluble subvisible
particulates: proteinaceous
and non-proteinaceous
(impurities)

Insoluble subvisible
particulates: proteinaceous
and non-proteinaceous
(impurities)

High-fidelity aggregation
analysis

Changes in secondary
structure

Changes in secondary
structure

Size exclusion chromatography
(SEC)

Analytical ultracentrifugation
(AUC)
Nanoparticle tracking analysis
(NTA)

Dynamic light scattering (DLS)

Microfluidic Resistive Pulse
Sensing (MRPS) Spectradyne
nCS1

Resonant Mass Measurements
(Archimedes)

Light obscuration

Fluid imaging microscopy
(FlowCam, Microflow imaging,
Digital particle analyzer (DPA)
4100)

Flow cytometry analysis

Membrane microscopy: Horizon
and Aura

Light microscopy

Raman spectroscopy

Infrared (IR) Spectroscopy

Extrinsic Fluorescence
Spectroscopy

Sample filtration using a 0.22 um filter to
prevent column clogging results in potential
sample loss. This limits the technique to the
analysis of aggregates < 220 nm.

While sample filtration is not required, the
technique is very low throughput in nature.
Relative brightness-based analysis results in
significantly drowning out the ability to
visualize smaller particles in the presence of
larger particles, depending on the abundance
of the larger particles.

Particle shape is always assumed to be
spherical, making the analysis less accurate
for other shapes of irregular aggregates.
Significant sample dilution is required. Bulk
measurement.

Low throughput, and susceptible to sample
preparation sensitivities. May struggle with
accuracy and resolution issues. Also has less
established validation protocols for
widescale adoption.

Low accuracy for low-concentration samples.
Low throughput.

Proteinaceous particles can be translucent
and can be missed by the LO resulting in
severely undercounting particles in
comparison to other subvisible particle
analysis techniques. Cannot distinguish
particle type. Sample dilution can result in
artifactual readings as a result of stress. Low
throughput

Higher sensitivity can result in high
particulate counts in comparison to
compendial methods like LO. Flow cell-based
techniques can result in clogs based on the
nature of the sample. Dilution-dependent
sample preparation artifacts.

Dependence on fluorescent dyes for detecting
aggregation that may have nonspecific
binding to non-proteinaceous particles or
lead to inaccurate proteinaceous particle size
detection.

Membrane saturation for samples with a
large number of particulates. Restricted area
of imaging analyzed by software for the
Horizon. Possible sampling bias due to low
sampling volume. Limited scope for complete
sample analysis.

Relies on the high contrast of particles
compared to the membrane. Sample
preparation procedures can alter particle size
distribution. Tedious manual technique with
difficulty in calibration approaches.

Low throughput: can be dependent on
scanning the field of view one particle at a
time. Membranes used in filtration can have
Raman protein spectrum overlap convoluting
data analysis.

Relatively low resolution in comparison to
techniques like NMR. May have water
interference in signal deconvolution.

Data interpretation can be marred by large
number of particulate in sample. Reliance on
fluorophores that can cause protein structure
impacts. Not a direct measurement for
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In vivo mouse ADA analysis, human IgG
transgenic mice, human artificial lymph
node-based immunogenicity analysis,
clinical immunogenicity rates, in vitro T cell
activation, CD8-+-Depleted PBMC cytokine
release assay, DC activation

Clinical immunogenicity rates

Clinical immunogenicity rates, in vivo mouse
ADA analysis

in vitro T cell activation, CD8+-depleted
PBMC cytokine release assay, DC activation,
in vivo immunogenicity analysis in Balb/C
mice

Proposed use

Human IgG transgenic mice, clinical
immunogenicity rates

In vivo mouse ADA analysis, Human IgG
transgenic mice, human artificial lymph
node-based immunogenicity analysis, in vitro
T cell activation, CD8+-depleted PBMC

cytokine release assay, DC activation, IVICIA
PBMC assay

Clinical immunogenicity rates, in vivo mouse
ADA analysis

in vivo mouse ADA analysis

Proposed use

Clinical immunogenicity rates

Proposed use

In vivo mouse ADA analysis, human artificial
lymph node-based immunogenicity analysis

Human artificial lymph node-based
immunogenicity analysis

59,99

59,98

58,100

101,102

59,97

32,58,95-97,103

32,59,98

98,104,105
106
59,107
108-110

95,96,100

96

(continued on next page)



S. Shadbar et al.

Table 3 (continued)

Journal of Pharmaceutical Sciences 114 (2025) 103870

Type of pCQA Analytical technique(s) Key limitation(s) and challenge(s) Associated immunogenicity assay(s) References
secondary structures, and depends on the
environment of the protein as opposed to CD.
Protein aggregation and Circular dichroism Requires purified sample in appropriate Proposed use 1
secondary structure analysis buffer; buffer exchange may result in sample
stress, causing artifactual readouts.
Protein unfolding analysis Differential Scanning The possibility of non-specific binding with Proposed use 12
Fluorimetry dyes that can be dye concentration
dependent, affecting readout.
Biochemical characterization tools
Charge profiling Cation exchange Possible overlap of isoelectric points that Proposed use 113,114
chromatography (with mass may lead to inadequate resolution of charge
spectroscopy) variants.
Charge profiling Capillary isoelectric focusing Reproducibility issues are marred by small Proposed use 1
(IEF) changes to running conditions. Sensitivity of
the sample to ampholytes can lead to PI
shifts.
Potential oxidation profiling Hydrophobic interaction Reliance on high salt gradients may induce Proposed use He
chromatography (HIC) artifactual aggregation. Unable to resolve
minor effects in oxidation.
Potential oxidation profiling Protein A chromatography Low resolution: Only higher levels of Proposed use 17
oxidation are known to be detectable by this
method.
Post-translational and Nuclear magnetic resonance Complex data interpretation. Low Proposed use 118
chemical modifications, throughput. Expensive instrumentation. A
aggregation analysis large amount of samples is required, which
may be inappropriate for screening stages.
Post-translational and Peptide mapping Complex data analysis. Loss of modifications =~ Human IgG transgenic mice o7
chemical modifications due to sample preparation. Disulfide bind
scrambling.
Quality control tools
Impurities/ QC Endotoxin Sample dilution to prevent excipient-related  Invivo mouse ADA analysis, Human artificial ~ 7%?>°%119
endotoxin masking. lymph node-based immunogenicity analysis,
IVICIA
Impurities/ QC Host cell protein analysis via Requires significant sample enrichment and ~ PBMC IVCIA Assay, T cell proliferation %3

mass spectrometry

can face saturation from the drug substance
due to low abundance of HCP.

assays, Multiplex Cytokine Analysis

commonly observed with subcutaneous delivery of protein therapeutics,
are the local presentation of one or more of the symptoms like erythema,
edema, pain, wheals, and pruritis.m’zzo These reactions can be imme-
diate or delayed and transient or long-lasting. These ISRs are classified
into type «, type B, and recall ISRs.”*??° Type « immunostimulation
reactions are immediate ISRs caused as a result of proinflammatory
cytokines released in response to the injection and are generally not
correlated with immunogenicity.”%?*° Type p reactions on the other
hand have an immunogenicity correlation.”®??° Rapid or immediate
type f is generally linked to IgE release and delayed reactions are linked
to the presence of ADA.” Although a definitive correlation between all
ISRs and the development of ADA cannot be drawn, examples exist
where a higher frequency of ISRs was found in patients with higher
ADA.”° For example, patients with high-affinity ADAs (HADASs) against
alirocumab had a higher frequency of ISRs (15.9 %) compared to pa-
tients who were either transiently HADA-positive (11.6 %) or
HADA-negative (5.9 %).%%! Similar findings were observed with rheu-
matoid arthritis (RA) patients treated with TNF inhibitors (infliximab,
etanercept, adalimumab) where a higher frequency of ISRs was
observed in patients who developed ADAs.??? Therefore, monitoring
ISRs and ADA incidences can help establish if there is an interdepen-
dency between the two responses and inform further steps on the line of
treatment. It is noteworthy to mention that while ISRs can be severe in
some cases, pre-treatment or concomitant treatment with corticoste-
roids, antihistamines, acetaminophen, and in some less severe cases,
cold compresses can offer symptomatic relief.?”! Monitoring such cases
for impact on ADA can provide further insights into the interdependence
of ADA and ISRs.
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Bioassays for assessment of humoral immunogenicity

Various formats for the assessment of ADAs from both preclinical and
clinical samples can be used. A few detailed reviews capture the nuances
of these techniques, and the prevalence of their use to detect ADA can be
the assays that are utilized in testing ADA from preclinical and clinical
samples.

Guidance on immunogenicity assessment
Perspective of the regulatory bodies

Clinical immunogenicity assessment and reporting

Clinical assessment of immunogenicity for biotherapeutics is well
established, both under the guidelines of the United States Food and
Drug Administration (USFDA or FDA) and the European Medicines
Agency (EMA). Both agencies underscore the importance of measuring
immunogenicity and further reporting it under the ‘adverse effects’
section of their respective drug labeling requirements. The FDA guid-
ance titled “Immunogenicity Testing of Therapeutic Protein Products —
Developing and Validating Assays for Anti-Drug Antibody Detection-
Guidance for Industry” details the specifics of ADA testing in the clinic.
While this guidance is not legally binding, the methodology and the
suggestions made as a part of this document are widely followed by the
biopharmaceutical industry.?®° The guidance advocates for a tiered
approach toward immunogenicity testing. The first step to this tiered
approach is a screening assay to detect binding ADAs. The screening
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assay is followed by a competitive confirmatory assay to eliminate false
positives. The final tier involves a neutralization assay to detect g é s NN
neutralizing antidrug antibodies (NAbs) as a marker to assess the impact -
of ADAs on efficacy. The FDA also recommends tittering assays to assess 5
the magnitude of ADA responses. To substantiate the clinical incidences *3
of immunogenicity for a drug product, the FDA document details the 2
steps that should be taken to validate the assay used by investigators. g §
This validation involves, but is not limited to, detecting antibody iso- 24 E) %
types, demonstrating domain specificity, sensitivity, and minimum ‘g gg oSN oSN
required dilution (MRD), among others. g
The assay workflow stated above for the FDA has a vital risk-based §
testing and characterization approach, where “Immunogenicity Assess- g .
ment for Therapeutic Protein Products, 2014" goes into sufficient detail £ _ %
on factors affecting the immunogenicity of therapeutic proteins and G| g %
associated mitigation approaches(13). The EMA guidance follows the _‘5 _g g B
same strategy in terms of the tiered approach to testing for immunoge- 12538 N S SN
nicity and applying a Risk Management Plan (RMP).%°!
Collectively, these guidelines offer a comprehensive framework for g v
immunogenicity in clinical stages. The guidelines serve as a structured T2
roadmap for both new biotherapeutics and novel formulations of 8 % SSSSS NS SSSS SSS OSSN
existing approved biotherapeutics. -
S §
Preclinical immunogenicity risk assessment: use of in vivo studies g §
Immunogenicity risk assessment in the preclinical stages using in vivo El g
assessments is not as well defined as the cl'm'lcal %mmunogem(:lty rlvsk é & NN N NN
assessments by the FDA and EMA. The preclinical risk assessment varies
greatly based on the biotherapeutic and the specific risk being evalu- «
ated. As noted above, while immunogenicity assessments in animal 2 §
models can offer valuable insights, their predictive value for clinical G
immunogenicity  is variable and influenced by multiple GE % SNS NSNS S NSNS SSNN NN
factors.!7%186,198,203 Despite this, evaluating important CQAs, such as
the impact of aggregation, in a relative manner can provide valuable ) -
insights into the alterations to the baseline characteristics of the protein g 2 %;
therapeutics by the CQA and can provide critical insights into immu- ﬁ £ E > >SS >SN
nogenicity against endogenous molecules conserved across species. g
Animal models, therefore, serve as essential tools in the broader S é
context of relative immunogenicity evaluation and immunogenicity risk E g é *E
assessment. Context-based evaluation of ADA responses in these models § £2
is considered important by the International Council for Harmonization 2 e > >N
of Technical Requirements for Pharmaceuticals for Human Use (ICH) S6 g - a
guidance (ICHS6(R1)).2%? Although ICH S6(R1) was developed specif- ; ]
ically to guide the conduct and interpretation of toxicology studies for ﬁ g é S
biotechnology-derived pharmaceuticals, certain principles within the S E §° §a
guidance can offer indirect relevance to broader immunogenicity risk % g S o SS SSS
assessment strategies. The guidance adopts the approach of collecting = g
immunogenicity samples during pharmacokinetic and pharmacody- 5 é & g CNN o
namic evaluations. The guidance indicates that immunogenicity as- S|
sessments should be carried out should there be an impact on PK, where § é S
unexpected changes in exposure are observed, like the reduction in area E Elsgi S
under the curve (AUC), especially in the absence of pharmacodynamic 3 - -
markers. In other cases, such as where immune reactions like anaphy- 1 8 % 9 g >
. . . . @ =] < =] =] 0 =]
laxis or aberrant changes in efficacy are observed, testing of the m g, 2 8 _ @ S £ g
immunogenicity samples is also advised. It is important to note that the E 8 § ‘; g §° - & % 530
impact of ADAs on pharmacokinetic exposure has been found to be more 2 % oz 2 E‘ @ g g % 8 E 23 &
telling and prophetic of future impact on efficacy.”®* = g . g 5 E § T £5f, ‘% g8 g £ 2 E
In this sense, the principles from ICH S6(R1) can be leveraged in the go s 5 E)& ES “f’, f: _i '—: g & “E g | g E 2 j% ig E X
broader ecosystem of immunogenicity assessment in conjunction with ! § 23 £g = E § % g 8 % £ § % < '§ ] “i s 'f'f a
work done by consortia and forums. Together, these can inform the E o £ —E % £ £3 f; Eg ER: é : 2% % e qé EE
immunogenicity risk assessment strategy for biotherapeutic products. Eo E L E" 228 E S EEZ E S SEZ é 28453 §§
9
Perspective of forums and consortia % 5 "
Preclinical immunogenicity risk assessment: use of in vivo studies 9 g T‘g " £l g ﬁ
Various consortia and forums offer guidance on refining preclinical < E g £ g g¢ 2 £
immunogenicity assessment strategies with respect to in vivo studies. % 2 = 5 S 2 & £
The focus of such industry-wide initiatives spans balancing scientific eS| = = =
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rigor, the utility of models, and assay-specific guidance to inform
effective risk assessment approaches. For instance, the Health and
Environmental Sciences Institute (HESI), through its Immuno-Safety
Technical Committee (ITC), has focused on evaluating humanized
mouse models to de-risk immunogenicity. Other groups have focused
efforts on assay development for preclinical ADA evaluations.?** The
European Bioanalysis Forum, drawing on extensive literature and ICH
S6 guidance, recommends a "lean" approach to preclinical immunoge-
nicity testing.”>* As opposed to the clinical immunogenicity testing
guidelines, where three tiers of analysis exist for testing, the forum
recommends only a screening assay-based approach.?”* The screening
assay is applied with stringent cut points (0.1-1 % false positive rate),
thereby eliminating the need for a confirmatory assay.?”* A decision
tree-based approach is proposed for the immunogenicity risk assessment
of an asset by the European Bioanalysis Forum.?>* Various aspects are
built into the process of decision-making, spanning business consider-
ations to the extent of impact on the toxicokinetic and pharmacody-
namic results.”>

Although the regulatory and consortium consensus on the in vivo
preclinical evaluation of immunogenicity remains subjective and less
standardized, in vivo testing continues to provide valuable insights for
the development of biotherapeutics. While these immunogenicity results
are relative and not predictive, recommendation by the above expert
guidelines provides for a streamlined approach and a context-driven in
vivo evaluation of immunogenicity risk.

Preclinical immunogenicity risk assessment: use of cell-based assays

While admittedly the regulatory guidance on the in vivo tools is
sparse, some directionality on when their application is appropriate does
provide a useful foundation for the in vivo preclinical immunogenicity
assessments.'”? This sparse yet basic foundation is notably absent with
cell-based assays for preclinical immunogenicity risk assessment.!”?
While regulatory agencies encourage the use of cell-based assays for
in-depth characterization of protein therapeutic products, the variability
and choice of these assays can result in imprecise and non-standardized
assessments. '’

Consortia, working groups, and platforms play a key role in acting as
a bridge between the regulatory agencies and the drug developer entities
to provide guidance to fill the gap in the in vitro assay space. Organi-
zations such as Anti-Biopharmaceutical Immunization: Prediction and
Analysis of Clinical Relevance to Minimize the Risk (ABIRISK) and the
Non-Clinical Immunogenicity Risk Assessment working group of the EIP
are actively working to identify cell-based assays that could be predic-
tive of clinical immunogenicity and useful for preclinical risk assessment
of biotherapeutics.'?%?0%?¢ These organizations focus on developing
new predictive immunogenicity assays. They also focus on the harmo-
nization and standardization of existing assays. The initiatives advise
against the use of a single assay to determine immunogenicity, as indi-
vidual cell-based assays could provide a partial and myopic view of the
immunogenicity risks when used independently.'°

It is also notable to point out that other consortia have focused on
specific questions associated with immunogenicity. For example, the
Subcutaneous Drug Delivery and Development Consortium, or the
Subcutaneous Consortium, focuses on immunogenicity challenges and
predictions associated with subcutaneous delivery.”®” The International
Consortium for Innovation and Quality in Pharmaceutical Development
(IQ) also has working groups to tackle the immunogenicity concerns of
novel drug modalities using in vitro immunogenicity assays.’°® Through
its collaborative initiatives, the HESI ITC has contributed to the devel-
opment and qualification of a reference antibody panel for cytokine
release assays, along with validation of the assay for industry-wide use
in immunogenicity risk assessment.?®” These efforts represent just a few
examples of the broader body of work conducted by such organizations
to bolster risk assessment through in vitro assay use. Work done by these
consortia can be utilized to create a selection of standardized ap-
proaches, especially in cases where specific parameters like the impact
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of the delivery mode or new modality are being investigated.

Some groundwork laid down by the US FDA in the space of peptide
drug products could be informative in ascertaining standardization pa-
rameters for protein therapeutics. An FDA poster, "In vitro Inmunoge-
nicity Assays for Evaluating Generic Peptide Drug Products," outlines
some assay-related specifics that can serve as a template for this stan-
dardization and harmonization.?’® The poster provides various useful
details such as the number of donors required for various assays and the
parameters that need optimization, such as sensitivity, specificity, cell
viability, the effect of excipients, and the positive standards used in
these assays.”’”"

While more work needs to be done in identifying a set of immuno-
genicity assays and then further standardizing them, the Therapeutic
Product Immunogenicity (TPI) community of the American Association
of Pharmaceutical Scientists (AAPS) has made some progress in this
direction.®® The TPI conducted a limited survey of key industry and
academia members on the in vitro tools utilized to conduct immunoge-
nicity risk assessments.’’ The team has put together data on the fre-
quency of use of assays, the stage in which they are utilized, assay
specifics, and the consensus versus variability in their use across the
industry.®” More such undertakings can lead to standardization and
harmonization of in vitro assays. Such efforts will become crucial in
regulatory agencies adopting in vitro immunogenicity tools as standard
practices for reliable preclinical immunogenicity risk assessments.

Conclusions

The immunogenicity of therapeutic protein is a multifaceted prob-
lem. The understanding and subsequent mitigation of immunogenicity
exists at the interface of characterizing the product performance from an
analytical and translational perspective. The internal complexities of
protein therapeutics and the immune system’s complex interactions
with them necessitate bridging gaps and plugging the shortcomings in
existing translational and analytical methodologies. Additionally,
pushing the envelope to develop new techniques will bring us closer to
our goal of being able to accurately predict clinical immunogenicity. No
single technique can be used analytically or translation-wise, and a
comprehensive approach is the way forward in immunogenicity risk
assessment. Table 4 provides an example of what a comprehensive
strategy might look like to develop therapeutic proteins with a mini-
mized immunogenicity risk profile. Continued efforts in advancing
standardization and stage-appropriate use of the methodologies for
pCQAs are likely to pave the road toward developing safer protein
therapeutics and new and upcoming modalities. Ultimately, a compre-
hensive characterization approach, along with input from regulatory
bodies, can ensure a potentially appended product approval timeline
and successful clinical outcomes for patients.
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