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Abstract

Purpose Biotherapeutics are a large and rapidly growing class of drugs being produced by pharmaceutical companies to treat a
diverse range of clinical indications. The overall efficacy and safety of these products can be greatly impacted by their capacity to
induce undesired immune responses. This review discusses in vitro cell-based methods used to assess the T cell mediated
immunogenicity risk of proteinaceous therapeutic modalities and manufacturing impurities.

Methods Here, we outline the potential sources and factors that influence immunogenicity. We present patient and product
considerations that should be made in designing appropriate in vitro experiments that evaluate T cell epitopes capable of
triggering treatment and outcome impacting anti-drug antibody responses and other adverse events.

Results We present the current in vitro assays used to assess T cell activation towards biotherapeutics and the product impurities.
Lastly, we outline the caveats, concerns, and challenges that remain with these cell-based assays.

Conclusions Data generated from these in vitro antigenicity/immunogenicity assays may be used to derive immunogenicity risk
assessments for programs and production processes and provides an opportunity for early selection of candidates or manufactur-
ing impurities with lower likelihood of generating or exacerbating clinical immunogenicity.

Keywords Immunogenicity - Antigenicity - Tcell - Prediction - Insilico - Invitro - Manufacturing impurities - Antidrug antibodies

Introduction

Protein therapeutics including monoclonal antibodies (mAb),
bi- and multi-specific drugs, and enzyme replacement thera-
pies are a rapidly growing class of pharmacological treat-
ments. There is also a booming number of Antibody-Drug
Conjugate (ADCs) oncology therapeutics for site-specific
drug treatment-each containing a major mAb protein compo-
nent [1]. Between 2014 and mid-2018, 129 distinct
biopharmaceuticals entered the market [2]. The number of
product approvals nearly doubled compared to the four years
prior, and over half of these first time approvals were mAb
products [2]. With the increasing number of these marketed
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protein therapeutics, delivering the safest and most effective
form of these products to patients is essential.

When mAbs or other biotherapeutics are administered to
patients, immune responses directed towards those treatments
often occur. This negatively affects product safety and effica-
cy and can lead to a host of harmful side effects [3—5]. This
immunogenicity most commonly takes the form of anti-drug
antibodies (ADAs) that develop in large subsets of patients
receiving biotherapeutic treatment over time. ADAs can great-
ly reduce the clinical efficacy of the therapeutic by neutraliz-
ing the product, altering the pharmacokinetics, or potentially
result in severe allergic reactions [6—9]. Clinical development
of biotherapeutics can be discontinued due in part to these
kinds of adverse immunogenic responses [10, 11]. However,
itis also possible for ADA responses to result in non-clinically
relevant outcomes [8, 9, 12, 13].

Due to their potential to greatly affect the outcome of pa-
tient treatment, much of the guidance set forth by health au-
thorities such as the European Medicines Agency (EMA) and
the United States Food and Drug Administration (USFDA)
focus on a risk based assessment for ADAs [3, 7, 8, 14].
Currently, regulatory agencies do not require risk assessment
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for T cell responses during clinical studies. Instead, the guid-
ance focuses primarily on identification, measurement, and
characterization of ADAs [7]. However, regulators are in-
creasingly recommending that drug manufacturers evaluate
T cell immune responses as a precursor for potential ADA
during early drug development, especially during candidate
design and selection [3, 8]. If risk assessment is employed
during this stage, immunogenic sequences found within drug
candidates can be identified, helping direct which candidate
should be chosen to continue through to pre-clinical trials as
illustrated by the flow chart in Fig. 1. This makes early risk
assessment more time and cost effective than assessment at
later stages where resources have already been spent on a
candidate that might not prove viable.

Mechanisms of Inmunogenicity

T cell responses are very important to consider in drug design
and selection because T cell dependent responses are major
drivers for sustained immune memory formation targeting

Fig. 1 Flowchart for using
predictive antigenicity/
immunogenicity assessment tools
to design better biotherapeutics.
Candidates with low predicted
immunogenicity are more desir-
able for further development.
Candidates with higher predicted
immunogenicity can be modified
to lower their immunogenicity
risk and be reassessed prior to
further development. AA =
Amino Acid

Low Immunogenicity predicted

More desirable

Biotherapeutic candidate ready to

proceed into to further development

protein therapeutics in the clinic [15—18]. This is because high
affinity antibody development is dependent on the communi-
cation between antigen presenting cells (APCs) and CD4* T
cells.

In the context of protein biotherapeutic treatment,
APCs such as dendritic cells or antigen specific B cells
begin processing the drug first by endocytosis (Fig. 2).
The APCs then break the protein down into peptide frag-
ments using internal protein degradation machinery. The
populations of peptides that are generated are dependent
on the positions of enzymatic cleavage cites within the
protein as well as the capacity of a given human leukocyte
antigen (HLA) allele to bind the peptide fragment [19].
After they are loaded on to HLAsS, these peptides are then
presented to circulating T cells [19].

If a helper T cell recognizes this peptide-HLA complex
using its T cell receptor, it becomes activated and provides
the necessary signals and cytokines for B cells specific to
the biotherapeutic to undergo affinity maturation, proliferate,
and differentiate into antibody-secreting plasma cells and

Starting sequence of

the biotherapeutic
under development

Antigenicity/immunogenicity risk assessment using in silico tools

More Immunogenicity predicted

Less Desirable

Selection of new candidate sequences
or modification of sequences based
on immunogenicity risk predicted

Confirm reduction of antigenicity
potential / immunogenicity risk using
in silico algorithm and in vitro assays

Low / reduced immunogenicity
potential

Biotherapeutic candidate ready to

proceed into further development
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Fig. 2 Schematic outlining the
events that occur during in vitro T
cell assays and the readouts
commonly used to assess T cell
activation to protein therapeutics.
Whole PBMC:s or purified APCs
such as monocyte derived
dendritic cells are pulsed with
protein therapeutic or synthesized
peptides. The APCs endocytose
and process the proteins or
synthesized peptides and load
peptide fragments onto HLA
molecules which are then
presented to purified T cells or T
cells present within whole
PBMC:s. After a period of co-
culture, T cell activation can be
assessed through multiple
methods including ELISPOT,
immunoassays for secreted
cytokines, and T cell proliferation
via flow cytometry or [*H]-
Thymidine incorporation.
Multiple readout methods can be
used in conjunction with one
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memory B cells. These interactions can lead to long term
ADA. Efforts to disrupt T cell-B cell interactions concurrently
with treatment of a biotherapeutic may provide a means to
reduce incidences of ADA, but this is not without potential
risks and regulatory hurdles to overcome on its own [20].

Properties relating to both the patient receiving treatment
and of the product itself can contribute to the immunogenicity
of therapeutic proteins. The aspects that comprise both of
these properties must be considered when designing preemp-
tive in silico and in vitro experiments to derive immunogenic-
ity risk assessments.

@ Springer

Contributors to Immunogenicity: Patient Factors

Patient risk factors can be the most difficult property to control
when developing biotherapeutics because they cannot be eas-
ily manipulated. The immune system is likely to respond dif-
ferently to a provided therapeutic in older vs. younger patients
due to differences in immunological experience and overall
immune system efficacy. [21, 22]. The HLA alleles of the
patient can also influence rates of immunogenicity towards
specific biotherapeutics [15, 23, 24]. For example, treating
multiple sclerosis patients of some specific HLA haplotypes
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was associated with increased immunogenicity towards the
administered IFN-{3 [15].

Patients that require enzyme replacement therapy or gene
therapy products typically express a truncated, non-functional
form of a protein or no protein at all. When the patient receives
treatment, the full length, functional protein might be detected
as a foreign protein by the immune system [25, 26]. For exam-
ple, patients with Pompe disease that still express a portion of
lysosomal acid o-glucosidase (GAA) respond better to treat-
ment compared to patients with no GAA expression [23, 27].
This is primarily because GAA™ patients mount an immune
response to the replacement protein [23, 27]. Similarly, break-
ing the natural tolerance of endogenous proteins could occur
after adding an excess of recombinant biotherapeutics and can
cause major long-term consequences [28].

Finally, the disease state of patients also plays a role in the
development of an immune response to protein therapeutics.
The same biotherapeutic used for the treatment of different
conditions or disease indications might result in different rates
of ADA formation [29-31]. Patients with autoimmune or in-
flammatory diseases can have a higher propensity to develop
ADA responses as opposed to a patient being treated for an
oncology indication and these patients may exhibit ADA re-
sponses that could be different from those obtained in healthy
volunteers [9, 30]. One possible driving factor behind this
observation is that the inflammatory state of a patient may
change the manner by which APCs acquire, process, and pres-
ent peptides on their HLA molecules [19, 32]. If this is the
case, biotherapeutics that would normally not elicit an im-
mune response would now be capable of triggering an im-
mune reaction due to the appearance of new epitopes.
Another possibility is that T regulatory cell mediated suppres-
sion and other tolerance mechanisms are so disrupted in auto-
immune states that normally non-immunogenic epitopes
found in biotherapeutics can trigger an immunogenic response
[33, 34].

On the opposite end of the spectrum, immunosuppressed
patients may have a stymied immunogenic response com-
pared to healthy volunteers with a fully functioning immune
system [35, 36]. To this end, the immunomodulatory medica-
tion being used by a patient, the current disease state, and the
mechanism of action of the therapeutic are all capable of en-
hancing or suppressing ADA formation [37, 38]. However,
analysis of reports that used mAbs to treat cancer reveals con-
tradictory information on the way each of these characteristics
influence ADA formation, indicating these factors may have
variable contribution to the overall ADA response outcome

[6].
Contributors to Immunogenicity: Product Factors

Unlike patient factors, product risk factors can be easily ma-
nipulated to mitigate immunogenicity potential using a

multitude of strategies [39]. The primary amino acid sequence
of the biologic is a major influence on its immunogenicity.
APCs present linear peptides derived from the biologic mole-
cule that can initiate a T cell response if it is recognized as
foreign within the patients’ immunological response path-
ways. In the case of mAbs, even products that are otherwise
fully human or are primarily humanized potentially contain
foreign amino acid sequences located inside the antibody’s
hypervariable regions. Post translational modifications such
as glycosylation and modified amino acids as well as other
indirect factors including concentration of the dose, frequency
of dose, presence of protein aggregates or manufacturing im-
purities, and the route of administration can result in detect-
able differences in clinical immunogenicity [40—46].

Many protein therapeutics have immunomodulatory mech-
anisms of action which can directly influence their immuno-
genic potential. Of particular interest, biotherapeutics that en-
hance immune responses such as the immune checkpoint in-
hibitors anti-CTLA4 and anti-PD-1 might increase immuno-
genic responses [31]. Similarly, bi-specific antibodies that
have a T cell engaging component or ADCs that carry an
immunostimulatory payload might also result in enhanced
immunogenicity [31, 47].

In contrast, biotherapeutics that directly engage immune
cells in order to deplete or suppress normal immune system
function might decrease frequency of immunogenicity. This is
exemplified by low occurrence of ADAs in patients treated
with B cell depleting anti-CD20 or anti-CD19 mAbs [31].
However, not all biotherapeutics with anti-inflammatory char-
acteristics are less prone to generating immune responses. The
anti-IL-21R mAb, ATR-107, is intended to suppress lymphoid
cell proliferation and B cell differentiation. Despite this,
ADAs occur in 76% of tested healthy donors-in part due to
an unintended enhancement of dendritic cell activation and
antigen presentation [48, 49].

Contributors to Immunogenicity: Host Cell Proteins
and Other Critical Quality Attributes

When biotherapeutic products are produced and purified,
host-cell proteins (HCPs) are inevitably co-purified, and can
often be detected in small quantities in drug substance/product
analyzed by ELISA and mass spectrometry [50, 51]. While a
great deal of time and effort are involved in eliminating these
from the final deliverable during process development, HCPs
that remain are a potential risk factor for immunogenicity of a
biotherapeutic when it is administered to patients [52]. For
example, during clinical development of a recombinant form
of human growth hormone, Somatotropin, ADAs formed in
approximately 60% of patients. Reducing HCP impurities in
Somatotropin preparations from approximately 1400 ppm to
less than 50 ppm brought the observed rate of ADA to less
than 3% [53, 54].

@ Springer
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However, not all HCPs have the same potential to be
immunogenic, and overall abundance of the HCP appears
to play a role. One report has determined a threshold of
<4000 ppm total HCP content in the final drug product of
mAbs as a limit before HCP immunogenicity becomes a
concern [55]. Additionally, there is an growing trend in
the use of mammalian expression systems such as Chinese
Hamster Ovary (CHO) cells over Escherichia coli or
Saccharomyces cerevisiae based systems for product
manufacturing since 2014 [2]. This unsurprisingly corre-
lates with an increase in the number of mAbs in develop-
ment and the overall importance of post translational
modifications such as glycosylation for protein stability
[2]. Because of this, many observed HCPs share high
sequence homology with naturally occurring human pro-
teins and are less likely to be immunogenic as compared
to microbial impurities. However, data proving that indi-
vidual, non-human HCPs with high in silico predicted risk
are actually more immunogenic in vitro and in vivo re-
mains to be obtained. Until this is established,
manufacturing process development workflows are re-
quired to keep the levels of HCPs below detection or as
low as possible.

Along with HCPs, protein aggregates are of major concern
in biotherapeutics [44, 45]. For example, immunogenicity dif-
ferences observed between different formulations of thIFN-f3
products can be attributed to the presence or absence of ag-
gregates [43]. These kinds of aggregates can form for a mul-
titude of reasons including naturally over time during storage,
or upon contact with silicone oils or metals found in the sy-
ringes used to deliver the biotherapeutic products and formu-
lations [45]. A major consequence of protein aggregates is
their capability of triggering innate immune responses which
enhance the formation of adaptive responses [56—58].
However, the exact factors that influence the immune re-
sponses towards aggregates are still being investigated.

Similarly, other critical quality attributes such as residual
host DNA, RNA, endotoxins, and inorganic compounds
might still be present in drug substance after purification.
Similar to the consequence of protein aggregates, these com-
pounds can contribute to a breakdown of tolerance to a
biotherapeutic by initiating innate immune responses through
engagement of pattern recognition receptors such as toll like
receptors [59—61]. In vitro cell-based assays used to asses
these types of product impurities are beyond the scope of this
review, but additional information can be found in recent pub-
lications [59-61].

Pre-emptive risk assessment on HCPs, protein aggre-
gates, and other critical quality attributes that arise during
manufacturing of one product can be beneficial for the
future production of similar compounds [60]. This is es-
pecially true when biotherapeutics such as mAbs with the
same IgG isotype are manufactured and purified via

@ Springer

similar methods. Determining if an HCP that regularly
appears in these processes is immunogenic could help
established methods to completely remove these from cur-
rent and future products.

In Silico Prediction of T Cell Epitopes

Immunogenicity risk assessment typically begins early in
product development and remains relevant through each stage
of the drug development process. The first assessment usually
performed is T cell epitope prediction using in silico models
that search for peptides sequences within the protein likely to
bind to HLA molecules with high affinity.

Generally, proteins with a large number of high affinity
HLA binding epitopes receive a comparatively higher ranking
score and would thus be considered higher risk. T cell epitopes
are the focus for these assessments because using in silico
tools to predict a B cell epitope is complicated by B cells’
capacity to recognize structural folds of a protein in addition
to specific amino acid sequences that make up the protein [62,
63]. Predicting T cell epitopes is comparatively easier due to
the linear nature of processed peptides that are presented in the
context of an MHC molecule. Additionally, these tools and
others can be trained and tested using the large source of
publically available data that can be found on the Immune
Epitope Database (IEDB) online [64].

There are a multitude of HLA I peptide binding prediction
algorithms such as the proprietary EpiMatrix [65, 66] or the
publically available IEDB consensus approaches [64, 67].
Data from the clinical trials of prior approved drugs can be
used in conjunction with results from these in silico analyses
to create a scale of relative immunogenicity risk. However,
these in silico tools are widely considered to be over-
predictive because they often return false-positive epitopes
due to the fact that these algorithms only consider a small
fraction of the factors that influence an immune response
[65, 68]. Despite this, these tools have been used by vaccine
developers for some time, and are increasingly being used by
pharmaceutical companies for early risk assessment during
drug design and low immunogenicity risk candidate selection.

One additional factor to consider with in silico prediction
tools is that DP and DQ HLA-II alleles are typically omitted
during the analysis. This may be because the peptide binding
motifs are less well defined compared to HLA-DR alleles, but
binding affinity prediction algorithms are improving [64, 68].
The omission of DQ and DP alleles in the EpiMatrix T cell
epitope prediction algorithm is due to the observation that
there was no correlation between the presence of DQ or DP
and the resulting immunogenicity in a portion of mAbs eval-
uated in clinical trials [69]. Regardless, these omissions might
still leave potential gaps in the predicted immunogenic poten-
tial of a therapeutic.
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In Vitro Binding Assays

One way to bypass pitfalls of in silico prediction is to use
MHC-associated Peptide Proteomics (MAPPs) assays [70].
MAPPs utilizes mass spectrometry to provided unambiguous
and definitive identification of peptide epitopes that are eluted
from HLA molecules [71]. For example, peptides determined
by MAPPS assays were used to stimulate peripheral blood
mononuclear cells (PBMCs) from donors that have ADA to-
wards Rituximab and Infliximab and were sufficient to show
T cell memory responses [16]. Similar experiments performed
on the low immunogenic mAb, Secukinumab, showed a
dearth of immunogenic T cell epitopes [72]. This technique
was also used to identify neoepitopes in bioengineered recom-
binant factor VIla and recombinant factor VIII while also
testing the predictive performance of the NetMHClIIpan in
silico tool [11, 73].

However, MAPPs assays do have some drawbacks and
technical limitations depending on the approach taken [74].
Some methods can be time and resource intensive. Multiple
HLA alleles must also be accounted for in order to learn the
breadth of presented peptides. The peptides identified by
MAPPS assays depend on the signal to noise threshold used
to determine positive binding, leading to the possibility of
over-predicting positive responses or not detecting low abun-
dance peptides. In many cases, MAPPs may actually under-
represent the number of peptides bound by MHC 1I [70].
Additionally, the epitopes determined by these assays still
need to be tested in vitro to determine if they have the potential
to activate T cells.

It is also possible to perform epitope mapping by measur-
ing T cell activation in response to synthesized, pools of over-
lapping peptide fragments that span the entire protein of inter-
est [15, 16, 75-78]. However, using this method alone can be
much more time consuming for large proteins and the predict-
ed HLA-peptide binders predicted in this method face the
similar requirement for different combinations of peptide-
HLA 1I alleles as those determined by MAPPs assays.
Ultimately, the data gained from in vitro binding assays can
also be used to improve the accuracy of in silico prediction
algorithms [79].

Epitopes that bind more strongly to HLA molecules may
be more likely to elicit a T cell response [16, 72, 80—82]. There
is also growing evidence that the overall stability of peptide
binding, a component not always considered in most current
in silico prediction algorithms, plays a major role in determin-
ing the antigenicity of a peptide and could improve predictive
methods [83]. Despite this, there is also plenty of evidence
demonstrating that not every peptide that binds strongly to
HLA molecules is equally likely to lead to T cell activation
[16, 80, 84, 85].

For a peptide to be immunogenic, there must be a corre-
sponding naive or memory effector T cell that recognizes it.

The presented peptide could resemble a self or commensal
peptide which developing T cells are either eliminated or
tolerized towards by central or peripheral tolerance mecha-
nisms respectively [86]. Hence it is advisable that in silico
models and MAPPs assays be used in conjunction with other
methods such as additional in vitro cell-based assays for im-
munogenicity prediction or in vivo animal models where ap-
propriate [87, 88]. Some groups are developing in silico tools
to try and predict the immunogenicity of a peptide based on
the energetic potential between the amino acid sequence of a
peptide and the amino acids on the CDR3f3 loops T cell re-
ceptor [89]. However, correlation between the output of these
methods in terms of predicted immunogenic sequences and
observed incidence of clinical immunogenicity is pending ad-
ditional validation.

Immunogenic epitopes identified by in silico or in vitro
binding assays and then subsequently confirmed using
in vitro cell-based assays can be modified by mutating amino
acids before the biotherapeutic moves to large scale produc-
tion as long as the changes do not alter the product’s intended
activity [18, 80]. This approach was utilized in the case re-
combinant human erythropoietin [80]. Modifying the erythro-
poietin protein reduced the binding affinity of
immunodominant epitopes without altering functionality and
resulted in reduced immunogenicity [80]. The immunotoxin,
o-sarcin, was also successfully deimmunized after using an
in vitro binding assay to determine T cell epitopes [78].

In Vitro Cell-Based Assays for Risk Assessment

In vitro cell-based assays are increasingly being used to assess
the immunogenicity of biotherapeutics. Several iterations of
these methods have been implemented across various types of
biotherapeutic development workflows to identify risk and
design candidates with lower clinical immunogenicity liabili-
ty, Fig. 2. The PBMC and DC:T cell assays detailed below
may be developed in house to tailor to the biotherapeutic in
question or outsourced to contract research organizations
(CROs) such as Prolmmune Ltd. (Reveal®), VaxDesign
(MIMIC®), Abzena (EpiScreen™), Lonza (EpiBase™),
ImmuneXperts, and EpiVax Inc. [90]. Tables 1 and 2 contain
a non-exhaustive selection of the cell-based assays that were
performed to characterize the immunogenicity of different
biotherapeutics in the past few years. Table 1 details reports
that focus primarily on assessing the biotherapeutic or synthe-
sized peptides within the biotherapeutic. Table 2 details re-
ports that delve into the biotherapeutics’ formulation, protein
aggregates, and any HCPs that co-purify along with the
biotherapeutic.

While these in vitro methods perform well for comparing
relative immunogenicity between similar biotherapeutics,
they are limited in their capacity to fully predict the clinical
incidence of immunogenicity. Contributing to this limitation is
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the potential differences in the overall distribution and tissue
localization of a tested biological in vivo as well as the pres-
ence of other cell and tissue types at relevant biological ratios.
Nonetheless, there are studies where in vitro observations cor-
respond to observed clinical immunogenicity, but more stud-
ies are needed to better understand the correlation between
in vitro and clinical observations [49, 72, 91-93].

In general, assays with fresh or frozen whole PBMCs are
comparatively high throughput and can assess a variety of
HLA types whereas specialized assays such as monocyte de-
rived dendritic cell (moDC)-T cell co-cultures enhance the
likelihood of antigen presentation interactions without con-
founding factors in whole blood. These moDC-T cell assays
can also more easily assess therapeutics with T cell activating
or engaging characteristics. Currently, moDC-T cell assays are
utilized more frequently for evaluating both biotherapeutics
and CQAs as indicated in Tables 1 and 2.

Despite a steady stream of information coming in from
publications from industry, academia, and consortium
based efforts to rank these methods, there is no current
consensus on the most sensitive or preferred method.
Often times, the preference of one assay over the other
is determined by the type of molecule, stage of program
under development, and overall risk predicted by in silico
assessments or MAPPs for the molecule. However, head
to head comparisons between the power of assays is still
pending and investigators are encouraged to weigh the
advantages and limitations of each assay type before
selecting one for their risk assessments.

Considerations Prior to Performing In Vitro
Immunogenicity Analysis

When designing an in vitro assay to assess immunogenicity
risk, it is important to consider the patient population that will
receive the therapeutic. The vast diversity of HLA alleles
makes it difficult to perfectly predict the immunogenicity of
a therapeutic with respect to the worldwide human population
because individuals’ APCs can present different peptides on
their HLA class I and II molecules [94-96]. Hence, most
in vitro risk assessments should try to utilize a population of
donors with diverse HLA alleles while keeping in mind the
frequencies with which those alleles appear in the target pop-
ulation. It is recommended that the analysis include at risk
HLA alleles-especially if they are correlated with disease in-
dication and treatment outcome.

Some autoimmune and inflammatory diseases such as
Type I Diabetes, Celiac Disease, Multiple Sclerosis, and
Rheumatoid Arthritis are associated with enhanced or protec-
tive properties associated with specific HLA alleles [97-99].
If a biotherapeutic is intended for the treatment of these dis-
eases, it would be preferable to skew the source of cells used
for in vitro experiments towards donors that express relevant

disease related alleles. Similarly, in silico algorithms or
MAPPs assays can also be narrowed to focus on disease spe-
cific alleles to reduce the number of peptides requiring in vitro
testing.

Most studies typically use healthy donors as their cell
source for in vitro assays. Obtaining large amounts of cells
from healthy donors is more reliable, easier, and cheaper than
obtaining cells from donors with different disease states. Cells
from healthy donors are considered antigen inexperienced be-
cause they have not received biotherapeutic treatments that
could potentially have established pre-existing populations
of therapeutic-specific memory T and B cells. However, the
results collected from experiments using healthy donors come
with a caveat because immune responses from healthy donors
might not accurately predict the risk of immunogenicity to-
wards a biotherapeutic because of the lack of influence from a
disease state.

Because of this, immunogenicity risk assessment should
ideally also include cells isolated from donors experiencing
a relevant disease state. However, this is not without its own
disadvantages. The availability of donors with relevant dis-
ease states as well as the overall viability of the cells reduces
the feasibility of including samples from sick patients.
Additionally, the current medication patients receive to treat
their disease might complicate analysis and interpretation of
data generated using their cells by interfering with the readout
of the experiment [55].

Cell-Based Methods Used for Pre-Emptive
Immunogenicity Profiling/Prediction

Fresh Whole Blood

Long term experiments using fresh, whole blood from donors
for immunogenicity risk assessment are not commonly pre-
ferred. This is because extended culturing of fresh, whole
blood is problematic in assessing naive donors because high
background and increased cell death after 48 h. Despite this,
whole blood is the most high throughput in vitro cell-based
method and is very easy to execute, requiring no additional
cell isolation after blood collection. It is also easy to include a
wide range of HLA types or bias the collection of blood to
HLA types relevant to a specific disease or patient population.

Re-stimulation of whole blood to measure the T cell recall
responses of antigen experienced donors has been used to
confirm immunogenic epitopes identified by in silico methods
or known antigens derived from pathogens with varying levels
of efficacy [100, 101]. These methods were primarily devel-
oped for identifying potential options for vaccine components
but also could be applied for understanding immunogenicity
generated by biotherapeutics.
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Single and Multiple Challenge PBMC Assays

PBMCs isolated from whole blood are the typical go-to
source for most current in vitro cell-based assays for im-
munogenicity prediction [93, 102]. The PBMCs used in
experiments can be freshly isolated from a donor or
thawed from a cryopreserved stock. One of the benefits
of building a bank of cryopreserved cells is the ability to
consistently return to the same donor for autologous cells
depending on the type of experiment being performed.
This provides the capability to select specific HLA types
depending on the needs of the experiment and therapeutic
being evaluated. However, establishing a large bank of
donors can be expensive and requires a lot of preparation
and space. Donor PBMCs also need to be tested using
positive and negative stimulatory controls to show they
display consistent immune responses. Control PBMCs
from donors that display these consistent responses also
need to be maintained so that they can serve as reference
points for assay performance.

Due to the comparatively lower cost and the ease of
execution, the most commonly performed in vitro cell-
based assay is directly stimulating isolated donor whole
PBMCs, or CD8" T cell depleted PBMCs with whole
biotherapeutic and measuring the response of activated T
cells (See Assay column, Tables 1 and 2). Whole PBMC
stimulation requires less hands on work, but has the dis-
advantage of not being able to easily control the ratio of
antigen presenting cells to T cells—a property that can vary
from donor to donor [22, 93].

Host cell protein contaminants, protein aggregates,
synthesized peptide fragments, and whole biotherapeutic
can simply be added to these kinds of PBMC cultures at
the desired concentration. APCs within the whole PBMCs
will process and present immunogenic antigens to T cells.
Multiple rounds of stimulation can be performed by re-
placing cell supernatants with fresh media spiked with the
desired stimulant during extended culturing in order to
expand populations of antigen specific T cells for further
characterization [11, 80, 93]. Multiple challenges during
long culture conditions provide more time and opportuni-
ties for naive T cells to expand. However, multiple chal-
lenges require more time, maintenance, and the addition
of cytokines such as IL-2 and IL-7 to sustain the T cells in
culture [93].

A novel PBMC cell-based assay was recently devel-
oped that enriches the number of CD4+ T cells prior to
co-culture with irradiated syngeneic PBMCs in an effort
to increase throughput and sensitivity [90]. This method
showed higher sensitivity compared to CD8* T cell de-
pleted PBMCs and was able to demonstrate high in vitro
immunogenicity towards biotherapeutics that are reported
to have high clinical immunogenicity [90].

@ Springer

moDC-T Cell Co-Culture

Another commonly performed cell-based assay is co-
culturing moDCs and autologous CD4" T cells (See Assay
column, Tables 1 and 2). This moDC-T cell co-culture meth-
od pares the system down to the basic initiating components of
cell mediated immunity: CD4* T cells interacting with an
APC with the added benefit that cell ratios can be actively
controlled by the investigator. Controlling cell ratios allows
the system to be more sensitive as the total number of potential
responder cells is much greater than the whole PBMC milieu.
However, co-culturing is a more time consuming method that
requires isolation and differentiation of monocytes into den-
dritic cells followed by an antigen loading/pulsing step.

The way cells are isolated from PBMCs for co-cultures
vary from study to study. Some opt to take plastic adherent
cells from plated PBMCs to differentiate into DCs, while
others use magnetic bead separation to isolate specific popu-
lations of monocytes from PBMCs. The monocytes are then
cultured for up to 5 days in media containing IL-4 and GM-
CSF. These cytokines can be added individually into the de-
sired cell culture media, or differentiation media created spe-
cifically for immature moDC generation can be readily pur-
chased and used. Maturation of moDCs is then performed
through adding exogenous factors such as TNFx or LPS
[46] concurrently with addition of the desired biotherapeutic,
peptide fragments, or aggregates. The moDCs are incubated
for 1-2 days to allow for maturation, antigen processing, and
antigen presentation. The matured, pulsed DCs are then typi-
cally combined in a co-culture with autologous, purified CD4*
T cells, generally at a 1:10 ratio of moDC:T Cells. However,
this ratio is not always followed as can be seen in the # Cells
column of Tables 1 and 2.

Multiple rounds of stimulation can be performed for long
term moDC-T cell cultures in order to expand antigen specific
T cell populations [16, 103—105]. However, this can be re-
source intensive compared to whole PBMC restimulation be-
cause it requires differentiation, maturation and pulsing of
moDCs prior to each restimulation. This also requires
returning to dedicated large stock of autologous PBMCs so
that cells from the same donor are always used in co-culture.

An advanced variation of the moDC-T cell system is the
Modular Immune In vitro Construct (MIMIC®) model which
is capable of reproducibly generating antigen-specific innate
and adaptive immune responses against vaccine targets and
monoclonal antibodies and is sensitive to donor
immunophysiology [106—108]. This system adds additional
complexity through recreating the order of events that would
occur in vivo by supplying dendritic cells, T cells and then B
cells sequentially in order to simulate an adaptive immune
response [106]. Because of this, assessment of both T cell
and B cell responses through flow cytometry and antibody
forensics is possible [108].
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Assay Readouts

Typically, the total duration of co-culture systems depends on
the readout chosen for the experiment, but even then there is
variability between the methods performed by different stud-
ies (Tables 1 and 2, co-culture duration column). There is an
ample selection of readouts for T cell activation that can be
used for each of these assays, and groups often opt to use more
than one (Fig. 2). ELISPOT assays are commonly used to
quantitatively determine the frequency of antigen specific,
IFN-y or IL-2 secreting T cells responding to biotherapeutics
(Tables 1 and 2, readout column).

Some studies opt to directly measure T cell proliferation by
one of two well-established methods: through flow cytometry
by measuring dilution of fluorescent dyes such as CFSE used
to label cells [48, 109], or through the incorporation of
radiolabeled thymidine pulsed into the cell culture. Most re-
ported immunogenicity assessment studies measure prolifera-
tion by thymidine incorporation (See Readout Column,
Tables 1 and 2), but flow cytometry can provide additional
information because it is possible to characterize and differen-
tiate between T effector subsets based on the surface marker
expression with the proper staining panels [93]. This charac-
terization increases the accuracy of the risk assessment be-
cause it can be used to identify T regulatory cells which are
capable of suppressing immune responses [110].

ELISA and Multiplex fluorescence based analysis of cell
supernatants for qualitative assessment of T cell activation
related cytokines can also be performed simultaneously along
with the measurement of T cell proliferation. Typically, super-
natant is harvested and stored until the desired method of
analysis is performed. Some studies opt to run ELISAs on
the supernatants to analyze only a few cytokines of interest
such as IL-2, ILI-4 or IFN-y. However, multiplex cytokine
assay methods now allow for the screening of many different
cytokines concurrently. For the purposes of immunogenicity
risk assessment, the levels of pro-inflammatory innate and T
cell activation related cytokines such IL-1f3, IL-2, IL-4, IL-5,
IL-6, IL-8, IL-10, IL-13, IL-17, IFN-y, and TNF-« can all be
assessed at the same time with commercially available single
or multiplexed cytokine detection kits.

Emerging 3D In Vitro Cell-Based Assays

While stimulation of PBMCs or moDC-T cell assays are most
commonly used, different in vitro organ-on-chip methods are
being utilized to better mimic the interface between innate and
adaptive immunity that occurs in vivo [111, 112]. Groell et al.
provide an in-depth look at many 3D in vitro assays that could
be adapted for immunogenicity prediction [113]. However,
pending further validation of the prediction outcomes from
these models systems, at this time, 3D artificial lymph nodes

are one of the most promising models for immunogenicity risk
assessment.

One such assay utilizes a bioreactor seeded with 3D human
artificial lymph nodes made out of a RGD-dextran hydrogel
matrix [109]. Using this system, the cytokine profile of the
culture was monitored over many time points to track cell
activation upon stimulation with mAb aggregates [109].
Another artificial 3D lymph node system using a microfluidic
chip may have the potential to simulate mature DC migration
and T cell activation, but has not been adapted to determine
immunogenicity of biotherapeutics after extended co-
culturing [114]. Due to their complexity, these types of assays
have not been taken up for risk assessments. This is also due in
part because it remains unclear if these methods will serve as
better predictors of clinical immunogenicity compared to stan-
dard PBMC or DC-T cell assays until additional development
and more rigorous comparisons are made.

Caveats

It is important to keep in mind that the mechanism of action
for a given therapeutic may also greatly alter the methods
needed to perform immunogenicity prediction as well as the
outcome of these assays. ADCs have the potential to be more
or less immunogenic depending on the sequence of the linker
built attaching the payload to the mAb as well as the actual
effects and identity of the payload they deliver [47]. Some
mADbs can stymie the maturation and survival of APCs, alter
cytokine expressions signatures, and inhibit T cell prolifera-
tion in vitro [115—-117]. This may lead to underestimating the
immunogenicity of the mAb due to weaker observed in vitro
responses.

Many mAbs currently in development for treating malig-
nancies are immune checkpoint inhibitors that boost immune
system activation. This is exemplified by CTLA-4 or PDI
inhibitors that cause enhanced T cell responses and increased
risk [31]. If the biotherapeutic has properties that bind to and
directly interact with T cells to enhance or suppress their acti-
vation, assays using whole PBMCs should not be used with-
out careful considering the magnitude of the biotherapeutic’s
effect. This is because it would be difficult to determine if the
measured T cell responses are either due to the presence of
immunogenic epitopes within the protein, or if their response
was due to the biotherapeutic’s mechanism of action. This can
be circumvented by using peptide fragments determined by in
silico methods or MAPPs.

Developing an assay to test whole biotherapeutic that
works on a case by case basis may not be practical or as
effective as using one that could consistently perform better
at assessing biotherapeutic molecules in a similar class. This
makes the moDC-T cell assay a great option for testing T cell
engaging biotherapeutics because moDC’s can be pulsed with
whole protein and washed prior to their co-culture with
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isolated CD4™ T cells in order to remove excess drug product.
However, this method makes long term culturing difficult be-
cause the stability of the peptide-MHC complex is unknown,
and the relative abundance of the peptide fragment will de-
cline once the antigen source is removed from the moDCs.
Because the MOA of the biotherapeutic prevents re-challenge,
the time consuming step of introducing more, freshly loaded
moDCs to the co-culture would be necessary in order to pro-
vide the optimal duration of T cell-APC interaction for naive T
cell activation and proliferation [118].

Another consideration that often goes overlooked in cell-
based in vitro assays is the total number of T cells used to
screen for immunogenicity. There may be up to ~3 x 10'" total
T cells maintained in a human [119]. An estimated ~1 x 10°
unique T cell receptors are expressed within this population of
naive T cells [120, 121]. The cross reactive properties of T cell
receptors would suggest each of these are capable of recog-
nizing multiple distinct peptide-HLA complexes with overlap-
ping recognition, however accurately measuring this cross
reactivity has proven difficult [122, 123]. Despite this, only
a tiny fraction of CD4™ T cells are typically ever examined
in vitro. Many assays ultimately use less than 1-3 x 10° total
CD4" T cells per condition, and there has been no general
consensus as to the total number of T cells needed to accurate-
ly predict the immunogenicity of a therapeutic (See # cells
column in Tables 1 and 2). Given this observation, most
current studies risk under-predicting rates of immunogenicity
with their current in vitro assay methods, although some report
relatively high sensitivity to detect pre-existing T cells through
long term culturing DC-T cell co-culturing methods [104,
105].

Conclusions

Clinical immunogenicity is a major concern for the develop-
ment and approval of new biotherapeutics. Given the rapid
influx of mAb and ADCs in clinical pipelines, effective and
accurate immunogenicity risk assessment tools are needed
now more than ever. Risk assessment can and should be per-
formed at multiple steps along the drug development pathway,
from initial protein design to assessment of quality product
attributes in manufacturing. While they are not yet required,
the USFDA and EMA are increasingly suggesting pharma-
ceutical companies to assess T cell activation in response to
protein therapeutics [7, 8]. Designing and selecting protein
sequences with a lower risk of immunogenicity using quali-
fied tools is a promising alternative to elaborate monitoring of
ADA responses in the clinical trials. Presently, a single plat-
form or process cannot be recommended based on the avail-
able data. However, as more information on the use and cor-
relative applicability of these assays is made available by drug
developers in the public domain, a harmonized and rational
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approach to design a candidate with lowest predicted immu-
nogenicity risk will become possible in the near future.

The cell-based in vitro immunogenicity assessments
outlined here are an essential component of the risk assess-
ment tool kit. We have provided details on the patient and
product related factors that need to be considered before de-
signing an effect in vitro experiment to perform. While each of
these assays can provide some insight into the potential for
clinical immunogenicity, none are completely validated to
predict it. In vitro assays cannot completely capture the entire
picture of what occurs in an organism. Cell types as well as
tissue specific distribution of protein processing cathepsins
and cystatins might also influence the peptides that are loaded
and presented on MHC molecules [19]. While the immediate
and long-term impact of the output of these assays cannot be
over emphasized, industry wide standardization of in vitro
assays may be necessary, and more work is still needed to
better understand how in vitro T cell activation correlates with
observed clinical immunogenicity of current and future
biotherapeutics.
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