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Abstract

A survey conducted by the Therapeutic Product Immunogenicity (TPI) community within the American Association of
Pharmaceutical Scientists (AAPS) posed questions to the participants on their immunogenicity risk assessment strategies
prior to clinical development. The survey was conducted in 2 phases spanning 5 years, and queried information about in
silico algorithms and in vitro assay formats for immunogenicity risk assessments and how the data were used to inform early
developability effort in discovery, chemistry, manufacturing and control (CMC), and non-clinical stages of development.
The key findings representing the trends from a majority of the participants included the use of high throughput in silico
algorithms, human immune cell-based assays, and proteomics based outputs, as well as specialized assays when therapeutic
mechanism of action could impact risk assessment. Additional insights into the CMC-related risks could also be gathered
with the same tools to inform future process development and de-risk critical quality attributes with uncertain and unknown
risks. The use of the outputs beyond supporting early development activities was also noted with participants utilizing the
risk assessments to drive their clinical strategy and streamline bioanalysis.
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Introduction

With the recent advent of novel and next generation com-
plex biotherapeutics that may be immune modulatory,
immunogenicity risk assessment during early and late stage
development has become a common exercise. One of the
risk factors evaluated during such early assessment is the
potential for such biotherapeutics to be immunogenic in the
clinic. With the awareness that the causes of immunogenic-
ity can be multifactorial and can span from early discovery
to preclinical and clinical development, risk factors have
been identified through focused preclinical assessments
and validated by studies of approved biotherapeutics. The
identification of such risk factors requires specific in silico,
in vitro, and/or in vivo tools. In 2016, the Immunogenicity
Prediction Action Program Area (IPAPA) working group
members from American Association of Pharmaceutical
Scientists (AAPS) and the Non-Clinical Immunogenicity
Risk Assessment working group members from European
Immunogenicity Platform (EIP) conducted a survey (phase
1 survey) to better understand the current use and applica-
tion of such tools and assays. The outcome of the survey
results was intended to establish “best practices” to stand-
ardize and harmonize the outputs of these risk assessment
assays and their applications during drug development.
Most individuals responding to the initial survey
belonged to pharmaceutical or biotechnology compa-
nies (58.6%) followed by immunogenicity analysis and

Fig. 1 In vitro immunogenic- a
ity risk assessment assays

employed in pharmaceutical

industry. a Type of assays used

and b purpose are indicated.

MAPPs, MHC-associated

peptide proteomics; PBMC,

peripheral blood mononuclear

cells; DC, dendritic cells

immune monitoring vendors (13.8%), contract research
organizations (CRO), students/trainees/fellows, con-
sultants, regulatory affairs, and academia (contributing
approximately ~20%). The applications of such assays
ranged from discovery through post-marketing activities
and the survey respondents included scientists performing
the assays and generating the relevant immune activation
data, as well as those who used the data to support writing
of risk assessment strategy documents and guide bioana-
lytical strategies during development.

The first survey showed that 70% of the member com-
panies were using some type of predictive assays preclini-
cally (Fig. 1a). Preclinical in vitro immunogenicity assays
were used as tools to serve variety of purposes, including
protein engineering strategies for deimmunization, contrib-
uting to lead drug candidate selection as part of develop-
ability, and development of clinical immunogenicity assay
strategy (Fig. 1b). However, there was no alignment on the
methods used or data interpretation and criteria used for
reporting of predicted risks. Some key gaps were identified
related to the use of these assays and the lack of endorse-
ment and application during preclinical drug development
(Fig. 2). The biggest gap was related to the translatability
and predictive value of the preclinical risk assessment data
in clinic (75.9%) followed by lack of standardization and
benchmarking (48.3%) and high variability (48.3%) for these
assays. The cost or return on investment (30%) and the lack
of high throughput assays (20.7%), all of which may impact
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Fig.2 Gaps or barriers to
broader implementation of
immunogenicity screening from
the first survey conducted in
2016

Gaps or barriers to broader implementation of immunogenicity screening

Assay sensitivity/variability— |

Clinical validation—

Cost/Return on investment- |
Standardization or benchmarking— |
Throughput— ]

the critical developability timelines was also cited as poten-
tial cause for lack of endorsement to adopt these approaches.

The findings from this first survey led to a focused effort
in the AAPS soon after the first survey was completed to
develop a “best practice” and “harmonized” approach for
these risk assessment tools. The biopharmaceutical devel-
opment community, working collaboratively as part of AAPS
IPAPA working group, currently known as the Therapeutic
Product Immunogenicity (TPI) community, initiated an effort
to address one of the cited gaps related to standardization and
benchmarking of such assays. As part of this effort, an addi-
tional granular survey (phase 2 survey) where information on
assay set up, components, and conditions was solicited from
the members. The intent with this second phase was to bet-
ter understand the assay variability and factors that contrib-
ute to the assay variability across labs. Some key questions
posed were around the donors and their variability based on
baseline responses (underlying immune status) and genetic
makeup (human leukocyte antigen, HLA), use of relevant
standard positive and negative controls for the assays at dif-
ferent phases of immune response (innate and adaptive), cri-
teria for a positive or negative response, and reference ranges
or any streamlined and best practices around presenting the
dataset in a standardized approach to facilitate comparisons.

Survey Method and Data Presentation

This survey was conducted by email in two phases among the
membership of the AAPS IPAPA working group (currently
referred to as AAPS TPI community) and the EIP. The phase
1 survey was conducted in 2016 and was designed to assess
interest in predictive tools in the pharmaceutical industry.
The phase 2 survey was conducted in 2018-2021 and focused
primarily on assay methods under each risk assessment strat-
egy and their potential application to improve the develop-
ability and discovery/development process. The participants
for the phase 2 survey included large pharmaceuticals, bio-
technology companies, and academic institutions.
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T T T 1
0 20 40 60 80
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Results

The immunogenicity risk assessment strategy provides a
roadmap to identify risks at different development stages of
a biotherapeutic by using in silico algorithms as well as cell-
based in vitro assays. Such assessments are being increas-
ingly employed early in development to understand potential
intrinsic and extrinsic risk factors related to structure and
pharmacology, post-translational modifications during pro-
cess development and liabilities acquired during manufac-
turing, formulation, and handling (device and storage-related
factors). In addition, patient population and disease state
may further exacerbate risks. The outlined risks and many
more being identified for novel modalities like multi-domain
biotherapeutics, cell therapies, and nucleic acid-based thera-
pies have brought forth the need to understand which tools
can help de-risk such liabilities upfront to ensure quality by
design (QbD). Such efforts require platforms that can be
implemented through discovery to development and beyond
in an integrated approach.

A survey conducted by the AAPS TPI community probed
the use of immunogenicity risk assessment tools and their
applications and the survey findings are summarized below.

In Silico Algorithms

The survey participants provided their input on the nature
of algorithms used to predict the intrinsic sequence-based
risks based on non-self epitope content, lack of sequence
alignment to self, lack of cross reactivity to T-cell reper-
toires, etc. The information on the algorithms used and the
data obtained through such tools were mined. The BLAST
tool that aligned the sequence of interest with germline was
the most used (almost 90%) followed by experimental con-
firmation by MHC-associated peptide proteomics (MAPPs)
(60%), and algorithms trained on peptide-MHC-based inter-
actions (IEDB, The Immune Epitope Database, other com-
mercially available tools as well as tools internally devel-
oped by sponsors) (Fig. 3a).

@ Springer
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There was a>90% consensus among all survey partici-
pants on the use of the data from these tools for selection
of the most optimal candidate for further development
through candidate ranking based on affinity of their peptides
to MHC peptide binding groove and promiscuity of HLA
alleles (Fig. 3b). A similar high response was seen for use
of the tools to further optimize/re-engineer the sequence.
The information related to understanding the anchor points
within the HLA pocket and cross-reactivity to T-cell rep-
ertoire also scored high in the survey with about 80% of
responders considering that as important information to
gather. However, only 30% of the participants were using the
in silico information to understand clinical immunogenicity.

In Vitro Cell-Based Assays

The survey participants provided their input on the use of
in vitro assays during drug development. The DC (dendritic
cell):T cell format T cell proliferation/activation assays were the
most used assays (>70% responders) followed by innate activa-
tion assays, MAPPs, non-depleted or depleted peripheral blood
mononuclear cells (PBMC) format T cell proliferation/activa-
tion assays, whole blood assay, and DC internalization assay.

PBMC Format T Cell Proliferation/Activation Assays

T cell proliferation assays can use one of two common for-
mats, PBMC format, or DC:T format. In the PBMC format,
the test article is directly added to the PBMC cell culture
and CD4 +T cell activation or proliferation is measured on
day 7-10. This assay format is relative straight forward and

Fig.3 In silico risk assess- a
ment tools being used in the
pharmaceutical industry (a)
and how the in silico data and
information are applied and
interpreted (b). IEDB, The
Immune Epitope Database;
MHC, major histocompatibility
complex; TCR, T cell receptor;
MAPPs, MHC-associated pep-
tide proteomics; HLA, human
lymphocyte antigen

substantially less labor intensive than a DC: T cell assay
format. One consideration for this assay format should be
that the therapeutic mechanism of action can have an impact
on T cell proliferation. However, the PBMC format can also
circumvent this interference by testing peptides identified by
MAPPs rather than the intact biotherapeutic (1).

Four organizations provided information about the PBMC
format (Table I). PBMCs were harvested from whole blood or
buffy coat by gradient. As quality control, cell viability was
checked. An isotype control or medium treatment was used as
negative control, and T cell proliferation was studied by FACS
using CFSE staining or cytokine enzyme-linked immunosorb-
ent spot (ELISpot). Nonetheless, harmonization is needed for
many other assay parameters, including number of cells, num-
ber of donors, depletion of CD8+T cells, sample concentration,
and incubation duration. One major gap that was identified was
the lack of standard reference materials and controls (Table I).

DC:T Format T Cell Proliferation/Activation Assays

A modification of the PBMC assay is the DC-T cell assay where
monocyte-derived dendritic cells (MoDC) are pulsed with bio-
therapeutic followed by the maturation of the dendritic cells to
upregulate HLA. After the removal of the biotherapeutic from
the media, these dendricit cells are incubated with their autolo-
gous PBMC’s for 7-10 days. Read out of T cell activation can
be done by flow cytometry through activation markers, cytokine
released in the supernatant, or CSFE dilution.

Ten respondents to this survey reported the use of DC:T
cell assay format as the primary method to assess the immu-
nogenicity risk of biotherapeutics during preclinical drug
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Tablel Summary of Survey Results for PBMC Format T Cell Activation Assay

Assay parameters Summary of responses Finding
Cell source Fresh whole blood or buffy coat from healthy volunteer (2/4, 50%); frozen PBMC (25%, 1/4), both Consensus
fresh and frozen (25%, 1/4)

Number of cells A total of 1.2 million or 2.5-4 million for 6 replicates (50%, 2/4), variable or not provided (50%, 2/4)  Variable
Number of donors 10-20 (25%, 1/4), 15-25 (25%, 1/4), 40 (25%, 1/4), not provided (25%, 1/4) Variable
Isolation PBMC by density gradient Consensus
Depletion of CD8+T cells  Yes (25%, 1/4), no or not provided (75%, 3/4) Variable
Viability > 85 to>90% or not provided Consensus
Sample concentration 1 uM (25%, 1/4), not provided (75%, 3/4) Variable
Duration of incubation 7-10 days (25%, 1/4), 14 days (25%, 1/4), not provided (50%, 2/4) Variable
Positive criteria/threshold ~ Stimulation index and percentage of positive donors Consensus
Positive controls Not provided N.A
Negative controls Isotype control or medium Consensus
Detection T cell proliferation with CESE (50%, 2/4), cytokines by ELISpot (25%, 1/4), not provided (25%, 1/4)  Variable

PBMC, peripheral blood mononuclear cells; SD, standard deviation; FACS, fluorescence activated cell sorting; CFSE, carboxyfluorescein succin-

imidyl ester; ELISpot, enzyme-linked immunosorbent spot

development. In general, assay parameters for this format
were remarkably similar. Bead-based monocyte isolation,
donor selection based on HLA DRB*1 alleles, and DC dif-
ferentiation protocol are nearly identical across surveyed
organizations (Table II).

As summarized in Table II, most organizations used
40-50 PBMC donors, to ensure coverage of the diverse
HLA alleles in the human population as well as to minimize
assay-to-assay variability incurred from donor-to-donor
variation. The organizations that used a smaller number of
donors (10-20) used this format in combination with the
PBMC assay format. The DC maturation protocols used both
PGE (prostaglandin E) or TNFa interchangeably with the
exception for biotherapeutics where TNFa was the target and
could suppress the maturation and upregulation of HLA on
the DC. The number of PBMC used in the assay showed a
relative larger range from 3*10° to 1.6%10° cells/well. The
frequency of naive antigen specific CD4 + T cells has been
shown to be in the 1:10,000-1,000,000 range (2). Hence,
amplifying the number of such antigen-specific cells in the
assay is needed to represent the in vivo situation (3). CD8+T
cells were depleted from the PBMC by 75% of the respond-
ers to improve CD4 T cell activation assay background for
immunogenicity risk assessment of biotherapeutics (1). Test
article concentrations used to pulse the immature DC var-
ied widely (5-450 pg/mL) which were optimized based on
impact on assay performance and need to minimize reagent
consumption. Lastly, most of the participants (75%) used
CD4 +T cell proliferation monitored through CFSE dilution
as the assay readout while a minority used secreted cytokine
measurements as a readout as well. Multiplexed assessment
of cytokine profiles, while more complex, enabled further
characterization of the response and mechanisms (4).

For T cell assays, positive controls were usually monoclo-
nal antibodies that have shown a clear immunogenic profile
in the clinic in order to establish translational correlation.
Bococizumab, ATR-107 (Anti IL-21R), and anti-integrin
A33 are being used by various organizations. KLH as a
highly immunogenic protein or PADRE as a peptide control
is also used (5). Limited lab to lab assay results for these
positive controls have shown excellent reproducibility even
with the differences in assay format as well as the variation
in PBMC derived from diverse human donors (Fig. 4). Batch
to batch variations for positive controls have been reported
(anecdotally), particularly when these control antibodies are
produced in small batches.

DC Internalization Assay

Internalization by antigen presenting cells (APC) is neces-
sary to initiate CD4 + T cell dependent anti-drug antibody
responses. DCs are professional and potent antigen present-
ing cells and often considered the primary APC responsible
for propagation of long-term immune response. Therefore,
studying DC internalization helps understand the immuno-
genicity risk (6-8). Two companies responded in the sur-
vey (Table III). Immature DCs (iDC) were generated using
standard protocols (9). Briefly, PBMCs were isolated from
fresh leukapheresis or whole blood using density gradient,
followed by selection of CD14 4+ monocytes. CD14 + mono-
cytes were cultured with 10% FBS medium and induced to
iDC using GM-CSF and IL-4. The purity of monocytes and
viability and phenotype of iDC were monitored as part of
quality control. Internalization was analyzed by FACS and
microscopic imaging with the latter for visualization of intra-
cellular trafficking, i.e., colocalization with endosome and
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Table Il Summary of Survey Results for DC:T Format T Cell Activation Assay

Assay parameter Summary of responses Finding
Immune response MHC class II mediated CD4 +T cell activation Consensus
Blood Fresh/frozen/leukopacks/bufty coats/combinations of these Variable
Use blood from disease area  Yes (50%, 5/10), no (50%, 5/10) Variable
Characterization of cells During assay development (90%, 9/10), routine (10%, 1/10) Consensus
PBMC purity >85t0>95% Consensus
Freezing media (PBMC) AB serum+DMSO (75%, 6/8), serum free (12.5%, 1/8), commercial (12.5%, 1/8) Consensus
HLA typing Yes (100% 8/8) Consensus
Assay run HLA composition Based on DRB1 frequencies in world population/specific population when applicable Consensus
HLA information HLA-DP HLA-DQ HLA-DR Consensus
Number of donors per assay 10 donors (22%, 2/9), 20 donors (11%, 1/9), 30 donors (11%, 1/9), 40 donors (22%, 2/9), 50 donors Variable
(33%, 3/9)
Monocyte isolation CD14 beads (87%, 7/8), plastic adherence (13%, 1/8) Consensus
Monocyte viability >85to>90% Consensus
Rest cells after plating No (63%, 5/8), optional for sensitive assay (25%, 2/8), yes (13%, 1/8) Variable
CD8+T cell depletion Yes (75%, 3/4), no (25%, 1/4) Variable
Cell culture media Serum free (50%, 3/6), FBS (50%, 3/6) Variable
Monocyte to iDC GM-CSF+1L-4 (100%, 7/7) Consensus
iDC to mDC Cytokine cocktail (IL-6 IL-1b PGE TNFa) (50%, 2/4), TNFa (50%, 2/4) Variable
Antigen pulse 24 h (60%, 3/5), 48 h (40%, 2/5) Variable
Ration DC to PBMC 1:10 (40%, 2/5), 1:20 (20%, 1/5), 1:50 (20%, 1/5), 1:100 (20%, 1/5) Variable
Antigen concentration 5-450 pg/ml Variable
Assay format 96 well format (100%, 7/7) Consensus
Replicates 3-6 Variable
Total cells per test article 3E+5-1.6E+6 Variable
Positive control KLH, A33, bococizumab Variable
Assay read out CFSE incorporation (75%, 6/8), CFSE incorporation and cytokine (ELISpot bead based) (25%, 2/8) ~ Variable
Statistics for positive signal ~ Stimulation index over background (1.5-3.0) (57%, 4/7), mean+ SD (28%, 2/7), R script and P<0.05 Variable
(14%, 1/7)
Reported assay results Percentage donors positive and relative magnitude of response (100%, 6/6) Consensus

MHC, major histocompatibility complex; PBMC, peripheral blood mononuclear cells; HLA, human lymphocyte antigen; GM-CSF, granulocyte—
macrophage colony-stimulating factor; DC, dendritic cells; iDC, immature DC; mDC, mature DC; PGE, prostaglandin E; TNFa, tumor necrosis
factor alpha; KLH, keyhole limpet hemocyanin; FACS, fluorescence activated cell sorting; CFSE, carboxyfluorescein succinimidyl ester; ELIS-

pot, enzyme-linked immunosorbent spot

lysosome. Mean/median fluorescence intensity (MFI) or per-
centage of fluorescence positive cells was utilized to quantify
internalization and enable ranking of molecules. An isotype
matched antibody could serve as a negative control; a well
characterized proprietary antibody with an established immu-
nogenic potential could be used as a positive control. Multi-
ple donors (3—10) were usually used. Study concentrations
(2-50 pg/mL) and durations (1-24 h) varied, which is not
unexpected as conditions must be optimized for each format.

Unlike other assays in which samples can be tested
directly, fluorescent labels are required to study internali-
zation and intracellular trafficking. Although details were
not provided in the survey, this is where the major distinc-
tion resides according to publications (6—8). Internalization
may be studied with a regular fluorescence tag (e.g., Alexa
Fluor 647), a pH sensitive dye (e.g., pHrodo), or Forster

@ Springer

Resonance Energy Transfer (FRET) pair. It is noted here
that different detection methods provide different informa-
tion about internalization pathways and/or destinations. In
addition, test articles can be directly labeled or a labeled
second probe (e.g., anti-Fc) can be used.

Innate Activation Assay

Activation signals (cytokines and co-stimulation molecules)
from innate immune cells can prime the adaptive phase
immune response by engaging the immune cells (T and B
cells) in the primary and secondary lymphoid organs, which
is a prerequisite for T cell activation (10). A biotherapeu-
tic’s potential to activate innate immune cells, including DCs
and monocytes, presents as a risk factor for mounting an
immune response in the clinic. Studying innate activation
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Fig.4 DC-T cell assay positive control performance. KLH, keyhole
limpet hemocyanin

is particularly important for molecules whose mechanism
of action may require targeting immune cell surface mol-
ecules. Such direct engagement with immune cells can cause
immune activation. Innate immune responses can also be
triggered through danger signals, i.e., damage associated
molecular patterns (DAMP) or pathogen associated molec-
ular patterns (PAMP). Danger signals do not necessarily
come from the molecule itself; it could come from prod-
uct and process-related attributes, including aggregates and
microbial contaminants (11, 12). Innate activation assays
are commonly integrated into immunogenicity assessment
platforms. However, assay formats and parameters used vary
based on the nature of innate response modulator (Table IV).

Table lll Summary of Survey Results for DC Internalization Assays

Several organizations use multiple innate activation
assays and different test concentrations in different assays.
Many different cells and cell lines were used, including
total PBMC, CD14 + monocytes, MoDC, Raw Blue cells,
THP1-Xblue cells, and innate receptor (e.g., TLR) trans-
fected cell lines. Cell sources for PBMC (and monocytes)
included whole blood, leukapheresis, and buffy coat from
normal human donors. Cell lines may be purchased directly
from ATCC. Cell numbers varied from 0.2 million to 2.0
million per test article. A wide range of sample concentra-
tions were used, ranging from 2 to 250 ug/mL. These were
selected based on the assay performance but not to mimic
the actual concentration of the in vivo dose. When PBMC,
primary monocytes, or MoDC were used, most companies
used more than 10 donors but 3—6 donors were deemed
sufficient by two companies. Despite these discrepancies,
there were also consensus with regard to medium (10% FBS
RPMI), replicate number (duplicate or triplicate), treatment
duration (24—48 h), readout (activation marker by FACS and
cytokines by multiplex cytokine assay), and positive criteria
(simulation index and percentage of positive donors).

The major gap with innate activation assays is the lack
of standardized biologically relevant positive controls.
Currently, TLR4 ligand (e.g., LPS) and neo-antigen pro-
teins (keyhole limpet hemocyanin) were employed as posi-
tive controls. While they can serve as “technical” controls
to confirm assay performance, they are not biologically
relevant as they do not reflect the mechanisms and prop-
erties of test articles (biotherapeutic) or relevant residual
impurities that mimic PAMPs. Establishing biologically

Assay parameters Summary of responses Finding

Cells Monocyte derived DCs (100%, 2/2) Consensus
Cell source Leukapheresis or whole blood from healthy volunteer (100%, 2/2) Consensus
Number of cells 0.2 million (50%, 1/2) or not provided (50%, 1/2) Consensus
Number of donors 3 (50%, 1/2), 10 (50%, 1/2) Consensus
Isolation PBMC by density gradient followed by selection of CD14 4+ monocytes Consensus
Purity of monocytes >90% Consensus
Differentiation to iDC GM-CSF and IL-4 Consensus
Viability of DCs >90% Consensus
Assay medium 10% FBS RPMI (50%, 1/2), 2% human AB serum RPMI (50%, 1/2) Consensus
Protein concentration 2 ug/mL, 10-50 pg/mL Variable

Duration of incubation 1-24 h Variable

Positive criteria/threshold MFI, percentage of fluorescence positive cells, or colocalization with endosome Consensus
Positive controls Proprietary mAb Variable

Negative controls Isotype control Consensus
Detection Anti-Fc F(ab’), or direct labeling Variable

Readout FACS, microscope Consensus

DC, dendritic cells; iDC, immature DC; PBMC, peripheral blood mononuclear cells; GM-CSF, granulocyte macrophage colony stimulating fac-
tor; MFI, mean fluorescent intensity; FRET, fluorescence resonance energy transfer; FACS, fluorescence activated cell sorting
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Table IV Summary of Survey Results for Innate Activation Assays

Assay parameters Summary of responses

Finding

Cells

PBMC (early phase, 30%, 3/10), monocyte derived DCs (40%, 4/10), monocytes (30%,

Fit-for-purpose

3/10), THP1-Xblue cells (20%, 2/10), innate cell line (50%, 5/10)

PBMC or monocytes cell source

Fresh whole blood or leukapheresis (40%, 4/10), frozen PBMC or buffy coat (20%, 2/10),
both fresh and frozen (40%, 4/10)

Fit-for-purpose

Number of cells 02M,04-1.0M, 1.2-1.6 M, 1.5-2.0 M Variable
Number of donors <10 (20%, 2/10), 10-50 (80%, 8/10) Variable
Isolation, if applicable PBMC by density gradient followed by selection of CD14 + monocytes by beads or adher- Consensus
ence
Purity of monocytes, if applicable ~ >90% Consensus
Differentiation to iDC, if applicable GM-CSF and IL-4 Consensus
Viability of DCs, if applicable >90% Consensus
Assay medium 10% FBS RPMLI, X-VIVO 15 Consensus
Sample concentration <50 pg/mL (30%, 3/10), 50-100 pg/mL (20%, 2/10),> 100 ug/mL (20%, 2/10), not speci- Variable
fied (40%, 4/10)
Replicates Duplicate; triplicate Consensus
Duration of incubation 20-48 h Consensus
Positive criteria/threshold Stimulation index > 1.5, 1.8, or 2.0 and percentage of positive donors Consensus
Positive controls LPS, KLH, proprietary antibodies Variable
Negative controls Isotype control or medium Consensus
Detection Activation marker and cytokines or secreted embryonic alkaline phosphatase reporter Consensus
gene for cell line
Readout FACS; Luminex; Meso Scale Discovery; colorimetric (SEAP) Consensus

PBMC, peripheral blood mononuclear cells; DC, dendritic cells; iDC, immature DC; GM-CSF, granulocyte macrophage colony stimulating fac-
tor; LPS, lipopolysaccharide; KLH, keyhole limpet hemocyanin; FACS, fluorescence activated cell sorter; SEAP, secreted embryonic alkaline

phosphatase

relevant positive controls would facilitate assay harmoni-
zation and consensus around data comparison.

It is noted here that we do not recommend a particu-
lar assay format, rather a fit-for-purpose assay should be
adapted based on the modality and MOA of the test articles.
Innate activation assays are gaining more interest due to
the emergence of novel modalities. For instance, it is well
documented that Adeno-associated virus (AAV)-based gene
therapies could activate innate immunity through interac-
tions with TLR2 (capsid) and TLR9 (genome) (13). There-
fore, a TLR-transfected cell line may be a more relevant
mode for novel modalities. Similarly, residuals from lenti-
virus, Cas, and AAV used for editing and knock in or out
genes of interest in engineered chimeric antigen receptor T
cells could also pose a risk and would require cells that can
evaluate innate response activation through diverse TLRs.

Whole Blood Assay

The most prevalent use of whole blood based assays has
been to predict cytokine release syndrome (CRS)-related
events. Four companies responded in the survey with high
level of consensus to the use of such assays for understand-
ing risks of CRS (Table V). The assay entails use of fresh
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whole blood from more than 10 donors. After incubation
with test article at 10-100 ug/mL for 1-2 days, the con-
centrations of proinflammatory cytokines, including IL-1p,
IL-6, IFN-y, and TNF-a, from the supernatant were deter-
mined using multiplex cytokine assays (Luminex or MSD-
ELISA). Medium, buffer, or isotype control were used
as negative control. Some good positive controls include
alemtuzumab, muromonab-CD3, and TGN 1412, which had
shown high CRS rates in the clinic (14-18). It is noteworthy
that these three antibodies had been qualified as suitable
controls by an international collaborative project (18). Stim-
ulation index over negative control and percentage of posi-
tive donors were reported and used as thresholds. The sur-
vey found that the whole blood assay could also be adopted
for evaluating the risk due to product-related deviations of
critical quality attributes and other residuals/contaminants
generated during manufacturing, shipping/handling, and
device and administration-related stresses. The next gen-
eration of biotherapeutics like cell and gene therapies will
encounter much more of these innate response modulating
impurities. Similar to the immune modulatory therapeutic
proteins, engagement of immune cells by such attributes may
activate downstream signaling (14, 15, 17, 19). However, to
repurpose the whole blood assay for immunogenicity risk
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TableV Summary of Survey
Results for Whole Blood CRS

Assay

Assay parameters Summary of responses Finding

Cell source Fresh whole blood (100%, 4/4) Consensus

Number of donors 10-20 (50%, 2/4), 10-50 (50%, 2/4) Consensus

Protein concentration 40 pg/mL (25%, 1/4), 50 ug/mL (25%, 1/4), and Consensus
varied (50%, 2/4)

Duration of incubation 1-2 days (100%, 4/4) Consensus

Positive criteria/threshold

Negative controls
Detection
Readout

Stimulation index > 1.8, or 2.0 and percentage of posi- Consensus
tive donors (100%, 4/4)

Isotype control, medium, or plain vehicle Consensus
Cytokine/chemokine from supernatant Consensus
Luminex and Meso Scale Discovery Consensus

assessment of biotherapeutics and associated produce and
process-related attributes, fit-for-purpose positive controls
and analytes shall be established and qualified.

MAPPs

In vitro HLA elution assays or MAPPs assays can elucidate
the processing and MHC presentation of a biotherapeutic and
thereby provide insights into which peptides are “visible” to
the adaptive immune system (20, 21). In this assay, antigen-
presenting cells are isolated and pulsed with a biotherapeutic
followed by cell lysis, HLA/peptide complexes isolation, and
LC/MS identification of the HLA-associated peptides.
Survey data shows that all participating organizations
use MoDC isolated from PBMCs as APC, use a GM-
CSF +1L-4 protocol to generate iDC, and use either LPS or
TNFa to mature iDC and upregulate class I MHC expres-
sion (Table VI). In order to represent the HLA variability
in the human population, 10-25 PBMC donors were used
per assay run. This is considerably fewer than the number of
PBMC donors that were used for in vitro T cell proliferation

assays (10-50 donors). The low number of donors in such
assays is likely due to limitations associated with the time
of processing and presentation associated with large num-
bers of monocytes (2—10 million) per test article needed for
this assay. A large number of DC is needed to make sure to
capture the unique peptides from biotherapeutics. During
this assay, a large number of endogenous peptides are also
presented on MHC class II which need to be separated out
from biotherapeutic-generated peptides. The total number
of identified peptides was similar at 5000—7000 unique pep-
tides across survey participants (22).

The assay parameter with the biggest range identified in
this survey was the pulsing concentration of the biotherapeu-
tic to the iDC, ranging from 15 to 100 ug/mL (Table VI). It
remains unclear from this survey how this specific ratio of
concentration to cell number effects assay sensitivity. For
many laboratories, obtaining sufficient quantities of high-
quality test material for using MAPPs during the discovery
phase of biotherapeutic can pose a challenge, and there-
fore optimization of pulsing concentration can potentially
increase the utility of this assay.

TableVI Summary of Survey
Results for MAPPs

Assay parameter Summary of responses Finding
Donors per assay 5 donors (25%, 1/4), 10 donors (50%, 2/4), Variable
10-25 (25%, 1/4)
Cells used Monocyte derived dendritic cells Consensus
Number of cells (per test article) 2E+6 (50%, 2/4)-SE+6 (50%, 2/4) Variable
Monocyte isolation Bead-based isolation (CD14) Consensus
iDC generation GM-CSF+1L-4 Consensus
mDC generation LPS or TNFa Variable
Test article pulsing concentration 15 ug/ml (25%, 1/4), 50 ug/ml (25%, 1/4), 100  Variable
ug/ml (50%, 2/4)
Immune precipitation of HLA Anti HLA-DR mAb (L243) Consensus
Peptide analysis LC/MS Consensus
Peptides identified (average) 6000 (5000-7000) Consensus

DC, dendritic cells; iDC, immature DC; mDC, mature DC; HLA, human lymphocyte antigen; GM-CSF,
granulocyte—macrophage colony-stimulating factor; LPS, liposaccharide; LC/MS, liquid chromatography/

mass spectrometry
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Discussion

Within the pharmaceutical industry, preclinical immuno-
genicity risk assessment tools and assays have been widely
adapted and implemented to inform the selection and design
of biotherapeutic molecules with a lower probability to induce
clinical immunogenicity risk. The most common application
of the tools is to rank order and optimize candidate molecules
during early stages of development. The outputs from such risk
assessments have also been used to develop clinical immuno-
genicity assessment strategy and included in the Integrative
Summary of Immunogenicity (ISI) to help formulate and/
or justify bioanalytical strategy. Therefore, the risk assess-
ment assays must be robust, reproducible, and fit-for-purpose
to inform decision making, especially when data is used to
develop phase-appropriate clinical immunogenicity assess-
ment strategy. For instance, for a molecule with no or low
foreign epitope content in a sequence, a relatively low DC
internalization, favorable critical quality attributes that would
not contribute to innate activation, lack of neoepitopes identi-
fied by MAPPs, and minimal T cell activation, the clinical
ADA assay development and validation and clinical sample
analysis can be staged or gated until phase 2 trial begins. To
support such rationale to streamline immunogenicity testing,
there should be a level of confidence in the predictive assays
which should be at least analytically qualified before use.

Survey results show that in silico immunogenicity tools are
widely used in drug discovery for candidate selection. How-
ever, only 30% of the responders indicated that they are used to
understand clinical immunogenicity. The more recent develop-
ment and integration of orthogonal in silico methods combin-
ing HLA complex binding and stability, antigen processing
and presentation, tolerance mechanisms, and systems biology
models make it likely that these methods will see greater util-
ity in assessing and understanding clinical immunogenicity.
The deleterious impact of clinical immunogenicity as observed
for recombinant protein-based therapies like FVIII in hemo-
philia and enzyme replacement therapies in Pompe disease led
to deimmunization of the immunogenic epitopes from such
proteins through targeted mutations to remove immunogenic
epitopes (23, 24). The deimmunization strategy would benefit
the next generation of protein-based biologics by avoiding such
liabilities identified through clinical experience.

Survey results showed that a panel of routinely used in
vitro immunogenicity assays. Differences were noted, but sim-
ilar assay procedures and parameters were used by different
organizations to establish acceptance criteria and identifying
positive responses. The cross-organization assay performance
data was not sufficient to draw conclusions. Two major gaps,
namely lack of assay harmonization and lack of biologically
relevant reference materials as assay controls, were identified.
These main findings are consistent with those in the recent
publication from EIP (5). Innate activation assay (n=10) and
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DC:T cell activation assay (n=10) were used as examples
here. For innate activation assays, cell type, cell density, and
sample concentration are different across respondents. LPS
is widely used as a technical positive control, but it may not
be biologically relevant or fit-for-purpose. For the DC:T cell
assay, while parameters like number of donors, concentration
of pulsing antigen, and ratio of pulsed DC to PBMC (or T
cells) are very similar across participants, the differences are
mainly attributed to the number of PBMC required for the
assay setup for co-cultures. KLH is the most common posi-
tive control. In addition, clinically immunogenic antibodies,
like anti-PCSK9 (bococizumab) (25), anti-IL21R (ATR-107)
(7, 26), and anti-integrin A33 (27), are also used as positive
controls. KLH triggered positive T cell responses in 88%
donors (average of responses from 9 different organizations).
Bococizumab elicited positive T cell responses in 59% donors
(average of responses from 3 different organizations). Despite
relatively small sample sizes, the data are encouraging con-
sidering each organization follows its own assay procedures
and uses different positive control preparations. It is under-
standable that small changes in assay protocols may impact
assay readout. In addition, assays are susceptible to batch-to-
batch variability of control materials. Therefore, a harmonized
assay protocol and a common panel of reference materials
(ideally composed of high, moderate, low immunogenicity
molecules) would greatly facilitate cross-organization com-
parison of assay variability and performance. Industry efforts
are currently underway to produce common set standards for
in vitro immunogenicity assay.

Assay readouts can also be influenced by engagement
of immune modulatory targets and other downstream path-
ways susceptible to molecular MOA. For instance, check
point inhibitors, including PD-1 antagonist antibodies, are
likely to enhance T-effector cell responses through removal
of the immune suppressive inhibitory effects. To eliminate
the potential interference of specific cells, the in vitro assay
setups must be modified to enable accurate risk assessment.
Approaches to circumvent MOA interference in T cell acti-
vation assay include the use of DC: T-cell format or testing
specific domains of the biotherapeutic like MAPP-derived
peptides instead of the intact molecule that may retain the
functional activity to engage with the cell surface recep-
tors (1, 5). Likewise, an agonist antibody that targets a DC-
associated cell surface antigen is likely to generate a positive
innate activation signal. While that MOA shall be considered
a risk, different types of cells, for instance, engineered THP1
cells, that do not express the target, can be used to study non-
target related innate activation signals.

None of the survey participants analyzed HLA class |
presented peptides as the vast majority of biotherapeutics
in development were monoclonal antibodies and/or recom-
binant proteins where immunogenicity is mediated through
an HLA class II-restricted CD4 + T cell driven anti-drug
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antibody response. With the increased popularity of novel
modalities such as gene therapy and cellular therapies
involving intracellularly expressed proteins as well as viral
proteins, it is likely that the drug product developers and
associated laboratories will adapt their MAPPs assays to
incorporate HLA class I. Furthermore, none of the partici-
pants used other cell types, for instance B cells, in addition
to MoDC as APC. Differential expression of cathepsins
by different cell types make it likely that other cell types
could show a different peptide repertoire, B cells in par-
ticular could be involved in processing and presenting IV
dosed biotherapeutics (28). The in vitro assays and the cell
types from healthy human donors used by survey partici-
pants may be adapted to support similar assessments using
patient-derived cells exposed to the biologics where recall
and memory responses can be evaluated and correlated to
humoral responses. Such patient-derived responses would
bridge the gap between the in vitro assays using naive donors
that are limited to capturing Teff responses and humanized
mice models where humoral responses have been captured
against biologics (29).

The preclinical immunogenicity assays may not require
stringent validation requirements. Rather fit-for-purpose
assay qualification can be performed (30, 31). The probabil-
ity of immunogenicity risk using such assays can be demon-
strated using a large set of molecules with available clinical
immunogenicity data and improve the prediction accuracy
by continuous monitoring and updates from clinical data as
they become available. Assays must demonstrate an accept-
able level of reproducibility. Assay data can be recorded to
monitor assay performance and variability, and to establish
assay control ranges. These data can also be readily available
upon request by FDA if preclinical immunogenicity data are
used to select candidate molecules and/or justify clinical
immunogenicity strategy.

For peptides, proteins, and antibodies, CD4 + T cell
dependent antibody responses have been the focus of immu-
nogenicity assessment (9, 32). Therefore, preclinical assays
that interrogate risk at each step of CD4 + T cell dependent
pathway, namely innate activation, APC internalization and
presentation, and CD4 + T cell activation, are implemented
to assess immunogenicity risk (9, 32). Some preclinical
assays can be adapted to novel modalities, including AAYV,
siRNA, mRNA, and CAR-T-based therapies (5). However,
novel modalities may also possess new immune activation
features and mechanisms, which may only be assessed with
new tools and assays. One great example is AAV-based gene
therapies. The unmethylated CpG motifs in the therapeutic
genome can activate immune cells through Toll-like receptor
9 (TLR-9) and cause undesired immune responses (33, 34).
Modification or reduction of CpG motifs may mitigate such
risks (35). Assays that can detect innate activation by CpG
may facilitate such efforts. Innate cells (primary cells or cell

line) that have been used for proteins and antibodies and are
known to respond to CpG can be adapted for AAV. Alter-
natively, TLRO9-transfected cells can be employed for such
purpose. AAV can trigger cytotoxic CD8 + T cell responses
that are directed against the capsid and/or transgene product
(36, 37). Applications of other tools and assays, for instance,
in silico tools that can predict MHC-I-associated peptide
proteomics and CD8 + T cell activation assay, are needed to
assess CD8+ T cell response risk preclinically.

The risk assessment outputs generated by the surveyed
tools above show the application beyond rank ordering and
optimization of the candidates in discovery and develop-
ment. With the validation of in silico-derived epitope pre-
dictions with corresponding human-derived in vitro assays
both from naive human donors and patients dosed with bio-
logics, the translation to clinical outcome may be possible.
Particularly, knowledge of high MHC class I and class II
binders can help stratify the patients based on the risks prior
to enrolling and ensure a close monitoring of such subjects
in clinic for immune mediated adverse events and impact
on safety and efficacy. The reverse translation of informa-
tion from such subjects and epitopes eluted from patient’s
immune cells could help to optimize the next generation of
biologics by removing such liabilities. The recent guidance
recommends for a risk assessment strategy to be provided
at the time of new IND applications and an ongoing evalua-
tion of risks during the different stages of clinical develop-
ment (38). Risk assessment tools will be needed to mitigate
identified liabilities during process development and clinical
trials. Recent health authority led workshops and requests
from sponsors as part of pre IND/Interact meetings suggest
the need for development of qualified assays and criteria
for controls and outputs need to be established robustly and
harmonized.

Conclusions

The use of risk assessment tools prior to clinical develop-
ment has become more prevalent in the last decade to assess
developability and enable QbD initiatives. The AAPS TPI
community has conducted 2 surveys to assess the use of these
tools and their applications in different stages of drug discov-
ery and development. The first survey conducted more than
5 years ago provided a better understanding of the gaps and
reservations for use of such tools to predict immunogenic-
ity in the clinic. The second survey was able to pose more
granular and in-depth questions on the type of tools employed
and their applications in understanding risks at the different
stages of development. The trends that emerge include the use
of a multi-tiered approach to risk to address limitations of one
approach over the next. Specifically, the outputs from algo-
rithm-based risk assessments that are considered conservative
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can be complemented with specialized in vitro assays to fur-
ther delve into processing, presentation, and MOA-related
questions. To operationalize these assays, the preference is
to work with assays that require minimal processing; how-
ever, specialized formats, for instance, DC:T, are preferred to
address questions around MOA or pharmacology. This sur-
vey also suggests that the industry is open to harmonization
of tools and their applications and embracement of the risk
assessment approach to drive clinical strategy.

The surveys discussed in this manuscript were designed,
conducted, and discussed over the time period of 2016-2022
within the TPI community of the AAPS and represent the
state of the industry at this time. Ongoing research is likely
to further develop and optimize these assays as shown in
recent publications (39, 40).
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