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Secukinumab, a novel anti–IL-17A antibody, shows low immunogenicity potential in
human in vitro assays comparable to other marketed biotherapeutics with low clinical
immunogenicity
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ABSTRACT
Secukinumab is a human monoclonal antibody that selectively targets interleukin-17A and has been
demonstrated to be highly efficacious in the treatment of moderate to severe plaque psoriasis, starting at
early time points, with a sustained effect and a favorable safety profile. Biotherapeutics—including
monoclonal antibodies (mAbs)—can be immunogenic, leading to formation of anti-drug antibodies
(ADAs) that can result in unwanted effects, including hypersensitivity reactions or compromised
therapeutic efficacy. To gain insight into possible explanations for the clinically observed low
immunogenicity of secukinumab, we evaluated its immunogenicity potential by applying 2 different in
vitro assays: T-cell activation and major histocompatibility complex–associated peptide proteomics
(MAPPs). For both assays, monocyte-derived dendritic cells (DCs) from healthy donors were exposed in
vitro to biotherapeutic proteins. DCs naturally process proteins and present the derived peptides in the
context of human leukocyte antigen (HLA)-class II. HLA-DR–associated biotherapeutic-derived peptides,
representing potential T–cell epitopes, were identified in the MAPPs assay. In the T-cell assay, autologous
CD4C T cells were co-cultured with secukinumab-exposed DCs and T-cell activation was measured by
proliferation and interleukin-2 secretion. In the MAPPs analysis and T-cell activation assays, secukinumab
consistently showed relatively low numbers of potential T-cell epitopes and low T-cell response rates,
respectively, comparable to other biotherapeutics with known low clinical immunogenicity. In contrast,
biotherapeutics with elevated clinical immunogenicity rates showed increased numbers of potential T-cell
epitopes and increased T-cell response rates in T-cell activation assays, indicating an approximate
correlation between in vitro assay results and clinical immunogenicity incidence.

Abbreviations: ADA, anti-drug antibody; APC, antigen-presenting cell; BSA, bovine serum albumin; CDR, comple-
mentarity-determining region; cpm, counts per minute; DCs, dendritic cell; ELISpot, enzyme-linked immunospot;
HLA, human leukocyte antigen; IgG, immunoglobulin G; IL, interleukin; KLH, keyhole limpet hemocyanin; mAb,
monoclonal antibody; MAPPs, major histocompatibility complex–associated peptide proteomics; PBMC, peripheral
blood mononuclear cell; PBS, phosphate-buffered saline; PHA, phytohemagglutinin; SI, stimulation index; spw, spots
per well
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Introduction

The proinflammatory cytokine interleukin (IL)-17A, produced
by the Th17 subset of CD4C T-helper cells, as well as other
innate and adaptive immune cells, plays a pivotal role in the
pathophysiology of psoriasis and other immune-mediated dis-
eases.1-6 Secukinumab, a human monoclonal antibody (mAb)
that selectively targets IL-17A, has been demonstrated to be
highly efficacious in the treatment of moderate to severe plaque
psoriasis, starting at early time points, with a sustained effect
and a favorable safety profile in Phase 3 studies.7-11 Secukinu-
mab also demonstrated efficacy in Phase 3 studies of subjects
with psoriatic arthritis and ankylosing spondylitis.12-16 The
safety profile of secukinumab is favorable, with the majority of
adverse events reported as mild or moderate in severity.7-16

All biotherapeutics, including mAbs, are immunogenic to
varying degrees in individual patients, and the percentage of

individuals developing anti-drug antibodies (ADAs) can vary
widely, depending on the nature of the target (i.e., internalizing
cell surface receptor on antigen-presenting cells [APCs]),17 as
well as a range of factors that are not yet fully elucidated.18-22

Factors known to influence biotherapeutic immunogenicity
include intrinsic factors such as structural homology with
respect to human amino acid sequences23 and posttranslational
modifications.24 In general, eliminating foreign amino acid
sequences from antibodies reduces the frequency of ADAs and
hypersensitivity reactions,23 and human antibodies are believed
to present lower immunogenicity potential compared with chi-
meric constructs.22,25 However, even human antibodies (e.g.,
adalimumab), as well as other human proteins (e.g., interferons,
erythropoietin), may demonstrate significant levels of immuno-
genicity for 2 reasons: 1) complementarity-determining regions
(CDRs) of immunoglobulin G (IgG) molecules, which are

CONTACT Frank Kolbinger frank.kolbinger@novartis.com
Supplemental data for this article can be accessed on the publisher’s website.

Published with license by Taylor & Francis Group, LLC © Novartis Pharmaceutical
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits unre-
stricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.

MABS
2016, VOL. 8, NO. 3, 536–550
http://dx.doi.org/10.1080/19420862.2015.1136761

http://dx.doi.org/10.1080/19420862.2015.1136761
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1080/19420862.2015.1136761


highly diverse in terms of amino acid composition, have poten-
tial to raise an immune response,26,27 and 2) tolerance to self-
sequences can be broken. Product-specific attributes, including
extrinsic factors such as dosing frequency, dose amount,
administration route, and formulation (impurities, host cell
proteins, tendency to aggregate), all influence immunogenic-
ity.22,28–30 In addition, patient- and treatment-specific factors,
such as concomitant drug usage (e.g., for immunosuppression),
as well as genetic and disease background of the patient popula-
tion, have an effect on the immunogenic potential of a biother-
apeutic compound,22 which makes it difficult to compare
immunogenicity rates between different clinical studies and
between different biotherapeutics.

Factors unrelated to the compound that can affect the clini-
cal immunogenicity responses of the different mAbs, such as
patient-related or treatment-related factors, were not evaluated
in this study. Instead, we focused on evaluation of the immuno-
genic potential of the biotherapeutics themselves in in vitro
assays. For this purpose, we obtained approved comparator
biotherapeutics, from a licensed pharmacy, and the marketed
formulation of secukinumab as representatives of drug prod-
ucts applied to patients.

Production of high-affinity IgG isotype ADAs after treatment
with biotherapeutics requires activation of the adaptive T-cell–
dependent immune response, which involves endosomal cleavage
of the biotherapeutic protein within a professional APC.31,32 Linear
peptide fragments derived from the biotherapeutic are then pre-
sented by APCs in the context of the individual’s human leukocyte
antigen (HLA) class II molecules.31,33 T cells recognizing the pep-
tide fragment as foreign, by virtue of T-cell receptors, initiate a
CD4C T-helper cell–mediated response, eventually leading to the
release of cytokines and synthesis of ADAs by B cells.34,35 HLA
class IImolecules area/b heterodimers encoded by the highly poly-
morphic genes HLA-DR, HLA-DP, and HLA-DQ.36,37 However,
T-cell responses against allergens are rarely associated with HLA-
DP and HLA-DQ, 38,39 and HLA-DP and –DQ are believed to play
a minor role in the context of ADAs for reasons that are not fully
understood.40 We therefore focused mainly on HLA-DR-associ-
ated responses within our studies.

Immunogenicity of biologic therapies for psoriasis has been
associated with production of ADAs that may affect drug phar-
macokinetics, diminish treatment responses, or cause adverse
reactions.41-44 In Phase 3 clinical studies in subjects with mod-
erate to severe psoriasis, secukinumab has demonstrated mini-
mal immunogenicity up to Week 12 (primary endpoint),
ranging from 0% to 0.41%.7-11 Furthermore, in pooled analysis
of these 6 different Phase 3 studies, secukinumab maintained a
low rate (0.4%) of treatment-emergent ADAs up to Week 52,
with longer term studies out to 2 years continuing to confirm
this low rate (0.5%).10 [Blauvelt A et al. Secukinumab treatment
maintains efficacy in moderate to severe plaque psoriasis
through second year of treatment: A randomized extension of
the ERASURE and FIXTURE studies. Oral presentation at:
73rd Meeting of the American Academy of Dermatology; San
Francisco, California, USA; March 2015.]

This study investigated the immunogenic potential of
secukinumab and other biotherapeutics used to treat psoria-
sis by applying 2 different in vitro assays: a T-cell activation
assay and a major histocompatibility complex–associated

peptide proteomics (MAPPs) assay. T-cell activation was
used to investigate whether CD4C T cells are activated by
APCs loaded with biotherapeutics. This assay encompasses
several aspects of the activation of humoral immune
responses, including antigen processing and presentation by
professional APCs, as well as the induced T-cell responses.45

The immunogenic potential of 5 mAbs (adalimumab, inflix-
imab, rituximab, ustekinumab, and secukinumab) and 1 Fc-
fusion protein (etanercept) was assessed by quantifying T-
cell responses in terms of proliferation and IL-2 secretion
in APC/T-cell cultures from 50 healthy and drug-na€ıve
donors with a broad range of HLA class II haplotypes.
Since the T-cell assay, as performed in this study, did not
provide any information on the epitope sequences leading
to the observed T-cell responses, MAPPs was independently
applied to identify the sequence of biotherapeutic-derived
HLA class II-associated peptides, which represent potential
T-cell epitopes. The MAPPs assay evaluated differences in
antigen presentation for the 5 different mAbs across 30
healthy donors, all of whom differed from the donors used
in the T-cell assay. Both the MAPPs and T-cell assay results
were compared with the clinically observed immunogenicity
of secukinumab and the other biotherapeutics.

Results

T-cell assay

T-cell responses, following exposure tomonocyte-derived dendritic
cells (DCs) loaded with test biotherapeutics, were assessed by mea-
suring 2 markers in parallel: CD4C T-cell proliferation via [3H]-
thymidine incorporation assay and IL-2 secretion via enzyme-
linked immunospot (ELISpot) assay. The ELISpot is among the
most sensitive methods for detecting T-cell responses to biothera-
peutics.45 Although there is generally a good correlation between
IL-2 production and proliferation after CD4C T cells have been
activated, differences can sometimes occur. These differences can
be attributed to the kinetics of T-cell responses in culture where
transient proliferation responses can potentially bemissed, particu-
larly if the proliferation response occurs during the very early stages
of the autologous T-cell culture (i.e., before Day 7). Alternatively,
differences can be due to activation of specific T-cell subsets that
undergo limited proliferation. Since the IL-2 ELISpot assay com-
prises a membrane pre-coated with capture antibody that binds
secreted cytokine during the entire incubation time, both early and
late responses will be detected. Proliferation and IL-2 ELISpot
assays have therefore been interpreted independently, with differ-
ences and similarities highlighted between the respective assay
data. The overall correlation between proliferation and IL-2 ELI-
Spot assays was high in this study (89% for responses to the control
antigen keyhole limpet hemocyanin [KLH]; Table S1), and donors
responding to the tested biotherapeutics were thus defined as those
mounting a positive response to each sample in both IL-2 ELISpot
and proliferation assays. The marketed formulation of secukinu-
mab and 5 approved biotherapeutics (adalimumab, infliximab, rit-
uximab, ustekinumab, and etanercept), which were obtained from
a licensed pharmacy, were individually assessed for immunogenic
potential using DCs and CD4C T cells from a cohort of 50 HLA-
typed healthy donors.

MABS 537



T-cell responses to secukinumab and to comparator
biotherapeutics with low clinical immunogenicity rates are
in the same range

The frequencies of positive responses for T-cell proliferation
and IL-2 ELISpot assays in the 50 blood donor samples are
shown in Figs. 1A and 1B. All donors produced a positive
T-cell response against phytohemagglutinin (PHA) in IL-2
ELISpot assays, indicating the functionality of cells in cul-
ture (data not shown). In the T-cell proliferation assay,

secukinumab showed overall a very compact response dis-
tribution, with 46 of 50 donors showing a response below
and 4 donors only slightly above the threshold (stimulation
index [SI] �1.9, P < 0.05). Likewise, few donors showed
responses above the response threshold for etanercept (4
donors) and ustekinumab (3 donors). Infliximab, adalimu-
mab, and rituximab, in contrast, showed more variable dis-
tributions of their responses, with 11, 10, and 7 donors,
respectively, having responses above the response threshold

Figure 1. Secukinumab exhibits low levels of T-cell responses in a low number of donors. Scatter plot showing the proliferation stimulation index (SI) data (A) and interleukin
(IL)-2 enzyme-linked immunospot (ELISpot) SI data (B) from 50 donors incubated with the 6 test samples and humanized A33. Horizontal black lines represent mean val-
ues and red-dashed line indicates statistically significant SI �1 .9. Summary of T-cell proliferation SI and IL-2 ELISpot SI data for all values where SI �1 .9 and P<0.05 (C).
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(Fig. 1A and Table S1). Similarly, in the IL-2 ELISpot assay,
secukinumab showed a compact response distribution, with
only 4 donors deviating such that their SI was above the
response threshold. The same distribution was true for uste-
kinumab and etanercept, for which 4 and 5 donors, respec-
tively, showed IL-2 ELISpot signals above the threshold.
Rituximab, in contrast, showed a highly variable response
distribution, with 6 donors above the response threshold.
Infliximab and adalimumab showed distinct subpopulations
of the donor set with responses above the response thresh-
old (10 and 8 donors, respectively) (Fig. 1B and Table S1).

Overall, the percentage of donors mounting a positive T-
cell response in both the IL-2 ELISpot and proliferation
assays ranged from a high of 20% (infliximab) to 14% (ada-
limumab), 10% (rituximab), 8% (etanercept), and a low of
6% (for both secukinumab and ustekinumab) (Fig. 1C and
Table S1).

MAPPs

Using the MAPPs assay, naturally presented HLA-DR–associ-
ated peptides were identified directly from 30 healthy donors’
monocyte-derived DCs exposed to test biotherapeutics.28,46–48

HLA-DR–associated peptides originate from a variety of pro-
teins, which are naturally present in the endolysosomal cellular
compartment, as well as from the test biotherapeutic.28 Peptides
can originate from different protein domains and typically
occur as multiple length variants. Peptides sharing the same
HLA-DR binding core build a “cluster” (Fig. S1), which repre-
sents a sequence region that may potentially, but not necessar-
ily, be recognized as a T-cell epitope.

Clusters can partially overlap with respect to their amino
acid sequence, but can be distinguished from one another by
sufficiently different HLA binding properties such that different
clusters are considered to be an additional distinct opportunity
for recognition as a T-cell epitope. Depending on binding prop-
erties of the 2 HLA-DR alleles of an individual, donors can dif-
fer considerably regarding their pattern of presented clusters.

In the MAPPs analysis, antigen presentation is quantitated
by 2 methods that characterize the content of potential T-cell
epitopes for a test biotherapeutic. These methods are: 1) count-
ing the number of all clusters for the whole molecule, taking
repeated detections of each cluster in multiple donors into
account (total clusters); and 2) counting the number of differ-
ent clusters identified in a donor set for the whole molecule
(see Fig. S1 for detailed explanation).

Different secukinumab preparations show a highly
consistent cluster pattern by MAPPs

The MAPPs analysis performed with 3 different secukinumab
batches and tested on monocyte-derived DCs from 9 healthy
donors resulted in highly similar cluster patterns across secuki-
numab preparations, indicating the consistent quality of secuki-
numab protein (Fig. 2). Overall, a low number of different
clusters were obtained for the secukinumab heavy (14 clusters)
and light (6 clusters) chains.

Secukinumab contains low number of potential CD4C T
cell epitopes

The MAPPs cluster patterns of secukinumab were compared
with patterns from a panel of therapeutic antibodies (adalimu-
mab, infliximab, rituximab, and ustekinumab) in marketed for-
mulations (Fig. 3). Etanercept was not included in the MAPPs
analysis because, as a fusion protein containing endogenous
tumor necrosis factor-receptor protein sequences, and lacking
CH1 and CL constant domains, it would not be an adequate
structural comparator to antibody molecules. The MAPPs assay
was performed on 30 donors, in 3 independent sets of 10
donors each. One of the sets was measured using 50% more
cells compared with the other 2 sets to increase sensitivity
(Fig. 3). For comparison of the 3 donor sets, the numbers of dif-
ferent and total clusters in each dataset were normalized against
the respective values for adalimumab as an arbitrary reference
(Figs. 4A and B). To obtain 1 single response value for MAPPs,

Figure 2. Consistent cluster maps were generated across secukinumab preparations. Major histocompatibility complex–associated peptide proteomics cluster map of
human leukocyte antigen-DR–associated peptides produced by 1.5 £ 106 dendritic cells from 9 different donors exposed to 3 different secukinumab preparations. Clus-
ters are indicated as black boxes, Complementarity-determining regions are indicated as shaded areas along the sequence of constant domains in heavy chain (CH; left)
and light chain (CL; right) above each monoclonal antibody. H, hinge region.
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which integrates the number of potential CD4C T-cell epitopes,
as well as their frequency in the donor set, the normalized num-
bers of different and total clusters were averaged (Fig. 4C). In
all 3 sets, secukinumab (42.9%, 60.5%, 51.4% relative response)
and ustekinumab (46.5%, 61.0%, 47.7% relative response)
ranked low in the average normalized cluster response. Inflixi-
mab (62.6%, 80.0%, 59.0% relative response) and rituximab
(74.1%, 66.1%, 59.5% relative response) showed higher average
normalized cluster responses, and the ranking order between
the 2 molcules varied, which is likely due to the low number of
donors tested in each set. Adalimumab consistently showed the
highest response in all 3 donor sets (set as 100%; all data nor-
malized to adalimumab). The total number of clusters was ana-
lyzed using a generalized linear model with Poisson errors and
a log link. Adalimumab showed significantly higher numbers
of total clusters compared with all other antibodies (Table S4).
Differences in cluster numbers among the other biotherapeu-
tics were observed although these differences did not reach sta-
tistical significance, probably due to the limited number of
donors in each set.

Despite the relatively low number of donors tested in each
set, overall all 3 donor sets produced similar results (Fig. 4).
The cluster patterns of the tested antibodies along the heavy
and light chains showed obvious similarities in certain
sequence regions such as the constant domains of the human
IgG1 heavy chain (Fig. 3). In contrast, marked differences
were observed in other regions such as in the variable
domains. This is consistent with therapeutic antibodies show-
ing high sequence diversity in variable domains, in particular
in the CDRs.

MAPPs average normalized cluster response and T-cell
responses show the same trend

Comparison of the relative immunogenic potentials of the
tested biotherapeutics, in the MAPPs assay and the T-cell assay
(Fig. 1C), indicates that results were generally comparable
between these 2 in vitro assays (Fig. 5). Secukinumab and uste-
kinumab showed low immunogenicity potential in both assays,
while rituximab, infliximab, and adalimumab consistently
ranked higher in both assays, although the rank order of the 2
latter molecules was reversed between the 2 assays.

Discussion

Secukinumab is a human IgG1k mAb that selectively inhibits
human IL-17A and has been associated with low immunogenic-
ity (0.4% treatment-emergent ADA rate) in Phase 3 studies up
to 52 weeks in subjects with moderate to severe plaque psoriasis.
In general, multiple factors that are not clearly defined or under-
stood contribute to biotherapeutic immunogenicity,18-20,24,25,34

but these factors are known to include product-specific attrib-
utes, formulation, and tendency for aggregation.28-30 Biothera-
peutics currently used to treat psoriasis—such as adalimumab
and infliximab—are reported to have higher immunogenicity
compared with secukinumab in clinical trials (Table 1). How-
ever, such indirect comparisons of published immunogenicity
prevalence in clinical trials might not account for differences in
the time frame over which immunogenicity is observed, differ-
ences across clinical studies, and differences in ADA testing,
including sampling time points, detection methodology, and

Figure 3. Cluster maps vary across different therapeutic antibodies. Major histocompatibility complex–associated peptide proteomics cluster map of human leukocyte anti-
gen-DR–associated peptides produced by 1.5 £ 106 dendritic cells from 10 different donors exposed separately to 5 different therapeutic antibodies is shown. Clusters
are indicated as black boxes, Complementarity-determining regions are indicated as shaded areas along the sequence of heavy chain (CH; left) and light chain (CL; right)
above each monoclonal antibody. H, hinge region.
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reporting. For most biotherapeutics, these differences lead to
high variability of reported clinical immunogenicity rates, which

complicates not only the evaluation of the “true” immunogenic-
ity of a biotherapeutic, but also the correlation of in vitro assay
data with clinical immunogenicity. Harmonization of terms and
concepts related to immunogenicity testing would facilitate
interpretation and comparison of reported immunogenicity
data.49,50

The main challenge in preclinical assessment of the immu-
nogenicity potential of a biotherapeutic, using in vitro assays, is
that responses against mAbs are much weaker, in general, com-
pared with responses against pathogens, allergens, or vaccines.
Weak responses to mAbs can be explained by a low precursor
frequency of reactive T-cells, owing to negative T-cell selection
processes, which specifically recognize endogenous antibodies.
The high sequence similarity between mAbs and endogenous
antibodies underlies the weak immune response against mAbs.
The finding that patients often develop ADAs only several
months after initial drug exposure further illustrates weak
immune responses against mAbs.51-52

In this study, T-cell and MAPPs assays were used to exam-
ine the immunogenicity potential of biotherapeutic prepara-
tions based on their ability to induce a T-cell–mediated
immune response. The 2 assays reflect different aspects of the
process of ADA development that occurs in patients. The in
vitro T-cell assay addresses T-cell responses to whole protein
biotherapeutics after processing and presentation by APCs,45,53

whereas the MAPPs assay investigates the ability of biothera-
peutics to be processed and presented by individual HLA-DR
alleles on APCs (potential T-cell epitopes). Both assays were
conducted with cells derived from healthy, drug-na€ıve blood
donors for the following reasons: (1) drug-na€ıve healthy donors
likely reflect the patient population better than patients who
have been treated with biologics and already developed an
ADA response, (2) it is infeasible to obtain the required num-
ber of cells from enough drug-na€ıve patients, (3) the aim of this
study was to evaluate the assays in a setup independent of dis-
ease indication and the biotherapeutics assessed in this study
are approved for several indications, each with different co-
medications that can affect ADA responses, and (4) use of cells
derived from healthy blood donors for in vitro studies is the
current practice in this field.35,54,55

The applied T-cell assay, conducted at the contract research
organization Antitope, an Abzena company, separately mea-
sured T-cell proliferation by [3H]-thymidine incorporation and
production of IL-2 by ELISpot. Cells from a different set of 50
drug-na€ıve, healthy donors representing the distribution of
HLA class II allotypes expressed in the North American and
European populations (Figure S2 and Table S2) were used to
evaluate T-cell responses after exposure to biotherapeutics. The
ability of secukinumab to initiate a T-cell response was compa-
rable to other marketed biotherapeutics of known low clinical
immunogenicity such as ustekinumab and etanercept (Table 1).
Biotherapeutics with clearly higher clinical immunogenicity in
the real-world setting (infliximab, adalimumab, and rituximab)
scored higher than secukinumab in these assays, although the
overall response rate was still relatively low and the observed
responses were weak.

The low number of T-cell precursors reacting against a mAb
poses a challenge in na€ıve T cell assays due to limited time for
cell division and signal amplification during the duration of the

Figure 4. Secukinumab contains low numbers of different and total clusters. For
comparison of the 3 independent sets (indicated by different symbols) of 10
donors each, different and total clusters for each biotherapeutic were quantified
and normalized to adalimumab (100%) as an arbitrary reference. Average normal-
ized cluster responses (C) were obtained from the normalized values of different
(A) and total (B) clusters, averaging both values. The horizontal line indicates the
mean of the 3 individual values. MAPPs, major histocompatibility complex–associ-
ated peptide proteomics.
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culture,35 which has an effect on assay sensitivity. Moreover,
due to a possible direct interference of the tested biotherapeu-
tics with T-cell activation in more sensitive whole peripheral
blood mononuclear cell (PBMC) assays, DCs were first loaded
with biotherapeutic proteins in isolation and then washed to
remove the protein excess before adding the autologous CD4C

T-cells. This type of DC/T-cell co-culture contains a DC:T-cell
ratio that is not physiological, leading to relatively high back-
ground, thus making the assay less sensitive compared with a
PBMC-based assay. Considering the abovementioned factors, it
is expected and consistent with other published studies29,55 that
in the applied in vitro T-cell assay, which measures na€ıve T-cell
responses of low precursor frequency, the dynamic range of the
method was limited and the number of responding donors was
low. Differences in T-cell responses between the different bio-
therapeutics were observed, although statistically significant
differences were not reached according to analysis of variance
and t test. Importantly, the signal ranges in the in vitro T-cell
assay are dependent on the signal-to-noise ratio and assay spe-
cifics. Therefore, the degree and frequency of responses
between clinical immunogenicity and in vitro assays cannot be
directly compared.

In contrast, the MAPPs assay characterizes naturally derived
HLA-DR–associated peptides obtained from DCs exposed to bio-
therapeutic proteins.28,46 Testing of 3 different clinical batches of
secukinumab in theMAPPs assay yielded highly reproducible clus-
ter patterns (Fig. 2), indicating consistent secukinumab quality.
The cluster patterns of secukinumab and other marketed biothera-
peutic antibodies showed similarities, in particular in the constant
domains of heavy chain (CH1, CH2, CH3) and light chain (CL),
consistent with the conserved sequence in these domains among
antibodies. Interestingly, some differences in the cluster pattern
also occurred in conserved regions, which may be due to product-
specific attributes such as formulation, tendency for aggregation,
and differential enzymatic processing based on the overall structure
of the biotherapeutic and influenced by the variable regions and
differences in glycosylation. As one would expect, marked

differences in the cluster pattern were observed in the variable
domains, in particular around the CDR regions, which is consistent
with the high sequence diversity between different antibodies in the
variable domains, especially in the hypervariable CDRs.

Although the identified clusters of peptides all represent
potential T-cell epitopes, not every cluster identified may effec-
tively induce a T-cell response and immune responses are often
dominated by the recognition of a limited number of epitopes,
a phenomenon known as immunodominance. Two factors
contribute to this phenomenon:56 1) a high relative abundance
of epitopes, and 2) the precursor frequency for na€ıve T cells rec-
ognizing different peptide-major histocompatibility complex
combinations. The overall extent of antigen presentation, as
determined by MAPPs in combination with the actually
observed T-cell responses, is relevant when assessing the poten-
tial of a protein to induce a CD4C T-cell-driven immune
response. Although 1 epitope can be sufficient to elicit a strong
response, immune responses of different individuals can be
dominated by different epitopes and a higher number of differ-
ent presented clusters will thus increase the likelihood that at
least 1 of these clusters will be recognized as a true T-cell epi-
tope. In addition, clusters recognized as T-cell epitopes by
many different subjects will increase the likelihood for a high
incidence of clinical ADA responses.28,34,35

Based on these considerations, the numbers of presented dif-
ferent clusters and total clusters, together representing the num-
ber of potential T-cell epitopes in a protein and their frequency
in a cohort of donors, were selected as parameters for compari-
son to the observed clinical immunogenicity of the tested bio-
therapeutics. Surprisingly, despite the complexity of the
immune response, across biotherapeutics these parameters gen-
erally agree with the degree of clinical immunogenicity observed
in different patient groups treated with these biotherapeutics.
The average value for different clusters and total clusters, from
the same population of donor cells, was low for secukinumab
and in the same range as other biotherapeutics known to exhibit
low clinical immunogenicity, such as ustekinumab (Table 1). In

Figure 5. Consistent results from major histocompatibility complex–associated peptide proteomics (MAPPs) and T-cell assays. T-cell assay responses for each biotherapeutic
from a total of 50 donors were plotted vs MAPPs average normalized cluster responses from a total of 30 donors.
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Table 1. Reported Frequency of Anti-Drug Antibodies in Clinical Trials of Selected Biotherapeutics.

Biotherapeutic Drug Name Target Structure Disease Patients with ADAs

% (n) Reference

Infliximab TNFa Chimeric monoclonal antibody Psoriasis 5.4 (168) 61 (review)
16.4 (73)
20.0 (50)
20.7 (29)
23.3 (163)
26.5 (264)
29.7 (64)
30.0 (20)
33.3 (15)
43.6 (543)

Rheumatoid arthritis 8.0 (60) 62 (review)
17.4 (87)
43.0 (51)
44.0 (75)
45.0 (32) 63

Ankylosing spondylitis 29.0 (38) 64
Psoriatic arthritis 21.0 (24) 65
Crohn’s disease 32.0 (282) 66 (review)

14.0 (442)
55.0 (174)
61.0 (125)

Adalimumab TNFa Human monoclonal antibody Psoriasis 6.5 (31) 61 (review)
8.8 (825)
10.6 (123)
15.6 (32)
44.8 (29)

Rheumatoid arthritis 12.0 (434) 62 (review)
17.0 (121)
44.0 (178)
26.0 (204) 66

Ankylosing spondylitis 31.0 (35) 67
23.0 (26) 68

Psoriatic arthritis 18.0 (22) 69
50.0 (48) 65

Crohn’s disease 2.6 (269) 62 (review)
9.2 (168)
17.0 (30)
0.67 (299)

Rituximab CD20 Chimeric monoclonal antibody Rheumatoid arthritis 11.0 (2578) 70
2.7–7.9 (multiple n values) 71 (review)

Ustekinumab IL-12/IL-23 Human monoclonal antibody Psoriasis 3.8 (835) 61 (review)
4.1 (293)
4.4 (112)
5.2 (746)
5.4 (1202)
5.5 (18)

Psoriatic arthritis 9.3 (279) 72
Crohn’s disease 0.7 (427) 73

Etanercept TNFa TNF receptor/Ig fusion protein Psoriasis 2.7 (549) 61 (review)
4.7 (297)
1.7 (486)
18.3 (591)
0 (25)

15.2 (857)
Rheumatoid arthritis 3.0 (214) 74 (review)

3.0 (153)
5.6 (214)

Ankylosing spondylitis 0 (53) 67
Psoriatic arthritis 0 (21) 65

Secukinumab IL-17A Human monoclonal antibody Psoriasis 0 (118) 8
0 (121) 9
0.4 (980) 7

Rheumatoid arthritis 0 (187) 75
Ankylosing spondylitis 0 (37) 15
Psoriatic arthritis 0 (42) 12

ADAs, anti-drug antibodies; Ig, immunoglobulin; IL, interleukin; TNF, tumor necrosis factor. Immunogenicity data are from studies in indicated reference or from individual
studies cited in review articles as indicated. Some patients were treated concomitantly with methotrexate.
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contrast, the values for rituximab and infliximab were elevated,
and adalimumab showed the highest response of all compounds.
Taking the average normalized cluster response as an indication
of the relative immunogenic potential of the test biotherapeutic,
an approximate positive correlation with clinical immunogenic-
ity for these agents was observed.

Over the past years, the MAPPs assay has been applied to
identify self- and tumor-derived peptides46-48 to characterize
the effect of post-translational modifications57 and protein
aggregation28 on antigen processing and presentation. Our
findings indicate that this assay, together with a functional T-
cell assay, may provide valuable information for preclinical
assessment of the relative immunogenicity potential of different
biotherapeutics.

Both the MAPPs and T-cell assays showed comparable
results indicating low immunogenic potential, for secukinumab
and ustekinumab. The observed inverted rank order for inflixi-
mab and adalimumab in T-cell vs MAPPs assays may be
explained by the different aspects of initiating an immune
response addressed by the 2 assays. First, the performed
MAPPs analysis was limited to HLA-DR due to the peptide iso-
lation setup using an anti-HLA-DR antibody and did not evalu-
ate HLA-DQ or HLA-DP binding. Second, glycosylated
peptides could not be evaluated via MAPPs due to the analyti-
cal setup. As the MAPPs assay identifies potential T-cell epito-
pes only, it cannot assess which clusters are actually able to
stimulate CD4C T cells such that some presented clusters may
be more relevant to the immunogenic potential of a biothera-
peutic than others. For instance, the chimeric antibody biother-
apeutics showed clusters in non-human sequence regions that
are more likely to induce a T-cell response since the respective
T cells have not undergone negative selection in the donor.
Since the MAPPs assay does not take the T-cell precursor fre-
quencies into account, the immunogenicity potential of inflixi-
mab and rituximab may be underestimated in the MAPPs
assay compared with the human mAbs adalimumab, secukinu-
mab, and ustekinumab. This may explain the inverted correla-
tion between the MAPPs and T-cell assays for adalimumab and
infliximab. The T-cell assay overcomes these limitations and
provides a second independent in vitro analysis. However, the
T-cell assay applied here does not identify the sequences of the
individual T-cell epitopes, and most importantly, a response in
this assay relies on the presence of reactive CD4C T-cells. In
future research, it would therefore be interesting to perform the
MAPPs and T-cell assays consecutively using the same donor
material and testing the main clusters identified in MAPPs for
their T-cell reactivity. However, due to the limitations of the
assay (mainly the amount of cells needed for each assay), this is
currently infeasible. Neither assay-readout has the potential to
specifically measure regulatory T-cell responses (defining posi-
tive in vitro T-cell responses based on IL-2 secretion and prolif-
eration excludes regulatory T-cell responses). Moreover,
interactions between the biotherapeutic and soluble or mem-
brane-bound targets on APCs may potentially influence the
cytokine profile and antigen uptake, and have an effect on the
antigen presentation and T-cell activation profiles.

Further, a direct translation of the in vitro response rates
and clinical immunogenicity incidence is not possible since

immunogenicity is influenced by many factors not addressed
by the assays applied in this study, such as patient- (e.g., indica-
tion, pre- or co-medication, HLA and other genetic factors) and
treatment-related factors (e.g., duration of study, dosing route
and regimen, co-medication, drug holidays).

Another caveat for clinical validation of prediction methods,
such as those applied in this study, is the high variability of the
published clinical immunogenicity data. Reported immunoge-
nicity incidence for biotherapeutics depends on patient- and
treatment-related factors, as well as on the immunogenicity
assay that was used to measure ADA responses in the patient.
Moreover, assay specifics such as sensitivity, drug tolerance,
and sampling time all contribute to the complexity. Therefore,
a valid correlation between in vitro data and clinical immuno-
genicity on different marketed compounds may only be possi-
ble by generating clinical immunogenicity data with
harmonization of assays and sampling in clinical trials. Exten-
sive collaborative efforts, such as the ABIRISK project (www.
abirisk.eu) of the European Innovative Medicines Initiative, in
which the authors are active contributing participants, might
achieve this harmonization goal.

While a linear correlation between in vitro assays and clini-
cal immunogenicity incidence is not possible given all the
above-mentioned limitations, we investigated whether an
approximate correlation might exist. Based on the reported
clinical immunogenicity, the tested biotherapeutics could be
separated into 2 main categories: 1) a low immunogenicity
group including secukinumab, ustekinumab, and etanercept,
and 2) a high immunogenicity group, including rituximab, ada-
limumab, and infliximab (although also for the latter 3 biother-
apeutics, low immunogenicity prevalence has been reported in
a few studies) (Table 1). The T-cell and MAPPs assay results
could be similarly categorized such that secukinumab and uste-
kinumab, as well as etanercept (T-cell assay only), show low
signals, whereas adalimumab, rituximab, and infliximab show
high signals in the assays (Fig. 5), indicating indeed an approxi-
mate correlation between in vitro assays and clinical immuno-
genicity incidence.

This study did not intend to investigate mechanisms of cau-
sation of clinical immunogenicity nor should the presented
data be mistaken for a complete explanation of causation of
clinical immunogenicity. Rather, our in vitro data can be seen
to provide insight, limited to the parameters investigated by the
assays we used, to explain why different antibodies exhibit dif-
ferent incidences of clinical ADA. Our data indicate that certain
biotherapeutics, such as ustekinumab and secukinumab, of
which fewer peptides were presented to the immune system
and had a lower probability for T-cell responses, are associated
with a lower clinical immunogenicity incidence. In contrast,
other biotherapeutics, such as adalimumab and infliximab, of
which more peptides were presented to the immune system
and which exhibited increased probability for a T-cell response,
are associated with a higher clinical immunogenicity incidence.
This approximate correlation between in vitro and clinical
results suggests this approach is a relevant indicator of product
characteristics that contribute to clinical immunogenicity. It is
conceivable that such in vitro assays might be useful as an early
checkpoint in the development process of non-immunogenic
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biotherapeutics, with the understanding that these in vitro
assays can provide insight into contributing factors, but will
not necessarily predict future clinical immunogenicity.

In summary, while precise prediction of the clinical immuno-
genicity incidence is not possible at this stage, our results for
secukinumab and a number of other marketed biotherapeutics
suggest an approximate correlation between the in vitro antigen-
presentation potential and T-cell responses, and observed clini-
cal immunogenicity incidence. Further research and large collab-
orative efforts by big consortia such as ABIRISK, as well as future
data from studies using biosimilars or biobetters, will likely shed
more light on mechanisms leading to immunogenicity and will
facilitate better understanding of the predictive power of assays
used to assess immunogenicity potential, e.g., by comparing
responses observed with cells derived from healthy volunteers
and patients who have been treated with the biotherapeutics.

Materials and methods

T-cell assay

The T-cell assay was performed by Antitope44 PBMCs were iso-
lated from healthy donor buffy coats (from blood drawn within
24 hours). PBMCs were isolated from buffy coats by Lympho-
prep (Axis-shield [NYC1114547]) density centrifugation, and
CD8C T cells were depleted using CD8C RosetteSepTM (Stem-
Cell Technologies Inc. [15663]). Donors were characterized by
identifying HLA-DR and HLA-DQ haplotypes using the
HISTO Spot SSO HLA typing method (MC Diagnostics). T-
cell responses to control antigen (KLH; Sigma [H7017]) were
determined.

A cohort of 50 healthy donors (different from those used for
the MAPPS assay) was selected to best represent the number
and frequency of HLA-DR and -DQ allotypes expressed in
North American and European populations. Analysis of HLA-
DR and -DQ allotypes expressed in cohort against those
expressed in the North American and European populations
revealed that coverage of >80% was achieved, and that all
major HLA-DR and -DQ allotypes (individual allotypes with a
frequency >5% expressed in this population) were well repre-
sented (Table S2 and Fig. S2).

Preparation of monocyte-derived DC and autologous
CD4C T cells
To prepare monocyte-derived DCs, PBMCs from each donor
were revived in AIM-V® (Life Technologies [12055-083]) cul-
ture medium and monocytes isolated using Miltenyi Pan
Monocyte Isolation Kits (Miltenyi Biotech [130-096-537]) and
LS columns (Miltenyi Biotech [130-042-401]) according to
manufacturer’s instructions. Monocytes were resuspended in
AIM-V® (Life Technologies) supplemented with 1000 U/mL
IL-4 (Peprotech [200-04]) and 1000 U/mL granulocyte-macro-
phage colony-stimulating factor (Peprotech [300-03]) (“DC
culture media”) to a density of 4 to 6 £ 106 cells/mL, and then
distributed in 24-well plates (2 mL final culture volume). Cells
were fed on Day 2 by half-volume DC culture media change.
On Day 3, the test samples or controls (KLH and humanized
A33) were added in DC culture medium to the cells, making a
final concentration of 0.3 mM for the test sample, humanized

A33, and KLH. In addition, an equivalent volume of DC culture
medium was added to the untreated control wells. DCs were
incubated with test biotherapeutic for 24 hours, after which
cells were washed twice and resuspended in DC culture
medium containing 50 ng/mL tumor necrosis factor-a (Pepro-
tech [300-01A]) to induce cellular maturation.

Cells were fed on Day 7 by a half-volume medium change
before harvesting on Day 8. The harvested DCs were counted
and viability assessed using trypan blue (Sigma [T8154]) dye
exclusion. DCs were then g-irradiated (4000 rads) before use in
the proliferation and ELISpot assays. Autologous CD4C T cells
were isolated on Day 8 by negative selection from frozen
PBMCs using CD4C T Cell Isolation Kit II (Miltenyi Biotech
[130-096-533]) according to the manufacturer’s instructions.
Viability of cultured cells, as assessed by trypan blue exclusion,
was comparable across the donor samples (data not shown).

After counting and assessing cell viability, 1 £ 105 CD4C T
cells were added to 1£ 104 DCs in 96-well round bottom plates
(ratio of 10:1). All test samples were tested in sextuplet cultures.
Cells were cultured for 7 days before the cultures were pulsed
with 1.0 mCi [3H]-thymidine (Perkin Elmer® [NET027Z]) in
50 mL AIM V® medium and incubated for a further 6 hours
before harvesting onto filter mats using a TomTec Mach III cell
harvester. Counts per minute (cpm) for each well were deter-
mined by MeltilexTM (Perkin Elmer®; Meltilex A, melt on solid
scintillator [1450-441]; double thickness, glass fiber mats
[1450-521]) scintillation counting on a Microplate Beta
Counter in parallax, low background counting.

ELISpot plates (Millipore [MSIPS4W10]) were pre-wetted
and coated overnight with 100 mL/well IL-2 capture antibody
(R&D Systems [SEL202]) in phosphate-buffered saline (PBS).
Plates were then washed 3 times in PBS, incubated overnight in
blocking buffer (1% bovine serum albumin [BSA] in PBS) and
washed in AIM-V® medium. CD4C T cells and DCs were added
to each well as for the proliferation assay (ratio 10:1).

Each test sample was tested in sextuplicate cultures and, for each
donor, negative control (AIM-V® medium alone), no cells control,
and mitogen-positive control (PHA at 2.5 mg/mL used as an inter-
nal test for ELISpot function and cell viability; Sigma [L1668]) were
also included on each plate. After a 7-day incubation period, ELI-
Spot plates were developed by sequential washing in dH2O and
PBS (x3), prior to the addition of 100 mL filtered, biotinylated
detection antibody (R&D Systems [SEL202]) in PBS/1% BSA. Fol-
lowing incubation at 37�C for 1.5 hours, plates were further washed
in PBS (x3), and 100 mL of filtered streptavidin-AP (R&D Systems
[SEL002]) in PBS/1% BSA was added for 1.5 hours (incubation at
room temperature). Streptavidin-AP was discarded and plates
were washed in PBS (x4). One hundred microliters of 5-bromo-4-
chloro-3-indolyl phosphate/nitroblue tetrazolium substrate (R&D
Systems [SEL002]) were added to each well and incubated for 30
minutes at room temperature. Spot development was stopped by
washing the wells and the backs of the wells 3 times with dH2O.
Dried plates were scanned on an Immunoscan® Analyzer and spots
per well (spw) were determined using Immunoscan® Version 5
software.

T-cell assay data analysis
For proliferation and IL-2 ELISpot assays, an empirical thresh-
old of an SI �2 has been previously established whereby test
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samples inducing responses above this threshold are deemed
positive. Extensive assay development and previous studies
have shown that this is the minimum signal-to-noise threshold,
allowing maximum sensitivity without detecting large numbers
of false-positive responses or omitting subtle immunogenic
events. In order to further increase sensitivity, responses with
an SI � 1.9 were considered positive in this study. Conse-
quently, for both proliferation (n D 3) and IL-2 ELISpot (n D
6) data sets, positive responses were defined by statistical and
empirical thresholds:

1. Significance (P <0.05) of the response by comparing
cpm or spw of test wells against medium control wells
(cpm >150, spw >3) using unpaired 2-sample student’s
t-test.

2. SI � 1 .9, where SI D mean of test wells (cpm or spw) /
baseline (cpm or spw). Data presented in this way are
indicated as SI �1 .9 (P <0.05).

In addition, intra-assay variation was assessed by calculating
the coefficient of variance and standard deviation of the raw
data from replicate cultures.

Preparation of test samples
Seven therapeutic antibody samples (secukinumab batch 1,
150 mg/mL; ustekinumab, 90 mg/mL; adalimumab, 50 mg/mL;
etanercept, 50 mg/mL; infliximab, 10 mg/mL; rituximab, 10 mg/
mL; A33, 7.68 mg/mL) were supplied and stored according to
instructions provided. Test samples were diluted in AIM-V® cul-
ture medium (Invitrogen) just before use and the final assay con-
centration was 0.3 mM. KLH was stored at ¡20�C as a 10-mg/
mL stock solution in water. For the studies, an aliquot of KLH
was thawed before immediately diluting to 3 mM in AIM-V®
(final concentration 0.3mM). PHA (Sigma) was used as a positive
control and a 1-mg/mL stock was stored at ¡20�C before dilut-
ing to a final concentration of 2.5 mg/mL in cell cultures. An
immunogenic benchmark clinical control, humanized anti-A33
antibody,58 was included for comparison with the test samples.
A33 was immunogenic in clinical studies, but since only very lim-
ited clinical data are available, this antibody is only considered as
an assay control and not as a comparator molecule.59 Secukinu-
mab batch 1 is the preparation used in clinical studies and in all
analyses presented in this study, except for the comparison with
other secukinumab batches in the MAPPs analysis (Fig. 2).

MAPPs assay

The MAPPs assay was established and conducted internally at
Novartis.

Generation of HLA-DR–specific beads for
immunoprecipitation
Monoclonal antibodies specific for HLA-DRa were generated
using the mouse hybridoma cell line L24360 and were used to
isolate HLA-DR–peptide complexes. Protein A–purified anti–
HLA-DR antibody was immobilized on N-hydroxysuccini-
mide–activated beads (GE Healthcare Bio-Sciences AB [28-
9811-57]) according to the manufacturer’s protocol and stored
containing 0.02% sodium azide. For confirmation of HLA-DR

depletion efficiency of the L243-conjugated beads, cell lysates
before and after immunoprecipitation with the beads were ana-
lyzed by Western Blotting using the non-overlapping HLA-
DR–specific mAb 1B5 (Lifespan Biosciences [LS-B2858]).

Isolation of monocytes
PBMCs were isolated from human buffy coats sampled from 30
healthy donors (Blood Donation Center SRK beider Basel,
Basel, Switzerland; Interregionale Blutspende SRK AG, Bern,
Switzerland) different from those used in the T-cell assay. Since
only HLA-DR-derived peptides were analyzed, donors were
isotyped for HLA-DR only (Table S3). PBMC isolation was
achieved by density gradient centrifugation using Leucosep
tubes (Greiner Bio One [227290]) according to manufacturer’s
recommendations.

Isolated PBMCs were labeled with human anti-CD14
microbeads (Miltenyi Biotech [MILT130-050-201]; STEM-
CELL Technologies Inc. [STMC18058]) according to the man-
ufacturer’s protocol and cells were separated within a magnetic
field.

Differentiation of monocytes to immature DCs
Monocytes were resuspended in warm medium (RPMI
1640 w/o Glutamine [Gibco Invitrogen, 31870-074], 10%
fetal calf serum [Gibco Invitrogen, 161140071], 1% Gluta-
max [Gibco Invitrogen, 35050038], 1% non-essential amino
acids [Gibco Invitrogen, 11140035], 1% sodium-pyruvate
[Gibco Invitrogen, 11360039], 1% kanamycin [Gibco Invi-
trogen, 15160047]) containing 33 ng/mL granulocyte-mac-
rophage colony-stimulating factor (Miltenyi Biotech [130-
093-867]) and 3 ng/mL IL-4 (Miltenyi Biotech [130-093-
922]) to a final cell concentration of 0.3 £ 105 cells/mL,
and differentiated to immature DCs in cell-culture dishes
for 5 days at 37�C and 5% CO2.

Stimulation and loading of immature DCs
On Day 5 of cell culture, immature DCs were induced to matu-
ration by adding lipopolysaccharide (1 mg/mL, Sigma [L5866-
10MG]) and loaded with the biotherapeutic of interest. After
incubation for 24 hours at 37�C and 5% CO2, DCs were har-
vested and washed in PBS. After removal of liquid, the cell pel-
lets were frozen at ¡70�C.

Isolation of HLA-DR–associated peptides
For isolation of HLA-DR–associated peptides, DC pellets
obtained from either 1 £ 106 or 1.5 £ 106 cells were lysed in
hypotonic buffer containing 1% Triton X-100 (Roche Diagnostics
GmbH [11332481001]) and protease inhibitor tablets (Roche
Diagnostics GmbH [11836153001]) for 1 hour at 4�C on a hori-
zontal shaker at 1100 RPM. After centrifugation, the lysate was
incubated overnight at 4�C with L243-conjugated beads for
immunoprecipitation. After washing with wash buffer (PBS con-
taining 0.5% Zwittergent) and several wash steps with distilled
water, peptides were eluted from HLA-DR molecules by adding
0.1% trifluoracetic acid (Fluka [40967]) at 37�C and lyophilized
using an Eppendorf Concentrator 5301 (Eppendorf AG).
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Analysis of HLA-DR–associated peptides28,47,48

Lyophilized peptides were resuspended in hydrophilic buffer
containing 5% acetonitrile and 1.1% formic acid, and injected
onto a self-packed fused-silica C18 reversed-phase nano-high-
performance liquid chromatography column. Multiple injec-
tions were not performed due to limited amounts of sample.
Peptide identification was performed using liquid chromatog-
raphy (Nano Capillary System, Dionex Corporation) on a
reversed-phase column connected to a mass spectrometer (Q-
Exactive, Thermo) via electrospray ionization (LC-ESI-MS/
MS). Chromatographic separation was achieved using a 5%–
80% acetonitrile gradient buffer (buffer 1: 97.4% water, 2.5%
acetonitrile, 0.1% formic acid; buffer 2: 17.4% water, 82.5% ace-
tonitrile, 0.1% formic acid). Peptides were chromatographically
separated using a 75-min or 130-min gradient depending on
the number of cells used for the generation of peptide eluates
(1 million or 1.5 million cells, respectively). Peptides were iden-
tified using a database search approach using the SEQUEST
algorithm. Peptides with a delta mass of <10 ppm to the
expected mass, cross correlation values of XCorr >2.3 for dou-
bly charged ions, >2.8 for triply charged ions, and >3.3 for
quadruply charged ions, and a delta cross correlation >0.1
were considered as true hits. In mAb-treated samples, mAb-
derived peptides were detected multiple times and in several
length variants clustering in sequence regions, increasing confi-
dence in correctness of peptide identification. In addition,
donors sharing the same HLA-DR alleles (HLA-DR haplotypes
in Table S3) showed common peptide clusters.

Lack of identification of mAb-derived peptides in negative
control samples ruled out false positive identification of mAb-
derived peptides in the respective samples derived from the
same donor.

The total number of clusters was analyzed using a general-
ized linear model with Poisson errors and a log link. Each of
the individual sets used samples from different donors and
these sets were analyzed both separately and combined. The
terms included in the model as fixed effect were donor and bio-
therapeutic. For the combined set model, additional terms for
set and the interaction between set and biotherapeutic were
included.

P-values in Table S4 were obtained from fitting 4 separate
models to the data, 3 relating to the modeling of each separate
set and 1 for the analysis of the 3 sets combined.

All procedures were in accordance with the Helsinki Decla-
ration of 1975.
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