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ABSTRACT
Secukinumab, a humanmonoclonal antibody that selectively neutralizes IL-17A, has consistently shown low
anti-drug antibody responses in patients with psoriasis, psoriatic arthritis, and ankylosing spondylitis.
Secukinumab has also shown lower in vitro immunogenicity potential compared with other monoclonal
antibodies used to treat psoriasis and psoriatic arthritis, and a significantly lower in vitro T cell precursor
frequency compared with ixekizumab, which targets the same antigen. Here, secukinumab and ixekizumab
were further examined regarding their specific T cell epitopes. Secukinumab- or ixekizumab-specific CD4 T
cell lines were generated from 31 healthy, treatment-naïve donors via 28-day co-culture with mature
monocyte-derived dendritic cells exposed to either antibody. Consistent with previous data, the frequency
of preexisting T cells to secukinumab was significantly lower as compared with ixekizumab. Only two T cell
lines from two different donors could be derived for secukinumab, but no specific T cell epitope was
identified. In contrast, 32 T cell lines from eight donors were obtained for ixekizumab. For 11 of these T
cell lines, the specific T cell epitopes could be identified and confirmed by major histocompatibility
complex–associated peptide proteomics as being naturally presented peptides. All identified T cell epitopes
cluster in four main regions that are overlapping with the complementarity-determining regions HCDR3,
LCDR1, LCDR2 and LCDR3. Interestingly, ixekizumab CDRs contain amino acids that are not found in any of
the germline family members. These amino acids may be associated with the higher number of T cell
epitopes identified for ixekizumab light chain and may contribute to the increased in vitro immunogenicity
potential observed for ixekizumab vs. secukinumab.

ARTICLE HISTORY
Received 24 September 2019
Revised 11 November 2019
Accepted 17 December 2019

KEYWORDS
Secukinumab; ixekizumab;
immunogenicity; in vitro;
epitope mapping; T cell
lines; MAPPs

Introduction

The pro-inflammatory cytokine interleukin (IL)-17A, pro-
duced by the Th17 subset of CD4 T-helper cells, along with
other innate and adaptive immune cells, is a cornerstone
cytokine in the development of psoriasis (PsO) and psoriatic
arthritis (PsA).1–6 The antibody therapeutics secukinumab
and ixekizumab, which directly target the IL-17A cytokine,
and brodalumab, which target the IL-17A receptor, have been
approved for these conditions and various others are in clin-
ical development.7–10 Secukinumab is a human IgG1/kappa
antibody generated from human immunoglobulin transgenic
mice (Medarex Inc.) immunized with human IL-17A and
cloned using classical hybridoma technology. Secukinumab
has been demonstrated to be highly efficacious in the treat-
ment of moderate to severe plaque PsO, PsA, and ankylosing
spondylitis (AS) with a sustained effect and a favorable safety
profile in Phase 3 studies.11–18 Furthermore, even without co-
treatment (e.g., methotrexate), the clinical immunogenicity
incidence (anti-drug antibody [ADA] response) was consis-
tently below 1% in patients with moderate to severe psoriasis
treated with secukinumab for up to 5 years.19–21 Secukinumab
was also associated with a low incidence (<1%) of immuno-
genicity in PsA and AS after 1 year of treatment.22

Ixekizumab is a humanized IgG4 variant/kappa antibody,
obtained by immunizing mice with human IL-17A, selecting
specific binders using antigen-binding fragment (Fab)-expres-
sing phage display technology, followed by phage display-based
humanization and affinity maturation in E. coli.23 Ixekizumab is
the second IL-17A monoclonal antibody (mAb) approved for
the treatment of moderate to severe plaque PsO and PsA, with
clinical trials ongoing in AS.24–27 In a pooled analysis of three
Phase 3 studies involving patients with psoriasis, ADA against
ixekizumab developed in 9% of patients by Week 12, and those
patients with higher titers of ADA experienced a reduction in
clinical efficacy.26 According to the product label, approximately
22% of patients treated with ixekizumab develop antibodies
during the 60-week treatment period.28

T cell activation assays were previously used to identify poten-
tial T cell epitopes/peptides in vitro by major histocompatibility
complex (MHC)–associated peptide proteomics (MAPPs): secu-
kinumab demonstrated a low in vitro immunogenic potential
that was comparable to, or lower than, five other marketed
biotherapeutics (adalimumab, infliximab, rituximab, ustekinu-
mab, and etanercept).29 In an additional in vitro study to assess its
immunogenic potential, secukinumab showed both significantly
less frequent T cell responses and lower numbers of preexisting T
cells than ixekizumab, adalimumab, and infliximab. However,
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the epitopes that may have activated these T cells remained
unknown.30 Therefore, in this study, we aimed to identify the
reactive T cell epitopes within secukinumab and ixekizumab. To
do so, we mapped the T cell epitopes for each antibody using a
two-step procedure using peptides derived fromMAPPs analysis
and peptides covering the complementarity-determining regions
(CDRs).

Results

Assessment of T cell precursor frequencies for
secukinumab and ixekizumab

Antibody-specific CD4 T cells were generated as previously
described31 to evaluate the size of the preexisting T cell repertoire
specific for secukinumab and ixekizumab. As determined by
genotyping, the donors represented the most common Human
Leukocyte Antigen – DR isotype (HLA-DR) alleles found in an
ethnically mixed European population (Supplementary Table 1).
Of the 31 donors, plates from 30 were available to determine the
generation of a T cell response to keyhole limpet hemocyanin
(KLH [positive control]). All 30 plates demonstrated the ability
of the donors to mount an in vitro T cell response to KLH
(Figure 1). Although no positive control KLH data was available
for one donor, samples from this donor were subsequently
found to react to secukinumab and, therefore, were not excluded
from the study. Figure 1 summarizes the number of mAb-
specific preexisting T cells per million of CD4 T cells specific
to KLH, secukinumab and ixekizumab, and the frequencies of
the responding donors. Of the 31 donors, only 2 donors
responded to secukinumab with a frequency of 0.21 and 0.44
specific T cells per million of CD4 T cells (mean for all 31
donors: 0.03 specific T cells per million of CD4 T cells). This
was significantly lower (p < .01) than response rates to

ixekizumab, in which 15 of the 31 donors responded and exhib-
ited a response varying from 0.21–0.91 specific T cells per
million of CD4 T cells (mean for all 31 donors: 0.2 specific T
cells per million of CD4 T cells).

Identification of potential T cell epitopes by MAPPs

Immature monocyte-derived dendritic cells (DC) from healthy
human treatment-naïve HLA typed (Supplementary Table 2)
blood donors were loaded with secukinumab or ixekizumab in
the presence of lipopolysaccharide (LPS). HLA class II-asso-
ciated peptides were isolated from secukinumab- or ixekizu-
mab-loaded DC by immunoprecipitation with anti-HLA class
II beads. Peptides were subsequently analyzed by liquid chro-
matography-mass spectrometry and identified via database
search using the SEQUEST algorithm.29 For both secukinumab
and ixekizumab, similar numbers of presented sequence
regions, represented as ‘potential’ T cell epitopes, were detected
in the variable domains. Secukinumab showed 13 presented
sequence regions, 8 in the heavy chain and 5 in the light chain,
and ixekizumab showed 12 presented sequence regions, 5 in
the heavy chain and 7 in the light chain. Ixekizumab showed
the most presented regions in the light chain with a light/heavy
chain ratio of 1.4, while secukinumab showed most presented
regions in the heavy chain with a light/heavy chain ratio of 0.6.
A list of all ixekizumab- and secukinumab- derived peptide
sequences identified by MAPPs analysis is provided in
Supplementary Table 3.

T cell epitope identification

Two strategies of T cell mapping were followed by utilizing 2
different sets of peptides, as the number of peptides for the

Figure 1. Specific T cell and responding donor frequencies. T cell lines (T cells contained in a single well) were generated by 3 weekly rounds of stimulation with
secukinumab, ixekizumab or KLH (positive control) and their specificity was tested by IFN-γ ELISpot. Frequencies of CD4 T cells specific for monoclonal antibodies or
KLH (a) and donor response (B, %) for 31 healthy blood donors. A donor was considered a responder if at least one T cell line was detected. The frequency of CD4 T
cell precursors was calculated using the Poisson’s distribution. Data was analyzed using Wilcoxon matched-pairs signed rank test, **p < .01. KLH, Keyhole limpet
hemocyanin; IFN-γ, interferon gamma.
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complete sets for each antibody was too high to be studied for
the individual T cell lines. The standard approach for T cell
epitope mapping is a sequence of re-stimulations mediated by
autologous antigen presenting cells (APC). Firstly, T cells are
stimulated using DC loaded with full length antigen. This is
followed by re-stimulation of reactive cell lines with periph-
eral blood mononuclear cells (PBMC) loaded with pools of
overlapping peptides that cover relevant sequence stretches in
the antigen; in the case of therapeutic antibodies, the respec-
tive variable domains of heavy (VH) and light chains (VL) of
the antibodies are usually covered. Then, T cell lines reacting
to a peptide pool are re-stimulated with PBMC loaded with
individual peptides of positive peptide pools. This approach
was applied in the first set of experiments of this study. Here,
the peptide pools comprised 20-mer overlapping peptides
covering the complete VH and VL sequences of both secuki-
numab and ixekizumab (Supplementary Tables 4 and 5,
respectively; strategy 1 peptides). These peptide sequences
were split into 5 individual pools each for both secukinumab
and ixekizumab (SEC/IXE Pools 1.1–1.5).

The first set of peptide pools, SEC/IXE Pools 1.1–1.5, were
used to map the T cell epitopes of secukinumab and ixekizumab
using 16 of the 31 donors (Figure 2). Only 2 T cell lines raised
against secukinumab responded to SEC Pool 1.5 peptides
(Figure 2a), but no individual peptide sequence could be identi-
fied in the second confirmatory ELISpot. Multiple T cell lines
raised against ixekizumab, however, reacted with IXE peptide
Pools 1.2 and 1.3, as illustrated in Figure 2b. The second

confirmatory ELISpot carried out with the individual peptides
from IXE Pools 1.2 and 1.3 revealed that T cell lines reacted with
the heavy chain peptides IXE12 and IXE13, which span HCDR3
of ixekizumab, and IXE15 (Figure 2c).

Besides the large number of peptides that need to be tested for
each T cell line, another caveat of this approach is the non-
natural nature of these peptides, which do not necessarily repre-
sent the peptides that have actually been processed and are
presented by professional APC cells such as DC. Therefore, we
decided to apply a second, more focused strategy with a reduced
number of peptides, covering specifically the CDR regions of the
two therapeutic antibodies as well as peptides presented by DC
that were identified by MAPPs in the VH and VL regions of
secukinumab and ixekizumab (Supplementary Figure 1). The
MAPPs peptides were split into 2 pools (SEC/IXE Pools 2.1–2.2)
(Supplementary Tables 4 and 5; strategy 2 peptides), while the
peptides covering the CDRs of each antibody were combined in
one pool only (SEC/IXE pool 2.3) (Supplementary Tables 4 and
5; strategy 3 peptides).

Set 2 peptides pools (SEC/IXE 2.1–2.3) were applied to 15 of
the 31 donors (Figure 3). Two T cell lines reacted with secuki-
numab peptides from SEC Pool 2.1 (Figure 3a), but again no T
cell lines were found to be specific for individual MAPPs pep-
tides in the second confirmatory ELISpot (data not shown). In
contrast, seven T cell lines reacted with ixekizumab peptides
from IXE Pool 2.2, identified by MAPPs (Figure 3b). In the
confirmatory ELISpot using individual peptides from IXE Pool
2.2, T cell lines responded to stimulation with light chain

Figure 2. T cell lines responsive to secukinumab and ixekizumab Set 1 peptides. T cell lines (T cells contained in a single well) from 16 healthy blood donors were
generated and tested for recognition of Set 1 secukinumab (a) and ixekizumab (b) peptides (SEC/IXE Pools 1.1–1.5). Their specificity was tested by IFN-γ ELISpot. T
cell lines reacting to ixekizumab peptide pools in (B) were stimulated with individual peptides of the positive pools, and responding donors are demonstrated in (c).
IFN-γ, interferon gamma; SEC, secukinumab; IXE, ixekizumab.
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peptides IXE35, IXE36, IXE37, IX38 and IXE40 (Figure 3c,d),
but not with IXE34 and IXE39 (data not shown). Both peptides,
IXE34 and IXE39 are located in framework regions only, while
peptides IXE35, IXE36 and IXE37 span the LCDR1, and peptides
IXE38 and IXE40 include LCDR2 and LCDR3, respectively.
Thus, we found preexisting T cells reacting to peptides from all
three CDRs of the light chain variable region of ixekizumab.

In addition, T cell lines that did not react with any of the
pools, but that were positive in the T cell assay used to deter-
mine the frequency of antigen-specific T cells (Figure 3e), were
further analyzed with individual CDR peptides from IXE Pool
2.3 (Supplementary Table 5; strategy 3 peptides). Five T cell
lines were found to be specific for heavy chain peptides IXE12
and IXE13 (Figure 3f). These peptides, which spanned HCDR3
of ixekizumab, were also identified in the first set of experi-
ments. In addition, one T cell line each was specific for both
light chain CDR1 peptides IXE18 and IXE19, one for both
IXE19 and the LCDR3 peptide IXE27, and one for IXE18
alone (Figure 3g). An overview of T cell lines and donor
responses to Set 2 ixekizumab peptides is summarized in
Figure 4.

Discussion

Secukinumab and ixekizumab have revolutionized the treat-
ment of PsO and PsA, but, although they modulate the same

cytokine (IL-17A) and have a similar mechanism of action,
the clinical immunogenicity of these mAbs differs.30 Data
shown here, in combination with our previous study, con-
firms in almost 50 healthy subjects that the frequency of
preexisting T cells to secukinumab is significantly lower com-
pared with ixekizumab.30 Additionally, and consistent with
previous findings, secukinumab demonstrated a low immu-
nogenicity potential as indicated by MAPPs analysis and the
low number of healthy subjects responding in T cell func-
tional in vitro assays.29 The level of in vitro immunogenicity
potential produced by ixekizumab corresponds to proteins
that are considered moderately immunogenic (e.g., infliximab,
adalimumab, rituximab). The in vitro immunogenicity poten-
tial of secukinumab, however, is similar to proteins of low or
negligible immunogenicity (e.g., etanercept, trastuzumab).29,32

This is the first study that performed T cell epitope map-
ping of the human antibody secukinumab and the humanized
antibody ixekizumab in order to understand the potential
reasons for the observed differences in in vitro immunogeni-
city potential of the two antibodies. Only 2 T cell lines from 2
different donors could be derived for secukinumab, but no
specific T cell epitope could be identified. Previous studies
have shown that there can be a mismatch between the number
of T cell lines derived in response to an antibody and the
number of identified epitopes, especially if the number of
preexisting T cells is very low.33 Given the low number of

Figure 3. T cell lines responsive to secukinumab and ixekizumab set 2 peptides. T cell lines (T cells contained in a single well) from 15 healthy blood donors were
generated and tested for recognition of Set 2 secukinumab (a) and ixekizumab (b) peptide pools 2.1–2.3. Their specificity was tested by IFN-γ ELISpot. T cell lines
reacting to ixekizumab peptide pools in (B) were retested with individual peptides of the positive pools. (c-d) represents MAPPs peptides while peptides (e-f) cover
the CDR regions. IFN-γ, interferon gamma; SEC, secukinumab; IXE, ixekizumab.
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responding donors, the weak T cell responses to secukinumab,
and very low number of preexisting T cells, there is a possi-
bility that the assay may be insufficiently sensitive to allow
identification of the secukinumab-reactive T cell epitopes. As
the ELISpot procedure requires splitting of the T cell line
cultures into several separate cultures that are subsequently
stimulated with the individual peptides, relatively rare clones
may be lost.

In contrast, 27 T cell lines from 15 different donors could
be derived from ixekizumab, and for 19 of these T cell lines,
the specific T cell epitope could be identified. Most T cell
epitopes were identified by both 20mer CDR peptides (IXE
Pool 2.3) or naturally presented sequences identified via
MAPPs analysis (IXE Pools 2.1 and 2.2). Interestingly, the T
cell epitope in LCDR2 could only be identified using a peptide
length variant identified via MAPPs assay (IXE38), but not
using the corresponding CDR peptide IXE22 with a slightly
downstream shifted frame. In contrast, the epitope in HCDR3
was only identified using the CDR peptide IXE12, but not
using the MAPPs assay-derived length variant IXE32. These
discrepancies may be explained by the shift in peptide frames
between MAPPs and CDR peptides, enabled by the open HLA
class II peptide binding groove, thereby resulting in a change
of T cell recognition,34 as well as by differences in the HLA
class II genes that were expressed by the different donor sets
used for the MAPPs and T cell assay experiments. Another
explanation may be limitations of assay sensitivity due to the
low T cell precursor frequency observed. Overall, the
approach of MAPPs-assisted T cell epitope mapping appeared

to be superior as compared to the more “traditional” peptide-
scanning approach as it allowed identification of more func-
tional T cell epitopes. This is in particular interesting since
these functional T cell epitopes identified by MAPPs represent
antigenic regions that were presented by APC after intracel-
lular processing of the full-length protein and may thus pre-
sent “authentic” T cell epitopes. Further, those peptide
sequences that were found by MAPPs but didn’t comprise a
T cell epitope may be of interest for future research in order
to understand better and eventually be able to predict which
sequence characteristics do make functional T cell epitopes.

Interestingly, the T cell epitopes found in ixekizumab clus-
ter in four main regions that overlap with HCDR3, LCDR1,
LCDR2 and LCDR3; thus, the CDR appeared to be the main
driver of the in vitro T cell responses (Figure 5). This is in line
with the hypothesis that immunogenicity of human or huma-
nized antibodies resides in the CDR regions.36 Therefore, it is
not a surprise that, depending on their sequence, some human
or humanized antibodies show very little immunogenicity in
the clinic while others show increased immunogenicity, which
also affects safety and efficacy. Although this appears obvious,
it is not trivial to obtain or engineer antibodies with low or
absent T cell epitope content in these regions without nega-
tively impacting affinity or the structural integrity of the
therapeutic antibody. Ixekizumab LCDRs contain amino
acids that are derived from the mouse parent sequence or
have been introduced during antibody engineering, which are
atypical at these positions considering the amino acid
sequence of germline family members (Figure 5).

Figure 4. T cell responsiveness to individual MAPPs and CDR ixekizumab peptides. Number of T cell lines (a) and number of donors (b) responding to both Set 1 and
Set 2 individual ixekizumab peptides. IXE, ixekizumab.
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Figure 5. T cell epitopes identified in ixekizumab and secukinumab. Secukinumab (a) heavy and light chain were aligned to closest germline IGHV3-7*01|IGHJ2*01
and IGKV3-20*01|IGKJ5*01, respectively. Ixekizumab (b) heavy and light chain were aligned to closest germline IGHV1-69*01|IGHJ1*01 and IGKV2D-29*02|IGKJ2*01,
respectively. For ixekizumab (B), deviations are labeled according to their origin.23 Deviations in the amino acid sequence are highlighted along with the number of
germline family members. CDR and MAPPs derived peptides are mapped graphically below the amino acid sequence and colored according to their reactivity in the T
cell assay. The definition of framework and CDR is as previously described.35 CDR, complementarity determining region; MAPPs, major histocompatibility complex–
associated peptide proteomics.
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The reactive T cell epitopes in the heavy and light chain CDRs
of ixekizumab contain amino acid residues originating from par-
ental clone 2321mouse antibody or were introduced bymutagen-
esis to improve affinity to the target or remove a potential N-
glycosylation site.23 Many of these amino acid residues are either
absent or rare in human germline genes based on our analysis
(summarized in Figure 5) and the analysis by Liu et al.23

Therefore, it is possible that both the transfer of binding-critical
residues of mouse origin during the process of humanization,
affinity maturation and/or the engineering process of ixekizumab
may have generated peptide sequences that are more prone to
being presented to, and recognized by T cells, leading to an
increased potential of in vitro immunogenicity. Aligning the
amino acid sequence of ixekizumab heavy chain to the closest
human germline sequence IGHV1-69*01|IGHJ1*0137 identified
15 deviations, with 9 of them not being present in any germline
of the same family.37All of these deviations are residues inHCDR1
and HCDR2. Although multiple CDR peptides were designed to
cover this region of the heavy chain, none of them led to a T cell
response. Interestingly,MAPPs didn’t reveal any peptide sequence
in that region, an indication that this area of ixekizumab may not
be presented by APC at all and thus, may not contribute to the in
vitro immunogenicity of ixekizumab, despite the presence of these
9 atypical amino acid residues.

Similarly, 12 deviations to the closest germline IGKV2D-
29*02|IGKJ2*0137 were found in the light chain of ixekizumab.
Four of them cannot be found in any germline of the same
family.37 Surprisingly, all of the found T cell reactive peptides
contain at least one of those four residues, indicating that these
residues may be the drivers of the increased in vitro immuno-
genicity potential observed for ixekizumab.

In contrast, secukinumab contains only very few amino
acids that are atypical at these positions in the human germ-
line and are likely the result of the natural process of somatic
hypermutation in the B cells (Figure 5). However, most of
these amino acids in secukinumab deviating from the closest
germline are present in several germline sequences of the
same family. There are only two mutations that are atypical,
namely a valine in the heavy chain framework 3 and a
cysteine in LCDR3. While no peptide was found by MAPPs
covering LCDR3, a peptide including the valine in heavy
chain framework 3 could be identified (SEC34). However,
no T cell line was reactive to this peptide. In fact, the close
relationship of the secukinumab CDRs to the germline
sequences and the nature of the changes may be an explana-
tion as to why we have not seen frequent and strong in vitro
T cell responses and were not able to identify T cell epitopes
for secukinumab.

While the results presented here are in line with reports of
the clinical incidence of ADA, more research is required to
confirm an association between in vitro immunogenicity
potential and the emergence of clinical immunogenicity
events. However, our study offers potential learnings for anti-
body development and antibody engineering, including: (1)
appropriate steps should be taken to avoid ‘rare’ or ‘atypical’
mutations, and (2) MAPPs-assisted T cell epitope mapping
should be applied during drug development at the design and
engineering stage, to reduce risk of ADA.

Materials and methods

Proteins and peptides

KLH was purchased from Thermo Fisher Scientific
(Brebières, France). Secukinumab (150 mg/mL) and ixeki-
zumab (90 mg/mL) were obtained from the campus phar-
macy (Campus Apotheke, Basel, Switzerland) and stored
according to the instructions provided. Peptides were pur-
chased from Pepscan (Lelystad, The Netherlands). The
sequences of the mAbs were retrieved from the interna-
tional ImMunoGeneTics information system (IMGT) and
sequence alignment was performed using the IMGT/
DomainGapAlign tool.38 Perfect 9mer content was calcu-
lated based on the Human String Content (HSC)
method.39

Characterization of antibody-specific CD4 T cell lines

An overview of the T cell assay procedure and epitope map-
ping strategy is presented in Supplementary Figure 1.
Secukinumab and ixekizumab were tested in an in vitro T
cell assay and the frequency of specific T cells present in the
blood of the donors was evaluated for each antibody.

PBMC were obtained from blood cells collected at the
Etablissement Francais du Sang (EFS, Rungis, France), as
buffy-coat preparations from 31 HLA-DRB1c-typed
(Supplementary Table 2), anonymous, healthy donors who
gave informed consent in accordance with EFS guidelines.
All the samples were genotyped for HLA-DR using the
Gold SSP DRB typing kit (One lambda) after DNA extrac-
tion from PBMC with NucleoSpin Blood QuickPure Kit
(Macherey-Nagel). Antibody-specific CD4 T cell lines were
generated as described previously.31 DC were produced
from plastic-adherent cells of PBMC, while CD4 T cells
were isolated from PBMC by using magnetic microbeads
(Miltenyi Biotech, Paris, France). The quality of the DC
was assessed by labeling of markers HLA-DR, HLA-A,B,C,
CD14, DC-SIGN, CD86 and CD80. DC were separately
loaded overnight at 37°C with KLH (Sigma; 0.25 µM),
used as a positive control or with the therapeutic antibo-
dies (1 µM) and matured with LPS (1 µg/mL). CD4 T cells
(200,000/well) were stimulated by protein-loaded DC
(20,000/well) and cultured for 28 days. The number of
antigen specific T cells was identified by interferon
(IFN)-γ ELISpot assay using an AID ELISpot Reader
System. CD4 T cell lines were considered as specific
when a spot count was 2-fold higher in the presence of
the protein or the peptide than in their absence, with a
minimal difference of 25 spots. The frequency of preexist-
ing CD4 T cells specific for secukinumab, ixekizumab or
KLH was calculated by considering that the T cell distribu-
tion follows the Poisson distribution, as previously
described.30

Based on previous experiments performed with immuno-
genic and non-immunogenic proteins,31,32 the levels of immu-
nogenicity potential are discriminated as described previously
and summarized (high >1; moderate 0.1–1; low <0.1).29,32
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MAPPS assay

Naturally presented HLA class II–associated peptides were
identified via the MAPPs assay from 38 healthy donors’
monocyte-derived DC exposed to either of the therapeutic
antibodies secukinumab or ixekizumab. Peptides generated
in the endolysosomal cellular compartment typically occur
in multiple length variants sharing the same HLA class II
binding core. Based on the HLA haplotypes of the donors in
the test set (Supplementary Table 3), the same sequence
region may be presented by several donors. Each presented
sequence region may potentially, but not necessarily, be
recognized as T cell epitopes.

CD14-positive mononuclear cells were purified from
PBMC collected from consented healthy donors (Blood
Donation Center Bern, Bern, Switzerland) and differentiated
into immature DC.29 Immature DC were loaded with either
secukinumab or ixekizumab, matured by LPS (1 µg/mL,
Sigma) and incubated for 24 hours at 37°C and 5% CO2.
HLA class II molecules were immunoprecipitated with anti-
HLA-DR/DP/DQ Mab IVA12-conjugated beads and peptides
were eluted from HLA class II molecules by adding 0.1%
trifluoroacetic acid (Fluka, Buchs, Switzerland) at 37°C.
Lyophilized peptides were re-suspended in hydrophilic buffer
containing 5% acetonitrile and 1.1% formic acid. Peptide
composition was analyzed by liquid chromatography (nano
capillary system, Dionex Corporation, Sunnyvale, California,
USA) on a self-packed fused-silica C18 reversed-phase nano-
high-performance liquid chromatography column connected
to a mass spectrometer (Q-Exactive, Thermo, California,
USA) via electrospray ionization (LC-ESI-MS/MS). Peptides
were identified via a database search approach using the
SEQUEST algorithm as detailed previously.29

Epitope mapping two-step ELISpot assay

In parallel to the identification of the number of specific T
cells, the epitopes of the derived CD4 T cell lines were eval-
uated in two rounds of ELISpot: in the first round ELISpot
assay, CD4 T cell lines specific for either secukinumab or
ixekizumab (200,000/well) were stimulated with PBMC that
were loaded with peptide pools for either mAb. In the second
round ELISpot assay, individual peptides from the active
pools were used in the stimulation assay.

In the first set of experiments with 16 donors, the peptide
pools comprised 20-mer overlapping peptides covering the com-
plete VH and VL sequences of both secukinumab and ixekizu-
mab. These peptide sequences were split into 5 individual pools
each for both secukinumab and ixekizumab, SEC/IXE Pools 1.1–
1.5 (Supplementary Tables 4 and 5, respectively).

In the second set of experiments with 15 additional donors,
PBMC were loaded with three peptide pools, 2 of the pools
comprising peptides from the MAPPs analysis (SEC/IXE
Pools 2.1 and 2.2) and the third pool (SEC/IXE Pool 2.3)
comprising peptides covering the CDR region of the two
antibodies. In parallel, the individual peptides of the CDR
pool were tested for T cell lines that did not react with any
of the pools, but that were positive in the T cell assay used to

determine the frequency of antigen-specific T cells.
(Supplementary Tables 4 and 5 and Supplementary Figure 1).

Sequence alignment

Amino acid sequences of secukinumab and ixekizumab were
aligned to germline sequences published on imgt.org.37 In the
case of ixekizumab, IGHV1-69*01|IGHJ1*01 and IGKV2D-
29*02|IGKJ2*01 were found as the germline sequences with
the highest sequence identity for the heavy and light chain,
respectively. In the case of secukinumab, IGHV3-7*01|
IGHJ2*01 and IGKV3-20*01|IGKJ5*01 were found as closest
germline sequences for heavy and light chain, respectively. To
assess whether amino acids deviating from the closest germ-
line are found in other germline family members the follow-
ing sequences were considered from IMGT database:37

For ixekizumab heavy chain: IGHV1-2; IGHV1-3; IGHV1-
8; IGHV1-18; IGHV1-24; IGHV1-38-4; IGHV1-45; IGHV1-
46; IGHV1-58; IGHV1-68; IGHV1-69; IGHV1-69-2; IGHV1-
69D; IGHV1-NL1.

For ixekizumab light chain: IGKV2-4; IGKV2-18; IGKV2-
24; IGKV2-28; IGKV2-29; IGKV2-30; IGKV2-40; IGKV2D-
24; IGKV2D-26; IGKV2D-28; IGKV2D-29; IGKV2D-30;
IGKV2D-40; IGKV2D-18.

For secukinumab heavy chain: IGHV3-7; IGHV3-9; IGHV3-
11; IGHV3-13; IGHV3-15; IGHV3-16; IGHV3-19; IGHV3-20;
IGHV3-21; IGHV3-22; IGHV3-23; IGHV3-23D; IGHV3-25;
IGHV3-29; IGHV3-30; IGHV3-30-2; IGHV3-30-3; IGHV3-30-
5; IGHV3-30-22; IGHV3-30-33; IGHV3-30-42; IGHV3-30-52;
IGHV3-32; IGHV3-33; IGHV3-33-2; IGHV3-35; IGHV3-38;
IGHV3-38-3; IGHV3-43; IGHV3-47; IGHV3-48; IGHV3-49;
IGHV3-52; IGHV3-53; IGHV3-54; IGHV3-62; IGHV3-63;
IGHV3-64; IGHV3-66; IGHV3-69-1; IGHV3-71; IGHV3-72;
IGHV3-73; IGHV3-74; IGHV3-NL1.

For secukinumab light chain: IGKV3-7; IGKV3-11;
IGKV3-15; IGKV3-20; IGKV3D-7; IGKV3D-11; IGKV3D-
15; IGKV3D-20; IGKV4-1; IGKV5-2; IGKV6-21; IGKV6D-
21; IGKV6D-41; IGKV7-3.
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