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Treatment efficacy of patients receiving anti-TNF antibodies is limited by the
formation of anti-drug antibodies. These are observed in most adalimumab-
treated rheumatoid arthritis patients, despite the adjuvant-free and human
sequence-derived nature of the antibody. The class switched phenotype and
high affinity of these antibodies suggest CD4 T-cell involvement in their
formation. In this study, we investigated the potential epitopes in the functional
domain of adalimumab and assessed their actual HLA Il presentation and
induction of CD4 T-cell responses in exposed patients. The binding strength of
overlapping adalimumab-derived peptides to 27 DR and 14 DQ HLA alleles was
predicted in silico. 10 strong and 44 medium-binding 10-mer peptides were
identified within the variable regions of the heavy and light chain of adalimumab.
HLA-DR-mediated antigen presentation of selected peptides by monocyte-
derived dendritic cells was determined by mass spectrometry of the peptide
pool eluted from isolated HLA-DR complexes. Binding of the variable region
peptides of heavy (H41-62) and light chains (L18-39) was demonstrated. The
presence of adalimumab-specific CD4 T-cells in adalimumab-experienced
patients was investigated via peptide stimulation of peripheral blood
mononuclear cells and assessment of T-cell proliferation. Anti-adalimumab
CD4 T-cell responses were observed against four variable region peptides in a
group of adalimumab-experienced RA patients. Some of these responses were
also present in healthy control donors. This study identifies immunologically
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relevant CD4 T-cell epitopes in the variable region of the human therapeutic
antibody adalimumab based on RA patients’ reactivity. Modification of these
epitopes or concomitant therapy that targets or prevents adalimumab-specific T
cell responses could be beneficial for patients with significant anti-

drug responses.

anti-drug antibodies, anti-TNF therapy, immunogenicity, rheumatoid arthritis, CD4

T cells

The introduction of TNF-o inhibitor therapies has been a
breakthrough in treatment of patients with immune-mediated
inflammatory disorders (1), after TNF was recognized as a
driving force in the pathology of many of these conditions (2-4).
To date, several TNF antagonists are available for patients,
including infliximab, etanercept, adalimumab, certolizumab pegol
and golimumab. These biologicals are widely used because of their
compelling benefit in treatment of rheumatoid arthritis (RA),
ankylosing spondylitis, psoriatic arthritis, and other immune-
mediated disorders (1, 5). Substantial numbers of patients
however, show no clinical response or lose their initial
responsiveness upon prolonged treatment (5-10). Studies on
chimeric infliximab and fully human adalimumab by us and
others have associated this lack of responsiveness in part with
decreased plasma levels of the therapeutic antibody and
development of anti-drug antibodies (ADA) (5, 11-16). In
adalimumab-treated patients the anti-drug response varies
between 5% and 44% (12, 17-19) and is similar to that of
infliximab, where 8% to 52% of RA patients are reported to form
antibodies against the drug (8, 11, 17, 20, 21). Golimumab, which
was derived from genetically modified mice carrying human
immunoglobulin genes, induced ADA in up to 22% of RA
patients co-treated with methotrexate (MTX) during 68 weeks
follow-up (22). These findings demonstrated that immunogenicity
of therapeutic antibodies does not directly reflect their
humanization level (23).

We have shown that the majority of ADA found in
adalimumab-treated patients is directed against the idiotype -
antigen-binding part of an antibody (15, 16). The observed
induction of the IgG subclass of anti-adalimumab antibodies
(AAA), their high binding affinity together with high somatic
hypermutation frequency in isolated antibody sequences all
strongly point to a CD4 T cell dependent origin of the anti-
adalimumab response. Indeed, a substantial immunogenic
potential to induce CD4 T cell responses was observed in
complementarity determining regions (CDR) of therapeutic
antibodies (24). The presence of a pre-existing low-frequency
CD4 T cell repertoire against undefined epitopes in adalimumab
was shown in vitro in the naive T cell pool of healthy donors (25,
26). This indicates that adalimumab has the potential to generate
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CD4 T cell responses in vivo. This was further expanded upon using
peptide-based approaches in MAPPS (MHC-associated peptide
proteomics) assays (27, 28), albeit again depending on healthy
donor- derived APCs and T cells. In another study, the
development of the anti-drug responses was attributed to a
potential cross-reactivity with influenza hemagglutinin and
identified heavy chain region 95-109 and 97-111 as potential T
and B cell epitopes mimicking those present in HA (29). If this
prediction was accurate, it would suggest a pre-existing cross-
reactive memory CD4 T cell compartment that underlies anti-
drug antibody formation. So far however, no reported data
demonstrate the existence of CD4 T cell responses against defined
epitopes of adalimumab in those treated with adalimumab and the
overlap between patient T cell epitopes and those identified in
healthy donors remains unexplored.

In this study, we set out to identify and validate in silico
predicted HLA class II-binding epitopes in adalimumab and
elucidate whether these epitopes elicit CD4 T cell reactivity in
treated RA patients. We established that the most epitope-dense
parts of adalimumab are located within the variable regions of the
heavy and light chains of the therapeutic antibody. We show that
predicted epitopes can bind to HLA class II on dendritic cells and
demonstrate that CD4 T cell reactivity against variable epitopes of
adalimumab occurs both in adalimumab-treated RA patients and in
healthy donors, with a significant overlap between the two groups,
adding to the evidence that anti-drug reactivity can be associated
with pre-existing T cell repertoires.

Results

Multiple CD4 T cell epitopes are predicted
in silico within the adalimumab sequence

To identify potential HLA class II binding peptides that may
elicit CD4 T cell responses against adalimumab, the sequences of
the heavy and light chains of the therapeutic antibody were
subjected to in silico analyses using the EpibaseTM prediction tool.
Table 1 shows the number of 10-mer peptides binding with a
predicted strong or medium affinity to the HLA-DR, DQ or DP of a
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TABLE 1 Summary of T cell epitope profiling of adalimumab with Epibase™

\ W
Q@

(4

10.3389/fimmu.2025.1549781

Antibody DRB1 DRB 3/4/5 DQ DP
region

Strong Medium Strong Medium Strong Medium Strong Medium
VL 8—2 24—11 2-1 72 4-1 135 0 93
CL 40 16—0 0 50 0 8—0 0 70
VH 8—4 28—11 2—1 7—4 2—1 22—11 0 5—-2
CH1 6—0 130 0 4-0 0 100 0 20
Hinge 0 0 0 0 0 0 0
CH2 5—0 250 0 70 1-0 11-0 0 50
CH3 1-0 210 20 40 20 8—0 0 70
Total 32—6 127522 6—2 34—6 9—2 72—16 0 355

The number of predicted strong or medium-binding CD4 T cell peptides are presented per HLA class II gene family for different parts of the heavy (VH, CH) and light chain (VL, CL) of
adalimumab, and for the entire protein. VH/VL, variable domain of heavy/light chain; CH/CL, constant domain of heavy/light chain. Peptides binding to multiple HLAs of the same group are
counted as one. Germline filtering eliminates sequences that are common across alleles and therefore likely considered self (pre- and post-arrow values).

given allotype, calculated separately for each domain of the heavy
and light chain of adalimumab. The analysis indicates the presence
of potential HLA-DR and HLA-DQ binding epitopes all over the
adalimumab heavy and light chain sequences (Table 1, first value),
whereby the variable regions show the highest epitope-density. The
total number of strong and medium binding 10-mer peptides differs
between the different HLA molecules. For HLA-DP no strong
binding peptides were predicted. Since HLA-DP is expressed at a
low level (30, 31) and the most common HLA-DP alleles seem to
share a similar specificity (32), we excluded it from further analyses.

The results indicated the presence of potential HLA-DR and
HLA-DQ binding epitopes, which were distributed all over the
adalimumab heavy and light chain sequences. To select for
epitopes that may elicit CD4 T cell reactivity, we considered the T
cell responses in patients receiving adalimumab to most likely occur
against epitopes of the therapeutic antibody that are different from
those present in the antibody germline. Therefore, the epitopes were
filtered against a database of germline sequences to exclude the
shared antibody sequences. Since every peptide that underwent
substitution is a potential T-cell epitope, sequences that contained
atleast 1 different amino acid compared to germline were considered
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non-germline. Germline filtering (Table 1, second value) reduced the
number of potential HLA II epitopes and restricted their presence to
epitopes that showed an overlap with parts of the variable regions of
adalimumab, with both heavy and light chains containing potential
strong and medium binding peptides.

Most predicted peptides bind to multiple HLA alleles. Only
DRB1*11:04 and DRB3*03:01 were not predicted to bind
adalimumab peptides with strong or medium affinity (not shown).
Together, these data show that the variable regions of adalimumab
that are most likely to elicit immunity contain CD4 T cell epitopes
with predicted high and medium affinity binding to majority of HLA
class IT alleles. As the prediction tools are heavily reliant on the HLA-
binding in the prediction model, it is expected that some of the
peptides will fail to show the predicted characteristics.

In silico prediction yields true binding
peptides

EpibaseTM predicts the strength of HLA class II - peptide
binding, but does not prove that those peptides can be presented
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on the cell surface. Therefore, we investigated whether selected  adalimumab. These peptides were chosen, as these were predicted
EpibaseTM—predicted HLA 1II peptides could indeed bind to HLA  to bind with medium to high affinity to the HLA spectrum of the
class II of antigen presenting cells (APC). Five healthy donors were ~ donor’s multiple HLA types (Table 2).

HLA-typed and APC were tested for binding of peptides derived The CH3-derived peptide H216-237 that was predicted not to
from the CDR-H2 (H41-62) and CDR-L1 (L18-39) regions of  bind to the HLA of the donors was included as a control. Human

TABLE 2 Summary of HLA allotypes and peptide binding predictions.

H47-68 H88-109

DR DQ DR DQ

RA 1 DRB1%04:01, 16:02; DRB4*01:03 DQA*01:02/03; DQB*03:02/05:02 1/0 0/1 1/0 0/0 0/2 0/4 0/1 0/2
2 DRB1%04:01, 07:01; DRB4*01:03 DQA*02:01/03; DQB*03:02/03:03 2/0 1/2 1/0 1/1 0/2 0/4 0/2 0/1
3 DRB1%07:01, 13:02; DQA*01:02/02:01; DQB*02/06:04 1/1 0/2 0/0 0/1 0/1 0/3 0/2 0/1
DRB3*03:01; DRB4*01:03

4 DRB17%13:02, 15:01; DQA*01:02; DQB*06:02/06:04 0/2 0/0 0/0 0/0 1/1 0/2 0/3 0/0
DRB3*03:01; DRB5*01:01

5 DRB1*04:01, 16:01; DQA*01:02/03; DQB*03:01/05:02 1/0 0/0 1/0 0/0 0/3 0/3 0/1 0/1
DRB4*01:03; DRB5*02:02

6 DRB1*01:01, 11:01; DRB3*02:02 DQA*01:01/05; DQB*03:01/05:01 11 1/1 1/1 1/1 0/1 0/1 0/1 0/0

7 DRB1%03:01, 04:01; DQA*03/05; DQB*02/03:01 11 0/2 172 1/1 0/3 0/1 0/1 1/0
DRB3*01:01; DRB4*01:03

8 DRB1%04:01, 15:01; DQA*01:02/03; DQB*03:01/06:02 11 0/0 1/0 0/0 1/3 0/1 0/2 0/0
DRB4*01:03; DRB5*01:01

9 DRB1%03:01, 11:01; DRB3*01:01, 02:02 = DQA*05; DQB*02/03:01 0/2 1/2 0/2 1/1 0/1 0/2 0/0 1/0

10 DRB1%03:01, 04:01; DQA*03/05; DQB*02/03:01 1/1 0/2 1/2 1/1 0/3 0/1 0/1 1/0
DRB3*01:01; DRB4*01:03

11 DRB17%04:01, 07:01; DRB4*01:03 DQA*02:01/03; DQB*03:01/03:03 2/0 1/1 1/0 1/1 0/2 0/3 0/2 0/0

HC 1 DRB1*04:01, 04:04; DRB4*01:03 DQA*03:01/03:03; DQB*03:01/03:02 | 1/0 0/1 1/0 0/0 0/3 0/1 0/1 0/1

2 DRB1*04:01, 11:04; DQA*03:01/05:05; DQB*03:01 11 0/0 171 0/0 0/2 0/0 0/2 0/0
DRB3%02:02; DRB4*01:03
3 DRB1%03:01, 11:04; DRB3*01:01, 02:02 = DQA*05:01/05:05; DQB*02:01/03:01 | 0/1 1/2 0/2 1/1 0/1 0/2 0/1 1/0
4 DRBI1*07:01, 15:01; DQA*01:02/02:01; DQB*03:03/06:02 | 1/1 1/1 0/0 1/1 1/1 0/3 0/3 0/0
DRB4*01:03; DRB5*01:01
5 DRB17%03:01, 13:01; DRB3*01:01 DQA*01:03/05:01; DQB*02:01/06:03 | 0/3 0/2 0/3 0/1 0/1 0/1 0/1 1/0
6 DRB1%01:01, 03:01; DRB3*01:01 DQA*01:01/05:01; DQB*05:01/02:01 1/1 0/2 1/2 0/1 0/2 0/1 0/1 1/0
7 DRBI1*11:04, 13:02; DRB3*02:02, 03:01 = DQA*01:02/05:05; DQB*03:01/06:04 | 0/2 0/0 0/1 0/0 0/0 0/2 0/2 0/0
8 DRB1*13:01, 13:02; DRB3*02:02, 03:01 = DQA*01:02/01:03; DQB*06:03/06:04 | 0/3 0/0 0/2 0/0 0/0 0/2 0/1 0/0
9 DRB1%03:01; DRB3*01:01 DQA*05:01; DQB*02:01 0/1 0/2 0/2 0/1 0/1 0/1 0/0 1/0
10 DRB1*15:01; DRB5*01:01 DQA*01:02; DQB*06:02 0/1 0/0 0/0 0/0 1/0 0/3 0/2 0/0
11 DRB1%03:01, 13:01; DRB3*01:01 DQA*01:03/05:01; DQB*02:01/06:03 | 0/3 0/2 0/3 0/1 0/1 0/1 0/1 1/0
MassSpec 1 DRB1*04:02, 04:04; DRB4*01:01, 01:03 0/1 0/2
2 DRB1%13:01, 13:03; DRB3*01:01, 02:02 0/3 0/1
3 DRB1%01:01, 14:01; DRB3*02:02 11 0/1
4 DRB1%04:02, 04:04; DRB4*01:03 0/1 0/2
5 DRB1%03:01, 07:01; 1/1 0/2
DRB3*01:01; DRB4*01:01

The number of predicted strong and medium binding (strong/medium), unique 10-mer peptides is indicated for each 22-mer peptide used. RA, rheumatoid arthritis patients; HC, healthy
controls; MassSpec, donors used in peptide elution experiments.
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immature monocyte-derived dendritic cells (moDC) were
incubated with the peptides, matured and HLA-DR/antigen
complexes were affinity purified, followed by mass spectrometry
of eluted peptides. moDC from 4 out of 5 (80%) tested donors
presented the VH2-derived H41-62 peptide and 1 out of 4 (25%)
presented the VLI-derived L18-39 peptide (Table 3). In contrast,
the control samples in which the predicted non-binding H216-237
peptide or no peptides were added, showed no adalimumab-derived
sequences in the mass spectrometry analyses (0/3 and 0/5,
respectively), indicating that the method is specific and that
peptide detection in mass spectrometry is not due to carry-over
of non-bound peptides in the isolates. Interestingly, the HLA-DR-
eluted peptides were present in multiple truncated forms,
demonstrating that the adalimumab-derived peptides were
subjected to peptidase processing (Table 3).

10.3389/fimmu.2025.1549781

Adalimumab-derived peptides induce CD4
T cell responses

To investigate whether predicted HLA II epitopes of
adalimumab can activate T cells, 11 adalimumab-experienced RA
patients were analyzed for in vitro CD4 T cell reactivity to
adalimumab peptides in PBMC co-cultures (Figures 1A, B). The
cells were incubated with adalimumab sequence-derived or control
peptides for 14 days. Peptides were derived from the variable
regions, with preferential use of those that exhibited the strongest
HLA-DR and HLA-DQ binding predictions when patient material
was limited (Table 2). CD4 T cells proliferated to tetanus toxoid
(Figure 1A, right), while non-specific proliferation in the absence of
peptide was low (Figure 1A, middle). As expected, CD4
proliferation towards adalimumab peptides (Figure 1A, left) was

TABLE 3 Analysis of adalimumab-derived, HLA-DR-bound peptides by mass spectrometry.

H41-62
PGKGLEWVSAITWNSGHIDYAD

L18-39

RVTITCRASQGIRNYLAWYQQK

H216-237 (predicted NBC) No
DKKVEPKSCDKTHTCPPCPAPE

peptide

1 PGKGLEWVSAITWNSGHIDYAD

n.t. -

PGKGLEWVSAITWNSGHIDY

PGKGLEWVSAITWNSGHID

PGKGLEWVSAITWNSGHI

GKGLEWVSAITWNSGHIDYAD

2 PGKGLEWVSAITWNSGHIDYAD

RASQGIRNYLAWYQQK n.t. -

PGKGLEWVSAITWNSGHIDYA ASQGIRNYLAWYQQK

PGKGLEWVSAITWNSGHIDY ASQGIRNYLAWYQQ
PGKGLEWVSAITWNSGHID SQGIRNYLAWYQQK
PGKGLEWVSAITWNSGH

PGKGLEWVSAITWNSG

GKGLEWVSAITWNSGHID

KGLEWVSAITWNSGHID

GLEWVSAITWNSGHID

GLEWVSAITWNSGHI

3 PGKGLEWVSAITWNSGHIDYAD - - _

PGKGLEWVSAITWNSGHIDY

PGKGLEWVSAITWNSGHID

KGLEWVSAITWNSGHID

GLEWVSAITWNSGHID

GLEWVSAITWNSGHI

4 PGKGLEWVSAITWNSGHIDYAD - - -

PGKGLEWVSAITWNSGHID

5 - n.t. - -

moDCs were derived from 5 healthy donors, incubated with indicated peptides during maturation and HLA-DR-bound peptides were subsequently purified and analysed using mass
spectrometry. Top sequences represent original peptides used, and all peptides containing entire original sequence or its fragment are listed per donor N.t., not tested. H216-237 was used as a
non-binding control (NBC) based on the prediction.
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FIGURE 1

CD4 T cell responses of RA patients to adalimumab peptides and tetanus toxoid. (A) CD4 T cell proliferation after 14 days of PBMC culture with
adalimumab-derived peptide (left), no peptide (middle), or tetanus toxoid (right). Representative plots from one donor out of eleven are shown.
Antigen-specific T cells are gated as CD4hiCFSElow. (B) Summary of overall CD4 T cell response against adalimumab-derived peptides in one
representative patient. Data are shown as proliferation index, calculated as fold increase in proliferation over mean + 3*SD of control wells (cut-off
value) not containing any peptide. Every dot represents proliferation in a single well. Filled dots represent proliferation above, and open below, the
cutoff. (C, D) CD4 T cell proliferation (mean + SEM) of all patients (n=11) and healthy control donors (n=11) in response to tetanus toxoid (C) or
medium only (D). ***p<0.001 in unpaired t-test, n.s. - not statistically significant.

much less than to tetanus toxoid, as the latter contains a multitude
of epitopes, but CD4 T cell responses exceeding the mean
proliferation + 3*SD of control wells (no peptide) could still be
detected against several adalimumab-specific peptides in RA
patients (Figures 1B, 2A).

CD4 T cell responses were compared between 11 RA patients
and 11 healthy donors that were HLA-typed and matched for most
HLA alleles (Table 2). Tetanus-specific CD4 T cell responses
showed no significant differences between RA patients and
healthy controls (Figure 1C), demonstrating absence of
generalized immune suppression in RA. Proliferation of T cells in
absence of external antigen was significantly higher in the RA
patient group (Figure 1D), indicating that non-specific
proliferation was elevated in RA patients.

In line with a previous report (25), healthy donors could mount
CD4 T cell reactivity to specific adalimumab-derived peptides

Frontiers in Immunology

(Figure 2B). RA patients did not respond with a noticeably higher
overall frequency to adalimumab-peptides (Figures 2A, B, tested
individuals and positive individuals). However, it's worth noticing
that unexposed donors appeared to react more frequently to the
H88-109 peptide (5 responses in 4/6 healthy donors versus 2
responses in 2/6 RA patients), and that the response to L18-39
peptide was observed only in RA patients and at a relatively high
frequency (suggesting a potential role in driving anti-
adalimumab immunity.

As CD4 T cell responses are important for the generation of
high-affinity IgG antibodies, the ability to mount anti-adalimumab
T cell responses was compared to actual formation of anti-
adalimumab antibodies in RA patients. CD4 T cell responses to
adalimumab-derived peptides were detected in both antibody-
forming and non-antibody-forming RA patients (Table 4). More
patients mounted an anti-adalimumab CD4 T cell response than

06 frontiersin.org
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RA patients and healthy donors show CD4 T cell reactivity towards EpibaseTprredicted HLA class Il binding peptides from adalimumab. (A, B) Overall
CDA4 T cell proliferation after 14 days in PBMC cultured against different adalimumab-derived peptides in 11 RA patients (A) and 11 haplotype-matched
healthy donors (B). Every dot represents proliferation in a single well. Filled dots represent proliferation above, and open below, the cutoff value.

AAA (63.6% versus 45.5%). Importantly, all RA patients that
developed AAA showed CD4 T cell reactivity to at least some of
adalimumab-derived peptides. Altogether these results show that
most adalimumab-treated RA-patients analyzed here have CD4 T
cells recognizing adalimumab peptides. The presence of the CD4 T
cell reactivity may be a permissive step in antibody formation
process in exposed individuals, as emphasized by the fact that in
this group of patients T cell reactivity against the therapeutic
protein always accompanied AAA responses.

Discussion

The frequent occurrence of high affinity IgGl and IgG4
antibodies against adalimumab in treated patients, strongly point
to CD4 T cell involvement. Here, we show that the variable regions
of adalimumab contain MHC class II binding epitopes that indeed
elicit CD4 T cell responses in patients. This is in line with the
unique, thus foreign nature of the CDRs in the variable region and
consistent with previous reports pointing towards the CDRs as
drivers of immunogenicity towards therapeutic antibodies (24). It
should be noted however, that reactivity against germline epitopes
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may still occur in individuals that show germline differences to
adalimumab, as limited sequence variation does occur in the human
population (33). So far, CD4 T cell responses specific for the
immunoglobulin constant regions could not be demonstrated
in humans (34). Polyvalent IgG has been shown to induce
CD4+Foxp3+ Treg cells, but the mechanism is proposed to be
driven by anti-idiotype responses (35), potentially in the context of
parallel dominant germline peptide presentation. Many of the
epitopes predicted in adalimumab can - according to the model -
be presented by multiple HLA alleles and together cover major HLA
allotypes, suggesting that most people can present adalimumab-
derived peptides via HLA II and induce CD4 T cell reactivity
against adalimumab.

In vitro evaluation of epitope prediction is essential, as in-silico
methods are designed primarily with biding affinity in mind, which
leads to over-prediction. Common pitfalls originate in the insufficient
understanding and incorporation of antigen processing and
presentation processes into the prediction model, as well as the
inability to distinguish effector and tolerogenic epitopes. Mass
spectrometry analysis of the HLA-DR-eluted peptides, although
may not directly overcome those pitfalls, confirmed that
presentation of variable region peptides by human moDC is
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TABLE 4 Antibody formation and immunomodulators.

Patient Antibody = Number MTXuse CD4T
formation = of cell
DMARD responses
1 ++ 1 yes ++
2 - 6 yes -
3 - 9 yes ++
4 ++ 7 yes ++
5 - 4 yes _
6 - 2 yes -
7 - 4 yes ++
8 - 3 yes -
9 ++ 1 yes ++
10 ++ 5 yes ++
11 ++ 6 Yes ++
% Ab formers Average % MTX % Responders
45.5% 4.4 100.0% 63.6%

The number of DMARD used are indicated at the time of blood donation. DMARD, disease-
modifying anti-rheumatic drugs; MTX, methotrexate.

possible. Ideally, this would have been done using patient-derived
moDCs, accounting for possible differences in antigen processing,
and whole antibody to engage classical processing pathway. With
current experimental design, peptides can be loaded onto the HLA II
molecules either directly on the surface of the APC or in the antigen
loading compartment upon endocytosis. In our experiments various
truncated forms of peptides were eluted from HLA II, demonstrating
that they had, at least in part, been subject to peptidase activity before
or after loading onto HLA II. This type of activity is commonly
observed in the endosomes (36, 37), but extracellular processing
cannot be excluded.

Qualitative analysis revealed CD4 T cell responses to multiple
peptides that derive from regions previously shown to contain T cell
epitopes in healthy donors (27, 38) except for the L18-39 peptide
which did not produce any T cell response (despite strong binding
signal). We did not observe the enhanced signal with H88-109
peptide, corresponding to the AH91-110 peptide region, reported in
both publications. CD4 T cell responses to therapeutic antibodies
have been generally challenging to identify. In healthy donors the
frequency was estimated to be below 1 cell per million CD4 T cells
for a variety of therapeutic antibodies with proven immunogenicity
(25). For common vaccine antigens, average peptide-specific naive
CD4 T cells frequencies have been reported to be below 10 cells per
million (39, 40). In vaccinated individuals, the specific frequency was
increased 60 to 200-fold in the CD4 memory T cell compartment
(40). In our assay, with 1 million PBMCs per well, which amounts to
between 200,000 and 600,000 CD4 T cells per well, multiple positive
wells would point towards an adalimumab-specific T cell frequency
that matches classical memory response. Therefore, it is surprising
that the number of positive wells in donors responding to
adalimumab peptides is generally low (between 10-20%) and
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comparable between exposed patients and unexposed subjects.
One of the reasons may be an underestimation of the T cell
reactivity due to autoimmune background of RA patients and the
elevated background signal that we observed. Alternatively,
adalimumab-specific CD4 T cells may localize to peripheral
tissues, especially in RA patients who show ectopic germinal
center formation (41). Finally, some of the observed reactivities in
both healthy subjects and patients can derive from the same naive
pool, and the peptides driving the anti-drug response can be rare and
exclusive to certain HLA alleles. In line with this assumption, L18-39
peptide generated multiple positive wells for each responding
patient, which is more fitting of the classical memory response.
However, in this case, only two healthy donors were analyzed for the
presence of peptide-specific T cells, making it difficult to
unequivocally recognize the enhanced presence of these T cells in
adalimumab-experienced patients. Overall, despite good HLA-DRB1
coverage, higher sample numbers for both RA patients and healthy
donors would benefit this study and help to better understand the
implications of the observed differences and similarities between the
two groups. In addition, sorting the cells into naive and memory
subsets prior to stimulation could help unequivocally determine
where the anti-adalimumab reactivity originates.

Despite these drawbacks, L18-39 showed the highest potential
of all tested peptides to play an important role in anti-adalimumab
immunity. It did not induce any response in healthy donors and
have not been previously identified in healthy donor studies.

The finding that all antibody-forming patients showed CD4 T
cell reactivity towards adalimumab-derived peptides supports the
hypothesis that CD4 T cell involvement is necessary for AAA
development. As not all patients with anti-adalimumab CD4 T
cell reactivity developed AAA, our data also indicate that CD4
reactivity is not the limiting parameter and that other factors are
involved. These include effects of co-medication, as well as potential
involvement of regulatory T and B cells. It is also important to stress
that the assay used to determine AAA levels in patients doesn’t
allow to distinguish between true non-antibody formers and low-
level antibody formers where the AAA levels are insufficient to
neutralize the circulating drug and therefore some functional non-
antibody formers could be generating AAA to a lower extent.
However, this type of antibody production is less relevant from
the clinical standpoint, maintaining functional circulating drug.

We had previously shown that B cell reactivity, and therefore the
specificity of the produced antibodies, is directed towards the idiotype
of adalimumab (16). Our data now show that the variable domains of
adalimumab also elicit CD4 T cell responses, which has implications
for development of therapeutic antibodies in general. Identification of
CD4 T cell epitopes in biological agents and subsequent modification
of these epitopes have been suggested as one way to reduce
immunogenicity of the therapeutic protein (24, 42). A recent study
in macaques has shown that combined elimination of B cell epitopes,
T cell epitopes and aggregation-prone regions can successfully reduce
immunogenic potential of adalimumab (43). An additional option
may be to devise treatment strategies that target undesired CD4
T cell responses against biologicals. Induction of specific regulatory
T cells or CD4 T cells that do not support B cell differentiation
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and antibody formation may prevent ADA formation even when
patients require prolonged treatment. This epitope-based approach
had been reviewed extensively (44). Further research into de-
immunization of the protein therapeutics, co-medication with
immunomodulating drugs (35), adaptation of treatment dosage and
schedules (45), and tolerance-inducing T cell therapies (46) may pave
the way for effective biologicals therapy while avoiding undesired
drug immunogenicity.

Materials and methods
Patients and samples

Heparinized peripheral blood was obtained from 11 RA patients
(Table 4) and 11 healthy donors. Patients were recruited from a
cohort of 121 RA patients consecutively treated with adalimumab at
the Department of Rheumatology, Reade, and the Academic Medical
Centre in Amsterdam (The Netherlands) and carefully monitored
longitudinally for adalimumab trough levels, AAA-formation and
clinical efficacy, as described (12). Patients were treated with
concomitant disease modifying anti-rheumatic drugs (DMARD).
Patients received an adalimumab dose of 40 mg subcutaneously
every other week, increasing to weekly doses in patients with
insufficient response. Samples were collected at various time points
after at least 1 year of treatment with adalimumab. Healthy donors
recruited from the internal blood donation network at Sanquin Blood
Supply Foundation, Amsterdam, were HLA-typed and matched as
closely as possible for most HLA alleles. The HLA-DRBI1 allele
distribution in both study groups against population distribution of
Leiden, Netherlands is shown in Supplementary Figure S1. The
Medical Research and Ethics Committee of the Academic Medical
Centre Amsterdam approved the study, and all study participants
gave written informed consent.

HLA-typing of patients and healthy donors

DNA was isolated from peripheral blood with QIAmp DNA
Blood Mini Kit (Qiagen). HLA genotyping was performed for the
HLA-DRBI1, DRB3, DRB4, DRB5, DQBI and DQAI1 alleles with
high resolution using sequence-specific primers (Sanquin
Diagnostic Services).

Measuring anti-adalimumab antibodies in
antigen binding test

AAA titers were measured in serum samples of patients as
described (47, 48). Briefly, antibodies were captured from plasma
samples on protein A Sepharose and AAA were detected with '*°
labelled adalimumab F(ab’), diluted in Freeze buffer (Sanquin).
Results were expressed in arbitrary units (AU) in reference to serum
standards. Samples were considered positive for AAA if titers were

greater than 12 AU/ml. Patients were tested at different time points
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within a 24-month period after start of adalimumab treatment and
were considered antibody formers when tested positive on at least
one occasion. Samples for antibody detection were drawn just prior
to the next adalimumab injection when trough levels of
adalimumab are expected.

CD4 T cell epitope prediction

Potential CD4 T cell epitopes were predicted in silico with the
EpibaseTM v.2 prediction tool (Lonza) (49). This platform analyses the
HLA binding specificities of all possible, overlapping, 10-mer peptides
by sliding a window of 10 amino acids throughout the target sequence
and applying a scoring function on each 10-mer peptide sequence
(50-52). Profiling is done at the allotype level for 20 DRB1, 7 DRB3/4/
5,14 DQ and 7 DP HLA class II molecules. The resulting free energy
binding values are converted to dissociation constants for each of the
HLA class II/peptide complexes. This allows classification of the
peptides as strong (Kd < 0.100 uM), medium (0.100 uM < Kd <
0.799 uM) and weak to non-binders (0.799 uM < Kd).

Peptide synthesis

All peptides were synthesized with standard Fmoc-SPPS (9-
fluorenylmethyloxycarbonyl solid-phase peptide synthesis)
chemistry on a Syroll synthesizer (MultiSynTech) using PyBop as
an activator. Control and purification of peptides was performed on
HPLC with a Waters reversed phase C18 column using a water-
acetonitrile gradient acidified with 0.05% trifluoroacetic acid. Final
purity was determined with a liquid chromatography electrospray
mass spectrometer. All peptides were soluble and present as
monomers in solution. In addition, all peptides were controlled
for signs of gellification, cloudiness or particulates by visual
inspection and upon thawing the aliquots and were additionally
spun down to eliminate potential aggregates.

Dendritic cells generation, peptide elution
and mass spectrometry

Monocytes were isolated by Elutra (Gambro) from fresh
aphaeresis material of healthy volunteers (53). Monocytes were
cultured at 1x10° cells/ml in Nunclon Delta Surface flasks (Nunc)
in serum-free CellGro DC Medium supplemented with 800 IU/ml IL-
4, 1000 IU/ml GM-CSF (CellGenix), 100 IU/ml penicillin and 100
pg/ml streptomycin. After 6 days, immature dendritic cells were
washed and re-plated in CellGro medium at a concentration of
2.5x10° cells/ml in a final volume of 2 ml and incubated with
adalimumab-derived peptides at a concentration of 10 pug/ml for 4
hours and matured with 2.5 pg/ml of MPLA (Sigma-Aldrich) and
1000 U/ml IFNy (Immukine, Boehringer Ingelheim) for 24 hours
before harvesting (54). Isolation of the MHC class II/peptide
complexes, peptide elution and purification, and mass spectrometry
measurements were performed as described previously (55). Briefly,
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cell pellets were lysed in 50 mM Tris pH 7.0 containing 4% Igepal
CA-630 (Sigma) and HLA-DR was purified by affinity
chromatography with 1243 antibody coupled to CNBr Sepharose
4B (Amersham Biosciences) in the presence of protease inhibitors
(Complete Protease Inhibitor Mixture Tablet, Roche Diagnostics
GmbH). Peptides were eluted by incubation with 10% acetic acid
for 15 min at 70°C and purified using a C18 ZipTip (Millipore).
Eluted peptides were separated using a reversed-phase C18 column
(Nanoseparations) and sprayed directly into the LTQ Orbitrap XL
mass spectrometer (Thermo Fisher Scientific) for measurement.
Adalimumab-specific peptides were identified using a Sequest
search algorithm against UniprotKB, a non-redundant protein
database extended by addition of the adalimumab sequence (56).

Isolation of PBMC, T cell proliferation
assays and flow cytometric analysis

Peripheral blood mononuclear cells (PBMC) were isolated
using Lymphoprep (Axis-Shield), stained with 0.5 uM CFDA-SE
(Invitrogen) for 15 minutes at room temperature and cultured, after
extensive washing in Iscove’s Modified Dulbecco’s Medium (Lonza)
containing 5% Human Serum (Sanquin), 100 U/ml penicillin and
100 pg/ml streptomycin. 1x10° PBMCs/well were cultured for 14
days (37°C,5% CO,) with 10 pg/ml adalimumab peptides or 5 g/
ml tetanus toxoid (TT, Statens Serum Institute) in 1ml of medium
in a 24-well plate format (Corning Costar), with 5-10 wells
dedicated to each peptide based on the total number of cells
available Media was supplemented when needed based on the pH
indicator by replacing 50% of the well media with fresh one.

Peptides: H41-62 (PGKGLEWVSAITWNSGHIDYAD) - located
in CDR-H2, H47-68 (WVSAITWNSGHIDYADSVEGREF) - located in
CDR-H2, H88-109 (AEDTAVYYCAKVSYLSTASSLD) -
located in CDR-H3, L18-39 (RVTITCRASQGIRNYLAWYQQK) -
located in CDR-L1, H216-237 (DKKVEPKSCDKTHTCPPCPAPE) -
located in CH3. H and L indicate heavy or light chain and the numbers
refer to the position in the original sequence of adalimumab. To detect
low proliferation frequencies ten wells were plated per condition (two
for tetanus toxoid). Harvested cells were labelled with anti-CD4-APC
(BD Biosciences), measured on the LSRII flow cytometer (BD), and
analyzed with FlowJo (Tree star) analysis software. Results of CD4 T
cell proliferation were normalized using the mean proliferation + 3*SD
of the control wells (no peptide) as reference and cutoff value.

Multiple control experiments were performed to determine the
ability of various stimulating factors to proliferate CD4 T cells in
our assay. Those factors included protein antigens: PPD, TT
(Statens Serum Institute), peptide mix: CMV pp65 (Miltenyi
biotec) and TT-derived peptides at a concentration of 5 pg/ml
(Supplementary Figure S2).

Statistical analysis

Statistical differences were determined using Prism 9 (GraphPad).
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