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HLA-DR15 Molecules Jointly Shape an Autoreactive
T Cell Repertoire in Multiple Sclerosis

Graphical Abstract

Characterization of immunopeptidomes presented by MS risk alleles DR2a and DR2b
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In Brief

The immunopeptidome presented by
HLA-DR15 molecules links the most
important genetic and environmental risk
factors for multiple sclerosis, the HLA-
DR15 haplotype and Epstein-Barr virus,
by shaping a cross-reactive CD4* T cell
repertoire.
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SUMMARY

The HLA-DR15 haplotype is the strongest genetic risk factor for multiple sclerosis (MS), but our understand-
ing of how it contributes to MS is limited. Because autoreactive CD4™ T cells and B cells as antigen-presenting
cells are involved in MS pathogenesis, we characterized the immunopeptidomes of the two HLA-DR15 allo-
morphs DR2a and DR2b of human primary B cells and monocytes, thymus, and MS brain tissue. Self-pep-
tides from HLA-DR molecules, particularly from DR2a and DR2b themselves, are abundant on B cells and
thymic antigen-presenting cells. Furthermore, we identified autoreactive CD4" T cell clones that can
cross-react with HLA-DR-derived self-peptides (HLA-DR-SPs), peptides from MS-associated foreign agents
(Epstein-Barr virus and Akkermansia muciniphila), and autoantigens presented by DR2a and DR2b. Thus,
both HLA-DR15 allomorphs jointly shape an autoreactive T cell repertoire by serving as antigen-presenting
structures and epitope sources and by presenting the same foreign peptides and autoantigens to autoreac-
tive CD4* T cells in MS.

INTRODUCTION

Multiple sclerosis (MS) is the most frequent inflammatory dis-
ease of the central nervous system (CNS) in young adults and af-
fects three times more women than men. Autoimmune inflam-
mation, demyelination, and damage to neurons and axons are
hallmarks of MS and lead to substantial disability. Together
with high treatment costs, MS causes a heavy burden for individ-
uals and society (Reich et al., 2018; Sospedra and Martin, 2005).

The etiology of MS involves environmental influences, such as
Epstein-Barr virus (EBV) infection, smoking, and low vitamin D
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(Olsson et al., 2017), and genetic risk factors (International Mul-
tiple Sclerosis Genetics Consortium, 2018, 2019; Sawcer et al.,
2011). The genetic association between the human leukocyte
antigen (HLA)-DR15 and MS is the longest known for any auto-
immune disease (Jersild et al., 1973) and may contribute up to
60% of the total genetic risk (Oksenberg et al., 2008). The
DR15 haplotype contains two DR alleles that give rise to the mol-
ecules DRA*01:01P/DRB5*01:01 (or DR2a) and DRA*01:01P/
DRB1*15:01 (or DR2b). The genes of the two DR15 allomorphs
are in almost complete linkage disequilibrium in Caucasoids
(Fogdell et al., 1995). However, it is still widely held that MS
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Figure 1. Elution of DR2a- and DR2b-Presented Peptides from Primary B Cells and Monocytes of HLA-DR15" MS Patients Using Allele-
Specific Monoclonal Abs

(A) Genomic organization of HLA-DR loci of the HLA-DR15 haplotype with one HLA-DRA gene (DRA*01:01P) and two HLA-DRB genes (DRB1*15:01 and
DRB5*01:01). These genes encode two HLA-DR heterodimers (serotypes) DR2a and DR2b.

(B and C) HLA-DR genotyping results of MS patients (n = 1,017). Proportions of DRB1*15:01* (DR2b*) and DRB1*15:01~ (DR2b ") MS patients (B). Frequencies of
DRB1*15:01* (DR2b*) or DRB1*15:01~ (DR2b ™) MS patients also carrying the DRB5*01:01 (DR2a) (C).

(D) Cross-reactivity between DR2a and DR2b allele-specific monoclonal Abs was tested using BLS transfectants expressing DR2a (BLS-DR2a) or DR2b (BLS-
DR2b) (scale bar, 100 um).

(legend continued on next page)
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risk is solely conferred by DR2b, and in many studies, the influ-
ence of DR2a has not been considered; for example, in a recent
study of HLA associations with MS (Moutsianas et al., 2015).

How the DR15 haplotype contributes to MS is not fully under-
stood, but several mechanisms have been discussed for MS and
other autoimmune diseases (Dendrou et al., 2018), including
aberrant HLA class Il (HLA-Il) molecule expression in an affected
tissue (Bottazzo et al., 1983), strong HLA-II molecule expression
on antigen-presenting cells (APCs) (Cavalli et al., 2016; Prat
et al., 2005), incomplete negative selection of T cells specific
for certain autoantigens (Bruno et al., 2002; Klein et al., 2000),
and preferential presentation of distinct self-peptides (SPs) and
foreign peptides by disease-associated DR molecules to autor-
eactive CD4* T cells (Sospedra and Martin, 2005; Sospedra
et al., 2006). The best-known example of the latter is the shared
epitope hypothesis in rheumatoid arthritis (RA)-associated DR1
and DR4 alleles (Gregersen et al., 1987), which involves better
binding of post-translationally modified (citrullinated) SPs (Scally
et al., 2013).

Several studies have demonstrated that HLA-derived SPs
(HLA-SPs) contribute to HLA-Il immunopeptidomes (Chicz
etal., 1992, 1993; Rudensky et al., 1991; Vogt et al., 1994). Kour-
ilsky and Claverie (1989) reasoned that major histocompatibility
complex (MHC)-derived SPs (MHC-SPs) are involved in thymic
selection of T cells and alloreactivity, and others proposed that
molecular mimicry between HLA-SPs, foreign antigens, and
autoantigens could be involved in autoimmune hepatitis (Bur-
roughs et al., 1992), type 1 diabetes (T1D) (Baum et al., 1995a),
and RA (Baum et al., 1995b) based on sequence comparison be-
tween peptides from the three different sources. That HLA-SPs
from HLA-I and -Il molecules can indeed stimulate T cells has
been shown by several studies (Chen et al., 1990; de Koster
et al., 1989; Mohme et al., 2013). Albani et al. (1995) noted that
peptides with the sequence QKRAA derived from DR molecules
with the shared epitope in RA exist in the E. coli and human heat
shock protein Dnad and can be recognized by synovial fluid-infil-
trating T cells in RA.

Accordingly, DR15 molecules and their immunopeptidomes
might act in MS at multiple steps, including thymic selection of
autoreactive T cells, maintenance/expansion in the periphery,
activation by peptides from MS-associated pathogens, and by
presenting disease-relevant autoantigens in the brain. This spec-
ulation is supported in part by earlier findings that memory B cells
and the SPs presented by DR15 molecules can be involved in
increased autoproliferation and brain homing of autoreactive
CD4* T cells in MS (Jelcic et al., 2018; Mohme et al., 2013).

Certain infections, particularly with EBV, are thought to lead to
marked immune activation and stimulate autoreactive T cells via
molecular mimicry between foreign agents and myelin peptides
(Wucherpfennig and Strominger, 1995). EBV establishes latent
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infection in B cells and drives their activation and differentiation,
which might contribute to MS pathogenesis as APCs or via pro-
inflammatory cytokines and antibodies (LtUnemann et al., 2007).
Interestingly, the DR15 haplotype alone increases MS risk
approximately 3-fold and 15-fold together with environmental
risk factors (Olsson et al., 2017).

Thus, the present study aimed to address how the immuno-
peptidomes presented by both DR15 allomorphs, DR2a and
DR2b, on different APCs in the thymus, peripheral blood, and
brain could be involved in shaping an autoimmune T cell reper-
toire and how environmental triggers might contribute to acti-
vating potentially autoreactive CD4* T cells.

RESULTS

DR2a and DR2b Immunopeptidomes on Primary B Cells
and Monocytes

The virtually complete linkage disequilibrium of the two DR15 al-
lomorphs (Figure 1A) was highlighted by HLA genotyping over
1,000 MS patients (Figure 1B). 51.14% of them were
DRB1*15:01", and, as shown previously (Fogdell et al., 1995),
99.90% of DRB1*15:01* MS patients were also DRB5*01:01*
(Figure 1C). Very rarely (0.85%), DRB5*01:01 could be found in
DRB1*15:01" individuals (Figure 1C; Robbins et al., 1997).
Thus, both DR15 allomorphs should be considered when exam-
ining genetic risk factors and how they influence cellular immu-
nity in MS.

Several studies have shown, albeit indirectly, the importance
of memory B cells as cytokine producers and APCs in MS and
its animal model (Hauser et al., 2008; Jelcic et al., 2018; Li
etal., 2015; Molnarfi et al., 2013; Sabatino et al., 2019). We there-
fore focused on immunopeptidomes of peripheral blood B cells
and another type of prominent APCs: monocytes. High-affinity,
allele-specific immunoglobulin G (IgG) antibodies were gener-
ated to isolate peptide/DR2a and peptide/DR2b complexes (Fig-
ure S1A). Both antibodies displayed high specificity and affinity
for the respective DR15 molecule (Figures 1D, 1E, and S1B).
The DR15"* donors, including 3 healthy donors (HDs), 3 untreated
relapsing-remitting MS (RRMS) patients, and 3 RRMS patients
treated with the anti-VLA4 antibody natalizumab (RRMS_NAT)
(Table S1) were chosen for immunopeptidome analyses. These
donors did not express other DR alleles that could be recognized
by the two allele-specific antibodies (Figure S1B; Table S1).
RRMS_NAT patients were of interest because of increased num-
ber and activation of blood B cells (Planas et al., 2012) and
elevated autoproliferation of T and B cells (Jelcic et al., 2018).
Flow cytometry testing with anti-DR2a and anti-DR2b antibodies
showed comparable expression levels of DR2a and DR2b on B
cells and monocytes in HDs and MS patients (Figure S1C) but
higher DR2a expression on both cell types (Figure S1D), as

(E) Binding affinities of DR2a or DR2b allele-specific monoclonal Abs. The x axis indicates fluorescence intensity.

(F and G) 9 amino acid binding motifs of DR2a-presented (F) and DR2b-presented peptides (G) on B cells and monocytes based on NetMHCII 2.3 analysis and
visualization by iceLogo. Putative peptide anchor positions for DR2a and DR2b are highlighted in gray.

(H) Overlap of the DR2a- or DR2b-presented unique peptides between B cells and monocytes at the group level (HDs, n = 3; RRMS, n = 3; RRMS_NAT, n = 3).
(l) Overlap of the source proteins of DR2a- or DR2b-presented peptides between B cells and monocytes at the group level (HDs, n = 3; RRMS, n = 3; RRMS_NAT,

n=3).
See also Figures S1 and S2 and Tables S1, S2, and S3.
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observed previously using allele-specific IgM antibodies (Prat
et al., 2005).

Next we analyzed DR2a and DR2b immunopeptidomes of B
cells and monocytes by isolating peptide/DR2a and peptide/
DR2b complexes with the allele-specific antibodies and subse-
quent liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Comparison of unique (Figure S2A) and total peptides
showed no significant difference for DR2a-presented unique
peptides between B cells and monocytes (Figure S2B; Table
S2), but the total eluted peptides from DR2a on RRMS_NAT B
cells was higher compared with RRMS B cells and RRMS_NAT
monocytes (Figure S2B), probably because of higher numbers
of activated blood B cells in RRMS_NAT (Planas et al., 2012).
Comparison of DR2b-presented peptides showed no significant
difference between groups, only lower unique and total peptides
on RRMS B cells compared with RRMS monocytes (Figure S2C;
Table S3). Thus, in general, the diversity of unique peptides and
their total numbers on DR2a or DR2b are comparable for B cells
and monocytes and for HDs and MS patients. Further, the
deduced amino acid preferences at the DR anchor positions
p1, p4, and p9 for DR2a or p1, p4, and p7 for DR2b (Vogt
et al., 1994) were largely similar for B cells and monocytes (Fig-
ures 1F and 1G), but differences at other positions implied
different peptide sources of DR2a- or DR2b-presented peptides
on B cells and monocytes.

DR2a and DR2b Immunopeptidomes on B Cells Are
Skewed toward HLA-DR-SPs

Comparison of DR2a- or DR2b-presented peptides and source
proteins between B cells and monocytes showed limited over-
lap, indicating cell-type-specific immunopeptidomes (Figures
1H, 11, and S2D-S2G). Likely explanations are the different pro-
tein expression profiles (Figure S2H) and/or differences in pro-
teolytic enzymes in the antigen-processing compartments (Villa-
dangos and Ploegh, 2000; Figure S2I). Interestingly, ~50% of the
DR2a-presented peptides on B cells were HLA-SPs, particularly
from HLA-II molecules (HLA-II-SPs), but much fewer HLA-SPs
were found on DR2a of monocytes (Figures 2A and 2B), which
also applied to DR2b-presented HLA-SPs (Figures 2C and 2D).
Thus, DR2a and DR2b immunopeptidomes on B cells are en-
riched for HLA-SPs.

Considering the role of B cells in MS, we examined the source
of the HLA-1I-SPs in B cells in more detail. DR2a- and DR2b-pre-
sented HLA-II-SPs were mainly derived from DR molecules
(HLA-DR-SPs) (Figures 2E and 2F, left panels), and DR2a prefer-
entially presented SPs from DR B chains (HLA-DR-B-SPs),
particularly from DRB1 and DRB5 (Figure 2E, right panel),
whereas DR2b preferentially presented SPs from DR « chains
(HLA-DR-a-SPs) (Figure 2F, right panel).

Among the B cell-presented HLA-DR-SPs, five peptides were
particularly prominent. Four were mainly found on DR2a,
inClUding DRB1 (57-70)s DRB1(72_86), DRBS(72_86), and DRB1/
5(184-199). The remaining one, DRA;¢ g5, was more abundant
on DR2b (Figures 2G and S3A). Interestingly, all five could orig-
inate from DR2a and DR2b themselves (Figure 2G; Tables S2
and S3). Thus, on B cells of DR15" individuals, DR2a and
DR2b serve as antigen-presenting molecules and, at the same
time, as an epitope source. We then examined whether presen-

¢ CellP’ress

tation of these five HLA-DR-SPs was a general phenomenon or
limited to certain APCs/tissues by analyzing the immunopepti-
domes presented in the thymus from immunologically healthy
DR15" individuals and in the target organ of MS, the brain, of
DR15* MS patients (Table S4). For the latter, we chose highly in-
flamed tissue samples. The five HLA-DR-SPs were also present
in the DR2a and DR2b immunopeptidomes of thymic tissues but
not MS brain tissues (Figure 2H).

The differential abundance of HLA-DR-SPs on DR2a and
DR2b likely depends on the binding affinity to the respective
allele. Among the DR2a-presented HLA-DR-SPs, DRB1(75_gg)
was most fl’equent, followed by DRB1/5(184_199), DRB5(72_86),
and DRB1s7_7q) (Figure S3A). This order corresponded to pre-
dicted binding affinities to DR2a (Figure S3B), which were
much higher than those to DR2b (Figure S3C). Conversely, the
DR2b-presented peptide DRA(70-g5) had a much higher pre-
dicted binding affinity to DR2b than DR2a (Figure S3C). Although
at much lower frequency, HLA-DR-B-SPs were also eluted from
DR2b and, vice versa, the HLA-DR-a-SPs from DR2a in 8 of 9 in-
dividuals (Figures S3D and S3E), indicating that their differential
presentation is not strictly limited to one of the two DR15 allo-
morphs. Regarding the location of HLA-DR-SPs within the
HLA-DR molecules, DRA7o-gs) Was from the non-polymorphic
DRA, whereas the four HLA-DR-B-SPs were from polymorphic
areas of the DR B chains (Figure S3F). Next we wondered how
frequently these peptides had been identified in the immunopep-
tidomes of DRB1*15:01" individuals versus those carrying other
DR types in immunopeptidomes of over 600 samples from tu-
mors, unaffected surrounding tissue, and blood samples in the
HLA Ligand Atlas (Marcu et al., 2019). Each of the five HLA-
DR-SPs had also been identified in DRB1*15:01~ samples, but
at much lower frequency than in DRB1*15:01* (Figure S3G).
However, the anti-pan-HLA-DR (L243) and anti-DR/DP/DQ
(TG39) antibodies had been used in these studies, and, thus,
the origin of the HLA-DR-SPs from DR2a or DR2b could not be
assigned. These results suggest that HLA-DR-SPs are more
common in DR15" individuals.

Memory CD4"* T Cells in HLA-DR15* MS Patients
Respond to HLA-DR-SPs

Because increased autoproliferation of CD4* T cells in MS is
mediated by B cells and depends on T cell receptor (TCR)-pep-
tide/DR interactions (Jelcic et al., 2018), we hypothesized that
the surface expression of DR2a and DR2b on B cells and the na-
ture of HLA-DR-SPs might be important. Indeed, there is a ten-
dency of higher autoproliferation with increasing HLA-DR-SPs
presented by DR2a and DR2b on B cells from MS patients (Fig-
ure S4A). We then tested CD4* T cell responses against these
HLA-DR-SPs (Table S5) in DR15" HDs and MS patients. We
used CD45RA-depleted (CD45RA™) peripheral blood mononu-
clear cells (PBMCs), which include monocytes and memory
T cells (CD4* and CD8*) but not B and naive T cells (Figure S4B)
to reduce background autoproliferation (Jelcic et al., 2018;
Mohme et al., 2013; Figure S4C). CD45RA™ PBMCs of 8 HDs
and 14 MS patients (4 RRMS and 10 RRMS_NAT) (Table S1)
were tested with individual or pooled HLA-DR-SPs. Interestingly,
cells of MS patients responded robustly to individual and pooled
HLA-DR-SPs, whereas HDs responded much less (Figure 3A).
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Responses to CEF Il peptide pool and tetanus toxin peptides,
TT g30-844) and TTg47_067), Were not stronger in MS patients (Fig-
ures 3A and S4D), indicating that there is no general hyperreac-
tivity in MS patients. The response patterns in MS patients were
heterogeneous with respect to recognition of individual peptides
(Figure S4E). Proliferation could be blocked by an anti-HLA-DR
antibody (Ab) (Figure 3B), and CD4* T cells divided strongest
(Figure 3C), indicating that memory CD4* T cells recognize
HLA-DR-SPs in the context of DR molecules. In contrast, naive
CD4" T cells did not respond to HLA-DR-SPs (Figure 3D).
Regarding functional responses, we detected interferon v (IFN-
v) and less interleukin-17A (IL-17A) and IL-17F in the superna-
tants of CD45RA™ cells and purified CD4* T cells upon stimula-
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‘ ces on peripheral blood B cells. The depicted pep-
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dicates the number of each peptide with different
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(H) Frequencies of the five most prominent HLA-DR-
SPs in the DR2a- and DR2b-presented im-
munopeptidomes of thymic tissue (n = 4), primary B
cells (n=9), primary monocytes (n =9), and MS brain
tissue (n = 4). Statistical analyses of B cells and
S monocytes include data from HDs, RRMS, and
RRMS_NAT.
Data are expressed as mean + SEM, and p values
were determined by unpaired t test. See also Fig-
ure S3 and Tables S2, S3, and S4.
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tion with HLA-DR-SPs (Figures 3E and 3F),
indicating that HLA-DR-SP-specific T cells
possess a Thil or polyfunctional Th1*
phenotype. These data and expression of
CCR6 and CXCRS (Figure 3G), two chemo-
kine receptors involved in brain homing
(Balashov et al., 1999; Reboldi et al.,
2009), are consistent with the phenotype
of autoproliferating CD4* T cells (Jelcic
et al., 2018). Thus, HLA-DR-SPs may pro-
mote proliferation, migration, and secretion of pro-inflammatory
cytokines of memory CD4* cells in DR15" MS patients upon
TCR-peptide/DR contact.

DR2a and DR2b Present HLA-DR-SPs to Autoreactive
CD4* T Cells

We next asked whether DR2a and DR2b contributed to CD4*
T cell responses against HLA-DR-SPs. For this purpose, we em-
ployed APCs expressing a single DR heterodimer, a bare
lymphocyte syndrome (BLS) B cell line lacking HLA-II expres-
sion, that was transfected with DRA and DRB1*15:01 (BLS-
DR2b cells) or DRB5*01:01 (BLS-DR2a cells). Purified blood
CD4* T cells from DR15* MS patients were co-cultured with
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Figure 3. Increased Reactivity of Memory CD4* T Cells against HLA-DR-SPs in MS Patients

(A) Responses of CD45RA™ PBMCs of HLA-DR15" HDs (n = 8) and MS patients (RRMS, n = 4; RRMS_NAT, n = 10) against the five most common HLA-DR-SPs alone or
as pool. 10-15 replicate wells were tested for proliferation, and responses are depicted as the stimulatory index (Sl). Individual wells are represented by dots for HDs
(left) or MS patients (right). The purple dotted line indicates Sl = 2, and S| > 2 was considered positive. Responses to control CEF Il peptides are shown at the bottom.
(B) Proliferations of CD45RA™ PBMCs from HDs and MS patients after stimulation with pooled HLA-DR-SPs in the presence of a blocking anti-HLA-DR Ab.
(C) CD45RA™ PBMCs from HLA-DR15* MS patients were labeled with carboxyfluorescein succinimidyl ester (CFSE) and stimulated with pooled HLA-DR-SPs.
After 7 days, cells were analyzed, and proportions of memory CD4* T cells in the proliferating (CFSE®™) and highly proliferating (CFSE'®") compartments are
shown in the pie charts.

(D) Blood CD4* T cells and monocytes were purified from PBMCs of HLA-DR15" MS patients and co-cultured with pooled HLA-DR-SPs for 7 days. Proliferation of
naive CD4"* T cells (CD45RA*) and memory CD4* T cells (CD45RA ") was detected.

(E) Th1/Th2/Th17-related cytokines in supernatants of CD45RA~ PBMCs after stimulation with pooled HLA-DR-SPs.

(F) IFN-v, IL-17A, and IL-17F in supernatants of co-cultured blood CD4* T cells and monocytes after stimulation with pooled HLA-DR-SPs.

(G) Expression levels of CCR6 and CXCR3 on non-proliferating (CFSE™®") and proliferating (CFSE™) memory CD4™ T cells after stimulation with pooled HLA-DR-
SPs for 7 days.

Data are expressed as mean + SEM, and p values were determined by unpaired t test. See also Figure S4 and Tables S1 and S5.
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irradiated BLS-DR2a or BLS-DR2b cells and stimulated with
HLA-DR-SPs. HLA-DR-SPs activated memory CD4* T cells
when presented by DR2a and DR2b, and proliferation could be
blocked by the anti-HLA-DR Ab. Very few CD45RA* naive
CD4* T cells responded (Figure 4A). IFN-y was detected in su-
pernatants when BLS-DR2a and BLS-DR2b cells were used as
APCs (Figure 4B). Thus, DR2a and DR2b can promote prolifera-
tion of memory CD4* T cells in DR15* MS patients by presenting
HLA-DR-SPs.

To explore the potential role of HLA-DR-SP-specific memory
CD4* T cells in MS, we first stimulated cerebrospinal fluid (CSF)-
infiltrating CD4"* T cells from DR15" MS patients (Table S6) with
HLA-DR-SPs, assuming that T cells from the CNS compartment
were more likely to be associated with MS. CSF-infiltrating CD4"*
T cells in 2 of 9 MS patients responded to HLA-DR-SPs presented
by DR2a and 4 of 9 when presented by DR2b (Figure 4C). Thus,
CD4* T cells recognizing HLA-DR-SPs in the context of both
DR15 allomorphs can be found in the CSF in a substantial fraction
of patients. Because very few or no HLA-DR-SPs could be found in
the immunopeptidomes of brain APCs (Figure 2H), HLA-DR-SPs
are likely not involved in intra-parenchymal re-stimulation or direct
brain damage by autoreactive CD4* T cells.

We next addressed whether HLA-DR-SP-responsive CD4*
T cells recognized putative MS autoantigens by stimulating
CD45RA™ PBMCs of MS patients with pooled HLA-DR-SPs and
generating HLA-DR-SP-specific T cell lines (Figures S5A and
S5B; Table S1). Testing with myelin peptide pools and known indi-
vidual peptides that are targets of high-avidity CD4* T cells in MS,
brain-infiltrating CD4* T cells in MS, or encephalitogenic in animals
(Bielekova et al., 2004; Jelcic et al., 2018; Planas et al., 2018)
demonstrated that HLA-DR-SP-specific CD4* T cells recognized
these autoantigens on DR2a and DR2b (Figures 4D and S5B).
Among the recognized individual peptides, myelin basic protein
(MBP) peptide MBP g3 _g9) Was also represented in MBP pool 3
and RASGRP275_g7) in RASGRP2 pool 2 (Figures 4D and S5B).
Tofurther examine this aspect, we tested whether MBP g3_gg)-Spe-
cific and RASGRP2s_g7)-specific autoreactive T cell clones
(TCCs) recognized HLA-DR-SPs. We selected the three well-char-
acterized autoreactive CD4* TCCs TCC3A6, TCC5F6, and
TCC14, all from DR15" MS patients. When testing these TCCs
with individual and pooled HLA-DR-SPs, MBP g3 _g9-specific
TCC3A6 and TCC5F6 did not respond to HLA-DR-SPs, whereas
RASGRP275_g7)-specific TCC14 recognized DRB1 (5770, DRB1/
5(184-199), and the HLA-DR-SPs pool (Figure 4E) and produced
Th2 cytokines (Figure 4F). However, the stimulatory strength of
DRB1(s7-70) and DRB1/5(1g4_199) Was much lower than that of
RASGRP275_g7) (Figures 4E and 4F). Responses to DRB1 577
and DRB1/5(14-199) could be blocked by the anti-HLA-DR Ab (Fig-
ure 4G), indicating that they are presented by DR2b.

These results indicate that DR2a and DR2b as well as their
presented HLA-DR-SPs may participate in MS pathogenesis
by activation and/or maintenance of autoreactive CD4* T cells
through cross-reactivity.

HLA-DR-SPs Maintain Autoreactive CD4* T Cells in MS
Patients

Dose titration of RASGRP2(75 g7 and the two HLA-DR-SPs
showed that TCC14 recognized RASGRP275_g7) with high func-
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tional avidity (ECso = 0.015 uM), but DRB157-_70) and DRB1/
5(184-199) With much lower avidity (Figure 5A). Expression of the
activation markers CD69 and CD25 further supported this notion
(Figure 5B). DRB1(57-70) and DRB1/5(1g4-199) are therefore weak
or partial agonists, whereas the potentially “pathogenic” SP
RASGRP2(7s-s7) is a strong agonist. Thus, DRB17-79) and
DRB1/5(184-199) Might be involved in peripheral maintenance
but not full activation of TCC14.

We next addressed whether the above observations with a
single RASGRP2,75_g7)-specific TCC also held for other MS pa-
tients by stimulating CD45RA™ PBMCs from 3 RRMS_NAT pa-
tients with RASGRP27_g7) to generate specific TCCs (Table
S1). We chose RRMS_NAT patients based on previous data
showing that autoreactive T cells are enriched in peripheral
blood because of the inhibition of migration to the brain/CSF (Jel-
cic et al., 2018). Memory CD4* T cells from RRMS_NAT-1 and
RRMS_NAT-2 responded to RASGRP2(7s_g7) (Figure 5C), and
new RASGRP2 ;s gr-specific TCCs were isolated from both
(Figure 5D). Multiple TCCs from RRMS_NAT-2 responded to
RASGRP2(75_g7) and DRB157_70) (Figure 5D), consistent with
the marked proliferation of CD45RA™ PBMCs from this patient
to DRB1(s7_7q (Figure S4E). Five of the new CD4* TCCs,
1159AG_TCC1-TCC5, reacting to RASGRP2;ss7 and
DRB157-70), were identified (Figure 5E). All were DR2b restricted
(Figure 5F) but different from TCC14, displayed a Th1/Th1*
phenotype (Figure 5E), and secreted IFN-y upon stimulation
with RASGRP2 75 g7 (Figure 5G). Testing 1159AG_TCCs against
another HLA-DR-SP that TCC14 recognized, DRB1/5(1g4-199),
showed that only 1159AG_TCCS3 responded with proliferation
(Figure 5H) but 4 of 5 with IFN-+y secretion (Figure 5I). Importantly,
like TCC14, reactivity to DRB1(s7_70) and DRB1/5(1g4-199) Was
weaker than against RASGRP27_g7) for all 1159AG_TCCs (Fig-
ures 5D, 5H, and 5I). Thus, cross-reactivity between HLA-DR-
SPs and RASGRP2 is frequent in MS patients, and the main
role of HLA-DR-SPs is likely in homeostatic maintenance of
autoreactive memory CD4* T cells in DR15* MS patients by
low-avidity interactions between TCR and HLA-DR-SP/DR com-
plexes on B cells.

The above findings led us to ask why RASGRP2-specific
CD4* T cells could be identified relatively easily in DR15" MS
patients. Immunodominance of peptides and a higher fre-
quency of autoreactive T cells with specificity for peptides of
myelin oligodendrocyte glycoprotein (MOG), proteolipid protein
(PLP), or MBP have been linked to the absence of thymic
expression (Bruno et al., 2002; Klein et al., 2000) or low DR
binding affinity (Muraro et al., 1997). Regarding RASGRP2,
we analyzed its gene expression in thymic epithelial cells
(TECs) from DR15" individuals; i.e., the cells that mediate nega-
tive selection to remove high-avidity autoreactive T cells and
establish central tolerance (Klein et al., 2014). Similar to MOG
and PLP (Bruno et al., 2002; Klein et al., 2000, 2014), RASGRP2
expression was absent or at the detection threshold in TECs
(Figure S5C), explaining how RASGRP2-specific autoreactive
CD4* T cells could escape negative selection and be found
relatively frequently in the periphery.

Different from RASGRP2, DRA, DRB1, and DRB5 were highly
expressed in TECs (Figure S5D), and HLA-DR-SPs were present
in the DR2a and DR2b immunopeptidomes from DR15* thymic
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Figure 4. DR2a and DR2b Present HLA-DR-SPs to Autoreactive CD4* T Cells
(A and B) Purified blood CD4* T cells of HLA-DR15" MS patients were co-cultured with irradiated BLS-DR2a or BLS-DR2b cells as APCs and stimulated with
pooled HLA-DR-SPs for 7 days. Shown is proliferation of naive (CD45RA*) and memory (CD45RA ™) CD4* T cells (A) and IFN-y in supernatants (B).

(legend continued on next page)
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tissues (Figure 2H). Although not formally shown for thymocytes, in the periphery by the latter. This had been speculated after
high-avidity RASGRP2-specific CD4* T cells, which cross-re- the first demonstration that MHC-SPs are part of the MHC class
acted to HLA-DR-SPs with much lower avidity, might be posi- ll-presented immunopeptidome (Baum et al., 1995b; Kourilsky
tively selected in the thymus and subsequently be maintained and Claverie, 1989).

(C) CSF-infiltrating CD4™ T cells of HLA-DR15* MS patients (n = 9) were co-cultured with irradiated BLS-DR2a or BLS-DR2b cells and stimulated with pooled HLA-
DR-SPs for 7 days. Proliferation of CSF-infiltrating CD4* T cells is shown. The bar graph at the bottom indicates the number of donors responding to the pooled
HLA-DR-SPs. Increases of more than 60% above controls were considered positive.

(D) Proliferation of HLA-DR-SP-specific bulk CD4™" T cells from HLA-DR15* MS patients (n = 4) after co-culture with irradiated BLS-DR2a or BLS-DR2b cells and
stimulation with the putative MS target antigens RASGRP275_g7), MBP(13-32), MBPg3_g9), MBP(111-129), MBP(146-170), PLP(139-154), MOG(1_20), anhd MOGs3s_s5) for
7 days (5 replicate wells). Groups with 2 or more positive wells are highlighted in red.

(E) Proliferations of autoreactive TCC3A6, TCC5F6, or TCC14 after co-culture with irradiated BLS-DR2a or BLS-DR2b cells and stimulation with HLA-DR-SPs for
3 days. Responses to the cognate autoantigen are shown at the bottom. The purple dotted line indicates the mean + 3SD of the no-peptide control, and values
above the purple dotted line were considered positive.

(F) Th1/Th2/Th17-related cytokines in supernatants of TCC14 after co-culture with irradiated BLS-DR2b cells and stimulation with RASGRP27g_g7) or HLA-DR-
SPs for 3 days.

(G) Proliferation of TCC14 after co-culture with irradiated BLS-DR2b cells and stimulation with HLA-DR-SPs for 3 days in the presence of anti-HLA-DR Ab.
Data are expressed as mean + SEM, and p values were determined by unpaired t test. See also Figure S5 and Tables S1 and S6.
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MS-Associated Foreign Antigens Trigger Autoreactive
CD4* T Cells by Cross-reactivity

HLA-DR-SPs can be viewed as “selecting/homeostatic” SPs
that can participate in thymic selection and/or homeostatic
maintenance of potentially autoreactive CD4* T cells. However,
their full activation probably involves stronger ligands; e.g., pep-
tides from foreign agents. It is well known that the DR15 haplo-
type amplifies the effect of certain environmental risk factors
for MS, most notably of altered immunity to EBV (Olsson et al.,
2017). This effect may be mediated by molecular mimicry be-
tween peptides from EBV and SPs, which are presented by
DR15 molecules and cross-recognized by autoreactive CD4*
T cells (Planas et al., 2018; Tengvall et al., 2019; Wucherpfennig
and Strominger, 1995). To address this point, we chose EBV and
another pathogen implicated in MS, a bacterial taxon overrepre-
sented in gut microbiota of MS patients, Akkermansia mucini-
phila (Berer et al., 2017; Cekanaviciute et al., 2017; Jangi et al.,
2016). We used data from testing TCC14 with combinatorial pep-
tides libraries and a dedicated biometrical analysis (Zhao et al.,
2001) to predict potentially stimulatory peptides from EBV and
Akkermansia (Figure S6A). The scores of all decapeptides from
both agents ranged between 20 and 125, well below the theoret-
ical maximum score of 190.88 for TCC14 (Figure S6B). Previous
studies had shown a positive relationship between peptides with
predicted high scores and T cell responses (Sospedra et al.,
2010). We therefore selected peptides from EBV (n = 33) and
Akkermansia (n = 30) with scores between 75 and 125 (Fig-
ure S6B; Table S7), synthesized and tested them with TCC14.
Indeed, two EBV and nine Akkermansia peptides gave positive
responses (Figure 6A). As controls, we chose a herpesvirus
negatively associated with MS, human cytomegalovirus
(HCMV) (Sundquvist et al., 2014), and a bacterium considered
protective for MS, Prevotella histicola (Shahi et al., 2019), and
again selected peptides with scores of 75-125 (Figure S6C;
Table S7). TCC14 did not react to any peptide from these
two agents (Figure 6B). Compared with DRB157_70) and DRB1/
5¢184-199), two EBV and four Akkermansia peptides exhibited
stronger effects (Figure 6A). Further, some peptides from
EBV and Akkermansia activated TCC14 comparably with
RASGRP2(75_s7), based on upregulation of CD69 and CD25,
downregulation of surface TCR (Figure 6C), and production of
Th2 cytokines (Figure 6D). To address the stimulatory hierarchy
in more detail, we performed transcriptional profiling by RNA
sequencing and found that the up- and downregulation of a
broad range of genes corresponded to the stimulatory strength
of the peptides (Figure 6E). Regarding the rank order of broad
sets of genes related to activation, proliferation, and Th2 func-
tion, EBV and Akkermansia peptides were stronger than HLA-
DR-SPs and close to RASGRP27s_g7) (Figure 6F). However, the
upregulation of genes related to cytotoxicity and/or pathogen-
esis of MS and experimental autoimmune encephalomyelitis
(EAE), including GZMB (Granzyme B), FASLG (Fas ligand),
CSF2 (granulocyte-macrophage colony-stimulating factor [GM-
CSF]), and IL-3, was more pronounced with RASGRP275_s7)
compared with EBV and Akkermansia peptides (Figure 6F).
Moreover, when testing 1159AG_TCCs with peptides that had
been selected from foreign agents for TCC14, two Akkermansia
peptides also stimulated proliferation (Figure 6G) and IFN-vy pro-
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duction (Figures 6H, S6D, and S6E), whereas all peptides from
HCMV and Prevotella were negative (Figures S6F and S6G).
These data suggest that the MS-associated foreign agents
EBV and Akkermansia might be involved in activation/expansion
of autoreactive memory CD4™ T cells via molecular mimicry.

Cross-restriction of Autoreactive CD4* T Cells by DR2a
and DR2b

Besides T cell cross-reactivity, others and we have shown that
the same and/or different peptides can be recognized by a sin-
gle TCR in the context of several HLA-Il molecules, including
DR2a and DR2b (Lang et al., 2002; Yousef et al., 2012; Figures
7A and S7). We referred to this characteristic as HLA cross-re-
striction and wanted to find out whether an autoreactive CD4™*
T cell recognized the above peptides in the context of both
DR15 allomorphs. Indeed, TCC14 reacted to RASGRP2 75 g7
presented by DR2a and DR2b and maintained its Th2 pheno-
type, although the response to RASGRP2s g7/DR2a was
lower (Figures 7B and 7C). Further, transcriptome analysis indi-
cated that TCC14 responded to RASGRP275_g7) presented by
DR2a and DR2b in a similar manner, although restriction by
DR2b was always more efficient (Figures 7D and 7E). Like
TCC14, the DR2b-restricted 1159AG_TCC2, 1159AG_TCCS,
and 1159AG_TCCS5 also reacted to RASGRP275_g7) presented
by DR2a (Figure 7F) and maintained their Th1/Th1* phenotype
(Figure 7G). In addition to RASGRP275_g7), one EBV and three
Akkermansia peptides activated TCC14 together with DR2a
(Figure 7H), but less strongly than RASGRP275_g7) (Figure 71).
These data demonstrate another facet of the cooperative ef-
fects of the two MS-associated DR15 allomorphs that extends
beyond serving as antigen-presenting molecule and epitope
source. It appears that the structures of DR2a and DR2b after
binding foreign peptides from EBV and Akkermansia or autoan-
tigenic peptide from RASGRP2 are sufficiently similar to acti-
vate a TCC like TCC14.

DISCUSSION

The HLA gene complex, one of the most polymorphic regions of
the genome, has evolved under the pressure of pathogens, and
the high prevalence of certain HLA molecules in populations of
distinct geographic areas and ethnicity is explained by this inter-
play (Blackwell et al., 2009). As a downside, fitness to cope with
dangerous pathogens in the context of certain HLA molecules
comes at the price of misguided immune responses. In the field
of HLA genotyping, it has long been known that DRB1*15:01 and
DRB5*01:01 are found to be virtually 100% linked in Caucasoids,
the ethnic group with the highest MS prevalence (Tiercy et al.,
1991). We further confirm this here for over 500 northern Euro-
pean DR15* MS patients. Despite this knowledge, one striking
aspect of MS genetics research has been its focus on
DRB1*15:01/DR2b, with a recent study being most representa-
tive (Moutsianas et al., 2015), whereas only few examined
DRB5*01:01/DR2a (Caillier et al., 2008; Gregersen et al., 2006;
Martin et al., 1991; Pette et al., 1990; Wucherpfennig et al.,
1994). This is in part due to the fact that common variants are
spaced sufficiently tightly to assign DRB1* but not DRB3*,
DRB4* and DRB5* genes (Dilthey et al., 2011).
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Figure 6. RASGRP2-Specific CD4* T Cells
Are Activated by Peptides from MS-Associ-
ated Foreign Agents

(A and B) TCC14 was tested with predicted stim-
ulatory decapeptides from the MS-associated
pathogens EBV and Akkermansia (A) and control
peptides from HCMV and Prevotella (B). Prolifera-
tion was detected on day 3. The x axis indicates the
predicted stimulatory score of each peptide using
the scoring matrix in Figure S6A.

(C and D) Irradiated BLS-DR2b cells were incu-
bated with peptides for 12 h and then co-cultured
with TCC14 for 24 h. Shown are upregulation of
CD69 and CD25 and downregulation of TCR «/ on
TCC14 (C) and Th1/Th2/Th17-related cytokines in
supernatants (D).

(E) Heatmap showing the top 1,000 high-variant
genes that increased or decreased expression in
TCC14 after co-culture with irradiated BLS-DR2b
cells and stimulation with HLA-DR-SPs, peptides
from EBV and Akkermansia, and RASGRP275_g7)
for 24 h.

(F) Expression levels of genes related to prolifera-
tion and Th2 cytokines (MKI67 [Ki-67], CCNE1
[Cyclin E1], IL-5, and IL-13), T cell activation (IL2RA
[CD25], NFKBID [nuclear factor kB (NF-kB) inhibitor
delta], CD40LG [CD40 ligand], and TNFRSF9 [4-
1BB]) as well as cytotoxicity and MS pathogenesis
(GZMB, FASLG, CSF2, and IL-3) in TCC14 after co-
culture with irradiated BLS-DR2b cells and stimu-
lation with HLA-DR-SPs, peptides from EBV and
Akkermansia, and RASGRP275_g7) for 24 h. The
mRNA expression levels are expressed as RPKM
(reads per kilobase per million mapped reads).

(G and H) 1159AG_TCCs were tested with pre-
dicted stimulatory decapeptides from EBV and
Akkermansia. Proliferation was detected on day 3.
Two positive peptides from Akkermansia are shown
(G), as well as IFN-vy in supernatants (H).

Data are expressed as mean or mean + SEM. See
also Figure S6 and Table S7.

and (4) similarities of peptide binding mo-
tifs of the two DR15 allomorphs (South-
wood et al., 1998; Vogt et al., 1994; Wu-
cherpfennig et al., 1994) argue that
DR2a should be considered an MS-asso-
ciated genetic risk factor. Whether SNPs

Regarding the functional role of DR2a, one study has shown
protective effects of DRB5"01:01 in humanized transgenic
mice in which co-expression of DR2a lowers the disease sus-
ceptibility conferred by DRB1*15:01 (Gregersen et al., 2006).
Another noted faster conversion to progressive MS in African-
American MS patients who expressed DRB1*15:03 and no
DRB5*01:01, indicating that the latter is not required for MS (Cail-
lier et al., 2008). But our own data, including (1) spontaneous EAE
in humanized transgenic mice expressing an MS patient-
derived, MBP-specific TCR and DRB5*01:01(Quandt et al.,
2012); (2) the pro-inflammatory phenotype of DR2a-restricted
myelin-specific TCC (Hemmer et al., 1997); (3) the higher DR2a
expression on several APCs and in the brain (Prat et al., 2005);
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in the DRB5*01:01 gene are related to differential methylation
and DR expression, as has been shown for DRB1*15:01, should
be considered in the future (Kular et al., 2018).

We analyzed the immunopeptidomes of both DR15 allo-
morphs on primary B cells, an APC type, which a number of in-
direct approaches identified as important for MS pathogenesis
(Hauser et al., 2008; Jelcic et al., 2018; Li et al., 2015; Molnarfi
et al., 2013; Sabatino et al., 2019). Different from prior studies
of immunopeptidomes from EBV-transformed B cell lines,
BLS-DR2a or BLS-DR2b cells (Scholz et al., 2017; Vogt et al.,
1994) and for other DR molecules (Chicz et al., 1992, 1993; Ru-
densky et al., 1991), we examined primary B cells. The B cell-
and monocyte-derived immunopeptidomes disclosed similar
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Figure 7. Cross-restriction in Recognizing RASGRP275 g7) in the Context of DR2a and DR2b

(A) Graphical depiction of TCR cross-reactivity (left; that is, recognition of two or more peptides by a single TCR in the context of one HLA-restriction element [e.g.,
DR2a or DR2b]), HLA cross-restriction (center; that is, recognition of the same or different peptides by a single TCR in the context of several HLA-Il molecules
[here DR2a and DR2b]), and the combination of cross-reactivity and HLA cross-restriction (right).

(B) Dose-response curves of TCC14 to RASGRP275_g7) using irradiated BLS-DR2a or BLS-DR2b cells as APCs. Proliferation was detected on day 3. Acpm

indicates the counts per minute value above the no-peptide control.

(legend continued on next page)
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binding motifs as prior data (Vogt et al., 1994), but B cell-derived
peptides differed from monocytes in that 20%-50% of peptides
presented by DR2a and DR2b on B cells originated from HLA-II
molecules and almost exclusively from DR2a and DR2b them-
selves, although they were also found on monocytes. HLA-I-
SPs and HLA-II-SPs have been shown previously in the DR2a/
DR2b-presented immunopeptidomes (Mohme et al., 2013;
Scholz et al., 2017; Vogt et al., 1994), but their high prevalence
on primary B cells was not known. Also, that most peptides on
DR2a stemmed from the DR B chain whereas those on DR2b
originated primarily from the DR « chain is novel. A few peptides,
albeit with varying lengths, thus occupied a considerable fraction
of surface DR2a and DR2b on peripheral blood B cells. Thus, dis-
ease-associated DR15 molecules can serve as antigen-present-
ing structures and sources of epitopes. In one prior study, varia-
tions of three of the five HLA-DR-SPs had been eluted from DR
molecules of dendritic cells (DCs)-depleted thymic APCs (Ada-
mopoulou et al., 2013). The authors used a pan-HLA-DR Ab,
and peptides could therefore not be assigned to one of the two
DR15 allomorphs. Two of the five peptides could also be isolated
from thymic DCs (Adamopoulou et al., 2013); therefore, some of
the HLA-DR-SPs, which are abundant on peripheral blood B
cells and thymic tissues, may act during CD4* T cell selection.
We did not differentiate TECs, DC types, or thymic B cells (Klein
et al., 2014) and therefore do not know how HLA-DR-SPs may
contribute to positive and negative selection. Cortical TECs are
most likely involved in positively selecting HLA-DR-SP-reactive
T cells, whereas those with high avidity are probably deleted
by negative selection (Klein et al., 2014). This is compatible
with our observation that naive CD4* T cells did not respond to
HLA-DR-SPs but were probably homeostatically maintained
whereas memory CD4* T cells did.

Memory CD4* T cells downregulate their activation threshold
after activation by high-avidity ligands (Stefanova et al., 2002),
such as the peptides from the two MS-associated pathogens
EBV and Akkermansia. Interestingly, the EBV-derived peptides
are from the lytic viral gene products BHRF1 and BPLF1, which
drive lymphocytosis during mononucleosis (Taylor et al., 2015),
which strongly raises the risk to develop MS (Olsson et al.,
2017). BHRF1- and BPLF1-specific CD4" T cells could be
primed aberrantly during mononucleosis and confer risk for MS
development. After differentiation into memory cells, we as-
sume, but cannot show in vivo, that HLA-DR-SPs are involved
in homeostatic maintenance of these CD4* T cells and also in au-
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toproliferation (Jelcic et al., 2018; Mohme et al., 2013). Therefore,
we considered HLA-DR-SPs as “selecting/homeostatic” SPs in
the thymus and peripheral blood, respectively, where they might
participate in shaping a TCR repertoire that confers protection
against MS-associated foreign agents but can also potentially
respond to pathogenic SPs from RASGRP2 or myelin, as shown
for memory CD4* T cells, such as the brain-infiltrating TCC14,
which recognized not only the putative MS autoantigen
RASGRP2 (Jelcic et al., 2018) but also several HLA-DR-SPs
and peptides derived from EBV and Akkermansia. Regarding
the antigen hierarchy, HLA-DR-SPs are weak agonists, EBV
and Akkermansia peptides are full agonists, and the RASGRP2
peptide is an even stronger ligand. High-avidity recognition of
a potentially “pathogenic” SP like RASGRP2 g g7 fits with the
absence of thymic transcription, as shown before for PLP (Klein
et al., 2000) and MOG (Bruno et al., 2002).

At present, we do not know whether and under which condi-
tions RASGRP2 expression might start in vivo in peripheral blood
B cells or in the target organ brain. However, we assume that
recognition of this peptide by naive CD4* T cells that had been
selected by HLA-DR-SPs and converted to memory CD4*
T cells by recognizing EBV or Akkermansia peptides may lead
to their full activation in the periphery and/or the brain. This is
not unique for TCC14 because we could easily isolate more
pro-inflammatory TCCs with similar properties; i.e., cross-recog-
nition of HLA-DR-SPs, RASGRP2, and Akkermansia. Our current
data support that HLA-DR-SPs can be recognized as nominal an-
tigens that share similarities with peptides from foreign antigens
or potentially “pathogenic” SPs, but we cannot exclude that
they may also act as co-agonists via integration in the immunolog-
ical synapse (Krogsgaard et al., 2005) or that the specificity of
TCR is determined by recognizing the backbone of the HLA mol-
ecules (Cai and Hafler, 2007). Also, how and whether recognition
of the different peptides influences functional differentiation into
specific Th subtypes (Adair et al., 2016) remains to be studied.

Assuming that both DR15 allomorphs jointly contribute to MS
pathogenesis, it is curious that peptides from EBV and Akkerman-
sia and from the potentially “pathogenic” RASGRP2 are recog-
nized by TCC14 and additional clones in the context of both
DR15 allomorphs. Others and we have previously observed
HLA cross-restriction with brain-infiltrating John Cunningham
(JC) polyomavirus-specific T cells (Yousef et al., 2012), with an
MBP/EBV-specific CD4* TCC from a DR15" MS patient (Lang
et al., 2002) and with CSF-infiltrating CD4" T cells in MS

(C) Th1/Th2/Th17-related cytokines in supernatants of TCC14 after co-culture with irradiated BLS-DR2a or BLS-DR2b cells and stimulation with RASGRP275_g7)

for 3 days.

(D) Heatmap showing a broad range of genes that increased or decreased expression in TCC14 after co-culture with irradiated BLS-DR2a or BLS-DR2b cells and

stimulation with RASGRP2 75 g7 for 24 h.

(E) Expression levels of the genes related to proliferation and Th2 cytokine, T cell activation, as well as cytotoxicity and MS pathogenesis in TCC14 after co-culture
with irradiated BLS-DR2a or BLS-DR2b cells and stimulation with RASGRP275_g7) for 24 h.

(F) Proliferation of 1159AG_TCCs after co-culture with irradiated BLS-DR2a or BLS-DR2b cells and stimulation with RASGRP275_g7) for 3 days.

(G) Th1/Th2/Th17-related cytokines in supernatants of 1159AG_TCCs after co-culture with irradiated BLS-DR2a cells and stimulation with RASGRP27g_g7)

for 3 days.

(H) Proliferation of TCC14 after co-culture with irradiated BLS-DR2a cells and stimulation with the predicted stimulatory decapeptides from EBV and Akkermansia

for 3 days.

(l) Irradiated BLS-DR2a cells were incubated with the peptides for 12 h and then co-cultured with TCC14 for 24 h. Shown are upregulation of CD69 and CD25 and

downregulation of TCR o/p on TCC14.

Data are expressed as mean + SEM, and p values were determined by unpaired t test. See also Figure S7 and Table S7.
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(Sospedra et al., 2006). HLA cross-restriction of CD4* T cells con-
tributes to controlling HIV (Galperin et al., 2018) and may also be
critical for controlling viral infections in the brain, an immunoprivi-
leged organ with low HLA-II expression (Yousef et al., 2012). The
ability of a TCC to recognize cognate peptides on more than one
HLA-Il element may, however, also increase the risk of CNS dam-
age by an autoreactive TCC. In the case of DR2a and DR2b,
cross-restriction may involve similarities of the contact surfaces
of the two molecules toward the TCR, whereas differences exist
primarily in the peptide binding grooves (Li et al., 2000; Smith
et al., 1998). Thus, the cooperation of DR2a and DR2b may in-
crease the fitness to cope with viral infection but also the risk of
pathogenic autoreactivity. A recent study documented that
DR2a and DR2b are expressed highly in normal-appearing gray
matter in MS brains (Enz et al., 2019), the region where RASGRP2
is found in cortical neurons (Jelcic et al., 2018).

Our data show the complexity of how the two MS-associated
DR15 allomorphs could functionally contribute to MS as antigen-
presenting structures and epitope sources during thymic selec-
tion and peripheral maintenance of a TCR repertoire. HLA-DR-
SP-reactive CD4* T cells could be activated by certain foreign
agents like EBV and Akkermansia and then respond to potentially
“pathogenic” SPs from RASGRP2 or autoantigens such as MBP
in the blood and probably also the CSF/brain. At each step, DR2a
and DR2b may serve as antigen-presenting structures, binding
peptides from themselves, and be involved in cross-restriction.
At present, we cannot provide solid evidence of every single
step and in each compartment, particularly not in the selecting
organ, the thymus, and the target, the brain. However, HLA-
DR-SPs in the DR2a and DR2b immunopeptidomes in thymic tis-
sues and peripheral blood B cells but not in the brain, activation
of T cell responses against myelin and RASGRP2 by HLA-DR-
SPs, and the recognition hierarchies of the HLA-DR-SPs versus
EBV and Akkermansia peptides and RASGRP2 peptide are
compatible with current concepts of T cell selection, peripheral
maintenance, and full activation (Boyman et al., 2009; Takaba
and Takayanagi, 2017).

In conclusion, DR2a and DR2b could jointly shape an autor-
eactive T cell repertoire in MS. Recognition of HLA-DR-SPs,
potentially “pathogenic” SPs, and peptides from MS-associated
pathogens demonstrates how the most important genetic risk
factor may link immune reactivity to environmental risk factors
and autoantigens at the level of TCR-peptide/DR recognition.
The concepts of how HLA-SPs might be involved in molecular
mimicry in autoimmune diseases like autoimmune hepatitis,
RA, and T1D were formulated almost 30 years ago (Baum
et al., 1995a, 1995b; Burroughs et al., 1992). Our experimental
approaches outline how to address whether HLA-DR-SPs
contribute to the strong associations between distinct HLA-DR
molecules in a number of autoimmune diseases with clear HLA
association, including RA, T1D, autoimmune thyroid disease,
primary biliary cirrhosis, Goodpasture syndrome, narcolepsy,
and others. The intriguing epidemiological and experimental
data that exist for molecular mimicry between autoantigen and
viral/bacterial pathogens in many of these diseases (Cusick
et al., 2012) could be linked to T cell repertoire generation and
maintenance by HLA-DR-SPs. Regarding therapeutic implica-
tions, blocking the T1D-associated HLA-DQ8 with the small
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molecule methyldopa inhibits formation of anti-insulin Abs and
spontaneous disease in animals (Ostrov et al., 2018). Another
small molecule (PV-267) that fills the binding pocket of DR2b in-
hibits cytokine production and proliferation of DR2b-restricted,
MBP-specific T cells and allows prevention and treatment in a
DR2b-transgenic EAE model (Ji et al., 2013). The same inhibitor
attenuates anti-glomerular basement membrane activity in a
Goodpasture model (Huynh et al., 2019). In both studies, DR2a
was not considered, and one may speculate that single small
molecules blocking both alleles or combining blockers for
DR2a and DR2b could be explored as immunotherapy for MS.
Future studies should address whether our observations hold
for other MS autoantigens, such as myelin peptides and the
recently discovered non-myelin protein guanosine diphosphate
(GDP) L-fucose synthase, which is recognized by brain-infil-
trating T cells and has similarities to GDP L-fucose synthase ho-
mologs of certain gut microbiota, most notably Akkermansia
(Planas et al., 2018).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Purified DR2a allele-specific monoclonal antibody Purchased under an agreement from One N/A

Lambda (Thermo Fisher Scientific)
Purified DR2b allele-specific monoclonal antibody Purchased under an agreement from One N/A

Lambda (Thermo Fisher Scientific)
Alexa Fluor 488-conjugated DR2a-specific Purchased under an agreement from One N/A
antibody Lambda (Thermo Fisher Scientific)
Alexa Fluor 647-conjugated DR2b-specific Purchased under an agreement from One N/A
antibody Lambda (Thermo Fisher Scientific)
Goat anti-Mouse IgG1 Cross-Adsorbed Secondary Invitrogen Cat# A-21121; RRID:AB_2535764
Antibody, Alexa Fluor 488
Goat anti-Mouse 1gG2b Cross-Adsorbed Invitrogen Cat# A-21242; RRID:AB_2535811
Secondary Antibody, Alexa Fluor 647
FITC anti-human CD69 antibody (clone FN50) BD PharMingen Cat# 555530; RRID:AB_395915
APC anti-human CD25 antibody (clone BC96) Biolegend Cat# 302610; RRID:AB_314280
PE/Cy7 anti-human TCR o/ antibody (clone I1P26) Biolegend Cat# 306720; RRID:AB_10639947
Pacific Blue anti-human CD4 antibody Biolegend Cat# 317429; RRID:AB_1595438
(clone OKT4)
PerCP/Cy5.5 anti-human CD3 antibody Biolegend Cat# 317336; RRID:AB_2561628
(clone OKT3)
PE/Cy7 anti-human CD14 Antibody (clone 63D3) Biolegend Cat# 367112; RRID:AB_2566714
Alexa Fluor® 700 anti-human CD19 Antibody Biolegend Cat# 302226; RRID:AB_493751
(clone HIB19)
APC anti-human CD45RA (clone HI100) Biolegend Cat# 304112; RRID:AB_314416
Alexa Fluor® 700 anti-human CD45 Antibody Biolegend Cat# 368514; RRID:AB_2566374
(clone 2D1)
PerCP/Cyanine5.5 anti-human CD326 (EpCAM) Biolegend Cat# 324214; RRID:AB_2098808
Antibody (clone 9C4)
APC/Fire 750 anti-human HLA-DR Antibody Biolegend Cat# 307658; RRID:AB_2572101
(clone L243)
Pacific Blue anti-human CD8 Antibody (Clone SK1) Biolegend Cat# 344718; RRID:AB_10551438
Alexa Fluor® 700 anti-human CD183 (CXCR3) Biolegend Cat# 353742; RRID:AB_2616920
Antibody (Clone G025H7)
Brilliant Violet 785 anti-human CD196 (CCR6) Biolegend Cat# 353422; RRID:AB_2563660
Antibody (Clone GO34E3)
PE anti-human HLA-DR Antibody (Clone L243) Biolegend Cat# 307606; RRID:AB_314684
Purified anti-human HLA-DR Antibody Provided by HG. Rammensee, University N/A
(Clone L243) of Tubingen, Germany
TCR VB1-PE, BL37.2, 1 mL, ASR Beckman Coulter Cat# IM2355; RRID:AB_131329
TCR VB2-PE, MPB,2D5, 1 mL, ASR Beckman Coulter Cat# IM2213; RRID:AB_131311
TCR VB3-FITC, CH92, 1 mL, ASR Beckman Coulter Cat# IM2372; RRID:AB_131046
TCR VB5.1-FITC, IMMU 157, 1 mL, ASR Beckman Coulter Cat# IM1552; RRID:AB_131023
TCR VB5.2-FITC, 36213, 1 mL, ASR Beckman Coulter Cat# IM1482; RRID:AB_130872
TCR VB7.1-PE, ZOE, 1 mL, ASR Beckman Coulter Cat# IM2287; RRID:AB_131323
TCR VB8-FITC, 56C5.2, 1 mL, ASR Beckman Coulter Cat# IM1233; RRID:AB_130922
TCR VB9-PE, FIN9, 1 mL, ASR Beckman Coulter Cat# IM2003; RRID:AB_131193
TCR VB11-FITC, C21, 1 mL, ASR Beckman Coulter Cat# IM1586; RRID:AB_131027
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

TCR VB12-PE, VER2.32.1, 1 mL, ASR
TCR VB13.1-PE, IMMU 222, 1 mL, ASR
TCR VB13.6-FITC, JU74.3, 1 mL, ASR
TCR VB14-PE, CAS1.1.3, 1 mL, ASR
TCR VB16-FITC, TAMAYA1.2, 1 mL, ASR
TCR VB17-FITC, E17.5F3.15.13, 1 mL, ASR
TCR VB18-PE, BA62.6, 1 mL, ASR

TCR VB20-PE, ELL1.4, 1 mL, ASR

TCR VB21.83-FITC, IG125, 1 mL, ASR
TCR Vp22-FITC, IMMU 546, 1 mL, ASR
TCR VB23-PE, AF23, 1 mL, ASR

TCR Vp5.3-PE, 3D11, 1 mL, ASR

Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter

Cat# IM2291; RRID:AB_131198
Cat# IM2292; RRID:AB_131326
Cat# IM1330; RRID:AB_131012
Cat# IM2047; RRID:AB_131304
Cat# IM1560; RRID:AB_130875
Cat# IM1234; RRID:AB_131007
Cat# IM2049; RRID:AB_131305
Cat# IM2295; RRID:AB_131328
Cat# IM1483; RRID:AB_131021
Cat# IM1484; RRID:AB_131022
Cat# IM2004; RRID:AB_131302
Cat# IM2002; RRID:AB_131230

Purified Mouse 1gG2a, « Isotype Ctrl Antibody Biolegend Cat# 401502; RRID:AB_2800437
Biological Samples

Peripheral blood This paper N/A

Peripheral blood This paper N/A
Leukaphereses from MS patients This paper N/A

Buffy coats from HDs This paper N/A

Thymic tissues This paper N/A

MS brain tissues This paper N/A
Cerebrospinal fluid (CSF) This paper; Planas et al., 2018 N/A

Chemicals, Peptides, and Recombinant Proteins

Bovine serum albumin (BSA) Roth Cat# 3854.3
Carboxyfluorescein diacetate N-succinimidyl Sigma-Aldrich Cat# 21888

ester (CFSE)

Dimethyl sulfoxide (DMSO) Applichem Cat# A3672
Ficoll Eurobio Cat# GAUFIC0065
EDTA solution pH 8.0 (0.5 M) AppliChem Cat# A3145,1000
L-glutamine Thermo Fisher Scientific Cat# 25030024
Penicillin-Streptomycin Solution, 100x Corning Cat# 30-002-Cl
Gentamicin Sigma-Aldrich Cat# G1397
Human IL-2 containing supernatant (produced with Provided by F. Sallusto, IRB, N/A

T6 cell line) Bellinzona, Switzerland

Positional scanning synthetic combinatorial Pinilla et al., 1994 N/A

peptide libraries (ps-SCL, N-acetylated and C-
amide, TPI 2040)

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
Methyl-3H-thymidine

Peptides

Remel PHA Purified

QIAzol lysis reagent

CEF |l peptide pool
Phytohemagglutinin-L (PHA-L)
Liberase TM Research Grade
DNase |, recombinant

Percoll

Triton X-100

Proteinase K

Thermo Fisher Scientific
Hartmann Analytic
Peptides&Elephants
Thermo Fisher Scientific
QIAGEN
Peptides&Elephants
Sigma-Aldrich

Roche

Roche

GE healthcare
Sigma-Aldrich

Roche

Cat# L34957
Cat# M1762
This paper, see also Table S5 and S7
Cat# R30852801
Cati# 79306
N/A
Cati# L2769
Cat# 5401119001
Cat# 04536282001
Cat# 17-0891-01
Cat# T8787
Cat# 03115879001
(Continued on next page)
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MEM Non-Essential Amino Acids Solution (100X) GIBCO Cat# 11140050
Sodium Pyruvate (100 mM) GIBCO Cat# 11360070
2-Mercaptoethanol (50 mM) GIBCO Cat# 31350010
Poly-L-lysine solution Sigma-Aldrich Cat# P8920
Immunoglobulin G from human serum Sigma-Aldrich Cat# 56834
CHAPS PanReac AppliChem Cat# A1099.0050
cOmplete Protease Inhibitor Cocktail Roche Cat# 11697498001
Trifluoroacetic acid (TFA) Sigma-Aldrich Cat# 299537
RPMI-1640 medium Sigma-Aldrich Cat# R0883
X-Vivo medium Lonza Cat# BE04-418F
Fetal calf serum (FCS) Eurobio Cat# CVFSVF0001
Human serum Blood Bank Basel, Switzerland N/A

IMDM medium GE healthcare Cat# SH30259.01
Polyethylene glycol solution Sigma-Aldrich Cat# P7181

HAT Media Supplement (50 x ) Hybri-Max Sigma-Aldrich Cat# H0262

Fetal Bovine Serum Corning Cat# 35-010-CV

RPMI 1640 Medium
Penicillin-Streptomycin Solution

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 11875101
Cat# 15140130

Critical Commercial Assays

CD19 MicroBeads, human

CD14 MicroBeads, human

CD45RA MicroBeads, human

CD4 T Cell Isolation Kit, human

Pan Monocyte Isolation Kit, human

CD4 MicroBeads, human

ELISA MAX Standard Set Human IFN-y
LEGENDplex Human T Helper Cytokine Panels
T Cell Activation/Expansion Kit, human
Image-iT Fixation/Permeabilization Kit
SlowFade Diamond Antifade Mountant with DAPI
RNeasy Mini Kit (50)

PCR Master Mix (2X)

RevertAid First Strand cDNA Synthesis Kit

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Biolegend
Biolegend
Miltenyi Biotec
Invitrogen
Invitrogen
QIAGEN

Thermo Scientific
Thermo Scientific

Cat# 130-050-301, RRID:AB_2848166
Cat# 130-050-201, RRID:AB_2665482

Cat# 130-045-901
Cat# 130-096-533
Cat# 130-096-537
Cat# 130-045-101
Cati# 430101

Cat# 740001, RRID:AB_2784515
Cat# 130-091-441
Cat# R37602
Cat# S36968
Cat# 74104

Cat# KO171

Cat# K1621

Deposited Data

RNA sequencing data of B cells and monocytes

RNA sequencing data of thymic epithelial
cells (TECs)

RNA sequencing data of peptide-stimulated
TCC14 cells

Amino acid sequences of the eluted peptides

Immunopeptidomic data from tumor tissues,
unaffected surrounding tissue, and blood samples

This paper
This paper

This paper

This paper

HLA Ligand Atlas

ENA: PRJEB34207
ENA: PRJEB34209

ENA: PRJEB35576
ProteomeXchange Consortium:

PXD015249
https://hla-ligand-atlas.org/search

Experimental Models: Cell Lines

BLS-DR2a cells

BLS-DR2b cells

TCC3A6
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Research Institute, Seattle

Generated by B. Kwok, Benaroya
Research Institute, Seattle

Vergelli et al., 1996

N/A

N/A

N/A
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TCC5F6 Vergelli et al., 1997 N/A

TCC14 Jelcic et al., 2018 N/A

Oligonucleotides

Primer: TRBC Reverse: Microsynth N/A

gacagcggaagtggttgcgggggt

Primer: TRBV3-1 Forward: cctaaatctccagacaaagc Microsynth N/A

Primer: TRBV12-3/4 Forward: Microsynth N/A

tctggtacagacagaccatg

Software and Algorithms

FlowJo Tree Star https://www.flowjo.com/ ;
RRID: SCR_008520

GraphPad Prism 8.0 Graphpad https://www.graphpad.com/ ;
RRID: SCR_002798

ImageJ NIH https://imagej.nih.gov/ij/ ;

NetMHCII 2.3 Server

Venny2.1

IMGT/V-QUEST

iceLogo

Heatmapper

Jensen et al., 2018

Oliveros, J.C. (2007-2015) Venny.

An interactive tool for comparing
lists with Venn’s diagrams.
Brochet et al., 2008

Colaert et al., 2009

Babicki et al., 2016

RRID:SCR_003070
http://www.cbs.dtu.dk/
services/NetMHCII-2.3/

https://bioinfogp.cnb.csic.es/
tools/venny/index.html ;
RRID:SCR_016561

http://www.imgt.org/IMGT_
vquest/vquest ; RRID:SCR_010749
https://iomics.ugent.be/
icelogoserver/ ; RRID:SCR_012137

http://www.heatmapper.ca/ ;
RRID:SCR_016974

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Roland

Martin (roland.martin@usz.ch).

Materials Availability

Reasonable amounts of antibodies generated in this study are available from the Lead Contact with a completed Material Transfer

Agreement.

Data and Code Availability

The RNA sequencing raw data have been deposited to the European Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/browser/
home) with the accession codes PRJEB34207, PRJEB34209, and PRJEB35576. The mass spectrometry immunopeptidomic raw
data have been deposited to the ProteomeXchange Consortium (http://www.proteomexchange.org/) with the dataset identifier
PXD015249. Immunopeptidomic data from tumor tissues, unaffected surrounding tissue, and blood samples are listed in the HLA
Ligand Atlas (https://hla-ligand-atlas.org/search).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

In a first cohort, peripheral blood samples from MS patients from the University Hospital Zurich, Zurich, Switzerland (n = 136; age
range 21-70 (median 41), F:M ratio: 1.5) and the University Medical Center Hamburg-Eppendorf, Hamburg, Germany (n = 881;
age range 20-79 (median 45), F:M ratio: 2.2) were collected for HLA genotyping. In a second cohort, leukaphereses or buffy coats
were collected from 8 HDs, 4 RRMS, and 10 RRMS_NAT for HLA immunopeptidome analyses (HDs, n = 3; RRMS, n = 3; RRMS_NAT,
n = 3), proliferation assays (HDs, n = 8; RRMS, n = 4; RRMS_NAT, n = 10), and T cell cloning (RRMS_NAT, n = 3). The detailed
information of these samples is shown in Tables S1. Leukaphereses from MS patients were collected at the Hematology Clinic,
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University Hospital Zurich, Zurich, Switzerland. Buffy coats from HDs were acquired from the Blutspende Zurich, Zurich, Switzerland.
Thymic tissues from HLA-DR15* immunologically healthy children undergoing cardiac surgery were collected at the University
Children’s Hospital Zurich, Zurich, Switzerland (n = 4) for HLA immunopeptidome analyses (n = 4) and TEC isolation (n = 3). Highly
inflamed MS brain tissues were collected from the UK MS Society Tissue Bank, Imperial College London, London, UK for HLA
immunopeptidome analyses (n = 4). The detailed information of thymic and MS brain tissues is shown in Tables S4. MS was
diagnosed according to the recent McDonald criteria (Thompson et al., 2018). The study was approved by the Cantonal Ethical
Committee of Zurich, Switzerland (EC-No. of the research project 2013-0001, approved on 5th June 2013 and EC-No. of the ERC
2014-0699, approved on 27th February 2015). HLA genotyping of MS patients from Hamburg was approved under protocol
No. 2758, Ethik Kommission der Arztekammer Hamburg.

Cell lines

BLS-DR2a and BLS-DR2b cells originated from a bare lymphocyte syndrome (BLS) patient-derived B cell line transfected with the
genes encoding DRA*01:01P/DRB5*01:01 (BLS-DR2a cells) or DRA*01:01P/ DRB1*15:01 (BLS-DR2b cells). BLS cells were
expanded in RPMI-1640 medium (Sigma-Aldrich, Missouri, USA) containing 10% heat-inactivated fetal calf serum (FCS, Eurobio,
Courtaboeuf, France), 2mM L-glutamine (Thermo Fisher Scientific, Massachusetts, USA), 100 U/ml penicillin (Corning, New York,
USA), 100 ng/ml streptomycin (Corning), and 50 pg/mL gentamicin (Sigma-Aldrich).

TCC3AB, TCC5F6, and TCC14 were obtained from HLA-DR15* MS patients. TCC3A6 is MBP g3_99)-specific and restricted by DR2a
(Vergelli et al., 1996). Its TCR recognizes MBP g3.99) With low avidity (Li et al., 2005), but is encephalitogenic in a humanized transgenic
mouse model (Quandt et al., 2012). TCC5F6 also recognizes MBP g3_g) but is restricted by DR2b (Vergelli et al., 1997). Both TCC3A6
and TCC5F6 are Th1 cells (Hemmer et al., 1997). TCC14 is a Th2 TCC generated from autoproliferating cells and clonally expanded in
brain lesions of a pattern Il MS patient (1175SA) (Jelcic et al., 2018; Planas et al., 2015). It is restricted by DR2b and responds to
RASGRP2 that is an autoantigen identified by an unbiased epitope search (Zhao et al., 2001) and expressed by pro-inflammatory
B cells and in the brain (Jelcic et al., 2018). The TCCs were expanded with irradiated allogeneic PBMCs (45 Gy), 1 ng/mL PHA
(Sigma-Aldrich), and 20 U/ml human IL-2 (hIL-2 containing supernatant produced by T6 cell line that was kindly provided by F. Sal-
lusto, IRB, Bellinzona, Switzerland) in IMDM medium (GE healthcare, lllinois, USA) containing 5% human serum (Blood Bank Basel,
Switzerland), 2mM L-glutamine (Thermo Fisher Scientific), 100 U/ml penicillin (Corning), 100 pg/ml streptomycin (Corning), and 50 ng/
mL gentamicin (Sigma-Aldrich). The medium was changed by aspirating half of the old medium and adding the same amount of fresh
medium containing hIL-2 every 3-4 days for two weeks.

Primary cells

PBMCs were freshly isolated from leukaphereses or buffy coats using Ficoll (Eurobio) density gradient centrifugation. Isolated
PBMCs were cryopreserved in freezing medium containing 90% heat-inactivated FCS (Eurobio) and 10% dimethy! sulfoxide
(DMSO; Applichem, Darmstadt, Germany) and stored in liquid nitrogen.

CD4* T cells in the CSF of HLA-DR15" RRMS patients were purified by positive selection using CD4 microbeads, human (Miltenyi,
Bergisch Gladbach, Germany). Isolated bulk CD4* T cells were seeded at 1.5 x 10° cells/well in 96-well U-bottom plates (Greiner Bio-
One, Kremsmunster, Austria) together with 1.5 x 10° irradiated allogeneic PBMC (45Gy), 1 pg/ml PHA (REMEL, Thermo Fisher Sci-
entific), and hiL-2 in RPMI-1640 medium containing 5% human serum (Blood Bank Basel), 2 mM glutamine (Thermo Fisher Scientific),
1% (vol/vol) nonessential amino acids (GIBCO, Thermo Fisher Scientific), 1% (vol/vol) sodium pyruvate (GIBCO), 5uM B-Mercaptoe-
thanol (GIBCO), 100 U/ml penicillin (Corning), and 100 pg/ml streptomycin (Corning). The medium was changed by aspirating half of
the old medium and adding the same amount of fresh medium containing hiL-2 every 3-4 days for up to 25 days until cells were fully
rested.

METHOD DETAILS

DNA extraction and HLA genotyping

DNA was extracted from whole blood of MS patients using a standard DNA isolation protocol using Triton lysis buffer (Triton X-100,
Sigma-Aldrich) and proteinase K (Roche, Basel, Switzerland). The genotype of HLA class | (A and B) and HLA class || (DRB1, DRB3,
DRB4, DRB5, DQA1 and DQBH1) alleles was determined using high-resolution HLA sequence-based typing (Histogenetics, New
York, USA).

Isolation of TECs from thymic tissues

Thymic tissues from HLA-DR15* immunologically healthy children undergoing cardiac surgery were cleaned from necrotic and
connective tissue and then minced using watchmaker forceps. Minced tissues were digested in 12 mL PBS containing 0.4 mg/ml
Liberase TM (Roche) and 20 pg/ml DNase | (Roche) in a 37°C water bath with pipetting up and down frequently until the tissue
was completely dissolved. Cells were washed in AutoMACS running buffer (Miltenyi) and enriched for antigen-presenting cells using
Percoll (GE healthcare) gradient centrifugation. Enriched antigen-presenting cells were stained for surface markers using fluoro-
chrome-conjugated antibodies, including anti-human CD45 antibody, anti-human CD326 (EpCAM) antibody, and anti-human
HLA-DR antibody (Biolegend; Key Resources Table). 1.0 x 10° of HLA-DR* TECs (CD45 EpCAM*HLA-DR™™M9" were sorted
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from enriched antigen-presenting cells using a FACSAria Ill 4L (BD Biosciences) and resuspended in Qiazol (QIAGEN, Hilden,
Germany) for RNA extraction.

Generation of DR2a and DR2b allele-specific monoclonal antibodies

BALB/c mice were immunized and boosted with recombinant HLA-DRB5*01:01 antigen to obtain DR2a allele-specific monoclonal
antibody. CB6F1 mice were immunized and boosted with BLS-DR2b cells to obtain DR2b allele-specific monoclonal antibody. In
particular, the aim was to obtain high-affinity IgG antibodies. The antibody-producing splenocytes were isolated and fused with
Sp2/0 myeloma cells as fusion partner via polyethylene glycol (Sigma-Aldrich) to form hybridomas. The hybridomas were then
cultured with 100 uM hypoxathine, 0.4 uM aminopterin, and 16 uM thymidine (HAT, Sigma-Aldrich) in RPMI-1640 medium (Thermo
Fisher Scientific) containing 10% Fetal Bovine Serum (FBS) (Corning), 2mM L-glutamine (Thermo Fisher Scientific), 100 U/ml peni-
cillin (Thermo Fisher Scientific), and 100 png/ml streptomycin (Thermo Fisher Scientific). Later, supernatants from hybridomas were
collected and screened by cytotoxicity test and single antigen beads (One Lambda, Thermo Fisher Scientific) for DR2a and
DR2b. Clones were screened by LABScreen single antigen HLA-II panel (One Lambda, Thermo Fisher Scientific) and picked based
on immunoglobulin class and antigen specificity. Desired antibody-producing hybridomas were finally expanded in vitro and injected
into the mouse to acquire ascitic fluid enriched for the specific antibodies. Characterization of reactivity against a broad panel of DR
alleles is shown in Figure S1B. Purified DR2a- and DR2b-specific antibodies were acquired and used for immunopeptidome isolation
and immunofluorescence. Alexa Fluor 488-conjugated DR2a-specific antibody and Alexa Fluor 647-conjugated DR2b-specific anti-
body were acquired and used for flow cytometric analysis.

Immunofluorescence

BLS-DR2a or BLS-DR2b cells were plated onto poly-L-Lysine (Sigma-Aldrich) -coated slides. The fixation, permeabilization, and
blocking of nonspecific binding sites of the cells were performed using the Image-iT® Fix-Perm Kit (Invitrogen, California, USA) ac-
cording to the manufacturer’s instructions. The cells were then incubated with 10 pg/ml primary anti-DR2a or anti-DR2b antibody
overnight at 4°C. Following several wash steps with PBS + 0.5% BSA, the cells were incubated with 1 ng/ml Alexa Fluor 488-con-
jugated goat anti-mouse IgG1 secondary antibody (Invitrogen) to target anti-DR2a antibody or 10 ug/ml Alexa Fluor 647-conjugated
goat anti-mouse IgG2b secondary antibody (Invitrogen) to target anti-DR2b antibody for 1 h at room temperature. Thereafter, cells
were washed several times with PBS + 0.5% BSA and mounted with SlowFade Diamond Antifade Mountant with DAPI (Invitrogen)
and coverslips. The images were captured using fluorescence microscopy (Zeiss, Oberkochen, Germany) and analyzed using
Imaged (NIH).

Immunopeptidome isolation and analysis

For immunopeptidome isolation of blood B cells and monocytes, cryopreserved PBMCs from HLA-DR15" donors were thawed and
washed twice with serum-free X-VIVO 15™ medium (Lonza, Basel, Switzerland). B cells and monocytes were then purified by pos-
itive selection using CD19 microbeads, human (Miltenyi) and CD14 microbeads, human (Miltenyi) according to the manufacturer’s
instructions. Purified B cells and monocytes were collected and stored in —80°C until use. For the thymic tissues and highly inflamed
MS brain tissues, immunopeptidomes were isolated directly using the frozen tissues.

To isolate the immunopeptidome presented by DR2a and DR2b, as previously described (Nelde et al., 2019), frozen B cell and
monocyte pellets, thymic tissues, and MS brain tissues were lysed with 10 mM CHAPS (PanReac AppliChem, Darmstadt, Germany)
with protease inhibitors (Roche) in PBS. The lysate was then ultrasonicated, and the supernatant was collected after centrifugation
and clarified using 5 um sterile filters (Millex®-SV low protein binding PVDF Durapore® syringe filter unit, Merck Millipore). The pep-
tide/HLA complexes were isolated from the supernatant using an immunoprecipitation approach with the allele-specific antibodies,
and peptides were eluted from HLA molecules with 0.2% Trifluoroacetic acid (TFA, Sigma-Aldrich). The peptides were separated
from HLA molecules by ultracentrifugation using 10 kDa Amicon centrifugal filter units (Merck Millipore). The amino acid sequences
of the eluted peptides were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS, LTQ Orbitrap XL). The
mass spectrometry immunopeptidomic raw data have been deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD015249.

For the immunopeptidome analysis, the core binding motif and binding affinity of peptides to DR2a or DR2b were predicted using
NetMHCII 2.3 Server (Jensen et al., 2018). Graphical representation of the core binding motif was generated using iceLogo (Colaert
etal., 2009). The analyzed results are shown in Tables S2 and S3. The overlap of DR2a- and DR2b-presented unique peptides and the
overlap of the source protein of DR2a- and DR2b-presented peptides between B cells and monocytes were analyzed using VENNY?Z!
(Oliveros, 2007-2015; https://bicinfogp.cnb.csic.es/tools/venny/index.html).

Proliferation assay

All peptides used in this study for stimulation purposes were synthesized with N-terminal acetylation and C-terminal
amide (Peptides & Elephants, Hennigsdorf, Germany). RASGRP27g.g7: LVRYWISAFP; MBP(g3.09: ENPVVHFFKNIVTPRT;
VP1(74.85) NRDMLPCYSVARIPL; EBNA14g2_496: AEGLRALLARSHVER; TTg30-s44)0 QYIKANSKFIGITEL; and TT(g47-067):
FNNFTVSFWLRVPKVSASHLE. HLA-DR-SPs used for synthesis are shown in Table S5.
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For peptide stimulation assay of PBMCs, CD45RA™ PBMCs were recovered after negative selection using CD45RA microbeads,
human (Miltenyi) according to the manufacturer’s instruction. CD45RA~ PBMCs were seeded at 2 x 10° cells/well in 200 ul X-VIVO
15™ medium (Lonza) in 96-well U-bottom plates (Greiner Bio-One), and HLA-DR-SPs were then added at a final concentration of
10 uM. 10-15 replicate wells were performed per condition, and anti-CD2/CD3/CD28 antibody-loaded MACSibead particles
(Miltenyi) were used as a positive control. A pan-HLA-DR-specific antibody (L243) was added under some conditions to block the
function of HLA-DR molecules at a final concentration of 10 pg/ml. Proliferation was measured at day 7 by *H-thymidine (Hartmann
Analytic, Braunschweig, Germany) incorporation assay. The proliferation strength is depicted as counts per minute (cpm) or stimu-
latory index (Sl). The Sl indicates the ratio of cpm in the presence of the peptide versus cpm in the no peptide control.

To dissect the cell subsets in the proliferative compartment of CD45RA™ PBMCs after stimulating with HLA-DR-SPs, CD45RA™
PBMCs were isolated and then labeled with carboxyfluorescein succinimidyl ester (CFSE, Sigma-Aldrich). CFSE-labeled CD45RA™
PBMCs were seeded at 2 x 10° cells/well in 200 pl X-VIVO 15™ medium (Lonza) in 96-well U-bottom plates (Greiner Bio-One) and
stimulated with HLA-DR-SPs pool. After 7 days, CFSE-labeled CD45RA™ PBMCs were collected and pooled from replicate wells,
stained for Live/Dead® Aqua (Invitrogen) and surface markers, and acquired with an LSR Fortessa flow cytometer (BD Biosciences).
Resulting data were analyzed using FlowJo (Tree Star).

To assess proliferation of blood CD4* T cells upon co-culture with autologous monocytes, BLS-DR2a cells, or BLS-DR2b cells as
APCs in the presence of HLA-DR-SPs, blood CD4* T cells and monocytes were purified by negative selection using CD4* T cell isola-
tion kit, human (Miltenyi) and monocyte isolation kit, human (Miltenyi) according to the manufacturer’s instruction. Purified blood
CD4* T cells were labeled prior to co-culture with CFSE (Sigma-Aldrich). CFSE-labeled blood CD4* T cells (5 x 10 cells/well)
were incubated with autologous monocytes, irradiated BLS-DR2a cells, or irradiated BLS-DR2b cells (1 x 10° cells/well) as APCs
in 200 pl X-VIVO 15™ medium (Lonza) in 96-well U-bottom plates (Greiner Bio-One) and stimulated with HLA-DR-SPs pool at a final
concentration of 10 uM. Anti-HLA-DR antibody (L243) was added under some conditions to block the interaction with HLA-DR mol-
ecules at a final concentration of 10 ug/ml. After 7 days, cells were collected and pooled from replicate wells and stained for Live/
Dead® Aqua (Invitrogen) and surface markers. The proliferation of naive (CD45RA™) and memory (CD45RA™) CD4* T cells was
measured using an LSR Fortessa flow cytometer (BD Biosciences), and resulting data were analyzed using FlowJo (Tree Star).

For determining reactivity of CSF-infiltrating CD4* T cells of HLA-DR15" MS patients as shown in Table S6 to HLA-DR-SPs, CFSE-
labeled CSF-infiltrating CD4™ T cells (5 x 10 cells/well) were incubated with irradiated BLS-DR2a cells or irradiated BLS-DR2b cells
(1 x 10° cells/well) in 200 pl X-VIVO 15™ medium (Lonza) in 96-well U-bottom plates (Greiner Bio-One) and stimulated with HLA-DR-
SPs pool at a final concentration of 10 pM. Anti-HLA-DR antibody (L243) was added under some conditions to block the interaction
with HLA-DR molecules at a final concentration of 10 ug/ml. After 7 days, cells were collected and pooled from replicate wells and
stained for Live/Dead® Aqua (Invitrogen) and surface markers. The proliferation of naive (CD45RA*) and memory (CD45RA™) CD4*
T cells was measured using an LSR Fortessa flow cytometer (BD Biosciences), and resulting data were analyzed using FlowJo
(Tree Star).

For proliferation assays of autoreactive TCCs stimulating with HLA-DR-SPs, TCCs (2 x 10* cells/well) were seeded with irradiated
BLS-DR2a or BLS-DR2b cells (5 x 10* cells/well) as APCs in 200 pl X-VIVO 15™ medium (Lonza) in 96-well U-bottom plates (Greiner
Bio-One) and stimulated with HLA-DR-SPs pool at a final concentration of 10 uM. Cognate antigens were used as a positive control of
stimulation. Proliferation was measured at day 3 by 3H-thymidine (Hartmann Analytic) incorporation assay.

Cytokine measurement

Supernatants were harvested from CD45RA™ PBMCs, bulk CD4* T cells, CSF-infiltrating CD4* T cells at day 7 or from TCCs at day 3
after peptide stimulation. Cytokines in the supernatants were measured with a bead-based immunoassay using LEGENDplex Multi-
analyte Flow Assay kit (Biolegend, California, USA; Human Th cytokine panel (13-plex) includes IFN-vy, TNF-«, IL-2, -4, -5, -6, -9, -10,
-13, -17A, -17F, -21, and -22) or with a ELISA using ELISA MAX Standard Set Human IFN-y (Biolegend) according to the
manufacturer’s instructions.

Flow cytometric analysis

For analyzing DR2a and DR2b expression levels on B cells and monocytes, PBMCs from HLA-DR15" donors were incubated with
human IgG (Sigma-Aldrich) to block unspecific antibody binding to Fc-receptors, labeled with Live/Dead® Aqua (Invitrogen), and then
stained for surface marker using fluorochrome-conjugated antibodies, including Alexa Fluor 488-conjugated anti-DR2a antibody
(5 ng/ml, One Lambda, Thermo Fisher Scientific) and Alexa Fluor 647-conjugated anti-DR2b antibody (5 ig/ml, One Lambda, Thermo
Fisher Scientific), at 4°C. For analyzing CD69, CD25, and TCR «/p expression on TCCs after stimulation, TCCs were harvested at
different time points after stimulating with peptides and washed twice with PBS. TCCs were then incubated with human IgG
(Sigma-Aldrich), labeled with Live/Dead® Aqua (Invitrogen), and stained for surface marker using fluorochrome-conjugated anti-
bodies, including anti-human CD69 antibody, anti-human CD25 antibody, anti-human TCR o/ antibody, anti-human CD4 antibody,
and anti-human CD3 antibody (Biolegend; Key Resources Table), at 4°C. Cells were washed twice after staining and resuspended
with cold PBS containing 2mM ethylenediamine tetraacetic acid (EDTA, AppliChem) and 2% FCS (Eurobio). Measurement was per-
formed using LSR Fortessa Flow Cytometer (BD Biosciences) and data were analyzed using FlowJo (Tree Star).
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T cell cloning and identification

To generate CD4* TCCs that recognize both RASGRP275.s7, and HLA-DR-SPs, PBMCs from 3 HLA-DR15* RRMS_NAT patients
were stained with CFSE, and CD45RA™ PBMCs were then isolated using CD45RA microbeads, human (Miltenyi) and stimulated
with RASGRP275.57) at a concentration of 10uM. Proliferating (CFSE™) CD4* T cells were sorted at day 12 as single cells in 96-
well U-bottom plates using SH800S Cell Sorter (Sony) and expanded with irradiated allogeneic PBMC (45 Gy), 1 pg/ml PHA
(Sigma-Aldrich), and 20 U/ml hiL-2 in RPMI-1640 medium containing 5% heat-decomplemented human serum (Blood Bank Basel,
Switzerland), 2mM L-glutamine (Thermo Fisher Scientific), 100 U/ml penicillin (Corning), 100 png/ml streptomycin (Corning), and 50 pg/
mL gentamicin (Sigma-Aldrich). The medium was changed by aspirating half of the old medium and adding the same amount of fresh
medium containing hIL-2 every 3-4 days.

Expanded TCCs were co-cultured with irradiated autologous PBMCs as APCs and stimulated with RASGRP275.g7) or HLA-DR-
SPs to test their reactivity. TCCs that responded to both RASGRP275.s7) and HLA-DR-SPs were chosen for further study. The pheno-
type of TCRVp chain of TCCs was first assessed by flow cytometry using fluorochrome-conjugated antibodies (Beckman Coulter,
USA; Key Resources Table) and further confirmed by sequencing. The sequencing results were analyzed using IMGT/V-QUEST
(Brochet et al., 2008). The functional phenotype was analyzed by stimulating TCCs with anti-CD2/CD3/CD28 antibody-loaded
MACSibead particles (Miltenyi) in X-VIVO 15™ medium (Lonza), and after 3 days cytokines in supernatants were measured using
LEGENDplex Multi-Analyte Flow Assay kit (Biolegend). The restriction of the TCCs was tested with irradiated BLS-DR2a or BLS-
DR2b cells upon stimulation with RASGRP275.g7), and proliferation of TCCs was measured at day 3 using 3H-thymidine (Hartmann
Analytic) incorporation assay.

Gene expression of TCC14 after peptide stimulation

TCC14 cells were co-cultured with BLS-DR2a or BLS-DR2b cells as APCs and stimulated with HLA-DR-SPs, peptides from EBV and
Akkermansia, or RASGRP27s.g7) for 24 h. For each peptide, stimulation was performed with 10 replicate wells, and cells were pooled
together after stimulation. After that, TCC14 cells were purified by negative selection using CD19 microbeads, human (Miltenyi) for
RNA extraction and sequencing.

RNA extraction and sequencing

Blood B cells and monocytes from HDs and MS patients were purified by magnetic cell separation, TECs in thymic tissues from HLA-
DR15* immunologically healthy children were isolated by sorter, and peptide-stimulated TCC14 cells were purified by magnetic cell
separation as described above. Isolated cells were washed twice with PBS, and RNA extraction was performed using RNeasy Mini
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. RNA sequencing was performed using HiSeq 4000 or
NovaSeq 6000 System (lllumina, California, USA) at the Functional Genomics Center Zurich (FGCZ). The RNA sequencing raw data
have been deposited to the European Nucleotide Archive (ENA) with the accession codes PRJEB34207, PRJEB34209, and
PRJEB35576. Heatmaps of the mRNA expression level of the essential proteases in antigen processing were generated using Heat-
mapper (Babicki et al., 2016). Heatmaps of the mRNA expression level in TCC14 cells were generated using R package ez-
Run (FGC2).

Positional scanning synthetic combinatorial peptide libraries (ps-SCL) and biometrical analysis

A L-amino acid decapeptide ps-SCL (N-acetylated and C-amide, TPl 2040) was prepared as described (Pinilla et al., 1994), which
include 200 peptide mixtures as shown in Figure S6A. To test the reactivity with the library, TCC14 was co-cultured with irradiated
BLS-DR2b cells as APCs and stimulated with each of the 200 peptide mixtures at a concentration of 200 ug/ml. The proliferation of
TCC14 was measured after 72 h using ®H-thymidine incorporation assay, and a scoring matrix was then generated based on the
stimulatory potency of each peptide mixture. Using a biometrical analysis procedure generated before (Zhao et al., 2001), the scoring
matrix was used to score all decapeptides of proteins encoded by EBV, HCMV, Akkermansia, and Prevotella from the National Center
for Biotechnology Information (NCBI) Reference Sequence (RefSeq) database. The distribution of the scores of the decapeptides
from EBV, HCMV, Akkermansia, and Prevotella were limited to a range of 20 to 125, with 190.88 being the highest possible score
and 14.57 the lowest. ~30 peptides each from EBV, HCMV, Akkermansia, and Prevotella with high scores between 75 to 125 as
shown in Table S7 were chosen to be synthesized (Peptides & Elephants), and the proliferative responses of TCC14 to these peptides
determined using ®H-thymidine (Hartmann Analytic) incorporation assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 8.0. Unpaired t test and paired t test were used for statistical analyses be-
tween two groups. Correlation was calculated using Spearman’s rank correlation test. The statistical tests used are reported in the
figure legends. The value of n reported within figure legends represents number of donors. Data are expressed as mean or mean +
SEM, which are indicated in the figure legends. The data were considered statistically significant when differences achieved values of
p < 0.05. The p values are reported in the figures where significant.
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Figure S1. The Expression Level of DR2a Is Higher Than that of DR2b on Blood B Cells and Monocytes, Related to Figure 1 and Table S1
(A) Workflow diagram for the generation of DR2a (mlgG1 isotype) and DR2b (mlgG2b isotype) allele-specific monoclonal antibodies.

(B) Specificity of the DR2a and DR2b allele-specific monoclonal antibodies was examined with LABScreen™ system that uses microbeads coated with purified
Class Il HLA antigens and pre-optimized reagents for the detection of Class Il HLA antibodies using flow cytometric technology.

(C) Expression levels of DR2a and DR2b on blood B cells and monocytes of HLA-DR15* HDs (n = 3) and MS patients (RRMS, n = 3; RRMS_NAT, n = 3) were
detected by flow cytometry using Alexa Fluor 488-conjugated DR2a-specific antibody and Alexa Fluor 647-conjugated DR2b-specific antibody.

(D) Normalized expression levels of DR2a and DR2b on blood B cells (left) and monocytes (right) from HLA-DR15* HDs and MS patients were analyzed by flow
cytometry using Alexa Fluor 488-conjugated DR2a-specific antibody and Alexa Fluor 647-conjugated DR2b-specific antibody. The PE-conjugated monomorphic
antibody L243, which binds to the HLA-DR alpha chain and thus recognizes both DR2a and DR2b, was used to normalize the signals obtained with the two allele-
specific antibodies. In brief, for the normalization, the ratios of the mean fluorescence intensity (MFI) of the allele-specific antibody versus the MFI of L243 on BLS-
DR2a or BLS-DR2b cells were determined for each measurement. The resulting ratio was used to correct the MFI value of DR2a and DR2b expression on primary
B cells and monocytes.

Data are expressed as mean + SEM.
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Figure S2. Low-Degree Overlaps of DR2a- or DR2b-Presented Unique Peptides and Their Source Proteins between B Cells and Monocytes,
Related to Figure 1 and Tables S2 and S3
(A) Graphical illustration of the definition of unique peptides within this study.
(B) Comparison of the number of unique peptides (upper panel) and the total number of peptides (lower panel) eluted from DR2a between B cells and monocytes
at the group level (HDs, n = 3; RRMS, n = 3; RRMS_NAT, n = 3).
(C) Comparison of the number of unique peptides (upper panel) and the total number of peptides (lower panel) eluted from DR2b between B cells and monocytes
at the group level (HDs, n = 3; RRMS, n = 3; RRMS_NAT, n = 3).
(D-E) Overlap of the unique peptides presented by DR2a (D) or DR2b (E) between B cells and monocytes was analyzed at the individual’s level (HDs, n = 3; RRMS,
n = 3; RRMS_NAT, n = 3).
(F-G) Overlap of the source proteins of peptides presented by DR2a (F) or DR2b (G) between B cells and monocytes was analyzed at the individual’s level (HDs,
n = 3; RRMS, n = 3; RRMS_NAT, n = 3).
(H) Volcano plot of RNA sequencing results showing significantly differentially expressed genes between B cells and monocytes (log2 ratio > = 0.5 with p value <
0.01). Present indicates genes with read counts > = 10 in more than one sample, absent indicates all genes that are not flagged as present, and significants
indicates genes with |log2 ratio| > = 0.5 and p value < 0.01.

(legend continued on next page)
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(I) Heatmap showing the different expression levels of the genes of essential proteases in antigen processing in blood B cells and monocytes from HLA-DR15*
HDs and MS patients.
Data are expressed as mean + SEM, and p values were determined by unpaired t test.
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Figure S3. Sequence and Location of the Five Most Common HLA-DR-SPs Presented by DR2a

Related to Figure 2
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and DR2b on Peripheral Blood B Cells,

(A) Total number and location within the HLA-DR o/B-chain sequences of the HLA-DR-SPs presented by DR2a or DR2b on B cells. Colored amino acids within
peptide sequences represent the core binding motif, analyzed by NetMHCII 2.3 server. The total number of each peptide is expressed as mean.

(B) Comparison of the binding affinities, analyzed by NetMHCII 2.3 server, of the HLA-DR-B-SPs to DR2a.
(C) Comparison of the binding affinities of the HLA-DR-SPs to DR2a and DR2b.
(D) Total number of the five most common HLA-DR-SPs presented by DR2a on B cells.
(E) Total number of the five most common HLA-DR-SPs presented by DR2b on B cells.
(F) Variability of «- and pB-chains of HLA-DR molecules. The y axis shows the number of polymorphic residues identified at each position of the a- or B-chains.
Sequences were obtained from the European Bioinformatics Institute (EMBL-EBI). Origins of HLA-DR-a-SPs and HLA-DR-B-SPs are highlighted.

(legend continued on next page)
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(G) Analyses of the immunopeptidomes presented by HLA-II molecules from a broad range of tumor tissues, unaffected tissues around the tumor, and blood
samples. The anti-HLA-DR antibody (L243) and the anti-HLA-DR/DP/DQ antibody (Tii39) were used together to analyze the immunopeptidomes. The proportion
of samples that include the five most common unique HLA-DR-SPs in HLA-DR15~ samples (n = 497) and HLA-DR15* samples (n = 108) was calculated.
Data are expressed as mean + SEM, and p values were determined by unpaired t test.
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Figure S4. HLA-DR-SPs Mainly Activate Memory CD4" T Cells in HLA-DR15* MS Patients, Related to Figures 3 and 5 and Table S1

(A) Correlation of the total number of HLA-DR-SPs presented by the two HLA-DR15 molecules on B cells and the degree of autoproliferation in MS patients
(RRMS, n = 3; RRMS_NAT, n = 3; Spearman’s rank correlation test).

(B) PBMCs were separated into CD45RA™* cells and CD45RA ™ cells by magnetic cell isolation using CD45RA microbeads. Cell subsets in untouched PBMCs,
CD45RA* PBMCs, and CD45RA~ PBMCs were analyzed by flow cytometry.

(C) Comparison of the autoproliferation between untouched PBMCs and CD45RA™ PBMCs from HLA-DR15"* HDs (n = 6), RRMS (n = 4), or RRMS_NAT (n = 6).
Data are expressed as mean, and p values were determined by paired t test.

(D) CD45RA~ PBMCs from HLA-DR15" HDs (n = 5) and MS patients (n = 5) were stimulated with Tetanus Toxin peptides, TT(g30-844) @nd TT(g47-967), Which could be
presented by DR2a and/or DR2b as previously reported. For each sample, each stimulation was performed with 10 replicate wells. Proliferations of CD45RA™

(legend continued on next page)
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PBMCs were detected after 7 days by *H-thymidine incorporation assay, and the proliferation strength is depicted as SI. The p values were determined by
unpaired t test.

(E) CD45RA~ PBMCs from HLA-DR15* RRMS (n = 4) and RRMS_NAT (n = 10) patients were stimulated with the most common HLA-DR-SPs either alone or as
pool. Proliferations of CD45RA~ PBMCs were detected by ®H-thymidine incorporation assay after 7 days, and proliferation strength is depicted as counts per
minute (cpm). 10-15 replicate wells per condition are indicated by individual dots. The blue dotted line indicates the mean value of the no peptide control. The
purple dotted line indicates the mean value plus three standard deviations of the no peptide control. Values above the purple dotted line were considered positive.
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Figure S5. HLA-DR-SP-Specific CD4* T Cells in MS Patients Respond to Peptides of MBP, RASGRP2, and TSTAS, Related to Figures 4 and 5
and Table S1

(A) Workflow diagram for the isolation and expansion of the HLA-DR-SPs-specific bulk CD4* T cells in HLA-DR15* RRMS patients.

(B) Proliferations of HLA-DR-SPs-specific bulk CD4* T cells from HLA-DR15* MS patients (n = 4) after co-culture with irradiated BLS-DR2a or BLS-DR2b cells as
APCs and stimulation with peptide pools, including HLA-DR-SPs pool, myelin basic protein (MBP) peptide pools, myelin oligodendrocyte glycoprotein (MOG)
peptide pools, myelin proteolipid protein (PLP) peptide pool, RASGRP2 peptide pools, and GDP-L-fucose synthase (TSTA3) peptide pools, for 7 days. Each
stimulation was performed with 5 replicate wells. Proliferations were detected by *H-thymidine incorporation assay, and the proliferation strength is depicted as
Sl. Groups with 2 or more positive wells are highlighted in red.

(C) The mRNA expression levels, expressed as FPKM (fragments per kilobase of exon model per million reads mapped), of RASGRP2 in TECs and blood B cells of
HLA-DR15* HDs. The purple dotted line indicates FPKM = 1. FPKM values above the purple dotted line were considered positive.

(D) The mRNA expression levels of HLA-DRA, HLA-DRB1, and HLA-DRBS5 in TECs and blood B cells of HLA-DR15* HDs.
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Figure S6. Prediction of Stimulatory Peptides from Foreign Agents for TCC14, Related to Figure 6 and Table S7
(A) Screening procedure for foreign agent-derived peptide ligand identification of TCC14 using positional scanning synthetic combinatorial peptide libraries (ps-
SCL). (I) TCC14 was tested with all combinatorial decapeptide mixtures using irradiated BLS-DR2b cells as APCs. Proliferation responses were analyzed at day 3

(legend continued on next page)
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by ®H-thymidine incorporation assay. Proliferation strength is depicted as Sl. (Il) Mean responses from three repetitive experiments were used to generate a
scoring matrix for optimal amino acid combinations of a potential peptide ligand. (lll) The scoring matrix was used to screen the protein database of the foreign
agents, and potential stimulatory decapeptides for TCC14 were selected based on a biometrical analysis.

(B-C) Score distribution of all decapeptides from MS-associated pathogens EBV and Akkermansia (B) as well as control pathogens HCMV and Prevotella (C). The
red dotted lines indicate the score range for peptide selection.

(D) Concentrations of Th1/Th2/Th17-related cytokines in supernatants of the 1159AG_TCCs after co-culture with irradiated BLS-DR2b cells as APCs and
stimulation with Akk_QNGRWISRDP for 3 days were detected by a bead-based immunoassay.

(E) Concentrations of Th1/Th2/Th17-related cytokines in supernatants of the 1159AG_TCCs after co-culture with irradiated BLS-DR2b cells as APCs and
stimulation with Akk_LSVGWISGQY for 3 days were detected by a bead-based immunoassay.

(F-G) 1159AG_TCCs were tested with predicted decapeptides from HCMV (F) or Prevotella (G) using irradiated BLS-DR2b cells as APCs. Proliferation were
detected by *H-thymidine incorporation assay after 3 days, and proliferation strength is depicted as Sl.
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Figure S7. Virus-Specific TCCs from HLA-DR15* MS Patients Show HLA Cross-restriction, Related to Figure 7

(A) John Cunningham (JC) polyomavirus-specific TCC7 from an HLA-DR15" MS patient was co-cultured with irradiated BLS-DR2a or BLS-DR2b cells as APCs
and stimulated with VP174_gg for 3 days. Proliferations were detected by 3H-thymidine incorporation assay. Acpm indicates the cpm value above the no peptide
control.

(B) EBV-specific TCC13 from an HLA-DR15* MS patient was co-cultured with irradiated BLS-DR2a or BLS-DR2b cells as APCs and stimulated with
EBNA1 482-496) for 3 days. Proliferations were detected by 3H-thymidine incorporation assay.

(C) Virus-specific TCCs from HLA-DR15* MS patients reported before show HLA cross-restriction by DR2a and DR2b when stimulated with their cognate HCMV
or JC polyomavirus peptides.



