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SUMMARY

Epstein-Barr virus (EBV) is involved in causing and probably also in perpetuating multiple sclerosis (MS).

Among several mechanisms of how EBV may contribute are transcriptome alterations, including changes

of antigen processing and preferential presentation of both viral and self-antigens. Here, we report that

EBV reprograms the transcriptome and immunopeptidome presented on the MS-associated human leuko-

cyte antigen (HLA)-DR15 molecules of infected B cells. Identical myelin basic protein (MBP) peptides were

found to be presented on both EBV-infected B cells and MS brain tissue but not primary B cells and thymic

tissue. Peripheral memory and cerebrospinal fluid (CSF)-derived CD4+ T cells of HLA-DR15+ MS patients

responded to MBP peptides, MBP(78–90) and/or MBP(83–90), and T cell clones raised with these peptides

recognized all MBP peptides ending at amino acidMBP90 inMS brain tissue. Our study provides a newmech-

anistic link for how the environmental and genetic risk factors, EBV infection and HLA-DR15 haplotype, may

contribute jointly to MS.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune disease of

the central nervous system (CNS) and is characterized by

autoimmune inflammation, axonal and neuronal damage, de-

and remyelination, glial activation, and metabolic alterations.1,2

The causes of MS involve both environmental influences and

genetic factors.3,4

Numerous studies implicate Epstein-Barr virus (EBV) infection

as a trigger of MS.5–8 EBV is a ubiquitous human herpesvirus

with B cell tropism leading to lifelong latent infection of memory

B cells. 90%–95% of healthy adults are infected with EBV,

and MS patients are close to 100% EBV positive or turn pos-

itive at disease onset.5 EBV infection may contribute to MS

development and/or sustaining it by several mechanisms,6,9

including antibody- and T cell cross-recognition between

EBV proteins and myelin- or non-myelin MS autoantigens, i.e.,

molecular mimicry,10–17 by changing the transcriptional profile

of B cells,18–20 and by inducing B cell trafficking to the CNS

and other tissues.21–24 Regarding autoreactive T cell responses

in MS, it is not well understood how EBV-induced changes in

B cells may contribute, but molecular mimicry between EBV

and self-peptides is currently favored.

Almost all people are infected with EBV, but only approxi-

mately 1/1,000 develop MS. Therefore, factors other than

EBV infection must contribute to MS development, particularly

genetic susceptibility.4 Among these, the human leukocyte

antigen (HLA)-DR15 haplotype is most important and may

contribute up to 60% of the total genetic risk for MS.25 The

HLA-DR15 molecules DRA*01:01/DRB5*01:01 (DR2a) and

DRA*01:01/DRB1*15:01 (DR2b) present peptides to T cell

receptors (TCRs) to activate CD4+ T cells, which is consistent

with the fact that MS is a CD4+ T cell-mediated autoimmune

disease.1,26,27 Several pieces of evidence, including increased

anti-EBV nuclear antigen 1 (EBNA1) antibodies, indicate that

EBV infection, particularly infectious mononucleosis, and the

HLA-DR15 haplotype synergistically increase MS risk.3,28–30

As described above, EBV establishes a latent infection in

B cells, driving their activation and differentiation while altering

their transcriptome, including the expression of multiple MS

risk genes and of autoantigens.20,31,32 Here, we examined how

EBV-associated transcriptional alterations change the immuno-

peptidomes, that is, the peptides presented by the two HLA-

DR15 allomorphs, DR2a and DR2b, in EBV-infected B cells and

MS brain tissue, and whether these might be related to MS.

Acquiring EBV-infected B cells from MS patients would be an

important step. However, EBV-infected B cells are very rare dur-

ing latent infection, i.e., approximately 2–10 per million circulating

B cells or lower, both in healthy carriers and MS patients.33

Thus, one cannot isolate and analyze them directly, at least not

in sufficient numbers for immunopeptidomics, which requires 20

million or more cells. We therefore utilized a widely used model

of latent EBV infection, i.e., infecting primary B cells with EBV to

generate EBV-transformed B cells in vitro,34 which may mimic

an asymptomatic primary infection.19 Previous studies found

that the response to the latency III program of EBV infection

contributes to MS susceptibility.35 The latency III program is

characterized by expression of all EBV latency genes, such as

EBNA1/2/3 and latent membrane protein 1/2 (LMP1/2), and

EBV-transformed B cells show this pattern in vitro.36 Hence, we

utilized the EBV-transformed B cell lines in this study as a surro-

gate for the latent state of EBV infection.

RESULTS

EBV infection changes the immunopeptidome

presented by HLA-DR15 molecules of B cells

To examine how EBV infection changes the B cell immunopepti-

domes, EBV-transformed B cell lines (hereafter referred to as

EBV_B cells) were generated37 from 3 HLA-DR15+ relapsing-

remitting MS (RRMS) patients (Table S1). Consistent with previ-

ous reports,18,32 the transcriptome of the EBV_B cells differed

significantly from that of primary B cells (hereafter referred to as

primary_B cells) (Figures 1A, S1A, and S1B), and proteasome-

related genes showed the greatest increase (Figure S1C). The

topupregulated genes inEBV_Bcells play a role in biological pro-

cesses of DNA replication/repair, metabolic, and amino acid

metabolism processes, and the downregulated ones in autoim-

mune, allergic, and parasitic diseases as well as B cell receptor

signaling and graft-versus-host disease (Figure S1C). Further,

EBV_B cells significantly increased the surface expression of

both DR2a and DR2b molecules compared with primary_B cells

(Figure 1B). We then used the DR2a- and DR2b-specific mono-

clonal antibodies to specifically immunoprecipitate the two

HLA-DR15 molecules of EBV_B cells, elute bound peptides,

and analyze them by mass spectrometry-based sequencing.

The total numbers of peptides eluted from DR2a and DR2b

were sufficiently broad and comparable between primary_B

cells10 and EBV_B cells (Figure 1C; Table S2). Unique peptides

from DR2a and DR2b of EBV_B cells were increased compared

with primary_B cells, albeit not significantly (Figure 1D). The

amino acid preferences at deduced anchor positions p1, 4, and

9 for DR2a or p1, 4, and 7 for DR2b were similar between

primary_B cells10 and EBV_B cells (Figure 1E), but DR2a- or

DR2b-presented unique peptides and source proteins showed

limited overlap (Figure 1F), indicating that, consistent with the

transcriptomic changes, EBV infection also alters the HLA-

DR15-presented immunopeptidomes.

MBP-derived peptides are eluted from HLA-DR15

molecules of EBV-infected B cells

Next, we analyzed the EBV_B cell-specific peptides presented

by HLA-DR15 molecules. Unexpectedly, four peptides from one

of the major myelin proteins and MS autoantigens, myelin basic

protein (MBP), i.e., MBP(78–90), MBP(83–90), MBP(91–106), and

MBP(91–114), were eluted from DR2a and/or DR2b of all three

EBV_B cell samples, but not from primary_B cells (Figure 1G).

Although additional MS autoantigens, including crystallin alpha B

(CRYAB),15,38RASguanyl releasingprotein2 (RASGRP2),39and re-

ticulon 3 (RTN3),40were also detected at themRNA level in EBV_B

cells and/or primary_B cells (Figure 1H), we did not find peptides

from these proteins in the immunopeptidomes of DR2a or DR2b

of either cells10 (Table S2). To examine if presentation ofMBP pep-

tides by HLA-DR15 molecules in EBV_B cells was associated with

disease status, we generated EBV_B cells from 4 HLA-DR15+

healthy donors (HDs) (Table S1) and performed transcriptome,
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proteome, and immunopeptidome analyses.Wedid not find signif-

icant differences in the transcriptomes and proteomes between

EBV_B cells from HDs and MS patients (Figures S2A and S2B),

but the comparison of DR2a- or DR2b-presented unique peptides

and sourceproteins showed limited overlap (FigureS2C; TablesS2

and S3), which might be attributed to interindividual heterogeneity

of DR2a- and DR2b-presented peptides among EBV_B cells from

different HDs or MS patients (Figure S2D). Further, we identified

only one of the four above MBP peptides, i.e., MBP(78–90), in the

DR2a-presented immunopeptidome of one of the four HD EBV_B

cell samples (Figure S2E). Based on these data, we currently as-

sume that the EBV-induced changes of the transcriptome and pro-

teomeof EBV_Bcells are largely similar, butwe cannot exclude dif-

ferences in the immunopeptidomes of EBV_B cells in HDs versus

MS patients.

To identify the source of the MBP peptides, which we

assumed to be Golli-MBP in B cells, we applied both polymerase

chain reaction (PCR) and proteomics and indeed found both

Golli-MBP transcripts (Figure S3A) as well as peptides that are

only present in the Golli region of the longest MBP isoform,

i.e., in the N-terminal portion prior to the start of the brain isoform

(Figure S3B). We also detected MBP protein in both primary_B

cells and EBV_B cells by western blot and at significantly lower

levels in EBV_B cells (Figure 1I), indicating degradation of MBP

in EBV_B cells by altered processing. Enzymes related to antigen

processing, including some cathepsins, almost all endosomal

proteases, including a larger number of the immunoproteasome

members, and ERAP1/2, were upregulated in EBV_B cells

(Figure S1D), and these changes appear to begin in B cells on

the first day after EBV infection.18 Of those, proteasome 20S

subunit beta 8 (PSMB8) and its chymotrypsin-like cleavage are

the most likely candidates to cleave MBP after the two phenylal-

anine (F) residues at positions 89 and 90.41 Indeed, high PSMB8

expression was detected at both transcriptional and protein

levels in both primary_B cells and EBV_B cells (Figures S1D

and S3C). Among different processing paths, including protea-

some-mediated digestion, chaperone-mediated autophagy,

and autophagy, the latter was shown to be important for pro-

cessing and presentation of self- and viral antigens by major his-

tocompatibility complex class II (MHC class II) molecules.42,43

Consistently, autophagy was significantly increased in EBV_B

cells (Figure S3D), which may act in concert with PSMB8 to

degradeMBP in autophagic lysosomes and subsequent presen-

tation of MBP peptides by HLA-DR15 molecules. Therefore,

these EBV-induced alterations of antigen processing and pre-

sentation may explain the observation of intracellular protein-

derived peptides, including MBP, on both DR2a and DR2b.

HLA-DR15-presented MBP peptides in EBV_B cells are

also presented in MS brain tissue

To explore whether the same MBP peptides presented by

EBV_B cells are also presented in MS brain, we analyzed the

DR2a- and DR2b-presented immunopeptidome in brain tissues

with both inflammatory meningeal and parenchymal lesions

of 4 HLA-DR15+MS patients (Figure 2A; Table S4). Immunopep-

tidome analyses showed similar amino acid anchor preferences

for DR2a or DR2b as peptides eluted from EBV_B cells, but

brain-derived peptides were enriched for basic amino acids

in non-MHC anchor positions (Figures 1E and 2B). DR2a- or

DR2b-presented unique peptides and source proteins showed

limited overlap between EBV_B cells and MS brain tissues

(Figure 2C). Further, we found several peptides derived from

proteins that are specifically or highly expressed in brain tissues,

such as MBP, glial fibrillary acidic protein (GFAP), and fibroblast

growth factor 3 (FGF3) (Figure 2D), and many DR2a- and DR2b-

presented peptides derived from MBP and GFAP (Figure 2E).

MBP-derived peptides accounted for 5.94% of the DR2a- and

5.32% of the DR2b-presented immunopeptidomes, respectively

(Figure 2F), and covered nearly the entire sequence of the most

abundant MBP brain isoform (Figure S4). Interestingly, three

of the four EBV_B cell-eluted MBP peptides (Figure 1G), i.e.,

MBP(83–90), MBP(91–106), and MBP(91–114), were also detected in

DR2a- and DR2b-presented immunopeptidomes from MS brain

tissues (Figure 2G). We currently do not know where the MBP

peptides that are presented on DR2a and DR2b molecules in

the brain come from, but we assume that they are processed

by resident microglia or macrophages that have taken up

myelin debris. This notion is supported by the observation that

we found only peptides from the brain isoform (Figure S4;

Table S4). Considering that MBP is a well-known MS autoanti-

gen, we focused subsequent experiments on characterizing

MBP peptides.

MemoryCD4+ T cells in HLA-DR15+MSpatients respond

to MBP peptides

Based on the above findings and previous reports that B cells

function as antigen-presenting cells (APCs) in MS,10,39,44,45

we hypothesized that EBV infection enables HLA-DR15 to present

MBP-derived peptides on B cells, subsequently activates periph-

eral autoreactive CD4+ T cells, which may then recognize MBP

peptides in the brain and contribute to disease. Therefore, we

first tested the response of peripheral blood mononuclear cells

(PBMCs) from HLA-DR15+ HDs and MS patients against MBP

peptides. To reduce background autoproliferation,10,39 we used

CD45RA-depleted (CD45RA−) PBMCs, which include monocytes

andmemory T cells but not B and naive T cells. We tested 16 HDs

(HD-1∼16) and 16 RRMS patients (RRMS-1∼16) (Table S5) with

individual or pooled MBP peptides. 10 of 14 HDs and 14 of 15

RRMS patient samples showed robust reactivity to EBV EBNA1

protein orpeptides, indicatingpriorEBV infection (TableS5),which

is consistent with past reports.5 CD45RA− PBMCs from RRMS

patients responded robustly to individual peptides MBP(78–90)

and MBP(83–90) as well as the peptide pool, whereas CD45RA−

PBMCs from HDs rarely responded (Figure 3A). Among the 16

(H) The mRNA expression levels of known MS autoantigens MBP, CRYAB, RASGRP2, and RTN3 in primary_B cells and EBV_B cells. FPKM, fragments per

kilobase million.

(I) Expression of MBP protein in primary_B cells, DR15− EBV_B cells, and DR15+ EBV_B cells. Data are expressed as mean or mean ± SEM, and p values were

determined by unpaired t test.

See also Figures S1–S3 and Tables S1, S2, and S3.
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Figure 3. Increased reactivity of memory CD4+ T cells against MBP peptides eluted from EBV_B cells in MS patients

(A) CD45RA−PBMCs fromHLA-DR15+HDs (n = 16) and RRMSpatients (n = 16) were stimulated with the fourMBP peptides individually or pooled. Proliferation of

CD45RA− PBMCs was measured after 7 days by 3H-thymidine or BrdU incorporation assay. Proliferation relative to background is depicted as stimulatory index

(legend continued on next page)
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RRMSsamples, 8 responded to theMBPpeptides, while 8 did not

(Figure 3B). Unresponsive RRMS samples also responded less to

the viral/bacterial CEF II peptide pool that includes 23 peptides

from influenza A/B, tetanus, EBV, and cytomegalovirus (CMV)

(Figure 3B). Among proliferating cells (CFSEdim), memory CD4+

T cells divided most (CFSElow) (Figure 3C). To address presenta-

tion by HLA-DR molecules, we used the blocking pan-anti-HLA-

DR antibody L243. In 5/8 MBP peptide-responsive RRMS sam-

ples, proliferation to MBP peptide pool stimulation could be

blocked (Figure 3D), indicating involvement of TCR andMBP pep-

tide/HLA-DR complex interactions. The lack of blocking in three

samples (Figure 3D)may indicate that otherHLAclass IImolecules

than HLA-DR might also present MBP peptides. MBP peptide-

responsive cells secreted high levels of the T helper 1 (Th1) cyto-

kine interferon γ (IFN-γ), but not cytokines of other Th cell subsets

(Figure 3E). Hence, proinflammatory MBP peptide-specific CD4+

T cells exist in the peripheral blood ofMSpatients and are directed

against MBP(78–90) and MBP(83–90).

Next, we were interested if MBP peptide-responsive T cells

can also be found in the CNS compartment and tested the prolif-

eration of cerebrospinal fluid (CSF)-derived CD4+ T cells from

three HLA-DR15+ MS patients (Table S5), which had been

expanded as bulk populations.46 CFSE dilution assays revealed

that CSF CD4+ T cells from two of three individuals reacted

against MBP(78–90) and MBP(83–90), and one individual against

MBP(91–106) and MBP(91–114) (Figure 3F). Thus, autoreactive

CD4+ T cells recognizing MBP peptides are present in both pe-

ripheral blood and CSF of patients with MS.While still preliminary,

immunohistochemical studies ofMSbrain tissue samples showed

positive staining for the EBV latent proteins EBNA2, LMP1, and/or

the structural protein gp350 in all four brain tissues we used for

immunopeptidome analysis (Figure 2A), which indicates EBV

infection and migration of virus-infected B cells into the CNS

compartment (Figure 3G), consistent with a recent study.24

Hence, we assume that the latter may be involved in stimulating

EBV-specific and/or MBP peptide-specific T cells in the brain.

MBP(78–90) and MBP(83–90) are not eluted from HLA-DR15

molecules in thymus

Clonal deletion of high-avidity autoreactive T cells by negative

selection in the thymus is the key mechanism of central toler-

ance, and negative selection relies on the expression of self-

antigens in thymus.47 Several previous studies have confirmed

MBP expression in the human thymus.48,49 We therefore exam-

ined MBP expression in thymic APCs. Indeed, MBP is ex-

pressed in thymic epithelial cells (TECs) but more highly in

bone marrow-derived APCs, including thymic B cells, thymic

dendritic cells (DCs), and thymic macrophages (Mø) (Figure

4A). A few other genes that are specifically or only found in

brain tissues (Figure 2D) are also expressed to varying degrees

in thymus (Figure 4A). To explore if MBP(78–90) and MBP(83–90)

were presented by DR2a and DR2b in the thymus, we analyzed

the immunopeptidome presented by DR2a and DR2b in thymic

tissues of 4 HLA-DR15+ HDs (Figure 4B). Peptides were eluted

more from DR2a (3,500 on average) and less from DR2b (1,150

on average) (Figure 4B; Table S6). Of the DR2a- and DR2b-pre-

sented peptides in the thymus, the amino acid preferences at

deduced anchor positions for DR2a or DR2b (Figure 4C) were

similar to peptides from EBV_B cells and MS brain tissues,

but differences at other positions implied different peptide

sources among these samples (Figures 1E and 2B). Indeed,

DR2a-/DR2b-presented unique peptides and source proteins

showed limited overlap between thymic tissues and primary_B

cells/EBV_B cells/MS brain tissues (Figure S5A). Consistent

with the central tolerance-inducing function of the thymus,

the source proteins of the thymus-derived peptides are widely

distributed in tissues of the human body (Figures 4D, S5B, and

S5C). Detailed analyses of thymus-derived peptides revealed

that neither MBP(78–90) nor MBP(83–90) was among the DR2a-

and DR2b-presented immunopeptidomes. Except for

RGF1A(270–294), we did not detect any peptides in the thymus

from proteins that are specifically expressed in brain tissues

(Figures 2D and 4E), suggesting that CD4+ T cells recognizing

MBP(78–90)/MBP(83–90)-HLA-DR15 complexes may not be

deleted in the thymus and could be activated by EBV_B cells

in the periphery.

Besides MS, EBV infection has been associated with other

human autoimmune diseases such as rheumatoid arthritis (RA),

systemic lupus erythematosus (SLE), ankylosing spondylitis

(AS), and autoimmune hepatitis.50,51 Interestingly, similar to

MBP(78–90) andMBP(83–90) for MS, SLE-, and AS-associated auto-

antigen-derived peptides, DEK proto-oncogene (DEK)(349–357) and

(SI), and SI ≥ 2 was considered positive. 5–10 replicate wells for each condition of each sample, and the pooled data for all tested replicate wells are shown.

Responses to the control CEF II peptide pool and anti-CD2/CD3/CD28 beads are shown at the bottom.

(B) 16 RRMS samples were divided into two groups: MBP peptide responsive (n = 8) and unresponsive (n = 8), and their respective data were pooled. Comparison

of these two groups with respect to responses to the CEF II peptide pool that includes EBV-derived peptides.

(C) CD45RA− PBMCs from HLA-DR15+ RRMS patients were labeled with CFSE and stimulated with pooled MBP peptides. After 7 days, cells were analyzed by

flow cytometry. Proportions of memory CD4+ T cells in the proliferating (CFSEdim) and the highly proliferating (CFSElow) compartments are shown in the pie charts.

(D) Proliferation of MBP peptide-responsive CD45RA− PBMCs from RRMS patients after stimulation with pooled MBP peptides for 7 days was detected by
3H-thymidine incorporation assay in the presence of a blocking anti-HLA-DR antibody.

(E) CD45RA−PBMCs of HLA-DR15+RRMSpatients were stimulated with pooledMBP peptides for 7 days. Concentrations of various Th subset-related cytokines

in supernatants were detected by a bead-based immunoassay.

(F) CSF CD4+ T cells from HLA-DR15+ RRMS patients (n = 3) were co-cultured with irradiated autologous EBV_B cells as APCs and stimulated with the indicated

MBP peptide pools. Proliferation of CSF CD4+ T cells was analyzed on day 7.

(G) Immunofluorescence detection of EBV-infected B cells withinmeningeal tertiary lymphoid structures (TLSs) of two representative post-mortemMS cases (MS

402: I-III; MS 528: IV-VII): the expression of latent EBV nuclear antigen 2 (EBNA2, I, III, IV, and V), latent membrane protein 1 (LMP1 and VI), and major membrane

antigen (glycoprotein gp250/350, VII) in meningeal CD79a+ (I, II) or CD19+B cells (IV, VI, and VII), in particular within the core of meningeal TLS. Scale bar is 20 μm.

Data are expressed as mean ± SEM, and p values were determined by unpaired t test.

See also Table S5.
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integrin alpha IIB (ITA2B)(953–969), could be eluted from EBV_B

cells but not from thymic tissues or primary_B cells (Figure 4F),

implying that EBV infection may also contribute to B cell presen-

tation of peptides derived from other autoantigens and the

development/perpetuation of SLE and AS.

Epitope recognition of HLA-DR15-presented

MBP(78–90)/MBP(83–90) on B cells differs from recognition

of MBP(83–99)

Myelin-specific CD4+ T cells are considered important for the

pathogenesis of MS,52 and multiple pieces of evidence support

the immunodominance of MBP(83–99),
53–61 along with its promis-

cuous binding to multiple HLA-DR molecules, including DR2a

and DR2b.62–64 Different from what we expected from prior data

about the processing of MBP(83–99),
65 we did not find MBP(83–99)

in the DR2a- and DR2b-presented immunopeptidomes from

both EBV_B cells and MS brain tissues (Tables S2, S3, and S4).

We had previously shown that binding to the HLA-DR15 mole-

cules protects MBP(83–99) from cleavage.65 Therefore, the fact

that all peptides in this region were cleaved after the two F resi-

dues at positions 89 and 90 was highly surprising (Figure S4).

Since MBP(83–99)-specific CD4+ T cell clones (TCCs) can recog-

nize truncated versions of the MBP(83–99) peptide,
66we wondered

if MBP(83–99)- and MBP(78–90/83–90)-specific T cell recognition

differed and tested twowell-characterizedMBP(83–99)-specific au-

toreactive CD4+ TCCs, TCC3A6, which is DR2a-restricted,67 and

TCC5F6, which is DR2b-restricted,68 with the two shorter, natu-

rally presented peptides. Neither TCC3A6 nor TCC5F6 responded

to MBP(78–90) and MBP(83–90), and also not to MBP(91–106) and

MBP(91–114) (Figure 5A), indicating that MBP(78–90) and MBP(83–90)

represent CD4+ T cell epitopes that are distinct from MBP(83–99),

although they might have a common core epitope toward the

N terminus. To examine this point further, we stimulated

CD45RA− PBMCs from 4 RRMS patients with an MBP

peptide pool including MBP(78–90), MBP(83–90), MBP(91–106), and

MBP(91–114) to generate TCCs (Figure 5B). Memory CD4+ T cells

from all 4 samples responded to the MBP peptide pool, albeit

with different strengths (Figure 5C). We then generated four

CD4+ TCCs from RRMS-2 and one each from RRMS-13, -17,

and -18 (Figure 5D; Table S5). Consistent with the high levels of

IFN-γ in the supernatant of CD45RA– PBMCs after MBP peptide

pool stimulation (Figure 3E), all TCCs predominantly displayed a

Th1 phenotype (Figure 5E). When assessing their fine specificity,

all new CD4+ TCCs responded strongly to MBP(78–90) and

MBP(83–90) (Figure 5F), and none of the TCCs responded to the

immunodominant MBP(83–99) and MOG(35–55) (Figure 5G). These

data indicate that MBP(78–90) and MBP(83–90) are recognized

differently from MBP(83–99) and represent two potential CD4+

T cell autoantigens in MS. Since the responses to the C-terminal

peptides, MBP(91–106) and MBP(91–114), were much weaker, we

did not pursue these further.

Autoreactive CD4+ T cells respond to MBP peptides

ending with MBP90 eluted from MS brain tissues

To examine HLA-DR15 as antigen-presenting molecules of

the two MBP peptides in MS further, we tested the restriction of

the MBP peptide-specific CD4+ TCCs using a bare lymphocyte

syndrome (BLS) B cell line expressing a single HLA-DR hetero-

dimer, DR2a (BLS-DR2a cells) or DR2b (BLS-DR2b cells). CD4+

TCCs responded to MBP(78–90) and/or MBP(83–90) when BLS-

DR2a and/or BLS-DR2b cells were used as APCs (Figures 6A

and 6B), in particular TCC 1642KA_TCC1B3, which responded

strongly to both MBP(78–90) and MBP(83–90) presented by DR2b

(Figures 6B and 6C). Testing TCCs with MBP peptides eluted

from MS brain tissues surprisingly showed that the 1642KA_

TCC1B3 responded to all MBP peptides ending at MBP90 when

BLS-DR2b cells but not BLS-DR2a cells were used as APCs. By

contrast, MBP(83–99)-specific TCCs, TCC3A6 and TCC5F6, did

not respond to any of these (Figure 6D), suggesting that

1642KA_TCC1B3 differs from TCC3A6 and TCC5F6 and that

the two F residues at positions 89 and 90 of MBP peptides ending

at MBP90 may be critical for 1642KA_TCC1B3 recognition. To

clarify which amino acids in MBP(83–90) are involved in the interac-

tion between the 1642KA_TCC1B3 TCR and theMBP(83–90)/DR2b

complex, we tested individual glycine-substituted peptides. V86,

V87, or H88 substitution completely eliminated the T cell

response, and F89 or F90 substitution reduced it (Figure 6E). N-

and C-terminal truncations analysis disclosed that V86, H88,

and F89 were critical amino acids (Figure 6F), together suggesting

that the core epitope is VVHF. Structural predictions of the

MBP(83–90)/DR2a and MBP(83–90)/DR2b complexes using

AlphaFold369 identified VVHF as the main region for DR2a/DR2b

binding and, interestingly, indicated that the MBP(83–90) peptide

may bind to either allomorph in reverse orientation, albeit in

different registers (Figure S6). However, coefficients of confidence

slightly below 0.9 indicate that these structural predictions

will need confirmation by other methods. In conclusion, these

data support the importance of one or two F residues at positions

89 and 90 and that peripheral CD4+ T cells that may have

been activated by EBV infection-induced expression of MBP

peptides respond to these not only in the peripheral immune sys-

tem but also in the brain.

DISCUSSION

The HLA-DR15 haplotype and EBV play major roles as genetic

and environmental risk factors for MS, respectively, and their

effects are synergistic.3 Several potential mechanisms of how

(C) 9 amino acid binding motifs of DR2a- and DR2b-presented peptides in thymic tissues.

(D) Distribution of the source proteins of both DR2a- and DR2b-presented thymic peptides across human tissues.

(E) Overlap of the source proteins of DR2a- and DR2b-presented peptides between thymic tissues and MS brain tissues. The distribution of source proteins

specifically expressed in brain tissues is shown.

(F) Overlap of the source proteins of DR2a- and DR2b-presented peptides among thymic tissues, primary_B cells, and EBV_B cells. The source proteins that were

identified as the autoantigens for various autoimmune diseases, and their peptides were only eluted from EBV_B cells, are shown.

Data are expressed as mean ± SEM.

See also Figure S5 and Table S6.
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EBV infection may be involved in MS have been reported,6,9,70

and some of these mechanisms have been more pronounced

or shown only in HLA-DR15+ individuals, which indicates that

the two risk factors interact functionally at multiple levels.

We recently analyzed the HLA-DR15-presented immunopep-

tidomes of primary B cells10 with the assumption that peptides

presented by HLA-DR15 molecules may drive the T/B cell au-

toproliferation that we found before.39 We concluded that the

weakly stimulatory HLA-DR15-derived peptides, which are pre-

sented on DR2a and DR2b, are likely involved in thymic selec-

tion and/or peripheral homeostatic maintenance of T cells that

can be activated by certain pathogens, particularly EBV and

Akkermansia, and are cross-reactive with MS autoantigens

such as RASGRP2.39 These findings prompted us to analyze

the immunopeptidome of HLA-DR15+ EBV-infected B cells in

this study.

Following the above hypothesis, we examined the HLA-DR15-

presented immunopeptidomes of EBV_B cells to demonstrate a

potential mechanistic link between EBV infection, B cell antigen

presentation, and the development of MS. We found that the

transcriptomes and immunopeptidomes of EBV_B cells are

altered compared with primary_B cells, and, most unexpectedly,

that four MBP peptides are presented by EBV_B cells. The same

three peptides were also identified among a much broader

range of MBP peptides in highly inflamed MS brain tissue of

HLA-DR15+ MS patients but not in thymic tissues of HLA-

DR15+ HDs. Memory CD4+ T cells from HLA-DR15+MS patients

respond to these MBP peptides, while the responses of HDs

Figure 6. MBP peptide-specific CD4+ TCCs highly respond to the whole MBP peptides ending at MBP90 eluted from the MS brain tissues

(A and B) TCCs were co-cultured with irradiated BLS-DR2a (A) or BLS-DR2b cells as APCs (B) and stimulated with individual MBP peptides for 3 days. Pro-

liferation of the TCCs was measured by 3H-thymidine incorporation assay.

(C) Dose-response curves of 1642KA_TCC1B3 to MBP(78–90) and MBP(83–90) using irradiated BLS-DR2b cells as APCs. Reactivity of the TCCs was measured by

IFN-γ ELISpot assay.

(D) 1642KA_TCC1B3, TCC3A6, and TCC5F6 were co-cultured with irradiated BLS-DR2a or BLS-DR2b cells as APCs and stimulated with MBP(83–99) and in-

dividual MBP peptides eluted from MS brain tissues for 3 days. Proliferation of the TCCs was measured by 3H-thymidine incorporation assay.

(E) Response of 1642KA_TCC1B3 to glycine substitutions of the peptide MBP(83–90) using irradiated BLS-DR2b cells as APCs. Reactivity of the TCCs was

measured by IFN-γ ELISpot assay.

(F) Response of 1642KA_TCC1B3 to N- and C-terminal truncations of the peptide MBP(83–90) using irradiated BLS-DR2b cells as APCs. Reactivity of the TCCs

was measured by IFN-γ ELISpot assay.

Data are expressed as mean or mean ± SEM.

See also Figure S6.
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weremuch lower. Furthermore, CSF-infiltrating CD4+ T cells also

respond to these peptides. We then generated DR2a- or/and

DR2b-restricted MBP peptide-specific TCCs from MS patients

and tested these against both the MBP peptides ending at

MBP90 and also the immunodominant MBP(83–99) that we and

others had described a long time ago.53–55,62,63,65,71 The results

indicate that MBP peptides ending at MBP90 are recognized

differently than MBP(83–99) and represent potential CD4+ T cell

autoantigens in MS. These data identify a novel mechanism of

how EBV infection may contribute to MS pathogenesis in

conjunction with the HLA-DR15 haplotype.

As described above, the relevance of MBP(83–99) with MS is

supported by a wealth of data, including the development of

spontaneous experimental autoimmune encephalomyelitis

(EAE) in humanized transgenic mice expressing MBP(83–99)-spe-

cific TCRs that are restricted by either DR2b or DR2a,53,54 the

increased immune reactivity in MS patients,52 and the fact that

it is a promiscuous binder to multiple HLA-DR molecules and

recognized by CD4+ T cells in the context of multiple HLA-DR al-

leles.55,59 Further evidence is the demonstration of MBP(85–99)/

HLA-DR15 complexes as well as of MBP(83–97)-specific autoan-

tibodies existing in MS brain tissues.61,72 By contrast, the DR2a-

or DR2b-presented immunopeptidome data from both EBV_B

cells and MS brain tissue show that all peptides in the immuno-

dominant region of MBP(83–99) end at F90, indicating proteolytic

cleavage at this amino acid. Potential explanations for the unex-

pected discrepancy are the following: it is important to note that

the immunopeptidomicsmethodology had not been employed in

the past. Furthermore, it is possible that the relatively low sensi-

tivity of the method prevented the detection of MBP(83–99) or

other peptides in this region that span F90-K91. The broader

set of MBP peptides that are presented in MS brain tissue end

with several different amino acids, i.e., p34(D), p39(D), p44(F),

p46(G), p47(G), p48(D), p69(Y), p75(K), p68(G), p82(D), p88(H),

p90(F), p116(G), p119(S), p124(F), p145(K), p149(K), p152(K),

p166(P), p168(A), and p170(R) (last amino acid), suggesting

cleavage by different proteases, but no peptide in our dataset

spans amino acids F90 and K91.

To address if MBP(78–90)/MBP(83–90)-specific T cells also

recognize MBP(83–99), we established TCCs that are restricted

by either DR2a or DR2b and tested these with both peptides.

MBP(78–90)/MBP(83–90)-specific T cells did not recognize

MBP(83–99), hinting at distinct epitopes of the two types of

autoreactive T cells, although this had already been indicated

by the fact that F90 is at the C-terminal end of the MBP(78–90)/

MBP(83–90), while it is positioned in pockets I (N-terminal end)

or IV (middle of the peptide binding groove) in MBP(83–99) in the

context of binding to DR2a and DR2b, respectively. Previously,

we had shown that a truncated version of a superagonist

peptide of MBP(83–99), i.e., VIIFF derived from VIIFFKNVVIK,

was recognized by TCC5F6, an MBP(83–99)-specific, DR2b-

restricted TCC,66 but this sequence varies substantially from

the VVHFF in the natural MBP(83–99) sequence.

A recent study reported that MBP peptides contained within

the MBP(158–195) region were eluted from MHC class II mole-

cules in mouse brain tissues, and they were able to induce sup-

pressor CD4+ T cells and thereby prevent CNS autoimmunity.73

Interestingly, similar peptides, which were contained within the

MBP(26–50) region of the main MBP isoform described in our

study, were also eluted from HLA-DR15 molecules in human

MS brain tissues. However, we do not know whether these

and other peptides in our study may be capable of inducing

suppressor/regulatory CD4+ T cells. These sequences have

not been found in the immunopeptidomes of EBV_B cells,

and therefore, we currently cannot speculate about their role

in humans.

Several conclusions can be drawn from our study. MBP(78–

90)/MBP(83–90) are potential MS autoantigens, possibly with a

single core epitope, that result from EBV-induced processing

alterations and are naturally presented on the MS-associated

HLA-DR15 molecules of both EBV_B cells and highly inflamed

MS brain tissue. In the context of MS pathogenesis, it sug-

gests that not only RASGRP2, which is expressed by memory

B cells,39 but also MBP(78–90)/MBP(83–90) are autoantigens that

do not require molecular mimicry, i.e., similarity to foreign an-

tigens, because they are both expressed by cells of the pe-

ripheral immune and the CNS. While we did not examine the

MBP peptides starting with K91 in more detail, it is interesting

that peptide 1–13 from the U24 protein of another MS-associ-

ated herpes virus, HHV6, shows a stretch of six amino acids

(MDRPRTPPPSYSE; indicated in italics) with complete homol-

ogy with MBP(91–106) KNIVTPRTPPPSQGKG.74 In this case,

molecular mimicry is likely the mechanism inducing T cell

reactivity against the MBP peptide. Hence, both molecular

mimicry and also expression of the same MS autoantigen in

peripheral immune cells and the MS brain may contribute to

starting and perpetuating the autoimmune response in MS,

which adds an interesting new facet to our understanding of

how the most important environmental and genetic risk fac-

tors of MS, i.e., EBV and HLA-DR15, may jointly contribute

to MS pathogenesis. These findings should also be examined

in other autoimmune diseases with a strong link to EBV, like

RA and SLE.

Limitations of the study

While we provide a new mechanism for how EBV infection and

the HLA-DR15 haplotype contribute jointly to MS, several limita-

tions warrant further exploration. Whether the MBP peptides

from the immunopeptidomes of EBV_B cells andMS brain tissue

are more important than the long-known MBP(83–99) will need

further studies as well as a more detailed analysis of the EBV-

induced processing alterations in EBV_B cells. Also, the low

sensitivity of the immunopeptidomics methodology may be the

reason for not detecting the MBP(83–99) in the EBV_B cell- and

MS brain immunopeptidomes and does not allow with certainty

to exclude that the here-described MBP peptides are presented

in the thymus. In addition, due to the lack of serum/plasma sam-

ples, we were unable to assess the EBV serostatus of all

individuals.
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Materials availability

Reagents are available on request from the lead contact with a completed

materials transfer agreement. Information on reagents used in this study is

available in the key resources table.

Data and code availability

The RNA sequencing (RNA-seq) raw data have been deposited to the Euro-

pean Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena/browser/home)

with the accession code PRJEB3420910 and the NCBI BioProject data-

base (https://www.ncbi.nlm.nih.gov/bioproject/) with the accession code

PRJNA1337418. The raw proteomics and immunopeptidomics data

have been deposited to the ProteomeXchange Consortium via the PRIDE75

partner repository with the dataset identifiers PXD068927 and PXD068488,

respectively.
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19. Küppers, R. (2003). B cells under influence: transformation of B cells by

Epstein-Barr virus. Nat. Rev. Immunol. 3, 801–812. https://doi.org/10.

1038/nri1201.

20. Harley, J.B., Chen, X., Pujato, M., Miller, D., Maddox, A., Forney, C.,

Magnusen, A.F., Lynch, A., Chetal, K., Yukawa, M., et al. (2018). Tran-

scription factors operate across disease loci, with EBNA2 implicated in

autoimmunity. Nat. Genet. 50, 699–707. https://doi.org/10.1038/s41588-

018-0102-3.

21. Soldan, S.S., Su, C., Lamontagne, R.J., Grams, N., Lu, F., Zhang, Y., Ge-

sualdi, J.D., Frase, D.M., Tolvinski, L.E., Martin, K., et al. (2021). Epigenetic

Plasticity Enables CNS-Trafficking of EBV-infected B Lymphocytes. PLoS

Pathog. 17, e1009618. https://doi.org/10.1371/journal.ppat.1009618.

22. Lünemann, J.D., Kamradt, T., Martin, R., and Münz, C. (2007). Epstein-

barr virus: environmental trigger of multiple sclerosis? J. Virol. 81, 6777–

6784. https://doi.org/10.1128/JVI.00153-07.

23. SoRelle, E.D., Reinoso-Vizcaino, N.M., Horn, G.Q., and Luftig, M.A. (2022).

Epstein-Barr virus perpetuates B cell germinal center dynamics and

generation of autoimmune-associated phenotypes in vitro. Front. Immu-

nol. 13, 1001145. https://doi.org/10.3389/fimmu.2022.1001145.
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91. Huber, W., von Heydebreck, A., Sültmann, H., Poustka, A., and Vingron,

M. (2002). Variance stabilization applied to microarray data calibration

and to the quantification of differential expression. Bioinformatics 18,

S96–S104. https://doi.org/10.1093/bioinformatics/18.suppl_1.S96.

92. GTEx Consortium (2015). Human genomics. The Genotype-Tissue

Expression (GTEx) pilot analysis: multitissue gene regulation in humans.

Science 348, 648–660. https://doi.org/10.1126/science.1262110.

ll
OPEN ACCESS

584 Cell 189, 569–584, January 22, 2026

Article



STAR★METHODS
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Antibodies

Purified DR2a allele-specific monoclonal

antibody

Purchased under an agreement from

One Lambda (Thermo Fisher Scientific)

N/A

Purified DR2b allele-specific monoclonal

antibody

Purchased under an agreement from

One Lambda (Thermo Fisher Scientific)

N/A

Alexa Fluor 488-conjugated DR2a-specific
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Purchased under an agreement from

One Lambda (Thermo Fisher Scientific)

N/A

Alexa Fluor 647-conjugated DR2b-specific

antibody

Purchased under an agreement from

One Lambda (Thermo Fisher Scientific)

N/A

Pacific Blue anti-human CD4 antibody

(clone OKT4)

Biolegend Cat# 317429; RRID:AB_1595438

PerCP/Cy5.5 anti-human CD3 antibody

(clone OKT3)

Biolegend Cat# 317336; RRID:AB_2561628

PE/Cy7 anti-human CD14 Antibody

(clone 63D3)

Biolegend Cat# 367112; RRID:AB_2566714

Alexa Fluor® 700 anti-human CD19

Antibody (clone HIB19)

Biolegend Cat# 302226; RRID:AB_493751

Pacific Blue™ anti-human CD8 Antibody

(Clone SK1)

Biolegend Cat# 344718; RRID:AB_10551438

Purified anti-human CD3 Antibody

(clone OKT3)

Biolegend Cat# 317302; RRID:AB_571927

APC anti-human CD45RA (clone HI100) Biolegend Cat# 304112; RRID:AB_314416

Alexa Fluor® 700 anti-human CD45

Antibody (clone 2D1)

Biolegend Cat# 368514; RRID:AB_2566374

PerCP/Cyanine5.5 anti-human CD326

(EpCAM) Antibody (clone 9C4)

Biolegend Cat# 324214; RRID:AB_2098808

APC/Fire™ 750 anti-human HLA-DR

Antibody (clone L243)

Biolegend Cat# 307658; RRID:AB_2572101

Brilliant Violet 605™ anti-mouse/human

CD11b Antibody (clone M1/70)

Biolegend Cat# 101237; RRID: AB_11126744

CD11c Antibody, anti-human, APC,

REAfinity™ (clone REA618 | S-HCL-3)

Miltenyi Biotec Cat# 130-113-584; RRID:AB_2726184

CD20 Antibody, anti-human, VioBlue®

(clone LT20)

Miltenyi Biotec Cat# 130-113-378; RRID:AB_2726146

PE anti-human HLA-DR Antibody

(Clone L243)

Biolegend Cat# 307606; RRID:AB_314684

Purified anti-human HLA-DR Antibody

(Clone L243)

Provided by HG. Rammensee,

University of Tubingen, Germany

N/A

TCR Vβ1-PE, BL37.2, 1 mL, ASR Beckman Coulter Cat# IM2355; RRID:AB_131329

TCR Vβ2-PE, MPB,2D5, 1 mL, ASR Beckman Coulter Cat# IM2213; RRID:AB_131311

TCR Vβ3-FITC, CH92, 1 mL, ASR Beckman Coulter Cat# IM2372; RRID:AB_131046

TCR Vβ5.1-FITC, IMMU 157, 1 mL, ASR Beckman Coulter Cat# IM1552; RRID:AB_131023

TCR Vβ5.2-FITC, 36213, 1 mL, ASR Beckman Coulter Cat# IM1482; RRID:AB_130872

TCR Vβ7.1-PE, ZOE, 1 mL, ASR Beckman Coulter Cat# IM2287; RRID:AB_131323

TCR Vβ8-FITC, 56C5.2, 1 mL, ASR Beckman Coulter Cat# IM1233; RRID:AB_130922

TCR Vβ9-PE, FIN9, 1 mL, ASR Beckman Coulter Cat# IM2003; RRID:AB_131193

TCR Vβ11-FITC, C21, 1 mL, ASR Beckman Coulter Cat# IM1586; RRID:AB_131027

TCR Vβ12-PE, VER2.32.1, 1 mL, ASR Beckman Coulter Cat# IM2291; RRID:AB_131198

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TCR Vβ13.1-PE, IMMU 222, 1 mL, ASR Beckman Coulter Cat# IM2292; RRID:AB_131326

TCR Vβ13.6-FITC, JU74.3, 1 mL, ASR Beckman Coulter Cat# IM1330; RRID:AB_131012

TCR Vβ14-PE, CAS1.1.3, 1 mL, ASR Beckman Coulter Cat# IM2047; RRID:AB_131304

TCR Vβ16-FITC, TAMAYA1.2, 1 mL, ASR Beckman Coulter Cat# IM1560; RRID:AB_130875

TCR Vβ17-FITC, E17.5F3.15.13, 1 mL, ASR Beckman Coulter Cat# IM1234; RRID:AB_131007

TCR Vβ18-PE, BA62.6, 1 mL, ASR Beckman Coulter Cat# IM2049; RRID:AB_131305

TCR Vβ20-PE, ELL1.4, 1 mL, ASR Beckman Coulter Cat# IM2295; RRID:AB_131328

TCR Vβ21.3-FITC, IG125, 1 mL, ASR Beckman Coulter Cat# IM1483; RRID:AB_131021

TCR Vβ22-FITC, IMMU 546, 1 mL, ASR Beckman Coulter Cat# IM1484; RRID:AB_131022

TCR Vβ23-PE, AF23, 1 mL, ASR Beckman Coulter Cat# IM2004; RRID:AB_131302

TCR Vβ5.3-PE, 3D11, 1 mL, ASR Beckman Coulter Cat# IM2002; RRID:AB_131230

Alpha Tubulin Monoclonal antibody

(Clone 1E4C11)

Proteintech Cat# 66031-1-Ig; RRID:AB_11042766

Purified anti-Myelin Basic Protein Antibody

(Clone SMI 99)

Biolegend Cat# 808403; RRID:AB_2734562

LC3A/B (D3U4C) XP® Rabbit mAb Cell signaling technology Cat# 12741; RRID:AB_2617131

PSMB8 Polyclonal antibody Proteintech Cat# 14859-1-AP; RRID:AB_2268923

Beta Actin Recombinant antibody Proteintech Cat# 81115-1-RR; RRID: AB_2923704

HRP-labeled Goat Anti-Rabbit IgG(H+L) Beyotime Cat# A0208; RRID: AB_2892644

HRP-labeled Goat Anti-Mouse IgG(H+L) Beyotime Cat# A0216; RRID: AB_2860575

Mouse Anti-EBNA2 Monoclonal Antibody,

Unconjugated, Clone PE2

Abcam Cat# ab90543; RRID: AB_2049594

EBV Latent Membrane Protein antibody

[CS 1–4]

Abcam Cat# ab78113; RRID: AB_1566182

Epstein Barr Virus gp250/350 Monoclonal

Antibody (C61H)

Thermo Fisher Scientific Cat# MA1-7272; RRID: AB_1017112

CD79A Antibody Novus Cat# NBP3-24725; RRID: AB_3634855

Recombinant Anti-CD19 antibody

[EPR5906]

Abcam Cat# ab134114; RRID: AB_2801636

Biological Samples

Leukaphereses from MS patients This paper N/A

Buffy coats from HDs This paper N/A

PBMCs from HDs MileCell Bio N/A

Thymic tissues This paper N/A

MS brain tissues This paper N/A

Cerebrospinal fluid (CSF) This paper, Planas et al.76 and

Cruciani et al.46
N/A

Chemicals, Peptides, and Recombinant Proteins

Bovine serum albumin (BSA) Roth Cat# 3854.3

Carboxyfluorescein diacetate

N-succinimidyl ester (CFSE)

Sigma-Aldrich Cat# 21888

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-CI

Gentamicin Sigma-Aldrich Cat# G1397

MEM Non-Essential Amino Acids

Solution (100X)

Gibco Cat# 11140050

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium Pyruvate (100 mM) Gibco Cat# 11360070

2-Mercaptoethanol (50 mM) Gibco Cat# 31350010

Human IL-2 containing supernatant

(produced with T6 cell line)

Provided by F. Sallusto, IRB,

Bellinzona, Switzerland

N/A

LIVE/DEAD Fixable Aqua Dead Cell

Stain Kit

Thermo Fisher Scientific Cat# L34957

Methyl-3H-thymidine Hartmann Analytic Cat# M1762

Peptides Peptides&Elephants This paper

Peptides GL Biochem This paper

Remel™ PHA Purified Thermo Fisher Scientific Cat# R30852801

QIAzol lysis reagent QIAGEN Cat# 79306

CEF II peptide pool Peptides&Elephants N/A

Phytohemagglutinin-L (PHA-L) Sigma-Aldrich Cat# L2769

Liberase™ TM Research Grade Roche Cat# 5401119001

DNase I, recombinant Roche Cat# 04536282001

CHAPS PanReac AppliChem Cat# A1099.0050

cOmplete™ Protease Inhibitor Cocktail Roche Cat# 11697498001

Trifluoroacetic acid (TFA) Sigma-Aldrich Cat# 299537

RIPA buffer EpiZyme Cat# PC101

Protease inhibitors cocktail EpiZyme Cat# GRF101

Pierce BCA Protein Assay Kit Thermo Scientific Cat# 23225

Immunoglobulin G from human serum Sigma-Aldrich Cat# 56834

RPMI-1640 medium Sigma-Aldrich Cat# R0883

IMDM medium GE healthcare Cat# SH30259.01

X-Vivo medium Lonza Cat# BE04-418F

Fetal calf serum (FCS) Eurobio Cat# CVFSVF0001

DAPI Sigma-Aldrich Cat# 28718-90-3

Human serum Blood Bank Basel, Switzerland N/A

Critical Commercial Assays

CD45RA MicroBeads, human Miltenyi Biotec Cat# 130-045-901

CD19 MicroBeads, human Miltenyi Biotec Cat# 130-050-301; RRID: AB_2848166

CD4 MicroBeads, human Miltenyi Biotec Cat# 130-045-101; RRID:AB_2889919

LEGENDplex Human T Helper

Cytokine Panels

Biolegend Cat# 740001; RRID: AB_2784515

T Cell Activation/Expansion Kit, human Miltenyi Biotec Cat# 130-091-441

ELISpot Pro: Human IFN-γ (ALP) Mabtech Cat# 3420-2AST-10

RNeasy Mini Kit (50) Qiagen Cat# 74104

Total RNA Kit Omega Cat# R6834-01

Evo M-MLV Reverse Transcription Mix Kit Accurate Biology Cat# AG11728

2× TransStart Fast Pfu PCR Super Mix TRANS Cat# AS221

Cell Proliferation ELISA, BrdU (colorimetric) Roche Cat# 11647229001

Super Red Biosharp Cat# BS354B

Deposited Data

RNA-seq raw data of various antigen-

presenting cells (APCs) from thymic tissues

This paper PRJEB34209

RNA-seq raw data of EBV_B cells This paper PRJNA1337418

Raw proteomics data This paper PXD068927

Raw immunopeptidomics data This paper PXD068488

(Continued on next page)
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Leukaphereses were collected from HLA-DR15+ 16 RRMS patients for EBV-transformed B cell line generation (n = 3), HLA immu-

nopeptidome analyses (n = 3), proliferation assays (n = 16), and T cell cloning (n = 4). Leukaphereses from MS patients were collected

at the Hematology Clinic, University Hospital Zurich, Zurich, Switzerland. Buffy coats (n = 7) and PBMCs (n = 9) from HLA-DR15+ HDs

were acquired for proliferation assays from the Blutspende Zurich, Zurich, Switzerland and Milecell Biotechnology Inc. Shanghai,

China. 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). 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). MS was diagnosed according to the revised McDonald criteria.83 The study was approved by the Biomedical Ethics Committee of

University of Science and Technology of China (2022KY302) and 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 grant 2014-0699, approved on 27th

February 2015).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

BLS-DR2a cells Generated by B. Kwok, Benaroya

Research Institute, Seattle

N/A

BLS-DR2b cells Generated by B. Kwok, Benaroya

Research Institute, Seattle

N/A

TCC3A6 Vergelli et al.67 N/A

TCC5F6 Vergelli et al.65,68 N/A

Oligonucleotides

Primer:Goli-MBP forward: 5′-ATGGGAAAC

CACGCAGGCAAACGAGAAT-3′
Sangon Biotech N/A

Primer:MBP forward: 5′-ATGGCGTCACAG

AAGAGACCCTCC-3′

Sangon Biotech N/A

Primer: Shared reverse primer for both

Goli-MBP and MBP: 5′-CCAGAGCCC

CGCTTGGGC-3′

Sangon Biotech N/A

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

NetMHCII 2.3 Server Jensen et al.77 http://www.cbs.dtu.dk/services/

NetMHCII-2.3/

Venny2.1 Oliveros, J.C. (2007-2015) Venny.

An interactive tool for comparing

lists with Venn’s diagrams.

https://bioinfogp.cnb.csic.es/tools/venny/

index.html; RRID:SCR_016561

IMGT/V-QUEST Brochet et al.78 http://www.imgt.org/IMGT_vquest/vquest;

RRID:SCR_010749

iceLogo Colaert et al.79 https://iomics.ugent.be/icelogoserver/;

RRID:SCR_012137

Wei Sheng Xin Newcore Biotech https://www.bioinformatics.com.cn/

CytoNavigator NovelBio https://sc.novelbrain.com/login

TissueEnrich Jain and Tuteja80 https://tissueenrich.gdcb.iastate.edu/

Human Protein Atlas Uhlen et al.81 http://www.proteinatlas.

org/;RRID:SCR_006710

Heatmaply Galili et al.82 https://heatmaply.com/

Biorender BioRender http://biorender.com; RRID:SCR_018361
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Cell lines

BLS-DR2a and -DR2b cells are HLA class II-deficient 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). TCC3A6 and TCC5F6 were generated from HLA-DR15+ MS pa-

tients. TCC3A6 recognizes MBP(83-99) and is restricted by DR2a.67 TCC5F6 is also MBP(83-99)-specific but restricted by DR2b.68

BLS-DR2a cell, BLS-DR2b cell, TCC3A6, and TCC5F6 were cultured as previously described.10

Primary Cells

PBMCs in leukaphereses or buffy coats were isolated using Ficoll (Eurobio, Les Ulis, France) density gradient centrifugation. Isolated

PBMCswere cryopreserved in freezingmedium containing 90% heat-inactivated FCS (Eurobio) and 10%dimethyl 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) and then expanded as previously

described.46,76

METHOD DETAILS

EBV-transformed B cell line generation

PBMCs from HLA-DR15+ RRMS patients were added at 1 × 106 cells/ml in 5 ml RPMI-1640 complete medium (Sigma-Aldrich,

Missouri, USA) containing 10% heat-inactivated FCS (Eurobio), 2mM L-glutamine (ThermoFisher Scientific, Waltham, USA),

100 U/ml penicillin (Corning, NY, USA), 100 μg/ml streptomycin (Corning), and 50 μg/mL gentamicin (Sigma-Aldrich) into 25 cm2

cell culture flasks, and EBV supernatant and 1μg/ml anti-CD3 antibody (OKT3, Biolegend, San Diego, USA) were then added. The

new RPMI-1640 complete medium was added when the medium turned yellow, and the cells were transferred to 75 cm2 cell culture

flasks if necessary. The expanded EBV-transformed B cell lines were harvested and cryopreserved for subsequent experiments.

Immunopeptidome isolation and analysis

For immunopeptidome isolation of primary_B cells (n = 3), cryopreserved PBMCs from HLA-DR15+ donors were thawed and

washed twice with X-VIVO 15™ medium (Lonza, Basel, Switzerland), and over 50mio primary B cells were then purified by positive

selection using CD19 microbeads, human (Miltenyi) and used for immunopeptidome analysis. For immunopeptidome isolation of

EBV_B cells from MS patients (n = 3) and HDs (n = 4), cryopreserved cells were thawed and washed twice with PBS, and over

50 mio EBV_B cells were used for immunopeptidome analysis. For the thymic tissues (around 1 g) and highly inflamed MS brain

tissues (around 4 g), immunopeptidomes were isolated directly using the frozen tissues. The isolation and analysis of the immu-

nopeptidome presented by DR2a and DR2b in primary_B cells, EBV_B cells, MS brain tissues, and thymic tissues were conducted

as previously described.10

Immunofluorescence

Immunofluorescence assessment of FFPE (7-μm-thick) brain sections obtained from 4 post-mortem MS cases (MS402, 432, 438

and 528) examined in the study, was performed for the detection of EBV antigens, including EBV nuclear antigen 2 (EBNA2), latent

membrane protein 1 (LMP1), and the major membrane antigen (glycoprotein gp250/350). Antigen retrieval was performed in the

steamer in citrate buffer (pH = 6) for 30 min for FFPE and 5 min for fixed-frozen tissues as previously optimized.84 Sections were

incubated for 1 h with 10% of normal donkey sera (NDS) and then with the primary antibodies (anti-EBNA2 antibody; anti-LMP

antibody; anti-gp250/350 antibody; anti-CD79a antibody; anti-CD19 antibody) diluted in PBS containing 5% NDS, overnight

at room temperature. Sections were incubated with the appropriate secondary antibody conjugated to a fluorochrome and the

autofluorescence was removed with Sudan Black for 2 min. Nuclei counterstained with DAPI (Sigma-Aldrich). Sections were

mounted with Vectashield Antifade Mounting Media (Vector Laboratories) and images were acquired using Olympus microscope

(CBH CoolLED pE300).

RNA Extraction, cDNA Synthesis, and PCR Analysis

Total RNAwas extracted from EBV_B cells and primary_B cells using the Total RNA Kit (Omega, Norcross, Georgia) according to the

manufacturer’s instructions. The isolated RNA was then reverse transcribed into cDNA using the Evo M-MLV Reverse Transcription

Mix Kit (Accurate Biology, Changsha, China). The expression levels of Goli-MBP and MBP were analyzed by PCR using the 2×

TransStart Fast Pfu PCR Super Mix (TRANS, Beijing, China). The primer sequences were as follows: Goli-MBP forward primer:

5′-ATGGGAAACCACGCAGGCAAACGAGAAT-3′;MBP forward primer: 5′-ATGGCGTCACAGAAGAGACCCTCC-3′; Shared reverse

primer for both Goli-MBP andMBP: 5′-CCAGAGCCCCGCTTGGGC-3′. PCR cycling conditions were as follows: initial denaturation

at 95 ◦C for 3 min; followed by 32 cycles of 95 ◦C for 30 s, 60 ◦C for 20 s, and 72 ◦C for 1 min; with a final extension at 72 ◦C for 10 min.

β-actin (forward: 5′-TTGCCGACAGGATGCAGAA-3′; reverse: 5′-GCCGATCCACACGGAGTACTT-3′) served as the internal control.

PCR products were separated by electrophoresis on a 1.5% agarose gel, stained with Super Red (Biosharp, Hefei, China), and

imaged under UV light.
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Isolation of various antigen-presenting cells (APCs) from thymic tissues

Thymic tissues were dissociated using 0.4 mg/ml Liberase™ (Roche, Basel, Switerland) and 20 μg/ml DNase I (Roche), and enriched

APCs were prepared as previously described.10 Enriched APCs were stained for surface markers using anti-human CD45 antibody,

anti-human EpCAMantibody, anti-humanHLA-DR antibody, anti-humanCD11b antibody, anti-humanCD11c antibody, and anti-hu-

man CD20 antibody (Biolegend). HLA-DR+ TECs (EpCAM+CD45–HLA-DRint-high), HLA-DR+ B cells (CD20+CD45+HLA-DRint-high),

HLA-DR+ DCs (CD11c+CD45+HLA-DR+), and HLA-DR+ macrophages (CD11b+CD45+HLA-DRint) were sorted using a FACSAria III

4L (BD Biosciences) and resuspended in Qiazol (QIAGEN, Hilden, Germany) for RNA extraction.

RNA extraction and sequencing

Primary_B cells were purified by magnetic cell separation, and RNA from purified primary_B cells and EBV_B cells was extracted

using the RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA quality was assessed using a Qubit® 1.0 Fluorometer (Life Technologies,

California, USA) and a Fragment Analyzer (Agilent, Santa Clara, California, USA). Only samples with a 260/280 ratio of 1.8–2.1 and a

28S/18S ratio of 1.5–2, and an RNA integrity number (RIN)≥ 8 were processed. Two sets of RNA-seq libraries were generated: three

paired primary_B cells and EBV_B cells from RRMS patients, and four EBV_B cells from HDs together with four EBV_B cells from

RRMS patients. For both sets, 50–1000 ng of total RNA was poly(A)-enriched, reverse-transcribed into double-stranded cDNA,

fragmented, end-repaired, ligated to adapters with unique dual indices (UDI), PCR-enriched, and quality-checked with a Qubit®

Fluorometer and Fragment Analyzer. Libraries showed an average fragment size of ∼260 bp and were normalized to 10 nM in

Tris-Cl 10 mM, pH 8.5 with 0.1% Tween-20. Libraries from paired primary_B cells and EBV_B cells from RRMS patients were

prepared with the TruSeq Stranded mRNA kit (Illumina) and sequenced on a NovaSeq 6000 with single-end 100 bp reads. Libraries

from EBV_B cells from HDs and RRMS patients were prepared with the Universal Plus mRNA-Seq kit (Tecan) and sequenced on a

NovaSeq X with paired-end 150 bp reads (2 × 150 bp). Raw sequencing reads were processed using fastp to remove adapter

sequences, trim low-quality bases, and discard reads with a mean Phred quality score < 20.85 High-quality reads were subsequently

pseudoaligned with an index consisting of the human reference genome (GRCh38.p14; GENCODE release 48) and the EBV B95-8

genome (NCBI RefSeq GCF_002402265.1) and quantified at the gene level using Kallisto.86 Differential expression analysis was

performed with edgeR,87 applying a quasi-likelihood negative binomial generalized log-linear model (glmQLfit). Genes with

FDR < 0.05 were considered differentially expressed. Principal component analysis (PCA), Volcano plot, and Heat map of the

mRNA expression were generated using Wei Sheng Xin (Newcore Biotech) and CytoNavigator (NovelBio).

Western blotting

Cells were lysed with RIPA buffer (EpiZyme, Shanghai, China) including protease inhibitors cocktail (EpiZyme), and protein

concentrations in the extracts were measured with a BCA protein Assay kit (Pierce, Thermo Scientific). Protein samples were

electrophoresed on 10% SDS-polyacrylamide gels and then transferred to polyvinylidene fluoride membranes (Merck, Rahway,

USA). The membranes were then incubated at 4 ◦C overnight with anti-MBP antibody (BioLegend), anti-PSMB8 antibody (Protein-

tech, Wuhan, China), anti-LC3A/B antibody (CST, Massachusetts, USA), anti-α-tubulin antibody (Proteintech) or anti-beta actin

antibody (Proteintech) after being pre-blocking incubated with 5% non-fat milk. After several washes, the blots were then probed

with an appropriate secondary antibody for 1 h at room temperature. Protein bands were revealed by chemiluminescence and

recorded on an Amersham™ ImageQuant™ 800 imaging system (Cytiva, USA).

Proteomic analysis

The EBV_B cells were lysed in 50 μl of a solution containing 2% sodium dodecyl sulfate (SDS), 2% sodium deoxycholate (SDC), 2%

dodecyl β-D-maltoside (DDM), 50 mM triethylammonium bicarbonate (TEAB), pH 8.2, 50 mM dithiothreitol (DTT) for 10 min at a

temperature of 95◦C and 700 rpm followed by treatment with high intensity focused ultrasound (Hielscher Ultrasonics GmbH)

for 1 min (100% amplitude, 60% cycle time). Subsequently, the supernatant was reduced and alkylated for 30 min at 30◦C and

700 rpm by the addition of tris(2-carboxyethyl)phosphine and 2-chloroacetamide to a final concentration of 5 mM and 15 mM,

respectively. Afterwards, the samples were diluted with pure ethanol to achieve a final concentration of 60% ethanol by volume,

and the following processing steps were performed on a KingFisher Flex System (Thermo Fisher Scientific). Carboxylated

magnetic beads (Cytiva) are washed three times with water to remove any impurities. Subsequently, the samples were incubated

with a 10-fold excess of magnetic beads (w/w) for 30 min at room temperature. After the incubation, the beads were washed

three times for three minutes with 80% ethanol. The enzymatic digestion was initiated by adding trypsin in 50 mM TEAB

(pH 8.5) to the beads, which were then incubated at 37◦C overnight at 700 rpm. The peptide-containing solution was collected,

and the magnetic beads were washed once with pure water. The two elutions were combined and dried down. The dried samples

were resolubilized in 20 μl of MS-solvent (3% acetonitrile, 0.1% formic acid) and 1 μl of indexed retention time peptides (iRT;

Biognosys AG) was spiked in each sample for future retention time calibration.

Mass spectrometry analysis was performed on an Orbitrap Exploris mass spectrometer (Thermo Scientific) equipped with a

Digital PicoView source (New Objective) and coupled to a M-Class UPLC (Waters). Solvent composition at the two channels

was 0.1% formic acid in water for channel A and 0.1% formic acid in acetonitrile for channel B. For each sample 1 μL of peptides

were loaded on a trap column (MZ Symmetry C18, 100 Å, 5 μm, 180 μm x 20 mm, Waters AG) that was connected to an analytical

column (MZ C18 HSS T3, 100 Å, 1.8 μm, 75 μm x 250 mm, Waters AG). The peptides were eluted at a flow rate of 300 nl/min by
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a gradient from 5% to 22% B in 80 min, 32% B in 10 min and 95% B in 1 min. Samples were acquired in a randomized order. The

mass spectrometer was operated in data-independent mode (DIA), acquiring a full-scan MS (396–1000 m/z) at a resolution of

60’000 at 200 m/z. Followed by HCD (higher-energy collision dissociation) fragmentation on 70 windows with 8 m/z width between

400 and 960 m/z. The MS2 resolution was set to 30’000 and a normalized collision energy of 30% was used. The samples were

acquired using internal lock mass calibration on m/z 371.1012 and 445.1200. The mass spectrometry proteomics data were

handled using the local laboratory information management system (LIMS).88

The identification and quantification of proteins from MS data was performed using the DIA-NN workflow (version 1.8.2).89

The following parameters for the library-free search were used: precursor charge +2 and +3, precursor mass range 350 m/z

to 1500 m/z, fragment mass range 200 m/z to 1800 m/z, mass accuracy MS1 15 ppm, MS2 20 ppm, enzyme specificity trypsin/P

allowing one missed cleavage, fixed modification carbamidomethylation of cysteine. The in-silico spectra were generated using a

canonical protein database for human and Epstein-Barr virus, concatenated with common protein contaminants (p38645_db1_Hu-

manNEBVG_1spg_ 20250523.fasta, taxonomy ID9606 and ID10376, release date 20250523) and the maximum false discovery rate

(FDR) was set to 0.1.

The R package prolfqua90was used to analyze the differential expression and to determine group differences, confidence intervals,

and false discovery rates for all quantifiable proteins. Starting with the report.tsv file generated by DIA-NN, which does report the

precursor ion abundances for each raw file, we determined protein abundances by first aggregating the precursor abundances to

peptidoform abundances. Then, we employed the Tukeys-Median Polish to estimate protein abundances. Furthermore, before fitting

the linear models, we transformed the protein abundances using the variance stabilizing normalization.91

Tissue-specific gene enrichment analysis

Enrichment of human tissue-specific genes among the source proteins of the peptides was done using R with the R package "Tis-

sueEnrich".80 Human tissue-specific genes used for the analysis were defined by processing the RNA-seq data across 29 human

tissues from the GTEx dataset92 using an algorithm from the Human Protein Atlas.81 A hypergeometric test was used to determine

whether the tissue-specific genes are enriched among the input genes corresponding to the source protein list of the peptides. The

result of the enrichment analysis was visualized using R with the R package "Heatmaply".82

Proliferation assay

Peptides used in this study for stimulation purposes were synthesized with N-terminal acetylation and C-terminal amide (Pep-

tides & Elephants, Henningsdorf, Germany; GL Biochem, Shanghai, China): MBP(78-90): GRTQDENPVVHFF, MBP(83-90):

ENPVVHFF, MBP(83-99): ENPVVHFFKNIVTPRT, MBP(91-106): KNIVTPRTPPPSQGKG, MBP(91-114): KNIVTPRTPPPSQGKGR

GLSLSRF, MOG(35-55): MEVGWYRSPFSRVVHLYRNGK, other MS brain MBP peptides, and CEF II peptide pool. Peptide stim-

ulation assays of PBMCs and TCCs were conducted as previously described.10 CD45RA− PBMCs were isolated by negative

selection using CD45RA microbeads, human (Miltenyi) and were then seeded at 2 × 105 cells/well in 200 μl X-VIVO 15™ me-

dium (Lonza) in 96-well U-bottom plates (Greiner Bio-One), and MBP peptides were added at a final concentration of 10 μM.

5-10 replicate wells were tested 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 in some conditions to block the function

of HLA-DR molecules at a final concentration of 10 μg/ml. Proliferation was measured at day 7 by 3H-thymidine (Hartmann An-

alytic, Braunschweig, Germany) or BrdU (Roche) incorporation assay. The proliferation strength is depicted as a stimulatory in-

dex (SI). For the TCCs, TCCs (2 × 104 cells/well) were seeded with irradiated (300 Gray) BLS-DR2a or -DR2b cells (5 × 104 cells/

well) as APCs in 200 μl X-VIVO 15™ medium (Lonza) in 96-well U-bottom plates (Greiner Bio-One) and stimulated with individual

or pooled MBP peptides at a final concentration of 10 μM. Target antigens MBP83-99 and anti-CD2/CD3/CD28 antibody-loaded

MACSibead particles (Miltenyi) were used as positive control of stimulation. Proliferation of TCCs was measured at day 3 by 3H-

thymidine (Hartmann Analytic) incorporation assay.

Cytokine measurements

Supernatants were harvested from CD45RA− PBMCs on day 7 or from TCCs on day 3 after peptide stimulation. Cytokines in

the supernatants were measured with a bead-based immunoassay using a LEGENDplex Multi-analyte Flow Assay kit

(#741028, Biolegend) according to the manufacturer’s instructions. ELISpot assays (Human IFN-γ (ALP), Mabtech) were set up

by washing the plates four times with PBS as indicated in the manufacturer’s protocol. TCCs (2 × 104 cells/well) were seeded

with irradiated BLS-DR2b cells (5 × 104 cells/well) as APCs in 200 μl X-VIVO 15™ medium (Lonza) in 96-well U-bottom plates

(Greiner Bio-One) and stimulated with MBP peptides. Anti-CD2/CD3/CD28 antibody-loaded MACSibead particles (Miltenyi)

were used as a positive control of stimulation. Cells were incubated for 44h at 37◦C in 5% CO2 incubator before developing the

assay according to the manufacturer’s protocol. Plates were left to dry for 48h and subsequently read using the Mabtech IRIS

™ FluoroSpot/ELISpot reader.

Flow cytometric analysis

For analyzing DR2a, DR2b, and HLA-DR expression levels on primary B cells and EBV-transformed B cell lines, PBMCs from

HLA-DR15+ donors and EBV-transformed B cell lines were incubated with human IgG (Sigma-Aldrich) to block unspecific
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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 μg/ml, One Lambda, Thermo

Fisher Scientific), Alexa Fluor 647-conjugated anti-DR2b antibody (5 μg/ml, One Lambda, Thermo Fisher Scientific), anti-human

CD3 antibody (OKT3, Biolegend), anti-human CD19 antibody (HIB19, Biolegend) and anti-human HLA-DR antibody (L243, Bio-

legend), at 4◦C. Cells were washed twice after staining and resuspended with cold PBS containing 2 mM ethylenediamine tetra-

acetic acid (EDTA, AppliChem) and 2% FCS (Eurobio). Measurements were performed using LSR Fortessa Flow Cytometer (BD

Biosciences) and data analyzed with FlowJo (Tree Star). Additional fluorochrome-conjugated antibodies, including anti-human

CD4 antibody (OKT-4, Biolegend), anti-human CD8 antibody (SK1, Biolegend), and anti-human CD14 antibody (HCD14, Bio-

legend), were used for analyzing different cell subsets.

T cell cloning and identification

To generate CD4+ TCCs that recognize MBP peptides, PBMCs from 4 HLA-DR15+ relapsing-remitting multiple sclerosis (RRMS)

patients were stained with CFSE, and CD45RA− PBMCs were then isolated using CD45RA microbeads, human (Miltenyi) and

stimulated with MBP peptide pool at a concentration of 10μM for each peptide. Proliferating (CFSEdim) CD4+ T cells were sorted

on day 11 as single cells in 96-well U-bottom plates using SH800S Cell Sorter (Sony) and expanded as previously described.10

The reactivity of the expanded TCCs to MBP peptides, the phenotype of the TCRVβ chain of the TCCs, the functional phenotype

of the TCCs, and the restriction of the TCCs to the DR2a or DR2b were tested as previously described.10

STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad). Unpaired t-test was used for statistical analyses.

Data were expressed as mean and 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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Supplemental figures

Figure S1. EBV infection alters the transcriptome in B cells, related to Figure 1

(A) Volcano plot of RNA-seq results showing significantly differentially expressed genes between primary B cells and EBV-transformed B cells (log2 ratio ≥ 0.5

with p ≤ 0.01). Significant indicates genes with |log2 ratio| ≥ 0.5 and p ≤ 0.01.

(B) Heatmap showing the different expression levels of the genes in primary_B cells and EBV_B cells.

(C) Gene set enrichment analysis reveals the top 20 enriched gene sets in B cells after EBV infection. Upregulated genes are indicated by red and the down-

regulated by blue.

(D) Heatmap showing the changed expression of cathepsins, endosomal proteases, and ERAP1/2 in EBV_B cells.
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Figure S2. Fewer MBP peptides are eluted from HLA-DR15 molecule in EBV_B cells from HDs, related to Figure 1 and Tables S2 and S3

(A) Volcano plot of RNA-seq results showing significantly differentially expressed genes between EBV_B cells from HLA-DR15+ HDs and MS patients.

(B) Volcano plot of proteomic results showing significantly differentially expressed proteins between EBV_B cells from HLA-DR15+ HDs and MS patients.

(C) Overlap of DR2a- and DR2b-presented unique peptides and their source proteins between EBV_B cells from HLA-DR15+ HDs and MS patients.

(D) Overlap of DR2a- or DR2b-presented unique peptides among EBV_B cells from different HLA-DR15+ HDs or MS patients.

(E) One MBP peptide was eluted from the HLA-DR15 molecule in EBV_B cells from HDs.

Data are expressed as mean.
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Figure S3. Golli-MBP is expressed in primary_B cells and is degraded through the synergistic action of PSMB8 and autophagy after EBV

infection, related to Figure 1

(A) Analysis of Golli-MBP expression in primary_B cells and EBV_B cells using PCR.

(B) Golli-derived peptides are detected in proteomic analysis of EBV_B cells.

(C) Expression of PSMB8 protein in primary_B cells, DR15− EBV_B cells, and DR15+ EBV_B cells.

(D) Expression of LC3A/B protein in primary_B cells, DR15− EBV_B cells, and DR15+ EBV_B cells.

Data are expressed as mean ± SEM, and p values were determined by unpaired t test.
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Figure S4. DR2a/DR2b-presented MBP peptides in MS brain tissues cover nearly the entire sequence of themost abundant isoform of MBP,

related to Figure 2 and Table S4

Unique MBP peptides eluted from DR2a and DR2b in HLA-DR15+ MS brain tissues.

ll
OPEN ACCESS Article



Figure S5. The source proteins of eluted thymic peptides are distributed in all human tissues, related to Figure 4 and Table S6

(A) Overlap of DR2a- and DR2b-presented unique peptides and their source proteins between thymic tissues and primary_B cells/EBV_B cells/MS brain tissues.

(B) Distribution of the source proteins of DR2a-presented thymic peptides across human tissues.

(C) Distribution of the source proteins of DR2b-presented thymic peptides across human tissues. Data are expressed as mean.
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Figure S6. 1642KA_TCC1B3 shows a specificity to the N-terminal part of the peptides MBP(83–90) presented by DR2 and DR2b, related to

Figure 6

Prediction of the structure of MBP(83–90)/DR2a andMBP(83–90)/DR2b complexes by AlphaFold3 and the potential contact positions for 1642KA_TCC1B3 TCR and

DR2a/DR2b in the peptide MBP(83–90), respectively.
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