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A U T O I M M U N I T Y

CD4+ T cells reactive to Epstein-Barr virus late lytic 
antigens are enriched in individuals with 
multiple sclerosis
Kjetil Bjornevik1,2, João Vitor Mahler3, Philippe A. Bilodeau3, Brit Ellen Rød4,5,  
Gabriela Romanow3, Takahisa Mikami3, Monique Anderson3, Natasha Bobrowski-Khoury3,  
Huimin Zhu3, James Nguyen3, Ying Sun3, Marcelo Matiello3, David Housman6,  
Bardia Nourbakhsh7, Kjell-Morten Myhr4,5, Øivind Torkildsen4,5, Ludvig M. Sollid8,9,  
Michael Levy3, Natalia Drosu3,6*

Multiple sclerosis (MS) pathogenesis is linked to Epstein-Barr virus (EBV), but the underlying immune mechanisms 
remain unclear. Using an optimized T cell assay, we demonstrate that CD4+ T cells from individuals with MS pre-
dominantly target EBV viral particle components, specifically the late lytic capsid and glycoprotein antigens, rath-
er than latent antigens. In contrast, the Epstein-Barr nuclear antigen 1 (EBNA1) primarily activated CD8+ T cells. 
EBV-specific CD4+ T cell responses were twofold higher in individuals with untreated MS compared with healthy 
controls, whereas responses to other herpesviruses remained similar. Anti-CD20 therapy initiation in treatment-
naïve participants reduced these responses, a finding validated in an independent cohort, and eliminated viral 
shedding in saliva. Our results establish preferential CD4+ T cell reactivity to EBV late lytic antigens as a key feature 
of MS, providing a framework for developing EBV-targeted therapies, including vaccines and antivirals.

INTRODUCTION
Multiple sclerosis (MS) is a chronic inflammatory disease of the 
central nervous system (CNS) and the leading cause of neurological 
disability in young adults (1). As the incidence of MS continues to 
rise, a better understanding of its etiology and novel therapeutic ap-
proaches are needed (2). Epidemiological studies have provided 
compelling evidence establishing Epstein-Barr virus (EBV) as a key 
environmental risk factor in MS development (3, 4). Nearly all indi-
viduals with MS (99.9%) are seropositive for EBV (4), the risk in 
EBV-seronegative individuals approaches zero (5), and critically, 
EBV infection precedes both MS onset and CNS damage, support-
ing a causal relationship (3).

CD4+ T cell–mediated immune responses are central contribu-
tors to MS pathogenesis (6, 7). Such T cells are found in elevated 
numbers in the cerebrospinal fluid (CSF) of individuals with MS (8) 
and are present during early acute demyelinating lesion formation 
(9). CD4+ T cells mediate their effects partly through the CD40-
CD40L pathway, which enables them to provide help to other im-
mune cells. The therapeutic relevance of this pathway in MS was 
demonstrated by frexalimab, a nondepleting anti-CD40L antibody 
that reduced gadolinium-enhancing lesions in a phase 2 trial (10). 
Although CD40L is expressed by multiple immune cell types and 
therapeutic benefit may partly arise from effects on B cells or other 

antigen-presenting cells, this pathway is central to CD4+ T cell–
dependent immune responses.

Multiple lines of evidence implicate T cell responses to EBV in MS 
pathogenesis. Although direct detection of EBV in the CNS remains 
challenging because of the low abundance of infected cells (11–13), T 
cells capable of recognizing EBV antigens have been found in the 
CNS of individuals with MS (14–16). Genetic evidence points spe-
cifically to CD4+ T cells: The human leukocyte antigen (HLA) class II 
molecule DR15 (DRA/DRB1*15:01), which presents peptide anti-
gens to CD4+ T cells, is the major risk factor for the disease (17–19), 
and MS-associated genetic loci that are regulated by EBV transcrip-
tion factors specifically disrupt the CD40-CD40L pathway (20). The 
critical role of peripheral CD4+ T cells in driving organ-specific 
inflammation is well established in other autoimmune conditions, 
most notably celiac disease, which serves as a compelling model for 
understanding MS (7). Together, these findings suggest that identify-
ing the major EBV antigens recognized by CD4+ T cells may shed 
light on MS pathogenesis. The efficacy of frexalimab, despite the lim-
ited penetrance of monoclonal antibodies across the blood-brain 
barrier, suggests that modulating peripheral T cell responses can af-
fect CNS inflammation, potentially by preventing the activation and 
migration of pathogenic T cells before they enter the CNS.

The precise targets of peripheral EBV-specific CD4+ T cells re-
main debated, with some studies reporting broad reactivity across 
lytic and latent antigens (21–23) and others showing preferential rec-
ognition of lytic antigens (24–26). Studies using lymphoblastoid cell 
lines to stimulate CD4+ T cells have yielded mixed results in indi-
viduals with MS, likely complicated by the heterogeneous permis-
siveness for lytic reactivation across different lymphoblastoid cell line 
clones (14, 27–29). Much of the field has focused on EBNA1 (Epstein-
Barr nuclear antigen 1), a latent viral protein that demonstrates cross-
reactivity with several CNS antigens (30–35). Less attention has been 
given to lytic antigens, despite evidence that individuals carrying the 
major MS genetic risk allele DRB1*15:01 respond strongly to two 

1Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA 
02115, USA. 2Department of Epidemiology, Harvard T.H. Chan School of Public 
Health, Boston, MA 02115, USA. 3Department of Neurology, Massachusetts General 
Hospital and Harvard Medical School, Boston, MA 02114, USA. 4Neuro-SysMed, 
Department of Neurology, Haukeland University Hospital, Bergen 5021, Norway. 
5Department of Clinical Medicine, University of Bergen, Bergen 5020, Norway. 6De-
partment of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, 
USA. 7Department of Neurology, Johns Hopkins University School of Medicine, 
Baltimore, MD 21205, USA. 8Institute of Clinical Medicine, University of Oslo, Oslo 
0318, Norway. 9Department of Immunology, Oslo University Hospital-Rikshospitalet, 
Oslo 0372, Norway.
*Corresponding author. Email: ndrosu@​mgh.​harvard.​edu

Copyright © 2026 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidade de Sao Paulo on July 18, 2026

mailto:ndrosu@​mgh.​harvard.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscitranslmed.adz6566&domain=pdf&date_stamp=2026-07-15


Bjornevik et al., Sci. Transl. Med. 18, eadz6566 (2026)     15 July 2026

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

2 of 13

EBV virion glycoproteins (24). In addition, B cells from individuals 
with MS show heightened spontaneous lytic reactivation (28). More 
broadly, studies of other viruses have shown that antigens derived 
from viral particles serve as potent and selective stimulators of CD4+ 
T cells (36).

Current disease-modifying therapies (DMTs) for MS modulate 
immune responses through diverse mechanisms, with several af-
fecting memory B cells, the primary EBV reservoir (37). Anti-CD20 
therapies, dimethyl fumarate (DMF), and teriflunomide have all been 
shown to reduce EBV-specific cellular immune responses, poten-
tially by depleting infected cells or modulating antigen presentation 
(38, 39). Emerging therapeutic strategies under investigation include 
Bruton’s tyrosine kinase inhibitors, which target B cell signaling path-
ways essential for EBV persistence and reactivation, and direct anti-
viral agents (40–43). Nevertheless, how these interventions, both 
approved DMTs and investigational approaches, affect EBV-specific 
cellular immunity remains incompletely characterized. A deeper un-
derstanding of the CD4+ T cell response to specific EBV antigens 
could clarify whether future therapeutic agents require CNS pene-
trance for efficacy and identify which viral epitopes should be priori-
tized as targets for antiviral or immunomodulatory interventions.

Using enzyme-linked immunospot (ELISPOT) assays across 
healthy controls (HCs), participants with treatment-naïve MS, and 
participants with MS receiving DMTs, we aimed to identify which 
viral proteins elicit these responses, how DMTs affect EBV-specific 
immunity, and whether responses correlate with viral shedding.

RESULTS
CD4+ T cell responses to EBV lytic antigens are elevated in 
individuals with MS
We generated latent and lytic lysates from the B95.8 cell line using 
phorbol 12-myristate 13-acetate (PMA) (Fig.  1A). Intact protein 
complexes were purified by size exclusion chromatography, and an-
tigen expression was confirmed by immunoblot (Fig. 1B). Latent 
lysates expressed EBNA1, whereas lytic lysates also expressed early 
lytic antigens (Z and EA-D) and late lytic antigens (gp350 and viral 
capsid antigen VCA p18) (Fig. 1B).

Using an interferon-γ (IFN-γ) ELISPOT assay, we observed that 
lytic lysates induced significantly higher numbers of spot-forming 
cells (SFCs) compared with latent lysates in both HCs (P < 0.0001) 
and participants with MS (P < 0.0001) (Fig. 1, C and D). This 
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Fig. 1. CD4+ T cell responses to EBV lytic antigens are elevated in individuals with MS. (A) Schematic of B95.8 antigens classified as latent or lytic. (B) Immunoblots of 
B95.8 lysates without (PMA−) or with (PMA+) lytic induction. (C) Representative IFN-γ ELISPOT wells from three participants with MS (MS01 to MS03) stimulated with B95.8 
lysates. (D) SFCs per 3 × 105 PBMCs comparing responses to PMA− and PMA+ lysates in HCs (n = 30) and untreated participants with MS (n = 30, discovery cohort). Each 
data point represents the mean of two technical replicates. (E) Immunoblots of HH514-16 lysates without (butyrate−) or with (butyrate+) lytic induction. (F) SFCs comparing 
responses to butyrate− and butyrate+ HH514-16 lysates (n = 60 participants with MS, testing cohort). (G) ELISPOT assays from two EBV-seronegative individuals and one 
cord blood sample. (H) ELISPOT assays from three participants with infectious mononucleosis (IM01 to IM03). (I) Percentage changes in SFCs after CD20, CD4, or CD8 deple-
tion (n = 8, discovery cohort). Data are presented as medians ± IQR. Data were analyzed by the linear mixed effects model with the Bonferroni adjustment (D), paired Stu-
dent’s t test (F), or Friedman test with pairwise Wilcoxon signed-rank tests and Bonferroni adjustment (I); *P < 0.05; **P < 0.01; ****P < 0.0001; n.s., not significant.
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response to lytic antigens was significantly elevated in participants 
with untreated MS, who demonstrated ∼2-fold higher T cell reactiv-
ity compared with HCs (P = 0.0035) (Fig. 1D). Given the role of T 
helper 17 (TH17) cells in MS, we also performed interleukin-17A (IL-
17A) ELISPOT assays. We did not observe IL-17A responses to EBV 
lysates in either participants with MS or HCs (fig. S1), in line with 
previous studies examining CD4+ T cell responses to cytomegalovi-
rus (CMV) and human herpesvirus 6 (44, 45). This suggests that the 
dominant, measurable response to these antigens is TH1-mediated.

We validated this finding in our independent testing cohort using 
HH514-16 cells, an EBV-positive cell line that does not require PMA 
for lytic induction, confirming that the preferential response to lytic 
antigens is not an artifact of PMA stimulation (Fig. 1, E and F). The 
assay’s specificity was confirmed using peripheral blood mononuclear 
cells (PBMCs) from two EBV-seronegative individuals and one do-
nor’s cord blood mononuclear cells, all of which showed no response 
to either lysate (Fig. 1G). We also tested three participants with infec-
tious mononucleosis (IM) to assess responses during primary infec-
tion. These individuals exhibited a similar pattern of high-magnitude, 
preferential T cell reactivity to lytic antigens (Fig. 1H), with responses 
of nearly identical magnitude to those observed in participants with 
MS (Fig. 1, C and H). This aligns with previous studies reporting that 
the set point of response to lytic antigens is established during pri-
mary infection and maintained thereafter (21). Clinical characteris-
tics for these control individuals are detailed in fig. S2.

To define the T cell subset mediating this dominant lytic response, 
we performed selective cell depletion experiments. Our depletion 
strategy was validated using known HLA class II– and class I–
restricted EBV peptides (fig. S3 and tables S1 and S2). Depletion of 
CD4+ T cells reduced the response to lytic B95.8 lysates by a median 
[interquartile range (IQR)] of 90% (73%, 94%) (P = 0.047), whereas 
depletion of CD8+ T cells did not significantly reduce the response 
(P = 0.66) (Fig. 1I). Depletion of CD20+ B cells did not affect the re-
sponse (Fig. 1I), confirming that antigen presentation by B cells was 
not required. These findings demonstrate that CD4+ T cells are the 
predominant population recognizing the antigens in lytic lysates in 
participants with MS. To further validate our findings, we quantified 
IFN-γ+ CD4+ T cells by flow cytometry (fig. S4A), and we observed 
a strong correlation with our ELISPOT results (fig. S4B). Control ex-
periments confirmed that residual detergent from lysate preparation 
did not affect T cell responses (fig. S5).

EBNA1 induces lower CD4+ T cell responses than total EBV 
lytic antigens and primarily activates CD8+ T cells in 
individuals with MS
B95.8 lysates contain both latent and lytic antigens. Even without 
PMA induction, B95.8 cells are leaky and express some lytic antigens, 
making it difficult to determine whether the low-level responses to 
PMA− lysates (Fig. 1D) were driven by latent antigens or residual 
lytic antigen expression. To isolate the response to latent antigens, we 
tested lysates from Raji cells, which express latent antigens [EBNA1, 
EBNA2, EBNA3A, EBNA3B, and latent membrane protein 1 (LMP1)] 
but cannot complete the lytic cycle (Fig. 2A). Raji cell lysates, when 
tested at the same protein concentration matched to B95.8 lytic ly-
sates (1:320), elicited minimal T cell responses in participants with 
MS (Fig. 2, B and C), consistent with latent antigens being poor driv-
ers of CD4+ T cell responses. We did not test higher concentrations 
because control experiments demonstrated that residual PMA causes 
nonspecific T cell activation at concentrations above 1:160 (fig. S6). 

To assess EBNA1-specific responses directly, we compared responses 
to Raji lysates versus EBNA1 peptides but observed no correlation 
(Fig. 2D). EBNA1 is of particular interest because this antigen has 
been frequently implicated in MS pathogenesis because of demon-
strated molecular mimicry with CNS antigens (30–33), prompting us 
to further investigate EBNA1-specific T cell responses.

To measure CD4+ T cell responses to full-length EBNA1 protein, 
which requires processing and presentation via HLA class II, we imple-
mented an approach using human embryonic kidney 293 (HEK293) 
cells overexpressing EBNA1 (HEK-EBNA1) (Fig. 2E). Unlike Raji cells, 
which express multiple latent antigens, HEK-EBNA1 cells express only 
EBNA1 and avoid PMA artifacts, allowing us to test at a 32-fold high-
er protein concentration. HEK-EBNA1 lysates elicited significantly 
higher responses than HEK-null lysates (P = 0.021), although the mag-
nitude of the specific response was low (1 SFC per 3 × 105 PBMCs) 
(Fig. 2, F and G). The relationship between this response and the 
EBNA1 peptide response did not reach statistical significance (P = 
0.14) (Fig. 2H). In participants who responded to EBNA1 peptides 
(>5 SFCs), the median (IQR) response to EBNA1 protein lysate was 
94% (78%, 99%) lower than the peptide response, consistent with 
CD8+ T cells driving most of the response to EBNA1 peptides.

To confirm which T cell subset mediated the EBNA1 peptide re-
sponse, we performed cell depletion experiments. CD8+ T cell de-
pletion decreased this response by a median (IQR) of 86% (75%, 
92%) (P = 0.0015), whereas CD4+ T cell depletion had a small but 
significant effect (P = 0.038) (Fig. 2, I and J). This demonstrates that 
EBNA1-specific T cells in MS are predominantly CD8+ T cells rath-
er than CD4+ T cells.

CD4+ T cells responding to EBV lytic antigens primarily 
recognize proteins from viral particles, not early 
lytic antigens
Lytic antigens can be divided into early antigens (e.g., Z and EA-D), 
whose expression is independent of viral DNA replication, and late 
antigens (e.g., gp350 and VCA p18), which form viral particles and 
require DNA replication for expression (Fig. 1A). We next examined 
whether early or late antigens drive the CD4+ T cell response. To 
address this, we used tenofovir alafenamide (TAF), a nucleoside 
analog that inhibits viral DNA replication, thereby preventing the 
expression of late lytic antigens but sparing early antigens (46). We 
induced lytic reactivation in B95.8 cells using PMA/butyrate, with or 
without TAF at a 20 μM concentration selected to inhibit viral repli-
cation by 95% on the basis of dose-response curves (fig. S7). Control 
experiments confirmed that PMA (fig. S6, A and B), butyrate, and 
TAF (fig. S6C) had no off-target effects on T cell responses to defined 
EBV peptides at the concentrations used.

TAF treatment inhibited viral replication and blocked late lytic 
antigen expression but preserved early antigen expression (Fig. 3, A 
and B). We observed a significant reduction in T cell responses 
to lysates prepared from TAF-treated B95.8 cells compared with un-
treated lytic lysates (P < 0.0001) (Fig. 3C). The results were paralleled 
by total antibody responses to the lysates (Fig. 3D). These findings 
indicate that late lytic antigens, components of the viral particle, were 
the primary T cell and antibody targets in the total lytic B95.8 lysate.

To confirm that viral particles drive the CD4+ T cell response, we 
used an orthogonal approach: HEK293 cells containing the EBV 
p2089 BZLF1 knockout bacterial artificial chromosome, which release 
viral particles into the medium upon BZLF1 transfection (Fig. 3E and 
fig. S8). Control experiments confirmed that TAF does not directly 
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Fig. 2. EBNA1 induces lower CD4+ T cell responses than total EBV lytic antigens and primarily activates CD8+ T cells in individuals with MS. (A) Immunoblots of 
Raji cell lysates with and without PMA treatment. (B) Representative ELISPOT wells from three participants with MS stimulated with Raji lysates (PMA− versus PMA+). 
(C) Quantification of SFCs for Raji lysates between PMA− and PMA+ conditions (n = 30, discovery cohort). (D) Correlation of SFCs using EBNA1 peptides versus Raji lysates 
(PMA− and PMA+) (n = 30, discovery cohort). Shaded regions represent 95% confidence intervals. (E) Immunoblots confirming EBNA1 expression in HEK cell lysates. 
(F) Representative ELISPOT wells from two participants with MS comparing null versus EBNA1-expressing HEK cell lysates. (G) Quantification of SFCs with HEK cell lysates 
(n = 30, discovery cohort). (H) Correlation of SFCs using EBNA1 peptides versus HEK293 cell lysates expressing EBNA1 (blue) or control (orange) (n = 30, discovery cohort). 
Shaded regions represent 95% confidence intervals. (I) Representative ELISPOT wells showing responses to EBNA1 overlapping peptide pool with and without CD8 deple-
tion. (J) Percentage changes in SFCs after CD4 or CD8 depletion (n = 12 participants with MS). Data are presented as medians ± IQR. Data were analyzed by the paired 
Wilcoxon signed-rank test (C), linear regression [(D) and (H)], paired Student’s t test (G), or Friedman test with pairwise Wilcoxon signed-rank tests and Bonferroni adjust-
ment (J); *P < 0.05; **P < 0.01; n.s., not significant.
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impair T cell function (fig. S6C). Supernatants containing viral par-
ticles strongly stimulated T cell responses, and these responses were 
inhibited by TAF treatment (Fig. 3F) at a 0.75 μM concentration 
selected to inhibit viral replication by 95% on the basis of dose-
response curves (fig. S7A). The T cell response to the supernatant 
was significantly higher than the response to the cell lysate from the 
same producer cells (P < 0.0001) (Fig. 3G), indicating that viral par-
ticles are the primary targets. The correlation between T cell re-
sponses to B95.8 lysates and p2089 supernatants was strong (r2 = 
0.65, P < 0.0001) (Fig. 3H), suggesting that both antigen sources 
stimulate the same T cell populations.

EBV-specific T cells recognizing late lytic antigens are 
altered by DMTs
Having established that CD4+ T cells primarily recognize EBV viral 
particles and that responses are elevated in untreated MS, we next 
asked whether this elevation is specific to EBV and whether responses 

are affected by DMTs. We compared T cell responses to EBV, CMV, 
and varicella-zoster virus (VZV) lysates across HCs, untreated par-
ticipants with MS, and participants with MS receiving different DMTs 
(Fig. 4, A to C). Statistically significant differences between HCs and 
untreated participants with MS were observed only for EBV (P = 
0.011) and not for CMV (P = 1.00) or VZV (P = 1.00) (Fig. 4, A to C; 
lysate validation in fig. S9).

Certain DMTs altered EBV-specific responses. Anti-CD20 thera-
pies and DMF/diroximel fumarate showed significantly reduced re-
sponses to EBV lysates by 3.3- and 2.9-fold compared with those in 
untreated participants with MS, respectively (P < 0.0001 and P = 
0.013), bringing them to levels similar to HCs (Fig. 4A). In contrast, 
natalizumab increased responses by 3.2-fold (P = 0.005) (Fig. 4A). 
Anti-CD20 and DMF did not appreciably alter responses to CMV or 
VZV, whereas natalizumab only significantly increased responses to 
VZV (P = 0.0011) (Fig. 4, B and C), consistent with a more selective 
impact on EBV-specific immunity.

A B C D

HGFE

Actin

Fig. 3. CD4+ T cells responding to EBV lytic antigens primarily recognize proteins from viral particles, not early lytic antigens. (A) Immunoblots of B95.8 lysates 
treated with PMA/butyrate (PMA/B) with or without TAF (20 μM). (B) Fold change in EBV DNA copies in B95.8 cells across treatment conditions. (C) SFCs per 3 × 105 PBMCs 
for B95.8 lysates under different conditions (n = 30, discovery cohort). Each data point represents the mean of two technical replicates. (D) IgG antibody responses to B95.8 
lysates (n = 28 participants with MS). OD, optical density. (E) Viral production in HEK-p2089 cells expressing BZLF1 with or without TAF (0.75 μM) (n = 4 replicates per condi-
tion). (F) T cell responses to HEK-p2089 supernatants (n = 30, discovery cohort). (G) Comparison of T cell responses to supernatants versus cell lysates from BZLF1-expressing 
HEK-p2089 cells (n = 30, discovery cohort). (H) Correlation between responses to B95.8 lysates and p2089 supernatants (n = 30, discovery cohort). Shaded regions represent 
95% confidence intervals. Data are presented as medians ± IQR. Data were analyzed by the linear mixed effects model with the Bonferroni adjustment [(B) to (E)], Friedman 
test with pairwise Wilcoxon signed-rank tests and Bonferroni adjustment (F), paired Student’s t test (G), or simple linear regression (H); ****P < 0.0001; n.s., not significant.
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We also tested CD8+ T cell responses using EBV and CMV HLA 
class I peptide pools (tables S2 and S3) and the EBNA1 overlapping 
peptide pool, with results shown in fig. S10. We next examined anti-
body responses to EBNA1, VCA, and B95.8 lytic lysates. Immuno-
globulin G (IgG) responses to EBNA1 and B95.8 lytic lysates, but 
not VCA, were significantly higher in participants with MS com-
pared with HCs (P = 0.032 and P = 0.0029, respectively) (fig. S11, A 
to C), further supporting our observation that CD4+ T cell responses 
to late lytic antigens are increased in participants with MS, consistent 
with a previous study (47). Unlike CD4+ T cell responses, antibody 
levels to B95.8 lytic lysates were similar in anti-CD20–treated versus 
untreated participants with MS (fig. S11B). This finding aligns with a 
published humoral analysis of the same testing cohort in this paper, 
which reported only minimal changes in EBNA1 IgG and VCA IgG 
during anti-CD20 therapy (48), underscoring the contrast between 
the relatively static humoral response and the dynamic cellular im-
mune response during B cell depletion. In addition, B95.8 lytic anti-
bodies were more strongly associated with MS than either EBNA1 or 
VCA (P = 0.0026) (fig. S11D).

In two independent longitudinal cohorts, B cell depletion 
uniquely affects EBV-specific T cells targeting late 
lytic antigens
To investigate the dynamics of EBV-specific T cell responses after 
B cell depletion, we performed longitudinal analyses of treatment-
naïve participants with MS before and 6 months after initiating anti-
CD20 therapy in a testing cohort (n = 60). Responses to EBV B95.8 
lytic lysates after anti-CD20 treatment were reduced by 2.5-fold 

(P < 0.0001) (Fig. 5A). This effect was more modest for CMV ly-
sates (in the subset of seropositive individuals) and for Escherichia 
coli lysates, which each decreased by 1.5- and 1.6-fold, respectively 
(P = 0.026 and P = 0.00014) (Fig. 5, B to D). These results were 
validated in a second independent longitudinal cohort sampled 
∼1 year after the last anti-CD20 dose (n = 9), using VZV as an alter-
native herpesvirus control because its near-universal seroprevalence 
(>95%) allowed analysis without serological testing (Fig. 5, E to H). 
Whereas VZV and E. coli responses showed no significant reduction 
in this cohort (P = 0.79 and P = 0.82, respectively), the reduction in 
EBV-specific responses remained significant (P = 0.011) and was 
similar in magnitude to the testing cohort despite the longer interval 
since treatment.

In both cohorts, the reduction in EBV-specific responses was sig-
nificantly greater than for each of the other antigens tested. In the 
testing cohort, EBV-specific reductions exceeded those for both 
CMV (P = 0.00041) and E. coli (P = 0.00022), and in the validation 
cohort, they exceeded those for both VZV (P = 0.012) and E. coli 
(P = 0.015). The reductions in the non-EBV antigens did not differ 
significantly from each other in either cohort (P = 0.34 and P = 1.00, 
respectively) (Fig. 5, D and H). This difference was particularly evi-
dent in the validation cohort, where the reduction remained statisti-
cally significant only for EBV (P = 0.011) (Fig. 5E) despite substantial 
time for B cell repopulation, whereas VZV and E. coli responses had 
recovered (Fig. 5, F and G). These findings suggest that B cell deple-
tion therapy has a more pronounced impact on T cells that recog-
nize EBV viral particles than would be expected from a general 
reduction in B cell–dependent antigen presentation.

CBA

Fig. 4. EBV-specific T cells recognizing late lytic antigens are altered by disease-modifying therapies. (A) Comparison of T cell responses to B95.8 EBV lytic lysates 
among HCs (n = 30), untreated participants with MS (n = 30), and participants with MS on different disease-modifying therapies [anti-CD20 (n = 30), DMF (n = 10), or 
natalizumab (n = 10); all discovery cohort]. Each data point represents the mean of two technical replicates. (B) T cell responses as in (A) using CMV (AD169) lysates in 
seropositive individuals. (C) T cell responses as in (A) for VZV (Oka) lysates. Data are presented as medians ± IQR. Data were analyzed by the one-way ANOVA with Tukey’s 
post hoc test [(A) and (B)] or Kruskal-Wallis test with Dunn’s test and Holm adjustment (C); *P < 0.05; **P < 0.01; ****P < 0.0001; n.s., not significant.
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EBV shedding in saliva is similar in individuals with MS and 
HCs but is markedly reduced by B cell depletion
Given the increased EBV-specific T cell responses in participants 
with MS, we asked whether this reflected higher levels of viral shed-
ding in saliva. We collected saliva samples over 1 month and found 
no significant difference in the frequency of EBV-positive samples 
(P = 0.88) or the average viral load during shedding events (P = 0.86) 
between HCs and participants with MS not receiving anti-CD20 
therapy (Fig. 6, A and B); as expected, shedding frequency and viral 
load were correlated (Fig. 6C). This finding aligns with a previous 
study in a large cohort of adults reporting no difference in salivary 
shedding between participants with MS and controls (49).

In contrast, participants receiving anti-CD20 therapy showed a 
reduction in EBV shedding. Whereas 100% of HCs and partici-
pants with MS not on anti-CD20 had detectable EBV shedding over 
1 month, 0% of participants on anti-CD20 (n = 5, treated for 0 to 
14 months) had any detectable EBV shedding (Fig. 6A). Consistent 
with this, EBV viral load in B cells was significantly reduced in 

anti-CD20–treated participants (P < 0.0001) (Fig. 6D). The only 
participant with detectable EBV in B cells was on ofatumumab for 
6 months and did not have confirmed B cell depletion at the time of 
sampling. These findings demonstrate that B cell depletion reduces 
systemic EBV burden and eliminates detectable salivary shedding.

Given that we used TAF (a tenofovir prodrug) to block late lytic 
antigen expression in vitro, and several clinical trials are evaluating 
tenofovir-based antivirals as add-on therapies in MS, we conducted 
an exploratory analysis of individuals on long-term tenofovir for 
non-HIV indications. Although limited by sample size, EBV shed-
ding and T cell responses persisted despite >3 years of treatment 
(n = 2 and n = 5, respectively; fig. S12), in contrast with the effects 
of anti-CD20.

Recombinant antigen screening reveals coordinated 
expansion of EBV lytic responses in MS
To define the specific EBV antigens driving the CD4+ T cell re-
sponse and eliminate potential PMA artifacts, we identified PEP005 
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Fig. 5. In two independent longitudinal cohorts, B cell depletion uniquely affects EBV-specific T cells targeting late lytic antigens. (A) Comparison of EBV B95.8 
lysate–specific T cell responses before and after initiating anti-CD20 therapy (n = 60, testing cohort). Each data point represents the mean of three technical replicates. 
(B) Analysis for CMV (AD169) lysate responses in seropositive individuals (n = 34). (C) Analysis of responses to lipopolysaccharide (LPS)–free E. coli lysate (n = 60). (D) Fold 
change in SFCs after anti-CD20 treatment for EBV, CMV, and E. coli in CMV-seropositive individuals. (E) EBV B95.8 lysate–specific T cell responses before and after initiating 
anti-CD20 therapy (n = 9, validation cohort). Each data point represents the mean of three technical replicates. (F) Analysis for VZV (Oka) lysate responses (n = 9). 
(G) Analysis of responses to LPS-free E. coli lysate (n = 9). (H) Fold change in SFCs after anti-CD20 treatment for EBV, VZV, and E. coli. Data are presented as medians ± IQR. 
Data were analyzed by the paired Student’s t test [(A) to (C) and (E) to (G)], Friedman test with pairwise Wilcoxon signed-rank tests and Bonferroni adjustment (D), or linear 
mixed effects model with Bonferroni adjustment (H); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant.
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(ingenol-3-angelate) as an alternative lytic inducer. Unlike those 
treated with PMA, PEP005-treated lysates showed no nonspecific T 
cell activation (fig. S13, A and B) but comparable late lytic antigen 
(gp350) expression (fig. S13C). Dose-response experiments con-
firmed that PEP005-induced lysates could be used at a concentration 
that saturated antigen-specific T cell activation (fig. S13, D and E).

To comprehensively map the antigenic targets of this response, 
we screened PBMCs from participants with MS and HCs (n = 12 
each) against a complete library of all 28 known EBV viral particle 
proteins (table S4). To control for expected HLA-dependent effects 
on responses to individual antigens, we included similar propor-
tions of HLA-DR15–positive and HLA-DR15–negative individuals 
in each group. All proteins were produced in HEK 293 or 293T cells 
to ensure proper folding and posttranslational modifications. Al-
though His-tag purification was considered, some antigens such 
as gB cannot be purified without introducing mutations that alter 
protein conformation. We therefore used cell lysates directly, with 
null-transfected lysates as controls. Expression was confirmed by 
immunoblot for capsid (Fig. 7A), tegument (Fig. 7B), and glycopro-
tein (Fig. 7C) antigens. The sum of T cell responses to individual 
recombinant proteins correlated strongly with the response to whole 
viral lysate (r = 0.97, P < 0.0001), confirming that our panel cap-
tures most of the antigen-specific response (Fig. 7D).

The heatmap, displaying IFN-γ ELISPOT responses (SFC per 
3 × 105 PBMCs) to each recombinant antigen on a log scale, revealed 
that the pattern of immunodominance was similar between partici-
pants with MS and HCs (Fig. 7E). Examination of individual antigens 
showed that the CD4+ T cell response was dominated by three pro-
teins: the major capsid protein encoded by BcLF1 and the glycopro-
teins gB (BALF4) and gH (BXLF2) (Fig. 7F). Individuals with DR15 
showed responses to the capsid antigen encoded by BORF1, consistent 
with a previously described DR15-restricted epitope (Fig. 7E) (21). 
Responses to the immediate-early (IE) antigens Z and R (encoded by 

BZLF1 and BRLF1) using overlapping peptide pools correlated with 
total lytic lysate responses (r = 0.61, P = 0.0015; Fig. 7G); however, 
these responses could not be elicited using whole recombinant pro-
teins (fig. S14, A to C), consistent with CD8+ T cell responses to in-
tracellular antigens rather than CD4+ responses to exogenous viral 
particles. These IE responses were also elevated in MS (P = 0.0021) 
(fig. S14D). The correlation between IE and viral particle responses 
indicates a coordinated expansion of T cells targeting antigens across 
the lytic cycle in MS.

Participants with MS also recognized a broader diversity of anti-
gens than HCs (P = 0.0011) (Fig. 7H). Viral particle antigens classi-
fied as high abundance on the basis of a prior mass spectrometry 
analysis of purified virions (≥1000 area units) (50) were more likely 
to elicit responses (P < 0.0001) (Fig. 7I). At the category level, par-
ticipants with MS showed significantly higher responses to capsid 
(P = 0.029) and glycoprotein antigens (P = 0.0033), whereas tegu-
ment responses were similar to those of HCs (P = 0.10) (Fig. 7J).

DISCUSSION
Our results show that CD4+ T cells in participants with MS prefer-
entially recognize late lytic antigens that comprise viral particles 
rather than latent or early lytic antigens, a pattern that also aligns 
with our EBV-specific antibody findings. The EBV-specific CD4+ T 
cell response was twofold higher in untreated participants with MS 
compared with HCs, whereas responses to other herpesviruses re-
mained similar, suggesting a specific role for EBV in MS immuno-
pathology. Comprehensive screening against individual recombinant 
EBV proteins confirmed that this response is directed primarily to 
capsid and glycoprotein antigens. Anti-CD20 therapy reduced EBV-
specific CD4+ T cell responses and eliminated detectable viral shed-
ding, consistent with B cells serving as the source of antigens driving 
these responses.
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Fig. 6. EBV shedding in saliva is similar in individuals with MS and healthy controls but is markedly reduced by B cell depletion. (A) Numbers of EBV-positive 
samples in healthy controls (HC; n = 6), participants with MS without anti-CD20 (n = 4; three untreated and one natalizumab), and anti-CD20–treated participants with 
MS (n = 5) in eight samples collected over 1 month. (B) Average log10 EBV viral loads in saliva, measured by quantitative polymerase chain reaction (qPCR), during shed-
ding events in HCs and participants with MS without anti-CD20. (C) Correlation between numbers of EBV-positive samples and average log10 EBV viral loads at shedding. 
(D) EBV copies per 106 B cells in HCs, participants with MS without anti-CD20 (all untreated), and participants with MS on anti-CD20 (n = 12 in each group). Undetectable 
values are displayed as 100. Data are presented as medians ± IQR. Data were analyzed by the Kruskal-Wallis test with Dunn’s test and Holm adjustment [(A) and (D)], Stu-
dent’s t test (B), or linear regression (C); *P < 0.05; **P < 0.01; ****P < 0.0001; n.s., not significant.
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The predominance of CD4+ T cell responses to EBV viral parti-
cles in MS marks a shift from previous EBNA1-focused research 
(30–35). In contrast with viral particles, EBNA1 primarily activated 
CD8+ T cells in our assays, consistent with its intracellular localiza-
tion. Although molecular mimicry between EBNA1 and CNS anti-
gens has been proposed, our findings suggest that the EBNA1-specific 
CD4+ T cell population is relatively limited. These results align with 
the classical immunological distinction, in which intracellular anti-
gens (EBNA1) are presented via HLA class I to CD8+ T cells, where-
as extracellular antigens (viral particle components) are presented 
via HLA class II to CD4+ T cells. Prior studies have demonstrat-
ed similar CD4+ T cell–selective activation by viral particles from 

CMV, influenza, parainfluenza, and human herpesvirus 6 (36, 45), 
suggesting that immunodominant recognition of extracellular viri-
on components may represent a general feature of CD4+ T cell im-
munity to viral infection.

Current DMTs had divergent effects on EBV-specific immunity. 
Anti-CD20 therapies and DMF reduced EBV-specific responses by 
∼3-fold, bringing them to levels comparable to those of HCs. These 
reductions were relatively selective for EBV, with less pronounced ef-
fects on responses to CMV and VZV, suggesting a particular impact 
on EBV-specific immunity rather than generalized immunosuppres-
sion. In contrast, natalizumab increased EBV-specific responses by 
threefold, likely reflecting the accumulation of virus-specific T cells 
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Fig. 7. Recombinant antigen screening reveals coordinated expansion of EBV lytic responses in MS. (A to C) Immunoblot analysis of recombinant EBV capsid (A), 
tegument (B), and glycoprotein (C) antigens. (D) Correlation between the sums of responses to individual particle antigens and B95.8 lysate responses (n = 12 participants 
with MS and 12 HCs). (E) Heatmap showing IFN-γ ELISPOT responses (SFC per 3 × 105 PBMCs) to individual viral particle antigens in HC and participants with MS ordered 
by DR15 status. (F) Comparison of mean T cell responses to individual capsid, glycoprotein, and tegument antigens between HCs (orange, n = 12) and participants with 
MS (blue, n = 12). (G) Correlation between responses to overlapping peptides from immediate-early antigens (BZLF1 + BRLF1) and B95.8 lysate responses (n = 12 partici-
pants with MS and 12 HCs). (H) Number of antigens eliciting detectable responses above baseline in HCs versus participants with MS (n = 12 participants with MS and 
12 HCs). (I) Comparison of T cell responses to high-abundance (≥1000 area units by mass spectrometry) versus low-abundance (<1000 area units) viral particle antigens, 
classified on the basis of Johannsen et al. (50) (n = 24). (J) Comparison of total responses to tegument, capsid, and glycoprotein antigen classes between HCs and partici-
pants with MS (n = 12 participants with MS and 12 HCs). Data are presented as medians ± IQR. Data were analyzed by the Spearman correlation [(D) and (G)], Student’s 
t test (H), Mann-Whitney test (I), or linear mixed effects model with Bonferroni adjustment (J); *P < 0.05; **P < 0.01; ****P < 0.0001; n.s., not significant.
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in peripheral blood during α4-integrin blockade. This expansion may 
contribute to the increased disease activity sometimes observed after 
natalizumab withdrawal, given that pooled T cells could migrate into 
the CNS once the blockade is removed.

Anti-CD20 therapy also eliminated detectable EBV shedding in sa-
liva, suggesting that B cells serve as the primary viral reservoir. This 
contrasts with a previous study reporting that rituximab does not af-
fect oral shedding in patients with lymphoma, although concurrent 
cytotoxic chemotherapy in that setting may have confounded results 
through loss of T cell–mediated control, and CD20-expressing tumor 
cells may have acted as an antibody sink, reducing rituximab availabil-
ity for normal B cells (51). The pronounced effect of B cell–targeting 
therapies on both EBV-specific T cell responses and viral shedding 
suggests that depleting infected B cells simultaneously removes both 
the antigen source and key antigen-presenting cells. The effects seen 
with DMF align with emerging evidence that memory B cell depletion 
may represent a common mechanism through which diverse MS ther-
apies exert their beneficial effects (37, 52, 53).

Our findings on CD4+ T cell responses to extracellular EBV par-
ticles in MS demonstrate notable parallels to celiac disease immuno-
pathogenesis. In celiac disease, CD4+ T cells recognize the foreign 
antigen gluten, with ∼1 in 10,000 gluten-specific T cells detected 
using ELISPOT assays for IFN-γ (54); our assays revealed a compa-
rable frequency of EBV-specific CD4+ T cells in MS. Both diseases 
show similar reductions in antigen-specific T cells upon removing 
the driving antigen. Dietary gluten elimination reduces gluten-
specific CD4+ T cells by 75% (55), correlating with clinical and his-
tological remission; in our study, anti-CD20 therapies similarly 
decreased EBV-specific CD4+ T cells by 60 to 70%. These parallel 
responses support the concept that foreign antigen–driven CD4+ T 
cell responses represent a shared mechanism in autoimmune patho-
genesis, with important therapeutic implications. Although down-
stream effector mechanisms in celiac disease remain incompletely 
understood, this has not hindered therapeutic development target-
ing the foreign antigen or antigen presentation. Similarly, our iden-
tification of a dominant CD4+ T cell response to EBV particles in 
MS suggests that targeting the viral antigen source may be an effec-
tive therapeutic strategy, even if downstream CNS inflammatory 
mechanisms remain to be fully characterized.

The observation that the size of the EBV-specific CD4+ T cell 
compartment appears to be established during primary infection, as 
noted in a prior longitudinal study of individuals with IM (21), has 
important mechanistic implications. Participants with MS and HCs 
exhibited comparable levels of EBV shedding in saliva and similar 
viral loads in blood despite marked differences in T cell responses, 
suggesting that ongoing viral reactivation maintains rather than ex-
pands the established T cell compartment. We propose that a more 
profound primary infection expands the CD4+ T cell compartment 
specific for viral particles and establishes a broader antigenic reper-
toire, both of which persist as an immune set point throughout life. 
Subsequent reactivation events may provide survival signals sufficient 
to maintain this compartment without requiring sustained viremia. 
Although participants with MS could experience higher frequencies 
of lytic reactivation in lymphoid tissues, this would likely be reflected 
in saliva or blood as more frequent or higher-level shedding, which 
we did not observe.

Our findings have important implications for EBV-targeted ther-
apeutic strategies in MS. For vaccines, our data suggest caution with 
approaches targeting viral particle antigens, which could expand the 

pathogenic CD4+ T cell compartment. An alternative strategy would 
be to boost CD8+ T cell responses against IE or early lytic antigens, 
which are expressed within hours of reactivation before viral particle 
assembly (56). Enhanced surveillance against cells expressing these 
antigens could halt the lytic cycle before pathogenic CD4+ T cell an-
tigens are produced. For antivirals, our study establishes important 
benchmarks for clinical trial design. Dosing should aim to achieve 
suppression of EBV-specific responses comparable to that observed 
with DMTs, which may require higher doses than those used for 
other indications. Dose optimization could be initially addressed in 
healthy individuals, avoiding the confounding effects of concurrent 
DMTs. Last, our observation that the CD4+ T cell set point appears 
modifiable in the absence of viral shedding raises an intriguing pre-
ventive possibility: Treatment during or after primary infection could 
prevent subsequent MS development because this T cell compart-
ment may never repopulate to its original baseline in the absence of 
the frank viremia seen during primary infection.

An important limitation of our study is that we analyzed only pe-
ripheral immune responses rather than those in the CNS. However, 
peripheral responses are relevant given that frexalimab reduces MS 
disease activity despite limited CNS penetrance by disrupting pe-
ripheral CD40-CD40L interactions (10). On the basis of our findings, 
we propose that anti-EBV strategies may be effective even without 
CNS penetrance if they can substantially reduce or eliminate the 
source of viral particles driving peripheral T cell activation. A second 
limitation of our study is that we focused on saliva, which may not be 
the major reservoir of EBV viremia, given that the virus has been 
detected throughout the gastrointestinal tract (57–59). This broader 
distribution highlights the need for systemic tissue penetrance of 
therapeutics. In addition, although we observed more pronounced 
and sustained reductions in EBV-specific responses compared with 
other antigens, the modest sample sizes in some comparisons, par-
ticularly in the validation cohort, limit definitive conclusions about 
selectivity, and larger studies are needed to confirm these findings. 
Last, our study does not address whether EBV-specific CD4+ T cell 
responses predict clinical outcomes, an important question for future 
longitudinal studies.

Together, our findings establish EBV viral particle antigens as the 
dominant targets of CD4+ T cell responses in MS and demonstrate 
that these responses are modifiable by current therapies. By identify-
ing a readily measurable, peripherally accessible immune response 
linked to disease, this work provides a foundation for the rational de-
sign and monitoring of EBV-targeted vaccines and antivirals for MS.

MATERIALS AND METHODS
Study design
We collected samples from participants in three locations: Boston, 
MA (USA), Bergen (Norway), and Baltimore, MD (USA). Each site 
operated under separate ethical approvals. All participants at each 
site provided written informed consent before sample collection. 
Details for each cohort are provided in tables S5 and S6.

For the Boston cohort (used for biomarker discovery and develop-
ment), participants were enrolled at Mass General Brigham sites 
under three institutional review board (IRB)–approved protocols 
(2023P000922, 2023P002060, and 2023P000828). This cohort includ-
ed five groups: (i) participants with relapsing-remitting MS meeting 
2017 McDonald criteria for diagnosis recruited from outpatient clin-
ics and inpatient neurology services (n =  80, of whom 30 were 
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treatment-naïve and 50 were on DMTs), (ii) age-matched HCs select-
ed from the general population (n = 30), (iii) participants with IM 
from the inpatient medicine service (n = 3), (iv) individuals with 
documented negative EBV serologies from inpatient and outpatient 
settings (n = 2), and (v) individuals taking tenofovir disoproxil fuma-
rate/emtricitabine (TDF/FTC) recruited both from the general popu-
lation and from gastroenterology services who were HIV-negative 
and not on immunosuppressive regimens, treated for at least 3 years 
(n = 5). In the Boston cohort, participants with MS receiving anti-
CD20 therapies included those on ocrelizumab, ofatumumab, and 
ublituximab. In addition, participants on DMF included both those 
on DMF and diroximel fumarate.

For the Bergen cohort (used for biomarker testing), treatment-
naïve participants (n = 60) were previously enrolled in the Overlord-
MS trial comparing rituximab and ocrelizumab (ClinicalTrials.gov 
ID: NCT04578639). The study protocol was approved by the Re-
gional Committee for Medical and Health Research Ethics in West-
ern Norway (66,391) and the Norwegian Medicines Agency.

For the Baltimore cohort (used for biomarker validation), par-
ticipants (n = 10) were part of a pilot, open-label trial of ocrelizum-
ab discontinuation (ClinicalTrials.gov ID: NCT04261790), which 
enrolled 10 adults with active relapsing-remitting MS at the Johns 
Hopkins University School of Medicine between August 2020 and 
April 2021. One of 10 individuals had insufficient cells in the post-
treatment sample for our analyses. Participants received two stan-
dard courses of ocrelizumab, two 300-mg infusions two weeks apart, 
followed 6 months later by a single 600-mg infusion, and then dis-
continued therapy. Samples for the current analyses were collected 
at two time points: before the first infusion and 1 year after the final 
600-mg dose.

Statistical analysis
Statistical tests were performed with Prism 10 (GraphPad software) 
and R statistical software (v4.5.0; R Core Team 2025). Continuous 
variables were log transformed to improve normality. Data distribu-
tions were tested for normality by visual inspection and Shapiro-Wilk 
tests to guide the selection between parametric and nonparametric 
statistical tests. For paired data, normality of differences was tested. 
When comparing independent groups, normally distributed data 
were analyzed by unpaired t tests (for two groups) or one-way analy-
sis of variance (ANOVA) (for more than two groups). Significant 
ANOVA results were followed by Tukey’s post hoc test. For non-
normally distributed data from independent groups, the Mann-
Whitney test (for two groups) or Kruskal-Wallis test (for more than 
two groups) was used. Significant Kruskal-Wallis results were fol-
lowed by Dunn’s test with Holm adjustment. When comparing de-
pendent groups (repeated over time or across different assays or 
conditions per individual), paired t tests (for two groups) or linear 
mixed effects models (for more than two groups) were used when as-
sumptions of normality were met. For linear mixed effects models, 
this was assessed by checking residual normality. Linear mixed effects 
models included random effects for the participants to account for 
within-person correlations. Significant linear mixed effects model re-
sults were followed by Bonferroni adjustment for pairwise compari-
sons. For non-normally distributed data from dependent groups 
or when linear mixed effects model assumptions were not met, the 
Wilcoxon signed-rank test (for two groups) or Friedman test (for 
more than two groups) was used. For Wilcoxon signed-rank tests 
comparing multiple conditions, Bonferroni adjustment was applied. 

Significant Friedman results were followed by pairwise Wilcoxon 
signed-rank tests with Bonferroni adjustment. Simple linear re-
gression was used to assess linear relationships between continuous 
variables when residuals were normally distributed, reporting r2 (co-
efficient of determination) and associated P values. Spearman corre-
lation was used for non-normally distributed data or when assessing 
monotonic relationships. Univariable logistic regression was used to 
model the association between predictor variables and dichotomous 
outcomes. All comparisons were conducted using two-tailed tests; 
statistical significance was defined as P < 0.05. All significant statisti-
cal results are indicated in the figures with the following conventions: 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Summary 
statistics are reported as medians with IQR. An overall summary of 
statistical analyses is presented in table S7. All individual level data for 
n < 20 are presented in data file S1.

Supplementary Materials
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Supplementary Methods
Figs. S1 to S14
Tables S1 to S8
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Editor’s summary
Epstein-Barr virus (EBV) has been nearly definitively linked to development of multiple sclerosis (MS); however,
the exact roles of EBV itself and the immune response to it are only now being elucidated. Here, Bjornevik et al.
investigated the CD4+ T cell response to EBV in individuals with MS, finding that these cells primarily reacted against
EBV viral particle components. Moreover, these responses were reduced upon B cell depletion therapy, which has
shown therapeutic benefit in MS. Although future work will determine whether these CD4+ T cells are pathogenic
drivers of disease, these findings highlight the therapeutic potential of approaches aimed at EBV and EBV-specific
immune responses. —Courtney Malo
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