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Highlights
Clinical studies show that depletion of

B cells reducesdiseaseburden inboth

relapsing-remitting and progressive

multiple sclerosis (MS) patients.

B cell-tropic viruses may trigger

aberrant immune responses in MS

in genetically susceptible in-

dividuals owing, in part, to a failure

in viral surveillance and clearance.

The most compelling data sup-

porting an etiologic role for viral

involvement in MS have emerged

for Epstein–Barr virus (EBV).

Targeting mechanisms by which EBV

is thought to participate in MS path-

ogenesis provides an opportunity for

new drug development in MS.
New treatments for multiple sclerosis (MS) focused on B cells have created an atmosphere of

excitement in the MS community. B cells are now known to play a major role in disease, demon-

strated by the highly impactful effect of a B cell-depleting antibody on controlling MS. The idea

that a virus may play a role in the development of MS has a long history and is supported mostly

by studies demonstrating a link between B cell-tropic Epstein–Barr virus (EBV) and disease onset.

Efforts to develop antiviral strategies for treating MS are underway. Although gaps remain in

our understanding of the etiology of MS, the role, if any, of viruses in propagating pathogenic

immune responses deserves attention.

Multiple Sclerosis and EBV: Evolution of the Theory

MS is a chronic immune-mediated disease with a complex etiology involving a dysregulated immune

system with bouts of peripherally mediated inflammation, as well as ongoing central nervous system

(CNS)-compartmentalized inflammation leading to loss of neural tissue and worsening disability [1,2].

Intermittent waves of aberrant regulation and/or activation of immune cell subsets result in their traf-

ficking and perivascular infiltration across the blood–brain barrier (BBB) into the CNS where immune

cells become reactivated and impact on the underlying tissue resulting in disease relapses. The bio-

logical underpinnings of nonrelapsing progressive MS are not well understood but are thought, at

least in part, to be driven by CNS-compartmentalized inflammation involving persistence of immune

cells and their activation both around perivascular lesions and in the meninges. With respect to the

etiology of MS, both genetic susceptibility and environmental exposures are thought to be involved

[3–5]. The lifetime incidence of MS in the general population ranges from 2.0 to 9.6 per 100 000 pa-

tient-years. The concordance rate ofMS in genetically identical twins, that ranges from�30% in north-

ern populations to 15% or even 6% in countries such as Italy and France, highlights not only the contri-

bution of genetic risk but also the importance of the environment acting on a genetically predisposed

host. T cell and, more recently, B cell interactions have been shown to play a crucial role in driving new

relapses [6–10]. Highly effective disease control observed using the B cell-depleting antibody ocre-

lizumab reinforces interest in developing additional B cell-mediated treatments. Building on the suc-

cess of these studies could include the design and execution of an approach targeting the implicit

role of a B cell-tropic virus in MS.

Specific environmental exposures are relevant to both triggering MS and modulating disease course.

Virus infection is one crucial environmental factor. Of all viruses considered in MS pathogenesis, EBV,

a highly B cell-tropic virus, is the best-studied (Table 1). Defective control of EBV is associated with

infectious mononucleosis (IM) in addition to Hodgkin’s lymphoma, Burkitt’s lymphoma, gastric can-

cer, nasopharyngeal carcinoma, and conditions associated with HIV, such as hairy cell leukemia

and other lymphomas [11,12]. There is also evidence that infection with EBV and associations with

transcription factors, implicating EBV nuclear antigen 2 (EBNA2), operating across different disease

loci are linked to a higher risk of autoimmune diseases other than MS, including systemic lupus ery-

thematosus, rheumatoid arthritis, and Sjögren’s syndrome [13–16].

EBV appears to be involved across the clinical spectrum of MS, including early pediatric-onset MS,

established relapsing-remitting (RRMS), and progressive forms (PMS), as well as in patients with

both mild and severe disease course (Box 1). Viral-induced animal models of neuroinflammation,

demyelination, and neurodegeneration provide additional proof of principle that viruses play a

role in autoimmune disease (Box 2). Over the past 20 years, convergent studies from multiple
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Table 1. Viruses Implicated in MS: Virus, Disease Involvement, and Association with MS

Virus Disease involvement Association with MS

EBV, HHV-4,

lymphocryptovirus

Double-stranded (ds) DNA

virus, neurotropic

Tropism: B cells, epithelial

cells

Cell latency: memory B cells

Infectious mononucleosis,

Hodgkin and non-Hodgkin’s

lymphoma, Burkett’s

lymphoma, gastric and

nasopharyngeal cancer,

hairy cell leukemia, MS

Mononucleosis predisposes

to MS, reduced activity of

EBV-specific cytotoxic T cells

(e.g., exhausted) in MS

patients, EBV seropositive-

epidemiological studies,

virus present in MS brain,

EBV prolongs the lifespan of

B cells

HHV-6, roseolovirus

dsDNA, neurotropic

Tropism: broad;

hematopoietic and epithelial

cells

Cell latency: lymphocytes

and monocytes

Exanthema subitum (roseola

infantum) and pneumonitis,

MS

Present in MS plaques,

reactivation during relapses,

high levels found in

oligodendrocytes and areas

of demyelination, elevated

levels are found early in MS

and during relapses/

exacerbations, anti-HPV IgG

and IgM titers are reported

to predict relapses

CMV, betaherpesvirinae

dsDNA, neurotropic

Tropism: broad;

hematopoietic cells, smooth

muscle, monocytes,

epithelial and endothelial

cells, fibroblasts, connective

tissue

Cell latency: cells of the

myeloid lineage

Retinitis, hepatitis, colitis,

pneumonia, encephalitis,MS

Both detrimental and

beneficial properties

reported, large meta-

analysis MS versus controls

did not yield a conclusive link

between CMV and MS

Varicella zoster virus (VZV),

HHV-3

dsDNA, neurotropic

Tropism: mononuclear cells

Cell latency: sensory ganglia

Chickenpox, shingles, MS Virus is present during

relapses, recent studies

failed to show an increased

risk of MS associated with

varicella or zoster infections

HERV-W

Tropism: cells of the nervous

system, syncytiotrophoblast

layer of the placenta

Cell latency: multiple

MS, diabetes, autoimmune

arthritis, and schizophrenia.

In most cases the observed

expression profiles of

specific HERV-W sequences

have not led to a definitive

association with human

disease pathology

Present in infiltrating

macrophages and activated

MS lesions, MSRV Env

protein is detected in blood

of active MS patients, drives

the expression of

proinflammatory cytokines,

reduces myelin protein,

expression and kills

oligodendrocyte precursors

Glossary
Allogeneic T cells: alloreactive
T cells stimulated by donor anti-
gen-presenting cells (APCs) which
express both allogeneic MHC and
co-stimulatory activity.
Autologous T cells: autoreactive
T cells from the same individual
stimulated by self-APCs express-
ing specific antigens.
Autoreactive cells: T cells acting
against host cells or tissues; may
function to enhance B cell
responses.
BHRF1: the EBV homolog of Bcl-
2; protects human B cells from
programmed cell death.
aB-Crystallin: a member of the
heat-shock protein family; func-
tions as a molecular chaperone
that binds to misfolded proteins
to prevent protein aggregation;
inhibits apoptosis and contributes
to intracellular architecture.
Elevated expression is found in
many neurological diseases.
Ectopic B cell follicles: primary or
secondary lymphoid follicles in
lymphoid organs containing B
cells involved in antibody
responses.
Experimental autoimmune
encephalomyelitis (EAE): a T cell-
mediated animal model resulting
in brain inflammation and demy-
elination in the CNS; resembles
acute disseminated encephalo-
myelitis (ADEM) but is also used as
an animal model of MS; however,
EAE is unable to reproduce some
pathological patterns observed in
human MS.
Genomic vaccines: includes mul-
tiple DNA or RNA sequences that
eliminate the need to vaccinate
with protein by recruiting host
cells to express a selected protein
that enhances a given immune
response to that protein.
Germinal centers (GCs): sites
within secondary lymphoid or-
gans where B cells proliferate,
differentiate, and, through so-
matic hypermutation, can switch
antibody class and increase
affinity.
Gp350: a highly conserved EBV
envelope protein that enables
EBV attachment to susceptible
host cells.
Immunoablation: the destruction
of immune resistance for a medi-
cal purpose.
Latent infection: a hidden, inac-
tive, or dormant infection that
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investigators point to a link between EBV infection and the development (i.e., etiology) of MS [17–21].

MS does not develop in the absence of exposure to EBV, and EBV is a ’required’, but insufficient on its

own, contributor in early disease pathophysiology. Independent support comes from an observed

higher rate of EBV activation in MS [22,23], a role for EBV in triggering new relapses consistent
Trends in Molecular Medicine, March 2020, Vol. 26, No. 3 297



Box 1. EBV Involvement across the MS Spectrum

Evidence supporting an essential role for EBV in MS is derived from studies including pediatric and adult-onset

patients with RRMS, patients with SPMS and PMS, as well as aggressive forms of MS. It is therefore worth re-

viewing the association of EBV across the broad spectrum of MS. In a cohort of 1047 clinically isolated syn-

drome (CIS) cases only one was seronegative for EBNA-1 [89]. This study represents the largest EBV-CIS pop-

ulation evaluated to date. In a different study, including CIS, RRMS, and PMS, all had evidence of EBV serology

and confirmed diagnosis of MS. Further support comes from a recent study by Gieß et al. [90] reporting asso-

ciation of EBV infection with early-onset MS. EBV serology correlated with early diagnostic conversion from CIS

to MS. However, neither EBNA-1 nor viral capsid antigen (VCA) IgG antibodies in serum, nor EBV DNA load in

saliva, were associated with radiological or clinical disease activity. EBV infection is strongly associated with

pediatric MS [91–94]. Herpes simples virus (HSV)-1 seropositivity was associated with pediatric MS cases nega-

tive for HLA-DRB1*15:01, highlighting the complex nature of viral exposure and genetic factors. Multivariate

analysis in the same study revealed a reduction in the risk of developing MS associated with CMV infection and

no influence on MS status associated with HSV-1 infection [91]. Taken together, a role for EBV in early MS is

supported by convergent pediatric MS studies. As in adult MS, these studies are consistent with a role for

EBV as ‘required but insufficient’, likely playing one or more key contributing roles across the MS spectrum,

intersecting with genetic susceptibility and additional environmental factors.

allows a virus to lie dormant or
silent, thus escaping immune
detection, a type of persistent
viral infection.
Lytic infection: a reproductive
cycle that leads to destruction of
the infected cell and membrane;
released viruses are replicated in
newly infected cells using host
DNA replication machinery.
Meningeal structures: cranial
structures consisting of three
protective layers, the dura,
arachnoid, and pia mater, that are
continuous between the brain and
spinal cord. Follicle-like aggre-
gates in meninges contain mostly
B cells infected with EBV; inflam-
mation in the meninges is associ-
ated with grey matter (cortical)
demyelination.
Memory cells: long-lived lym-
phocytes that can respond to a
specific reintroduced antigen
long after initial, prior exposure.
Oligoclonal IgG bands: immuno-
globulins seen on electrophoresis
of cerebrospinal fluid that provide
evidence of immunoglobulin syn-
thesis within the CNS compart-
ment. A characteristic of MS.
Prophylactic vaccine: a method
for stimulating the immune
response of an individual to pre-
vent or attenuate the effects of
future infection by any natural or
’wild-type’ pathogen.
T cell exhaustion: a condition
where T cells display poor effector
function, thus preventing efficient
control of infection and tumor
growth.
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with a reduced ability of EBV-specific CD8+ T cells (e.g., T cell exhaustion, see Glossary) to limit EBV

reactivation in MS patients [24,25], and a strong correlation between the presence of anti-EBV anti-

bodies in blood and disease onset [26–29]. Evidence of CNS involvement comes from reports of

elevated anti-EBNA1 IgG serology associated with the appearance of new gadolinium (Gd)-

enhancing brain lesions [30] and the presence, in patients, of EBNA1-specific T cells recognizing

myelin [31]. In addition to EBV-infected B cells in the periphery contributing to relapsing disease,

EBV may play a crucial role in propagating CNS-compartmentalized inflammation and injury, poten-

tially contributing to progressive (nonrelapsing) aspects of MS. B cells may traffic not only into the

CNS but also out of the CNS into deep cervical lymph nodes [32,33]. These B cells include those in-

fected with EBV, which could then activate aberrant T cell responses in the periphery. One can spec-

ulate that EBV from CNS pools may contribute not only to CNS-compartmentalized inflammation but

also to further disease relapses. In support of this contention is evidence of antibodies in cerebrospi-

nal fluid (CSF) of MS patients that recognize EBV antigens [34], and evidence that EBV-infected B cells

and plasma cells accumulate in MS brain in meningeal immune-cell collections (Box 3). Although the

presence of such EBV-infected B cells in MS brain has not been observed in all studies [35], the po-

tential for such cells to participate in germinal center (GC)-like reactions in the meninges could sup-

port ongoing immune cell activation and the maintenance of a pool of pathogenic EBV-infected cells

in the CNS.
Mechanistic Hypotheses

The prevalence of EBV worldwide reflects the overall tolerance and efficient immune control of this

virus in the human population [36]. EBV commonly establishes a lifelong latent infection in human

B cells with little or no adverse effects. EBV, also known as human herpesvirus 4 (HHV-4) and a mem-

ber of a family comprising eight known human herpesviruses, is one of themost commonDNA viruses

found in humans and infects �95% of the world adult population.

Various intrinsic properties of EBV enable it to evade the immune system by establishing latent infec-

tion in Bmemory cells [37]. EBV achieves this by utilizing a series of distinct latency transcription pro-

grams that exploit normal B cell differentiation pathways, and drives these infected B cells to transi-

tion from activated B cell blasts to latently (latency I and II) infected resting memory B cells [38].

Several hypotheses have been proposed to explain how EBV infection may play a role in MS patho-

physiology (Table 2). EBV may be involved in both peripheral immune responses that contribute to

relapses, as well as within the CNS as part of CNS-compartmentalized inflammation, that is likely

to be crucial in progressive aspects of the disease. In the periphery, EBV may contribute to aberrant
298 Trends in Molecular Medicine, March 2020, Vol. 26, No. 3



Box 2. Virus-Induced Animal Models of Inflammation, Demyelination, and Degeneration

Animal models can be used to explore virus-specific mechanisms contributing to autoimmune and demyelin-

ating diseases including MS [95–97]. EBV itself does not infect mice, which has contributed to the challenge of

studying the role of EBV in models of CNS inflammation including experimental autoimmune encephalomy-

elitis (EAE). Nevertheless, the EBV-like virus, murine gammaherpesvirus-68 (gHV-68), exacerbates EAE [98–

100] and leads to a type I IFN-dependent increase in heparan sulfate and responsiveness to proliferation-

inducing ligands, and inhibition of viral reactivation [101]. The Theiler’s murine encephalomyelitis virus

(TMEV) model [95] correlates infection with late-stage demyelination and entry of TMEV into the CNS

[102,103]. In contrast to MS, B cell depletion in the TMEV model caused worsening of disease, hinting that pro-

longed B cell depletion might worsen viral infection and progression of disability [102]. The mouse hepatitis

(corona) virus (MHV) model causes a chronic inflammatory demyelinating disease resembling MS [104]. In

marmoset EAE, infection with endogenous viruses such as EBV or CMV alters immune responses and recruits

intensely pathogenic T cells from the anti-effector memory cell population [97]. EBV-infected B cells mediate

disease progression throughMHC class Ib (Caja-E)-restricted cytotoxic T cells activated by gammaherpesvirus,

causing demyelination of cortical grey matter [105]. Anti-CD20 antibody causes depletion of EBV-like CalHV3

from lymphoid organs, supporting a key role for CD20+ B cells in MS. Themarmoset EAEmodel of MS suggests

that EBV infection leads to increased citrullination of peptides in conjunction with autophagy during antigen

presentation, allowing B cells to cross-present autoantigens to CD8+CD56+ T cells and leading to disease pro-

gression [97,106]. EBV also upregulated the antigen-presenting machinery of infected B cells and facilitated

cross-presentation of immunogenic MOG peptides to CD8+ T cells [107]. In a variety of animal models,

EBV-like viruses and EBV itself lead to the development of autoimmune, neurodegenerative, and MS-like dis-

ease pathologies.

Trends in Molecular Medicine
activation and trafficking of CNS-reactive immune cells, resulting in disease relapses. The molecular

mimicry theory [22,31] describes how T cells primed by exposure to EBV antigens crossreact to recog-

nize and attack CNS antigens. Another theory suggests how aB-crystallinmay be recognized mistak-

enly as a self-protein [39]. This hypothesis describes how EBV infection of peripheral B cells may

induce expression of aB-crystallin in lymphoid cells, which then triggers a CD4+ T cell response to

aB-crystallin that is also expressed in oligodendrocytes. Another theory describes the potential for

EBV to preferentially drive proinflammatory B cell cytokine responses [e.g., tumor necrosis factor

(TNF), lymphotoxin (LT), IL-6, and granulocyte-macrophage colony-stimulating factor (GM-CSF)

expression] [40,41] and interfere with the downregulatory function of IL-10. Another theory based

on the ability of EBV to induce expression of EBV-induced G protein-coupled receptor 2 (EBI2/

GPR183) [42–45] supports, in part, migration of autoreactive T cells and EBV-infected B cells into

the CNS.

Within the CNS, EBVmay contribute to propagating target organ inflammation and injury. This is sup-

ported by the idea that EBV could elicit ‘bystander damage’ [46–48] by inducing an antiviral immune

response against infected cells in the CNS. Another hypothesis focuses on how HHV-6A and EBVmay

play a cooperative pathogenic role [27,49]. According to this theory, EBV infection of astrocytes may

activate human endogenous retrovirus-W (HERV-W)/MS-associated retrovirus (MSRV)/syncytin-1. An

additional hypothesis (autoreactive B cell) provides some ‘unifying’ principles [18,50], and describes

how EBV infection is essential for developing MS and emerges, in part, through reduced control of

EBV reinfection by exhaustion of EBV-specific cytotoxic CD8+ T cells. Deficient CD8+ killing of EBV

(T cell exhaustion) results in the accumulation of EBV-infected autoreactive B cells in the MS brain

that drive inflammation through interaction with autoreactive T cells.

According to the autoreactive B cell hypothesis, defective elimination of EBV-infected B cells by cyto-

toxic CD8+ T cells results in the accumulation of EBV-infected autoreactive B cells in lymphoid struc-

tures and target organs implicated in MS (Figure 1) [13,25,50]. EBV infection and reactivation are nor-

mally controlled by functional EBV-specific cytotoxic CD8+ T cells. The autoreactive B cell hypothesis

proposes that, in susceptible hosts, EBV infection confers abnormal survival and proliferation advan-

tages to EBV-infected autoreactive B cells. Latently infected cells accumulate in lymphoid tissues in

the MS brain, resulting in prolonged exposure to local antigens (such as myelin). Reports of EBV-in-

fected autoreactive plasma cells in the synovium of rheumatoid arthritis patients and in salivary
Trends in Molecular Medicine, March 2020, Vol. 26, No. 3 299



Box 3. EBV in MS Brain

Several studies report detection of EBV-infected B cells and plasma cells in the brain of MS patients [30,35,46–

48,108–111]. In earlier studies, meningeal B cells within specific structures, referred to as tertiary lymphoid fol-

licles with a GC-like architecture, were described as major sites of EBV persistence in MS brain [46,47]. More

recently, the presence of EBV in both MS and healthy brains has been reported [108–110]. Veroni [109] iden-

tified widespread EBV infection in meninges of MS patients, and EBV-related gene expression profiles (asso-

ciated with latent EBV infection) in both meningeal and white matter tissue. Of further interest was the reported

detection of gene expression in EBV-infected cells associated with IFN-g signaling, type I immunity effector

functions, B cell differentiation, proliferation, lipid-antigen presentation, and T cell and myeloid cell recruit-

ment. In another study, brain EBV was detected by PCR or EBV encoding region (EBER) in situ hybridization

(ISH) in 90% of all MS cases compared with only 24% of non-MS samples [108]. EBNA1 was detected by immu-

nohistochemistry (IHC) in MS brain sections as was, to a lesser extent, the intermediate-early EBV transactivator

gene, BZLF-1. Of note, this study also reported the detection of EBV in astrocytes and microglia. Viruses other

than EBV (e.g., HSV-1, CMV, HHV-6) were not detected by PCR. A further study analyzed the expression of EBV

latent proteins as well as proteins associated with lytic infection in archived brain samples [110]. EBV-encoded

protein and mRNA were detected by IHC and in situ hybridization in both MS and control brains. The EBV early

lytic protein, BZLF1, was observed in 46.1% of MS and 44.4% of non-MS samples. Latent virus was described to

be more prevalent in MS brains, while lytic virus was only found in chronic MS plaques, consistent with a role for

EBV in disease pathogenesis. In recent studies, EBV was identified across all stages of MS, distributed

throughout the brain, in various cells types, and was shown to be present in white matter and withinmeningeal

structures. Despite these studies, the presence of EBV in MS brain remains an active area of debate. As noted

by Lassmann et al. [35], contrasting results from various groups may be due in part to differences in the

methods employed across studies, including tissue preparation, antibodies used for detection, and the ability

to preserve and detect meningeal structures containing ectopic B cell follicles [35,112,113].

Trends in Molecular Medicine
glands of patients with Sjögren’s syndrome provide general support for this hypothesis across other

autoimmune diseases.

EBV can impact on MS-relevant immune responses of both memory B cells and memory T cells, whose

interactions are now considered to play a key role in disease pathophysiology [51–53]. In theory, CNS-au-

toreactive T cells may be activated in lymphoid tissue, potentially through interaction with EBV-infected B

cells, and migrate into the CNS where they receive both co-stimulatory and survival signals from EBV-in-

fected B cells. Enhanced B cell-mediated antigen presentation to autoreactive T cells and inhibition of

their apoptosis may contribute to persistence of local inflammation, including recruitment of other inflam-

matory cells, which together result in both antigen-directed injury aswell as bystander injury toCNS tissue.

Recent studies suggest that, in MS, memory B cells can drive autoproliferation of type 1 T helper (Th1) cell

brain-homing CD4+ T cells that recognize autoantigens in both B cells and in MS lesions [51]. These cells

reportedly migrate to the brain and induce inflammation through interaction with HLA-DR and the RAS

guanyl-releasing protein 2 (RASGPR2) [54]. Jelcic and colleagues [51] report that natalizumab, known to

be an effective treatment for MS [55], can block this migration. Interestingly, RASGRP1 impairs T cell

expansion, leading to susceptibility to EBV infection, and this provides a potential link between anti-

EBV immunity and expansion of activated T cells [54].

A common underlying theme that emerges from these theories is that EBV-infected memory B cells

contribute to the recognition of self-antigens inMS brain, leading to propagation of aberrant immune

responses both in the periphery and the CNS.
Immune Evasion by EBV Plays a Key Role in Viral Persistence and Prolongation
of B Cell Lifespan

As a result of evolutionary, symbiotic relationships, viruses and host cells have developed the capacity

to coexist [51,56]. This coevolution has led to the development of mechanisms that allow viruses to

escape immune surveillance, resulting in prolonged virus survival, with the potential for reactivation

and infection [18,57].
300 Trends in Molecular Medicine, March 2020, Vol. 26, No. 3



Table 2. EBV Hypotheses: Mechanisms, Evidence For, and Evidence Against

Hypothesis Mechanism Evidence Evidence against Refs

EBV-infected autoreactive B

cells (Pender hypothesis)

EBV exposure is essential for

MS onset in genetically

susceptible individuals. EBV-

infected autoreactive B cells

accumulate in the CNS where

they produce pathogenic

antibodies and provide co-

stimulatory survival signals to

autoreactive T cells that

would otherwise die in the

CNS by apoptosis. Loss of

EBV control due to a defective

EBV-specific CD8+ T cell

response. Sunlight/vitamin D

may protect against MS by

increasing EBV-specific

cytotoxic T cells.

EBV-infected B cells and

plasma cells are present in MS

brain. Presence of EBV-

infected autoreactive plasma

cells in the synovium in

rheumatoid arthritis and in the

salivary glands in Sjögren’s

syndrome. Defective T cell

control of EBV infection inMS.

Beneficial effect of B cell

depletion in MS. Beneficial

effect of EBV-specific T cell

therapy in MS. Higher

frequency of EBV

seropositivity in MS patients

compared with controls. No

MS in the absence of EBV

serology. Blood samples

collected from US military

personnel before the onset of

MS showed that high titers of

serum IgG antibodies to

EBNA1 increase the risk of

developing MS. History of IM

predisposes to MS.

CMV, VZV, HHV6, and HERV

are also implicated in MS.

Evidence for the presence of

EBV in MS brain has been

challenged. No virus has been

unequivocally associated with

lesion formation in MS.

[8,24,25,50,114,86,87]

EBV bystander damage Inflammation in the CNS in

MS primarily directed against

EBV results in bystander

damage.

Bystander T cells contribute

to EAE pathogenesis. Virus

infections can lead to

significant activation of APCs

such as dendritic cells which

could activate autoreactive

T cells, thus initiating

autoimmune disease.

The mechanism of bystander

killing of uninfected

neighboring cells in MS brain

remains unclear and requires

further study.

[47]

aB-Crystallin

’mistaken self’

Exposure to infectious agents

induces the expression of aB-

crystallin, a small heat-shock

protein, in lymphoid cells. The

immune system mistakes self

aB-crystallin for a microbial

antigen and generates a

CD4+ T cell response,

attacking aB-crystallin in

oligodendrocytes, causing

inflammatory demyelination.

aB-Crystallin is reported to be

an immunodominant antigen

in the CNS. aB-Crystallin is

the dominant myelin-

associated activator of human

T cells and accumulates in

oligodendrocytes.

EBV induces the expression of

aB-crystallin in B cells, which

present the protein to CD4+

T cells in an HLA-DR-

restricted manner.

A connection between initial

development and persistent

CNS inflammation related to

aB-crystallin reactivity is not

clearly accounted for by this

hypothesis.

[39]

Molecular mimicry,

EBV crossreactivity

T cells primed by exposure to

EBV antigens crossreact with

and attack CNS antigens.

3–4% of EBNA1-specific

CD4+ T cells in healthy

subjects and MS patients

Detailed mechanisms of

molecular mimicry are limited

by prolonged periods of

[115–117]

(Continued on next page)
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Table 2. Continued

Hypothesis Mechanism Evidence Evidence against Refs

react with peptides derived

from myelin proteins. IgGs

recognizing peptides from

EBV and MBP 85–98 are

elevated in MS patients.

disease latency, lack of

statistical power in

epidemiological studies, the

potential role of genetics, and

limited understanding of

T cell repertoire and B cell

responses.

HHV6A/EBV; potential

astrocyte involvement

EBV infection of astrocytes

activates HERV-W/MSRV/

syncytin-1.

HHV-6A actives latent EBV in

B cells in MS lesions. HHV-6A

is a neurotropic virus that

infects astrocytes.

HHV-6A and EBV may both

be fundamental to the

pathogenetic processes in

MS. Infection with neurotropic

HHV-6A leads to

transformation of latent EBV-

infected B cells in the CNS.

Induces human endogenous

retrovirus HERV-K18-

encoded superantigen. MS

subjects that fail to suppress

HHV-6 during IFN-b

treatment show a poor clinical

response.

The prevalence of viral

coinfection and their

combined effects in MS are

unknown.

[27,49]

EBI2; EBV-induced G protein-

coupled receptor 2 (GPR183)

EBI2 is a mediator of CNS

autoimmunity and

contributes to the migration

of lymphocytes.

Not a B cell versus T cell

hypothesis.

Highly expressed in MS

lesions. Promotes early CNS

migration of encephalitogenic

CD4 T cells and B cell

migration within secondary

lymphoid organs. EBI2

receptor regulates myelin

development and inhibits

lysophosphatidylcholine (LPC,

lysolecithin)-induced

demyelination. EBI2 mediates

the oxysterol–EBI2 pathway

that is involved in immune

regulation, and differential

expression of this receptor

mediates B and T-dependent

antibody responses.

Knowledge of the role of EBI2

in EBV infection is

incomplete.

Studies are limited to animal

models.

[42–45]

EBV-induced B cell cytokine

response

EBV infection of B cells

induces the expression of

proinflammatory cytokines.

Success of B cell therapies

may lie in restoring and

maintaining a favorable

balance between pro- and

anti-inflammatory B cell

activities in patients.

Proinflammatory cytokines

play a key role in MS

pathology. EBV infection may

interfere with the

downregulatory function of

innate IL-10, potentially

through the production of vIL-

10. Cytokine-secreting B cells

in the peripherymay influence

new disease activity and play

a role disease activity in the

CNS.

Functional heterogeneity in

the B cell pool is poorly

understood, as are the

activities of B cells in the CNS.

[40,41,118]
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Figure 1. The Autoreactive B Cell Hypothesis

(A) Tonsil to germinal center (GC): naı̈ve B cells (white) are infected by Epstein–Barr Virus (EBV, orange) and

proliferate in GCs. B cell receptor (BCR) and EBV proteins are expressed on latently infected autoreactive

memory B cells. (B) Circulation: EBV-infected memory B cells exit the tonsil into the circulation (orange). EBV-

specific cytotoxic CD8+ T cells normally control the number of EBV-infected B cells but, in the case of multiple

sclerosis (MS), there is a defect in this mechanism. (C) EBV-infected B cells enter the MS brain residing for long

periods of time where they produce oligoclonal IgG bands and pathogenic autoantibodies which attack and

damage neurons. EBV-infected B cells provide co-stimulatory survival signals (B7) to CD28 receptors expressed

on autoreactive T cells (green) that normally undergo apoptosis. Autoreactive T cells entering the brain are

reactivated by EBV-infected B cells presenting CNS antigens (Cp) bound to MHC molecules. Autoreactive

T cells produce cytokines [e.g., IL2, interferon (IFN)-g, tumor necrosis factor (TNF)-b] and recruit other

inflammatory cells (effector and cytotoxic T cells) that damage oligodendrocytes (yellow), myelin, and neurons.

Adapted, with permission, from [18]. Abbreviations: B7, co-stimulatory molecule; CD28, T cell surface receptor;

CNS, central nervous system; Cp–MHC, CNS peptides bound to MHC molecules; TCR, T cell receptor.

Trends in Molecular Medicine
When GCs form, EBV-infected cells enter and reside undetected in GCs as memory B cells. EBV-induced

proteinsEBNA2, latentmemberprotein 1 (LMP1), and LMP2Aplay a key role in thisprocess [57].Of interest

is thatpersistenceofEBV-infectedmemoryBcells hasa relativelyminoreffectonGCprocesses, resulting in

low levels of self-reactivity and poly-reactivity. This provides EBV with a distinct advantage by allowing an

increase in the number of memory B cells, thus providing an ever-present population of infectable cells.
Trends in Molecular Medicine, March 2020, Vol. 26, No. 3 303
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Another important protein to consider is the viral IL-10 homolog (BCRF1/vIL-10) which is present in

the serum and plasma of IM patients [12]. IL-10 is normally expressed not only by myeloid cells but

also by T cells and B cells. IL-10 can limit autoimmunity by inhibiting T cell growth, T cell expression

of interferon (IFN)-g, and cytokine production by lipopolysaccharide (LPS)-stimulated monocytes

[58,59]. IL-10 is also known to inhibit apoptotic cell death in IM. vIL-10 and native IL-10 have significant

differences in activity. vIL-10 supports the persistence and immune evasion of EBV in human cells, im-

pairs natural killer (NK) cell-mediated killing of infected B cells, interferes with CD4+ T cell activity, and

modulates cytokine responses [60]. vIL-10 can also reduce antigen presentation and recognition of

newly infected cells by EBV-specific CD8+ T cells, and appears to diminish the immunogenicity of

EBV during the initial, pre-latent phase of infection, thereby strengthening the establishment of latent

EBV infection. Immune evasion provides EBV with an unusually long lifespan in human cells. This is of

major survival benefit to EBV but can be catastrophic to humans by leading to development of cancer,

autoimmune disease, and other serious illnesses.

Therapeutic Implications of the EBV Theory for Disease Control

Effective control of EBV infection has been proposed as a means to prevent or cure autoimmune dis-

eases. In MS, controlling EBV infection could be accomplished by B cell depletion, antiviral drugs,

boosting immunity, or improving immune surveillance.

Antiviral Compounds

Several antiviral compounds have been evaluated as treatments for MS, including but not limited to

famciclovir, stavudine, zidovudine, abacavir, and raltegravir. The use of antiviral compounds was

encouraged, in part, by their effectiveness in treating AIDS/HIV, the association of HERVs with MS

[61], and anti-EBV effects including inhibition of EBV DNA replication. Famciclovir and acyclovir are

effective in treating herpes zoster, shingles, chickenpox, and genital herpes, but have not been eval-

uated as a treatment for MS or failed in a placebo-controlled study in RRMS [62]. Antiherpesviral

nucleoside analogs (acyclovir, penciclovir, and ganciclovir) have also received attention. Unfortu-

nately, studies in MS have been discouraging or failed to show any effect on disease activity [63,64].

The reason for a lack of efficacy may be due to the low impact of a given virus on disease or to chal-

lenges in study design, including the mechanism of action (MOA) of a specific agent, inactivation by a

viral kinase, limited duration of studies, single agent versus a combination of antiviral drugs (e.g.,

effective in HIV), and small sample sizes. Continued reports highlighting evidence that HHVs and

HERVs are involved in MS, and case reports of remission, warrant further study particularly because

larger studies will be necessary because existing studies were not designed to show clinical efficacy.

The reader should be reminded that a potent antiviral protein, human IFN-b, remains one of the top

five treatment options for MS [65–67]. The MOA of IFN-b in MS is not clear but is thought to involve

anti-inflammatory mechanisms. Nevertheless, IFN-b is known to inhibit the infectivity of EBV, cyto-

megalovirus (CMV), and other viruses, influence proliferative T cell responses to EBNA1 [68], and

decrease the memory B cell compartment that is considered to be a pathogenic cell subset and

key trigger in MS [69]. It is tempting to suggest that the MOA of IFN-b and other disease-modifying

therapies (DMTs) [70] includes overlapping antiviral and anti-inflammatory mechanisms that support

future simultaneous testing of MS drugs with divergent MOAs.

Vaccination

History is full of examples of the eradication of human disease by vaccination [71] or other means of

controlling viral propagation [72]. Presently, there is no available vaccine to protect against EBV infec-

tion. One possible approach to developing such a vaccine would be to target gp350 or other viral

proteins [73]. A small trial evaluating a vaccine against EBV showed limited results in MS [74]. Recent

advances in vaccination with a focus on genomic vaccines, that are able to deliver multiple protein-

coding sequences, could help to advance vaccination studies in MS [75]. Lessons can be learned from

monitoring clinical studies that are underway using genomic vaccines to test their safety and immu-

nogenicity for Ebola virus, hepatitis C virus, and breast, brain, and other cancers.
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The prospect of developing a prophylactic vaccine to block or prevent acute EBV infection as a strat-

egy to prevent the development of MS is nevertheless appealing, although it is also fraught with ma-

jor challenges. A challenge in designing an EBV vaccine is that providing sterile immunity against any

herpesvirus is almost an improbable endpoint. Ideally a vaccine which can prevent acute IM may be

sufficient to reduce the risk of developingMS [71,76,77]. Recent studies on other herpesvirus vaccines

have provided promising results supporting the concept that designing a vaccine which can prevent

disease rather than infection may be possible [78]. Challenges exist in development of an EBV vac-

cine, but efforts have begun and may yield surprising results [79].
Anti-EBV Antibodies and Targeting Viral Pathways

Antibodies recognizing EBV proteins expressed during latency, including EBNA1, LMP1, LMP2a,

would increase immunity against EBV. To date no studies focused on the control of EBV infection us-

ing antibodies directed against EBV-specific proteins have been reported.

Other viral targets could be obtained from a series of genome-wide association studies (GWAS)

which have identified �250 variants that contribute to MS disease susceptibility [3–5]. In addition,

the growing wealth of human genetic data grouped as viral interactomes or transcriptomes of B cells

and EBV-infected B cells may be useful when selecting new targets, especially because EBV genetic

variants are associated with MS [80,81]. Targeting B cell pathways (e.g., BAFF, BHRF1) or employing

siRNAs targeting EBV genes (e.g., LMP1, LMP2a and EBNA1) to downregulate expression and induce

apoptosis in EBV-infected cells might also be effective in reducing EBV reactivation.
Cell-Based Immunotherapies

Cell-based immunotherapies, especially those targeting EBV-infected transformed cells, have shown

efficacy [82–84]. A similar benefit may result from treating autoimmune disease(s) such asMSwith cell-

based immunotherapies aimed at reducing EBV reactivation, especially immunotherapies targeting

cell types known to be implicated in disease pathology. It is encouraging to note that such studies are

now underway. Cell-based therapies include depletion of the immune system via immunoablation,

followed by mesenchymal and related stem cell transplantation, autologous hematopoietic stem

cell transplantation, transplantation of oligodendrocyte progenitor cells, and introduction of endog-

enous stem cells followed by enhancement of their reparative capabilities [85]. Although these are

potentially breakthrough treatment approaches, there are methodological and ethical challenges

in designing such studies, and our understanding of potential benefits and safety concerns is limited,

thereby relegating these approaches to aggressive or hard-to-treat MS for which treatments are

desperately needed but few are available.

The recent application of an autologous or allogeneic T cell therapy targeting EBV-infected B cells us-

ing an EBV-specific cytotoxic CD8+ T cell therapy [18,86] provides an alternative cell-based approach.

An example has been demonstrated in a patient with secondary progressive MS (SPMS), where infu-

sion of EBV-specific CD8+ cytotoxic T cells had no adverse effects and the individual showed clinical

improvement with reduced disease activity on magnetic resonance imaging (MRI) and decreased

intrathecal immunoglobulin production, highlighting the likelihood of treatment effects occurring

in the CNS [87]. This was accompanied by an increase in the percent of circulating LMP and B-lympho-

blastic cell line (LCL)-reactive effector CD8+ memory cell populations. Success observed in this study

led to a Phase I clinical trial of autologous EBV-specific T cell therapy in progressive MS [86]. The au-

thors noted no serious adverse effects, including no disease exacerbation. They also reported that

seven of the 10 treated patients showed clinical improvement. A Phase I study to evaluate the safety

of an allogeneic EBV-specific cytotoxic T cell therapy in subjects with RRMS and progressive MS is un-

derway (NCT03283826i). The advantages of a cell-based approach targeting EBV-infected cells

include limited off-target effects and the potential to target infected B cells in the periphery and

CNS, perhaps providing benefit in both relapsing and nonrelapsing (progressive) MS.

Another registered study is underway to assess the safety and feasibility of adoptive cell therapy with

autologous EBV-specific cytotoxic T lymphocytes (CTLs) in patients with a first clinical episode highly
Trends in Molecular Medicine, March 2020, Vol. 26, No. 3 305



Clinician’s Corner

Several effective treatments for

MS are available. A recently intro-

duced therapy aimed at depleting

B cells (ocrelizumab) provides

excellent control of disease and

represents an important advance

in the treatment of MS.

B cell depletion efficiently sup-

Trends in Molecular Medicine
suggestive of MS (NCT02912897ii). The purpose of this study is to develop an immune intervention

capable of restoring the host–EBV balance. The study will assess the feasibility and safety of autolo-

gous transfer of several concentrations of CD8+ T cells directed against autologous EBV-transformed

B cell lines to restore efficient control of EBV reactivation in MS patients.

Cell-based therapies represent an innovative and exciting tactic for controlling MS. The outcome of

ongoing studies is much anticipated andmay open the door to a vastly different treatment approach.

It should be kept in mind that any cell-based treatment for MS will need to have an excellent safety

profile, duration of effect, and a distinct advantage over currently available treatments of which there

are many.

presses acute inflammatory dis-

ease activity in RRMS and, unlike

many other established treat-

ments, may also slow down the

progression of disability in pro-

gressive MS.

Additional approaches are being

evaluated that focus on depleting

a pathogenic subset of B cells,

either by blockade of B cell prolif-

eration or viral reactivation path-

ways (e.g., B cell-activating factor

antagonists, siRNAs) or by target-

ing B cell-tropic viruses using cell-

based methods.

Slowing and ultimately halting

progressive injury associated

with MS remains a major chal-

lenge and concern for both pa-

tients and the treating neurolo-

gist. Available treatments

improve quality of life measures

in part by reducing the frequency

of clinical exacerbations and

limiting the development of focal

inflammatory lesions, but have

relatively little effect on delaying

disability.
Concluding Remarks

Most approved disease-modulating therapies in MS are now understood to have a direct and/or in-

direct impact on both memory B cells and memory T cells, whose interactions are thought to play key

roles in disease pathophysiology [2,10,52]. Most recently, the importance of B cell involvement in MS

is strongly supported by clinical studies (NCT00676715iii; NCT01412333iv; NCT01194570v;

NCT02545868vi) using a B cell-depleting antibody, ocrelizumab, which substantially reduces annual-

ized relapse rate and dramatically limits the appearance of new Gd-enhanced or new T2 lesions, as

well as delaying progression of disability [6,88]. Ocrelizumab represents a breakthrough treatment

for MS, and its impact on limiting disease activity and CNS injury while selectively targeting B cells

would be consistent with pathophysiologic role(s) for EBV-infected B cells in MS. It is unclear whether

ocrelizumab modulates the regulation, activation, or trafficking of memory B cells, or broadly de-

pletes them, but it is interesting to speculate to what extent the observed benefits reflect an impact

of these therapies on EBV-mediated disease mechanisms. Cell-based therapies selectively targeting

subsets of B cells, such as those infected with EBV, could provide an innovative approach for

achieving this, with potential implications for treating both relapsing and progressive forms of MS,

and perhaps even preventing the development of MS.

None of the environmental factors or genetic susceptibility variants identified are sufficient, in isola-

tion, to cause disease. Instead, disease onset appears to involve a combination of factors constituting

’a perfect storm’, resulting in dysregulated autoimmunity and inflammation in the CNS. Harmful

inflammation occurring both in the periphery and in the CNS are central to MS pathophysiology

and contribute to relapsing disease and nonrelapsing progressive disease. With respect to under-

standing B cell involvement in MS, efforts until the 1980s focused on the nature of the aberrant intra-

thecal antibody response, with analysis of oligoclonal bands and the net synthesis of immunoglobulin

within the CNS. In the 1980s, largely driven by the increasing use of experimental autoimmune

encephalomyelitis (EAE) as an animal model of MS, there was a more T cell-centric view of MS path-

ophysiology. Currently MS disease pathology is thought to invoke key interactions between T and B

cells, particularly between their memory subsets, all supported by convergence of clinical trial results

and laboratory-based studies [6–10,18,25,52,86]. The high tropism that EBV has for B cells, and its

mechanisms of immune avoidance, serve to promote long-term survival and persistence (of both

the virus and memory B cells), which fundamentally alter B cell biology, resulting in persistence

and accumulation of disease-relevant EBV-infected autoreactive B cells.

EBV may contribute both to episodic peripherally mediated inflammation that underlies disease re-

lapses and associated perivascular CNS injury, as well as to persistent CNS-compartmentalized

inflammation such as in the meninges, thus contributing to more diffuse, nonrelapsing progressive

injury. Ultimately, proof will come from interventional studies that selectively eliminate and/or modu-

late EBV-infectedmemory B cells. It is far from clear whether antiviral therapies targeting EBV or other

viruses will provide benefit in MS (Clinician’s Corner). Nevertheless, the involvement of viruses in

autoimmune disease remains understudied despite a long history of reports implicating viruses in

processes leading to inflammation. Continued research is warranted not only on the role of EBV in

MS but also on viruses in general and their impact on autoimmune disease (see Outstanding

Questions).
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Outstanding Questions

How should clinical studies be de-

signed to best capture a reliable

measurement of progression of

disability in studies on the potential

benefits of B cell-directed thera-

pies and those aimed at controlling

EBV immunity?

More research should be focused

on understanding the role, if any,

of meningeal immune-cell aggre-

gates in the MS brain, including

the possible role of EBV-infected

B cells in forming these aggregates

and their relationship to disease

pathology.

What is the mechanistic contribu-

tion of EBV to the development of

MS, and what is its impact on estab-

lished disease? For instance, ‘no

EBV seropositivity, no MS’ is well

established, therefore previous

infection with EBV is necessary but

insufficient on its own for the devel-

opment of MS. In this regard, what

is the best way to design clinical

studies to prove that targeting

EBV or viral exposure in general

would be an effective MS treatment

or cure?
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In our above review there is an error at the bottom of Figure 1 on the left: the text insert
“Co-stimulatory survival signals (CD28-B7) inhibit T cell apoptosis allowing interaction with antigen-
presenting cells (astrocytes/microglia)” should be replaced with “Co-stimulatory survival signals (B7)
produced by EBV-infected B cells inhibit T cell apoptosis, allowing survival of autoreactive T cells”.
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The text insert “Co-stimulatory survival signals (CD28-B7) inhibit T cell apoptosis allowing interac-
tion with antigen-presenting cells (astrocytes/microglia)” should be replaced with “Co-stimulatory
survival signals (B7) produced by EBV-infected B cells inhibit T cell apoptosis, allowing survival of
autoreactive T cells”
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