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INTRODUCTION

Abstract

The link between Epstein-Barr virus (EBV) and multiple sclerosis (MS)
has puzzled researchers since it was first discovered over 40 years
ago. Until that point, EBV was primarily viewed as a cancer-causing
agent, but the culmination of evidence now shows that EBV has a
pivotal role in development of MS. Early MS disease is characterised
by episodic neuroinflammation and focal lesions in the central
nervous system (CNS) that over time develop into progressive
neurodegeneration and disability. Risk of MS is vanishingly low in
EBV seronegative individuals, history of infectious mononucleosis
(acute symptomatic primary infection with EBV) significantly
increases risk and elevated antibody titres directed against EBV
antigens are well-characterised in patients. However, the underlying
mechanism — or mechanisms — responsible for this interplay remains
to be fully elucidated; how does EBV-induced immune dysregulation
either trigger or drive MS in susceptible individuals? Furthermore,
deep understanding of virological and immunological events during
primary infection and long-term persistence in B cells will help to
answer the many questions that remain regarding MS pathogenesis.
This review discusses the current evidence and mechanisms
surrounding EBV and MS, which have important implications for the
future of MS therapies and prevention.

Keywords: autoimmunity, Epstein—Barr virus, infectious
mononucleosis, molecular mimicry, multiple sclerosis,
neuroinflammation

asymptomatic, infection. However, this seemingly
innocuous agent has a much more sinister side to

Epstein-Barr virus (EBV) is arguably one of the
most successful pathogens to infect humans. Over
90% people in all countries naturally acquire the
virus, often in their first decade, and will
thereafter carry EBV for life as a latent, usually
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its character. It is causally linked to at least one
severe infectious disease, infectious mononucleosis
(IM), and, remarkably, to at least seven different
types of human cancer. With regard to IM, EBV
causes a self-limiting lymphoproliferative disease
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(LPD) characterised by fever, lymphadenopathy,
sore throat, malaise and an extensive expansion
of T cells in the blood; most interestingly, IM is a
relatively common accompaniment of the delayed
primary infection' that often occurs in adolescents
and young adults in affluent societies but is seen
very rarely in poorer countries where the virus is
typically acquired in the first decade of life.

With regard to EBV’'s links to cancer, its
contribution to the malignant cell phenotype
differs in detail between the different tumor types,
but consistently involves the expression of one or
more of the latent cycle genes of the virus. Its
direct action is, however, most obvious in the fatal
B-LPD, a malignancy first recognised in transplant
recipients receiving T cell-suppressive therapy,
hence its original description as ‘post-transplant
lymphoma’. Here, EBV appears to be the main
driver of B-cell growth, its action recapitulating
what happens when EBV infects B cells in vitro and,
through the expression of its complete set of latent
cycle genes (EBNA1, EBNA2, EBNA3A, EBNA3B,
EBNA3C, EBNA-LP, LMP1, LMP2 and noncoding
RNAs including EBERs and miRNAs), transforms
those cells into permanent EBV genome-positive
lymphoblastoid cell lines (LCLs). This link to LPD of
the immunocompromised not only demonstrates
EBV's oncogenic potential but also strongly implies
that, in the immunocompetent host, T-cell
surveillance plays a critical role in maintaining the
virus-host balance. For many years, research in the
EBV field has largely focussed on the B-cell growth-
transforming ability of the virus, on its role as the
causative agent of IM, and on its links to an
unexpectedly wide range of malignancies.
However, the field is now turning its attention to
the mounting evidence that this same virus is also
aetiologically linked to the most common chronic
inflammatory condition of the central nervous
system (CNS).

Multiple sclerosis (MS) is a chronic disease of
the CNS caused by a complex interplay of
inflammatory and neurodegenerative mechanisms.
Multiple sclerosis is most commonly diagnosed in
women between 20 and 40 years of age with the
highest incidence occurring in higher latitude
regions such as in Western Europe and the United
States.”? Symptoms are caused by focal lesions,
which can develop anywhere in the CNS with
most cases (approximately 85%) presenting a
relapsing-remitting disease course, which is
characterised by periods of symptom exacerbation
between periods of clinical remission. Over time,
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relapses become less frequent and
neurodegenerative mechanisms take over, causing
a steady loss of brain volume and function.

Both genetic and environmental factors have
been implicated in the aetiology of this complex
disease. However, poor disease concordance
between genetically identical twins points to a
significant role for specific environmental triggers,
the precise identity and sequence of which remain
unknown; however, vitamin D, smoking, obesity
and infections have all been implicated.> An
infectious aetiology was suspected almost from the
time MS was first described. Jean-Martin Charcot, a
French neurologist, was the first to name and
describe MS in the nineteenth century. One of his
students, Pierre Marie, later postulated an
infectious aetiology for MS but scientific evidence
was lacking. Medical records from the Faeroe
Islands and Iceland also suggested that increased
incidence of MS-like illness coincided with the
arrival of the foreign troops on the islands during
the Second World War and propelling the
infectious aetiology theory, although later studies
showed that this was likely because of a
combination of other factors, such as improved
diagnosis and increased familial aetiology in
genetically homogeneous populations.*® Over the
years, many different pathogens have been
implicated in the pathogenesis of MS but, in 1981,
Warner and Carp were the first to suggest a role
for EBV.® A potential role for EBV was based on
previous epidemiological observations that showed
rare incidence of symptomatic infection in
nonaffluent countries, whereas delayed infection
was mostly seen in affluent Caucasians and was
often symptomatic; both of these observations
were reminiscent of the incidence and age profile
of MS — a disease also more common in Western
societies. More compelling evidence, however,
came in 2010, when Alberto Ascherio’s group
showed the potential link between primary
infection with EBV and MS in a large cohort study
of US military personnel.” More recently, as
described below, the same group has further
strengthened this observation by investigating in a
much larger cohort of military recruits and
demonstrating convincingly the role of EBV in MS.2

IMMUNOBIOLOGY OF EBV INFECTION

Epstein-Barr virus is a y-1 Herpesvirus with a large
double-stranded DNA genome of > 170 Kb in size
and encodes > 90 viral proteins, plus a range of
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noncoding viral RNAs. A significant fraction of
EBV's protein-coding genes have recognisable
homologues in the other human Herpesviruses
and encode essential components of the
Herpesvirus replication machinery. However, many
of the EBV’'s other genes are specific to EBV,
reflecting the unique lifestyle of this virus and the
complexity of the virus-host relationship. For both
scientific and logistic reasons, there is a paucity of
authentic animal models to study this relationship
in depth. Much therefore depends on studies in
the natural host, in particular on primary
infection in IM patients, on the virus-carrier state
in healthy individuals, on EBV infection in T-cell-
suppressed individuals and in patients with
genetically defined primary immunodeficiencies.
Despite much progress in all of these areas,
current understanding of EBV biology, of the
nature of virus persistence and of its relationship
to the host immune response, remains incomplete.
This fact needs to be borne in mind throughout
all discussions of EBV disease pathogenesis,
particularly in the context of MS.

To briefly summarise the currently accepted
model of EBV biology, infectious virus is
transmitted in saliva and initiates a local, virus-
replicative, ‘lytic’ infection, principally involving
epithelial cells lining the lymphoid tissues of the
oropharynx; these early events are poorly
characterised; however, there is some evidence® to
suggest that epithelial cell infection first requires
transfer of the virus from locally infiltrating B cells
(Figure 1). This oral replication leads to high levels
of infectious, viral progeny being detected in
throat washings. By that time, based on studies of
tonsillar tissues excised from IM patients, EBV has
also initiated a growth-transforming infection of
oropharyngeal B cells expressing the full array of
latent cycle proteins (referred to as the LCL-like
Latency Ill programme). Expansions of NK cells and,
more dramatically, of CD8* T cells are thought to
play a role in containing this lytic infection, though
virus replication in the throat is only slowly
extinguished. A robust CD8* T-cell response also
targets Latency lll-infected cells, whose numbers
fall much more rapidly. However, their decline also
reflects the fact that at least some of these cells
have already begun a staged downregulation of
latent protein expression as they transit to a resting
Latency 0 (antigen-negative, nonproliferative)
state (Figure 1)'%; exactly how this transition
occurs is poorly understood. However, as the
resultant Latency 0 cells are exclusively found in the
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circulating IgM~IgD™ memory B-cell compartment,
analogies have been drawn between latency
transition in infected B cells and the physiologic
process of memory B-cell development involving
antigen stimulation, clonal proliferation and
selection via germinal centre reaction. Once the
reservoir of latently infected cells is established,
these cells recirculate from the blood through
lymphoid organs, preferentially homing to those
within the oropharynx, where occasionally
reactivation from latent to lytic infection is thought
to occur, resulting in renewed low-level viral
shedding in the throat (Figure 1). What triggers
such reactivations is again not fully understood;
however, as in vitro models suggest that the latent
to lytic switch can be induced by plasmacytoid
differentiation, reactivation in vivo may involve
chance exposure of memory B cells to cognate
antigen, or signals that mimic such antigen-driven
differentiation.”” With regard to the carrier state,
the available evidence implies a central role for
both CD8* and CD4* T cells in long-term control of
EBV infection, with both lytic and latent antigen-
specific  memory T-cell populations easily
detectable in the blood of healthy carriers, typically
at higher levels than seen against many other viral
infections. Epstein—Barr virus also induces antibody
responses to both lytic and latent sets of antigens,
and these can be useful markers of prior exposure
to the virus and in some circumstances of the virus—
host balance. Interestingly, such responses (even
neutralising antibodies) are slow to develop in
acute IM patients, particularly in those with more
acute symptoms,'> possibly hinting at some
contribution of the humoral response to disease
resolution. However, the role (if any) of antibodies
in stabilising the life-long asymptomatic carrier
state remains unclear.

EVIDENCE IMPLICATING EBV IN MS

The first study reporting a link between EBV and
MS was published over 40 years ago, when
researchers discovered that antibodies against EBV
virus capsid antigen (VCA) were significantly
elevated in persons with MS than in healthy
controls.”> Since then, the cumulation of
epidemiological and serological evidence has
established EBV's role as a likely prerequisite for
MS development.

First, studies have shown that > 99% of persons
with MS (pwMS) are infected with EBV compared
with approximately 95% of the general
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Figure 1. Schematic illustration of the features of EBV infection and the proposed mechanisms implicating its role in MS. Infection spreads
through oral secretions and initially EBV replicates locally as a lytic (i) infection in epithelial cells lining the lymphoid organs of Waldeyer's ring,
leading to high levels of viral shedding in the throat. However, early events leading to this initial replication are not fully understood, but there is
also evidence to suggest that direct infection of B cells at the surface of these lymphoid organs may proceed epithelial infection.® This lytic
infection is gradually brought under control by robust immune responses, the majority of which are EBV-specific CD8* T cells but also contain
both EBV-specific CD4™ T cells and NK cells. Epstein-Barr virus then spreads through initiating a latent growth-transforming infection of B cells
(Bjat3), resulting in the clonal expansion of the infected pool within oropharyngeal lymphoid tissues. Both CD8* and CD4* T-cell responses to
latent antigens are thought to play key roles in controlling this B cell expansion, but some infected cells appear to escape control through a
staged downregulation of latent antigen expression. By the time infected B cells enter the circulation, they have downregulated all latent protein
expression (latency 0, Bjato), carry the viral DNA as a circular episome, and display a resting (non-proliferative) memory B-cell phenotype.10 During
subsequent long-term virus carriage (persistent infection), some of the latently infected B cells re-entering oropharyngeal lymphoid organs may
reactivate into lytic cycle, leading to recurrent low-level shedding of infectious virus into the throat. Such reactivation is likely mainly controlled by
tissue-resident memory CD8* T (Tgy) cells — and possibly also CD4* T cells'?® — strategically placed near the epithelial barrier. Right-most panel:
the proposed mechanisms implicating EBV in the pathogenesis of MS are based on some key clinical observations, which include the presence of
EBV-reactive T cells and antibodies in the cerebrospinal fluid and intrathecal maturation of plasma blasts secreting antibodies that cross-react with
CNS proteins. Proposed mechanisms for how EBV may contribute to disease pathogenesis include (1) Rescue of autoreactive B cells. Given EBV's
ability to drive proliferation and maturation of B cells independently of T cell help, one potential role for EBV could be that it rescues autoreactive
B cells from apoptosis. (2) Molecular mimicry. There is accumulating evidence showing that EBV-reactive antibodies are also able to recognise
self-antigens via structural homology, leading to production of proinflammatory molecules and resulting in tissue damage. Similarly, there is
evidence showing that some EBV-reactive T cells could also cross-react with antigens in the CNS. (3) Mistaken self. EBV infection has been found
to induce increased expression of self-proteins on infected B cells, which could in turn be recognised by pathogenic T cells. EBV-infected B cells
have also been identified in the brains of pwMS. It is therefore possible that T cells targeting these cells could cause inflammation and bystander
damage to CNS tissue. The figure was created with BioRender.com.

population.™ Multiple prospective studies have investigation to date surveyed 10 million
consistently reported that EBV infection almost individuals showing that risk of disease rises
always precedes MS onset, and the largest 32-fold following EBV seroconversion. The same
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study also showed that individuals who went on
to develop MS almost always became EBV
seropositive prior to disease onset and that serum
levels of neurofilament light chain — a marker of
neuronal degeneration — were increased only
following EBV infection.® In addition to these
observations, it is known that EBV seronegative
persons have a vanishingly small MS odds ratio
(OR), and crucially this effect is unique to EBV and
is not observed for other infections or
herpesviruses such as Cytomegalovirus (CMV)."> In
fact, seropositivity for CMV has been associated
with a decreased risk of MS (OR ~ 0.6),"® and
one wonders whether this relates to CMV’s ability
to subtly affect the overall EBV: host balance, as
exemplified by the reduced age-dependent
inflation of EBV-specific T-cell memory seen in
CMV/EBV co-infected individuals.'” Further studies
following individuals who went on to develop MS
after becoming EBV seropositive also showed that
there was a delay between the resolution of
primary infection and the development of MS by
several months,” suggesting that the subsequent
immune dysregulation following primary infection
with EBV is driving MS pathogenesis rather than
the acute infection itself. Findings of increased
EBV seroprevalence are also mirrored in paediatric
MS cohorts, where children with disease show
significantly increased incidence of EBV carriage
than unaffected children.'®?° Whilst these data
indicate that EBV infection is necessary for the
development of MS, neurological disease remains
rare despite near ubiquitous EBV infection of the
general population, suggesting that other
environmental or genetic factors are required for
disease development.?

Second, adaptive immune responses to EBV have
been shown by many studies to be altered in
pwMS compared with unaffected individuals, the
most striking of which are elevated serum
antibody titres to EBV nuclear antigens (EBNA).
Multiple independent and longitudinal studies
have confirmed that antibody responses to EBNA1
and EBNA complex are strongly correlated with
risk of MS development, and individuals with the
highest antibody titres show up to eight- and 36-
fold increased risk of developing disease,
respectively.’’?>  Further studies show that
increased risk of MS is specifically linked to
antibody responses against the amino acid 385-420
region of EBNA1,%>?* that individuals without an
EBNA1 antibody response became positive prior to
MS onset’ and that EBNA1 antibody titres are
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associated with HLA-DRB1*15: 01 — the strongest
genetic risk factor for MS.?>?® EBNA1 antibodies
have also been detected in cerebrospinal fluid
(CSF);?”%®  however, these findings were not
replicated in other studies.?® Serology against
further EBV antigens - such as VCA-specific
antibodies — have been reported as elevated in MS,
have been detected in CSF and also correlated with
loss of brain volume in patients.>%3' However, the
exact role of inflated antibody responses against
EBV antigens in MS development and progression
remains somewhat unclear, and the extension of
antibody studies to take of advantage of recently
developed EBV proteome-wide assays may be
informative in that context.®?

In addition to increased EBV seroprevalence and
perturbed antibody responses in MS, features of
virus carriage have been shown to interact with
multiple known environmental and genetic disease
risk factors. Whilst HLA-DRB1*15: 01 has been
linked to elevated anti-EBNA 1IgG titres, no
associations have been shown for HLA alleles with
history of IM, although one small study showed an
effect for HLA-DRB1*01: 01.>>?%333> Combination
of HLA-DRB1*15: 01 carriage with elevated EBNA1
IgG or clinical history of IM in individuals increases
risk of MS 15- and sevenfold, respectively.33¢
However, whilst these factors all increase risk and
together have a multiplicative effect, several
studies have shown that these factors act
independently.?®2437-3% |n contrast, HLA-A*02: 01
is protective (OR ~ 0.6), and individuals who are
HLA-DRB1*15: 01 positive but are negative for HLA-
A*02: 01 have a combined OR of ~ 5.4°%2 Epstein—
Barr virus infection has also been shown to interact
with obesity in adolescence; a BMI of greater than
27 alone has an OR of ~ 2% but, when combined
with EBV seropositivity, this increases 14-fold.** The
reasons for this interaction remain unclear but may
be because of the increased proinflammatory
milieu associated with obesity, which is known to
have a negative impact on the cellular immune
response to infections and can induce a state of
chronic immune-mediated inflammation.*>4¢

Third, EBV seroconversion after adolescence
carries the highest risk for MS development®’ but
individuals with acute primary infection or those
who have recently seroconverted rarely
experience neurological symptoms. This significant
delay of several months to years following virus
acquisition  before onset of neurological
disease’*® is also consistent with the observation
that EBV viral loads in MS patients are mostly
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unchanged (or only slightly increased) in the
peripheral blood of persons with MS compared
with healthy controls, indicating that they have
already transitioned into a long-term virus carrier
state prior to disease development.?®>°

POTENTIAL MECHANISMS
IMPLICATING EBV IN MS

The enigmatic role of the Epstein-Barr virus as a
likely prerequisite for MS development has been
established; however, the exact neuroinflammatory
mechanism through which the effect of the virus is
mediated remains unclear. Multiple theories have
been put forward for this interaction; however,
many are not fully able to explain epidemiological
and clinical observations in MS.

One theory suggests that MS is driven by
uncontrolled EBV replication in individuals
because of decreased T-cell immunosurveillance
and that damage to the CNS is caused by infected
B cells gaining access to the CNS. However, debate
still surrounds whether cell-mediated immune
responses to EBV are altered in MS, with
EBV-specific T-cell responses reported as both
decreased, unchanged or elevated in pwMs.?”->"53
Two studies of note reported that CD4* T-cell
responses to EBNA1 were increased in peripheral
blood of MS patients and had a Th1 phenotype
with a broadened range of epitope specificities
compared with healthy controls.>*>> Consensus in
this field has been hindered in part by high levels
of disease heterogeneity in MS, as well by
variation in experimental methods; however,
mounting evidence suggests that there are subtle
differences in the EBV-specific T-cell compartment,
which may contribute towards MS development
and progression.

Research showing a diminished cellular response
to EBV has been published for many years;>">3
however, this theory is largely incompatible with
several key features of disease, such as the observed
delay following EBV primary infection before MS
onset and the fact that immunosuppressive drugs —
such as B-cell depleting therapies — ameliorate MS
disease.”® As mentioned above, the delay between
primary infection to MS onset has been confirmed
by multiple longitudinal studies and is also
accompanied by a lack of neurological symptoms in
patients with IM.”*® In addition, EBV viral load is
elevated in individuals during primary infection, IM
and chronically active EBV infection,””*® but
multiple studies have shown that this is not the case
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for MS.***% Instead, there is a lack of paediatric and
adult MS cases or neurological symptoms in
individuals with a recent primary infection.®
Longitudinal studies have also shown that there is a
delay of MS onset following primary infection of at
least several months,”>° with a more recent study
demonstrating that EBV seroconversion is on
average 6.5 years prior to clinical onset.®
Incidentally, the appearance of EBNA1-specific
antibodies and CD4* T cells also occurs several
months following primary infection.®® In addition to
this, Natalizumab is a highly effective therapy for
MS and blocks VLA-4-mediated immune cell
trafficking to the CNS and gut which — were
uncontrolled replication the mechanism behind MS
development - would exacerbate symptoms
because of decreased immune surveillance.®’
Similarly, administration of the antiviral cytokine
interferon-y in MS patients was found to exacerbate
disease.’> On the one hand, humanised mice
carrying the strongest MS risk allele HLA-DRB1*15:
01 were shown by one study to have increased
EBV load, defective CD4* T-cell control of
EBV-transformed B-cell lines and T cells with
reactivity for myelin basic protein (MBP) compared
with animals carrying an HLA allele not associated
with MS.%3 However, observations from human
cohorts intuitively show that HLA-DRB1*15: 01's role
in MS cannot be solely because of defective virus
control, as this allele is only associated with MS
and not with IM, CAEBV or other diseases that
emerge from uncontrolled EBV replication,? and
antiviral drug for MS have been shown in clinical
trials to be largely ineffective.®* Likewise, as HLA
class Il molecules are also coreceptors for EBV
gp42-mediated fusion of the viral envelope with
host cells, one small study showed that viral entry
via the HLA-DRB1*15: 01 was more efficient when
compared with another non-MS-associated allele.®®
However, again observations from human cohorts
instinctively do not support this observation, as HLA-
DRB1*15: 01 — and particularly homozygosity — is
not associated with diseases of uncontrolled
replication in humans; however, consequences of
increased viral uptake are not fully understood.®
The co-emergence of these phenomena, when
coupled with other epidemiological and therapeutic
observations, argue against uncontrolled viral
replication as the primary mechanism and instead
suggests that the immune response to EBV is instead
driving pathological processes in MS.

Another theory suggests that immune cell
attack on CNS-infiltrating EBV-infected B cells

© 2023 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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causes bystander damage to the CNS and lesion
formation. This is supported by some studies that
found evidence of EBV-infected B cells in ectopic
lymphoid follicles, lytic replication in active lesions
and cytotoxic responses including IFNo. production
in the brains of postmortem pwMS;®¢¢® however,
these findings have been contradicted by further
investigations.®>”"  Nevertheless, despite their
detection in postmortem brain lesions, this does
not prove a causal role for EBV-infected B cells in
the brain of pwMS and therefore caution should
be exercised when interpreting these findings’%;
although it remains plausible that the presence of
EBV-infected B cells in lesions could exacerbate
inflammation through activation of innate
immune cells and recruitment of EBV-specific
cytotoxic cells to the area.

Other reports of indirect mechanisms through
which EBV could contribute to MS disease
pathology have been suggested, such as via
activation of human endogenous retroviruses
(HERV), and the latent membrane protein LMP2A
has been shown to transactivate HERV-K18 - a
superantigen with the ability to activate T cells -
in infected B cells.”>7* In addition, EBV has been
shown to enhance replication of Torque Teno
virus, and a further study isolated CD4" T-cell
clones isolated from MS patient CSF with the
ability to target multiple epitopes from viruses
and autoantigens.”>’® Similarly, studies that
suggest that EBV may directly mediate damage
via infection of CNS-resident cells have not been
corroborated, and there is no strong evidence
that EBV is neurotropic.”” 8°

The capacity of EBV to transform B cells and
therefore rescue potential autoreactive B cells
from apoptosis has been also suggested as a
potential mechanism resulting in neurological
disease. Rescued B cells could produce antibodies
with affinity for self-antigens expressed in the
brain and gain access to the CNS in an
environment with impaired EBV-specific CD8*
T-cell surveillance. As discussed earlier in this
review, reduced cytotoxic T-cell responses in MS
have been previously described in pwMS, and
there is also evidence for intrathecal enrichment
of EBV-specific CD8* T cells,>">*8" which could be
attributed to infiltration of infected B cells in the
CNS. However, analysis of EBV-infected B cell
pools has so far found no evidence for
enrichment of autoreactivity.®? Other studies have
found the EBV-specific CD8* T-cell repertoire to
be unchanged and even increased in pwMS than
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in healthy controls,®3* and one study also

reported broader EBV-specific CD8" TCRp
repertoires with central memory phenotype in CSF
suggestive of recent antigen priming.®®
Upregulation of self-antigens in B cells upon
EBV infection which in turn become the target of
autoreactive CD4" T-cell responses has also been
reported as a potential mechanism in MS. A key
candidate autoantigen for this theory s
a-crystallin B (CRYAB), which has been shown to
be upregulated in EBV-infected B cells in vitro,®®
abundantly expressed in MS brain lesions®’#° and
also a target of CD4* T-cell responses.”®
Paradoxically, further studies have shown CRYAB
to have a protective and even therapeutic role in
neuroinflammation in both the mouse model
experimental autoimmune  encephalomyelitis
(EAE) and MS, with an anti-apoptotic effect in
astrocytes and reduced production of Th1 and
Th17 cytokines in T cells.’’ Most recently, fresh
evidence has revealed the existence of cross-
reactive antibodies with the ability to bind
homologous epitopes from both CRYAB and
EBNA1 in MS, and have also confirmed previous
results that CRYAB is a target of autoreactive
T-cell responses in patients.®> In line with this
theory is the observation that EBV-transformed B
cells elicit cytotoxic CD4* T-cell responses, which
cannot be mapped to any known EBV antigen,
indicating that viral transformation may cause
aberrant upregulation of self-antigens, which may
become the target of pathogenic T-cell responses
in MS.%® Similarly, studies have shown that self-
antigens can be eluted from HLA-DRB1*15: 01
molecules on the surface of antigen-presenting
cells, which could prime autoproliferative and
autoreactive T-cell responses in MS; however, it is
not understood how EBV infection of B cells may
influence surface presentation of antigens.®*%°
Further research is needed to ascertain how EBV
infection or viral immune evasion genes influence
the immunopeptidome on the B-cell surface.
Molecular mimicry occurs when adaptive
immune responses generated against a foreign
pathogen are also able to recognise self-antigens
via structural homology, leading to production of
proinflammatory molecules and damage to tissues.
Whilst it has been suspected for many years that
molecular mimicry with self-antigens may be
driving elevations of EBNA1 IgG in MS, evidence
was lacking until recent discoveries showed that
antibodies generated against EBNA1 are able to
bind homologous epitopes from human proteins,
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including anoctamin-2 (ANO2),%® glial cell adhesion
molecule (GlialCAM)?® and CRYAB.%? Importantly,
these cross-reactive antibody responses can all be
mapped to epitopes within the 380-440 region of
EBNA1 — the region to which EBNA1 antibodies
also have the highest OR for MS.?*?* Evidence that
cross-reactive B cells are primed in the periphery
and enter the CNS where they target autoantigens
comes from observations that B cells become
differentiated in the cervical lymph nodes before
their entry into neuronal tissues and that Ig class-
switched memory B cells can traffic between the
peripheral sites and the brain.?”-°® Whilst multiple
cross-reactive or autoreactive antibodies have now
been identified in MS, they are only present in a
subset of patients and their role in disease has not
been clearly defined. It is possible that these
antibodies do not directly contribute to disease but
instead are biomarkers of pathogenic T-cell
responses which drive disease, as has been shown
for other autoimmune disorders such as diabetes
mellitus and Addison’s disease.”®'%° Therefore,
future work investigating both antibody and T-cell
responses to virus and autoantigens in individuals is
of key importance for deciphering role of EBV
adaptive immunity in MS.

Wucherpfennig and Strominger first
demonstrated that HLA-DRB1*15: 01-restricted
myelin reactive T-cell clones from MS patients could
recognise homologous peptides from EBV and other
viruses,'”®' and since then, several further
publications have shown similar cross-reactivity on
the T-cell level. Lunemann et al.>* identified a
population of expanded EBNA1-specific CD4* T cells
in MS patients, which had broader epitope
specificity, were of Th1 central memory or effector
memory phenotype and displayed increased
reactivity to a pool of myelin antigens. However, no
studies to date have isolated single T cells with dual
specificity to EBNA1 and self-proteins, although
several examples have been reported for other EBV
antigens. Wang et al. isolated CD4* T-cell clones
with specificity for RAS guanyl releasing protein 2
(RASGRP2), which were also able to become
activated after stimulation with peptides from BPLF1
and BHRF1.°* One further study isolated T cells with
dual specificity for the EBV DNA polymerase protein
BALF5 and MBP epitopes, which were restricted by
the MS risk antigen HLA-DRB1*15: 01 and
HLA-DRB5*01: 01, respectively, from the blood of an
MS patient,’® and was subsequently found to be
expanded in CSF.'® However, the current list of
T cell autoantigens associated with MS has grown
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significantly in recent years,®*'%* "% and many

questions remain regarding whether T-cell cross-
recognition of viral and CNS epitopes is a trigger or
rather drives progression of disease.

MISSING LINKS AND FUTURE
DIRECTIONS

Being one of the most common infections of
humans, EBV has had its fair share of blame for
many different diseases, including an association
with multiple autoimmune disorders. As with MS,
most theories on the role of EBV in other
autoimmune diseases — such as rheumatoid arthritis,
systemic lupus erythematosus and Sjogren’s disease
— centre around observations of elevated antibodies
to EBV antigens in sera, reduced EBV control and
molecular mimicry involving antibodies to
EBNA1.107-111.112113 | the case of SLE, disease is
somewhat rare in EBV-negative individuals but IM
does not increase risk, and elevated antibodies and
viral load can be explained at least in part by
nonspecific activation of B cells and defective virus
control by cytotoxic T cells.'®'"®* However, there
are two clear observations that define EBV's role in
MS: (1) this B-cell-tropic virus is necessary for the
development of MS and (2) B-cell depletion
therapies improve clinical relapse rates in patients,
although long-term data suggest that they do not
ultimately prevent disease progression.”®''* Also
interesting is the rapid effect on relapse rates of
anti-CD20 therapy in patients, which occurs before
diminution of B cells has had time to affect the
CD20-negative antibody-secreting plasma cell
compartment. This indicates that clinical efficacy of
B-cell depletion therapies is because of removal of
B-cell functions other than antibody production,
such as antigen presentation, production of
inflammatory cytokines, stimulation of
autoproliferating CD4* T cells, clearing of the
EBV-infected memory B-cell pool or removal of a
subset of proinflammatory CD20* T cells, which
have been identified in MS.'>115-119

Molecular mimicry is currently the most
plausible theory implicating EBV in MS. However,
it is also worth noting that there have been
inconsistencies on the specificities of the
oligoclonal band in CSF between different studies,
and only a subset of patients at most have such
cross-reactivity. Importantly, these antibodies are
also often polyreactive. In addition, the fact that
B-cell depletion antibodies do not deplete plasma
blasts and there is no reduction in oligoclonal
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bands despite clinical improvement casts some
doubt over the role of cross-reactive antibodies as
the primary pathogenic mechanism of EBV in MS,
and implicates other B-cell functions in MS
pathogenesis.

Rather than their effector mechanisms, perhaps
the pathogenic role of B cells lies in antigen
presentation and/or engagement with T cells, and
T cell-B cell interactions outside of lymphoid
organs are gaining increasing attention.'® In this
regard, whether EBV-infected B cells stimulate
altered T-cell responses in MS patients s
incompletely understood. The recent study that
showed broadening of the EBV-specific class
I-restricted T-cell repertoire in pwMS is intriguing but
why this happens needs further investigation.®®
Another study found autoproliferation of Th1 cells
driven by memory B cells in an HLA-DRBR1*15: 01
haplotype-dependent way in MS patients,’® but
whether EBV accelerates this process is unknown.
Further studies have found higher frequencies of
CXCR3* B cells in peripheral blood of pwMS which
preferentially infiltrate the CNS of MS patients and
are correlated with EBV viral load and EBNA1
antibody titres.’®’ One potential receptor-ligand pair
of interest in this context is CD70-CD27, a
costimulatory pathway that leads to up-regulation of
prosurvival genes resulting in the expansion of
T cells."®? Epstein-Barr virus increases the expression
of CD70 on B cells'?® and, interestingly, increased
soluble form of CD27 in CSF is a feature of MS.™*
Further studies are required to understand the
nature of this interaction and how EBV could impact
T-cell responses.

WHAT CAN WE LEARN FROM THE LINK
OF IM WITH MS?

The epidemiological evidence showing a greater
than twofold increase in MS risk among individuals
with a history of IM was one of the foremost drivers
of interest in a possible link between EBV and
neurological disease. Infectious mononucleosis also
shares several epidemiological features with MS:
they are both more common in Western countries,
their incidence increases with distance from the
equator and both are more common in women, in
whom they also occur at a slightly younger age."
Whilst post-IM patients make up only a small
fraction of all patients with MS, probably in the
region of 15%,2® this interaction is an opportunity
to ask what it might tell us about MS pathogenesis.
Put another way, what are the key differences
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between symptomatic versus asymptomatic primary
EBV infection that might contribute to increased
risk of subsequent MS?

There is relatively little published evidence in this
area, not least because of challenges in identifying
cases of asymptomatic infection, particularly among
individuals in the same adolescent/young adult age
bracket as IM patients which requires either
serendipity or commitment to a huge screening
effort. One of the first such studies reported four
cases of asymptomatic primary infection identified
by chance among volunteers in an early EBV vaccine
trial,’®® whilst a further five cases were identified
through large-scale screening of medical school
entrants for EBV and CMV serostatus.”® In both
studies, detection of IgM antibodies to the EB VCA
in healthy subjects was the key identifier; at the
time, some of these individuals were still IgG anti-
VCA-negative, all were IgG anti-EBNA1-negative
and, where studied prospectively, all showed the
much delayed anti-EBNA1 response typical of IM
itself. Importantly, EBV DNA loads were elevated
into the same broad range as seen in acute IM
patients. However, throughout these studies of
asymptomatic infection, there was no evidence of
the CD8* T lymphocytosis that characterises the
blood picture in IM; in the first study, TCR Vp
screening could not detect obvious T-cell clonal
expansions of the kind seen in IM,"?> whilst the later
work used staining with HLA-peptide tetramers to
show that there were indeed activated EBV-specific
CD8" T cells in the blood but their expansion was
much more limited than in acute IM.>® Thus, the key
difference between symptomatic and asymptomatic
primary infection lay not in viral loads, nor it seems
(albeit based on relatively crude assays) in the
antibody response, but in the size of the virus-
specific CD8* T-cell response. This forces one to
suggest that the overexaggerated T-cell response
may be an important factor underlying IM’s role as
a risk factor for subsequent MS. Importantly, what
drives this exaggerated T-cell response in IM
patients is unclear. Getting to the bottom of this
could also shed light onto the possible role of the
virus-specific CD8* T-cell response in MS. However,
given these observations, extreme caution should
be exercised when beginning clinical trials of EBV
vaccines or EBV-targeted T-cell immunotherapies,
when we do not fully understand the role of virus-
specific adaptive immune responses in MS
pathogenesis.

Perhaps what prompted® to speculate a role for
EBV in MS is where the truth lies, and further
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understanding of IM may be critical in solving the
mystery of EBV's role. In that context, amongst
those who develop MS, how many have had a
delayed, but asymptomatic, primary infection? Put
another way, could a high frequency of delayed
EBV primary infection — as opposed to a history of
symptomatic IM per se — underpin the link with
MS, and could this explain why MS is becoming
increasingly prevalent in developed countries?
More generally, is there just one mechanism
through which EBV contributes to MS or are
several pathways responsible? Genetic analysis of
large cohorts in the context of EBV seroconversion
— whether symptomatic or not — may also shed
light on how virus-host interactions affect the
immune compartment at different stages of
development. What role do cross-reactive
antibody responses against EBNA1 play, or are
they simply biomarkers? How does the growing
list of autoantigens associated with MS interact
with EBV-specific adaptive immune responses? We
do not fully understand initial triggers or
progression of MS - could EBV be solely
responsible for the disease trajectory which
current therapies cannot ultimately halt? EBV
immunology will likely inform future
development of personalised MS therapies, but
first rigorous studies must be performed to
further characterise these virological events in
neurological disease.
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The link between Epstein-Barr virus (EBV) and multiple sclerosis (MS) has puzzled researchers since it was first
discovered over 40 years ago. This review discusses the current evidence and mechanisms surrounding EBV and
MS, which have important implications for the future of MS therapies and prevention.
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