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The Epstein—Barr virus (EBV) is recognized as the primary infectious agent linked
to multiple sclerosis (MS), although the presence of EBV infection alone does not
suffice to explain the progression of the illness, given that most patients infected
with EBV do not manifest MS. This review examines host genetic profiles that
may increase MS susceptibility among EBV-exposed individuals, with emphasis
on HLA-mediated antigen presentation, EBV-specific immune responses, and non-
HLA immune pathways. The strongest genetic risk signal is HLA-DRB115:01, often
within the HLA-DR 15 haplotype, which may promote presentation of EBV-derived
antigens such as EBNA1 and facilitate CD4+ T-cell activation, molecular mimicry,
and CNS-directed autoimmunity. In contrast, HLA-A02:01 appears protective,
potentially through more effective CD8+ T-cell-mediated control of EBV-infected
B cells; therefore, absence of HLA-A02:01 may represent an important risk-
modifying feature. Emerging evidence also implicates HLA-EQ1:01, particularly
in individuals with a history of infectious mononucleosis, suggesting a role for
altered NK-cell and CD8+ T-cell regulation in EBV-associated MS risk. Beyond
HLA, non-HLA loci such as CD86, CD40, IL2RA, and IL7R may amplify EBV-
driven immune activation by modulating antigen-presenting cell function, B/T-
cell costimulation, cytokine signaling, and immune tolerance. High anti-EBNA1
antibody titers, especially in HLA-DRB115:01-positive individuals, may serve as
an immunological marker of dysregulated host-EBYV interaction. Overall, the most
plausible high-risk profile combines EBV positivity, infectious mononucleosis
or elevated anti-EBNAI responses, HLA-DRBI115:01 positivity, absence of
HLA-A02:01, possible HLA-EO01:01 carriage, and increased non-HLA immune
risk burden. These profiles remain research-based risk-enrichment models rather
than clinical prediction tools. Longitudinal investigations focusing on functional
genomics, single-cell methodologies, HLA peptidomics, and EBV vaccination
are required to understand the reasons behind the selective development of MS in
certain EBV-infected individuals and to shape preventive strategies.
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INTRODUCTION

Multiple sclerosis (MS) is a persistent immune-

mediated disorder that results in demyelination
within the central nervous system (CNS), marked
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by inflammatory lesions, neuroaxonal damage, and
progressive neurological impairment (1). While
the specific etiology is not fully elucidated, MS is
generally seen as a complex ailment stemming from the
convergence of genetic vulnerability, environmental
influences, and immunological irregularities (2).
Among environmental influences, the Epstein Barr
virus (EBV) has surfaced as the most reliably linked
infectious agent in the etiology of multiple sclerosis.
EBV is a widespread gamma-herpesvirus that
induces lifelong latency in memory B cells, forming
a scientifically credible connection between viral
persistence, B-cell dysfunction, and central nervous
system autoimmunity (3, 4).

The association between EBV and MS has
been strengthened substantially by longitudinal
epidemiological evidence. In a substantial group of
over 10 million young adults within the U.S. military,
seroconversion for EBV occurred prior to the onset of
MS, with the likelihood of developing MS escalating
nearly 32 times following EBV infection, while
infections from other viruses did not exhibit a similar
correlation (3). This finding shifted the EBV-MS
relationship from a long-standing epidemiological
observation toward a more causal framework. However,
EBV infection alone cannot explain MS occurrence,
because more than 90% of adults worldwide are EBV-
seropositive, whereas only a small minority develops
MS (5). This discrepancy suggests that host factors,
particularly genetic susceptibility, determine whether
EBYV infection remains clinically silent or contributes to
autoimmune demyelination (6).

Genetic susceptibility to MS is strongly shaped by the
major histocompatibility complex (MHC), especially
the human leukocyte antigen (HLA) region (7). The
most robust genetic risk factor identified to date is the
HLA-DRBI115:01 allele, commonly part of the HLA-
DRI15 haplotype (8). In contrast, HLA-A02:01 has been
repeatedly associated with protection against MS (9).
These HLA associations are biologically relevant in
the context of EBV because HLA molecules determine
the repertoire of viral and self-peptides presented to T
cells. Therefore, specific HLA profiles may influence
the quality, magnitude, and specificity of EBV-directed
immune responses, potentially promoting molecular
mimicry, bystander activation, or survival of autoreactive
lymphocytes (10).

Recent mechanistic studies have begun to connect
EBYV infection directly with MS-associated HLA risk.
CD4+ T cells restricted by HLA-DRB115:01 have been
shown to recognize EBV-derived antigens, supporting
the concept that HLA-DR 15 may shape pathogenic anti-
EBV immunity in genetically susceptible individuals
(11). In addition, experimental and immunopeptidomic
work suggests that EBV infection may alter antigen
presentation in a way that interacts with HLA-DR15
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and promotes MS-relevant immune responses. These
data provide a mechanistic bridge between two of the
strongest MS risk factors: EBV infection and HLA-
DRB115:01 carriage (10).

Beyond classical HLA-DRB115:01 risk, emerging
evidence indicates that additional HLA and non-HLA
variants may modify EBV-associated MS susceptibility.
A recent population-based study reported that carriers of
HLA-EO01:01 with a history of infectious mononucleosis
(IM), a clinical manifestation of primary EBV infection,
had an increased risk of MS independently of other
MS-associated HLA alleles. This finding suggests
that genetic variation affecting non-classical antigen
presentation and antiviral immune control may help
explain why symptomatic EBV infection confers higher
MS risk in some individuals (12). Similarly, studies in
pediatric-onset MS have implicated interactions between
childhood EBV seropositivity, HLA-DRB1*15, and
variants in genes involved in antigen-presenting cell
function, including CD86 (13).

The overarching genetic framework of MS is
polygenic. Extensive genome-wide association studies
have discovered over 200 non-MHC susceptibility
variations, a significant number of which are associated
with immunological pathways related to T cells, B cells,
monocytes, microglia, cytokine signaling, and antigen
presentation. These variants do not appear to be EBV-
specific. Still, they may create an immune background
that amplifies EBV-driven inflammation, impairs viral
control, or lowers the threshold for loss of self-tolerance.
Thus, EBV-associated MS risk is likely not determined
by a single allele, but by a composite genetic profile
involving classical HLA risk alleles, protective HLA
variants, EBV-specific immune response genes, and a
broader polygenic autoimmune burden (11, 14, 15).

Despite rapid progress, the genetic determinants that
distinguish EBV-infected individuals who develop MS
from those who remain healthy remain incompletely
defined. Understanding these determinants is clinically
important because it may enable risk stratification after
EBYV infection, clarify mechanisms of virus-triggered
CNS autoimmunity, and inform preventive strategies
such as EBV wvaccination, antiviral approaches, or
early immune monitoring in genetically susceptible
populations. This review aims to summarize current
evidence on genetic profiles that increase the risk of
MS among EBV-infected individuals, with emphasis on
HLA-DRBI115:01, absence of protective HLA-A02:01,
EBV-specific humoral and cellular immunity, emerging
HLA-E associations, non-HLA immune loci, and
polygenic risk models.

EBYV as a prerequisite or major trigger for MS

Overview: EBV as the leading infectious candidate in
MS
EBV has emerged as the most significant infectious
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agent associated with the development of MS (16).
EBV is a widespread human gamma-herpesvirus that
infects over 90% of people globally and maintains
lifelong latency, mostly among memory B cells (17).
This unique biology provides a plausible framework
for its involvement in MS, a disease in which B cells,
antigen presentation, ectopic lymphoid inflammation,
and antibody-mediated immune responses have central
pathogenic roles (18). Nonetheless, the widespread
occurrence of EBV infection among the general
population and the relatively low rate of MS suggest
that EBV is probably not enough by itself. EBV is
increasingly seen as an essential precursor or significant
catalyst that operates with host genetic predisposition
and several environmental risk factors (19).

Prospective epidemiological evidence linking EBV to
MS

The most persuasive epidemiological data comes
from extensive prospective studies indicating that
EBYV infection occurs before the start of MS (20). In
a significant longitudinal investigation including over
10 million young individuals in the U.S. military, the
occurrence of EBV seroconversion was associated
with a notable rise in the risk of multiple sclerosis.
Among individuals who later developed MS, nearly
all were EBV-seropositive before disease onset, and
the risk of MS increased approximately 32-fold after
EBV infection. Importantly, this association was
not observed with other common viruses, including
cytomegalovirus, supporting a relatively specific
link between EBV and MS rather than a nonspecific
consequence of viral exposure or immune activation.
The serum neurofilament light chain, an indicator
of neuroaxonal damage, rose only after EBV
seroconversion, hence reinforcing the chronological
order in which EBV infection occurs prior to observable
CNS harm (3).

EBYV seronegativity and the timing of MS risk

Earlier prospective serological studies also support
the concept that EBV infection is strongly associated
with future MS risk. Individuals who remain EBV-
seronegative appear to have an extremely low risk
of developing MS, whereas risk rises after EBV
seroconversion. In addition, elevated antibody
responses to EBV nuclear antigen 1, particularly anti-
EBNAL1 IgG, have repeatedly been associated with
increased MS risk years before clinical onset. EBNA1
is expressed during EBV latency, and heightened anti-
EBNAI1 responses may reflect altered host control
of latent infection, enhanced EBV-specific immune
activation, or a propensity toward cross-reactive
immune responses (2, 4). These observations suggest
that not only EBV infection itself, but also the quality
and magnitude of the host immune response to EBV,
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may be relevant to MS susceptibility. (20-22).

IM as a clinical marker of high-risk EBV infection

IM, the symptomatic manifestation of primary EBV
infection, further strengthens the EBV-MS association.
A history of IM has consistently been associated with
increased MS risk, suggesting that the intensity, timing,
or immunological context of primary EBV infection
may influence later autoimmune susceptibility (23).

Delayed primary EBV infection during adolescence
or early adulthood often produces stronger systemic
immune activation than asymptomatic childhood
infection. This may help explain why IM is a particularly
relevant clinical marker in MS risk studies. From the
perspective of this review, IM is especially important
because it provides a bridge between EBV exposure
and host genetic susceptibility. Genetic variation may
influence whether primary EBV infection is efficiently
controlled, remains clinically silent, or develops into
a symptomatic and immunologically intense infection
that increases the likelihood of later autoimmune
events (24, 25).

EBYV latency in B cells and MS-relevant immune
dysregulation

Several biological mechanisms may explain how
EBYV contributes to MS. First, EBV establishes latency
in B cells, a cell population now recognized as central to
MS immunopathology. B cells may function as antigen-
presenting cells, generate pro-inflammatory cytokines,
experience clonal proliferation, and facilitate T-cell
activation. The therapeutic effectiveness of B-cell-
depleting treatments in MS reinforces the significance
of B-cell biology in disease processes (19, 26).

EBV-infected B cells may therefore contribute to
MS by promoting abnormal antigen presentation,
sustaining autoreactive lymphocyte populations, or
creating a chronic reservoir of immune activation.
Because EBV persists within the memory B-cell
compartment, it has the potential to influence immune
function over long periods, consistent with the long
interval that can occur between primary EBV infection
and clinical MS onset. This persistent viral latency may
be particularly relevant in individuals whose genetic
background favors inefficient EBV immune control or
exaggerated EBV-directed immune responses (26, 27).

EBNA I-specific immunity and molecular mimicry

A second major mechanism by which EBV may
promote MS is molecular mimicry between viral
and CNS antigens. EBNA1 has received particular
attention because it is expressed during EBV latency
and because elevated anti-EBNA1 immune responses
have been associated with increased MS risk before
disease onset (19, 28).

A key mechanistic study showed that clonally
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expanded B cells in MS can recognize both EBV
EBNA1 and the CNS protein glial cell adhesion
molecule, GlialCAM. The study provided evidence
that anti-EBNA1 immune responses can cross-react
with GlialCAM, and that EBNA1l immunization
worsened disease in an experimental model (28). These
findings offer a direct mechanistic link between EBV-
specific immunity and CNS-directed autoimmunity.
Nevertheless, molecular mimicry is unlikely to
explain all EBV-associated MS cases. It is more likely
one component of a broader pathogenic framework
involving B-cell dysregulation, antigen presentation,
chronic immune activation, and genetically determined
loss of immune tolerance.
Interaction between EBV and host
background

A third and particularly relevant mechanism for
this review is the interaction between EBV and the
host genetic background. This is especially important
for HLA alleles, which determine how viral and self-
peptides are presented to T cells. The strong association
between HLA-DRB1*15:01 and MS suggests that
certain individuals may present EBV-derived peptides
in a way that promotes autoreactive CD4+ T-cell
responses or facilitates cross-reactivity with CNS
antigens (10). Conversely, protective alleles such as
HLA-A*02:01 may support more effective antiviral

genetic

immune surveillance or reduce the presentation of
pathogenic peptide repertoires (9).

Thus, EBV may act as a trigger whose pathological
consequences depend strongly on genetically
determined antigen presentation. This concept helps
explain why EBV infection is common, while MS
is rare. In most EBV-infected individuals, antiviral
immunity resolves primary infection and maintains
long-term viral control without CNS autoimmunity
(29). In genetically susceptible individuals, however,
EBV-directed immune responses may be shaped
in a way that promotes persistent B-cell activation,
autoreactive T-cell responses, or antibody cross-
reactivity with CNS antigens (29, 30).

Figure 1 summarizes this model, showing how EBV
infection may initiate MS-relevant immune pathways,
while host genetic susceptibility determines whether
these responses remain controlled or progress toward
CNS autoimmunity.

HLA class II genetic susceptibility
HLA-DRB1*15:01 as the major genetic risk factor
for MS

The most robust and consistently observed genetic
risk factor in MS is found in the MHC class II region,
namely the HLA-DRB1*15:01 allele, often inherited
as part of the HLA-DR15 haplotype. This allele has
reliably been identified as the primary genetic risk
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Fig 1. The conceptual framework of EBV as a nearly essential but inadequate catalyst for MS. EBV infection occurs before the development
of MS and induces lifelong latency in memory B cells. In people with genetic predispositions, immune responses aimed against EBV may
lead to B-cell dysregulation, irregularities in antigen presentation, molecular mimicry between EBNA1 and CNS antigens like GlialCAM, and
persistent immunological activation. Given that EBV infection is prevalent and MS is seldom, genetic predisposition in the host is necessary
to explain why only a fraction of those infected with EBV progress to MS.
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determinant for MS in several groups, particularly
among those of European descent. Its pivotal function in
MS vulnerability underscores the significance of CD4+
T-cell-mediated immunity and antigen presentation in
the development of the illness (31, 32).

The relevance of HLA-DRBI115:01 becomes
particularly important in the context of EBV, because
HLA class II molecules determine which extracellular,
endosomal, or B-cell-derived antigens are presented
to CD4+ T cells (33). Since EBV establishes lifelong
latency in B cells, and B cells are professional antigen-
presenting cells, the combination of EBV persistence
and HLA-DRB115:01-mediated antigen presentation
provides a plausible biological bridge between the
strongest environmental and genetic risk factors for MS.
Recent reviews and mechanistic studies increasingly
support the view that HLA-DR15 may shape EBV-
specific CD4+ T-cell immunity in a way that contributes
to MS-relevant immune dysregulation (34).

HLA-DR15 and antigen presentation of EBV-derived
peptides

The HLA-DR15 haplotype comprises HLA-
DRBI1*15:01 and associated class II molecules that
are involved in the presentation of peptide antigens to
CD4+ T lymphocytes. In the context of EBV infection,
this is especially significant since EBV-infected B cells
are capable of processing and presenting viral antigens
via MHC class II pathways. If these peptides produced
from EBV are displayed in an immunologically
favorable environment, they might facilitate the
proliferation of EBV-specific CD4+ T cells, sustained
immune activation, or cross-reactive reactions targeting
CNS antigens (10, 35).

A recent study directly linked HLA-DRB115:01
to EBV-specific CD4+ T-cell recognition. Drosu
and colleagues showed that CD4+ T cells restricted
by **HLA-DRBI115:01** can recognize EBV
glycoprotein-derived antigens capable of intracellular
antigen presentation (10). This finding is important
because it provides a mechanistic connection between
HLA-DRB1#15:01 and EBV-directed adaptive
immunity, suggesting that the MS-associated HLA
class II background can shape the repertoire of EBV-
specific CD4+ T-cell responses (10).

This mechanism may be particularly relevant in EBV-
infected B cells. Unlike many acute viral infections,
EBV persists in the memory B-cell compartment,
allowing repeated or chronic opportunities for viral
antigen presentation (36). In individuals carrying
HLA-DRB1#*15:01, EBV-infected B cells may
therefore act not only as viral reservoirs but also as
antigen-presenting cells capable of sustaining CD4+
T-cell activation. This provides a biologically plausible
route through which EBV latency, B-cell biology, and
HLA class II genetic risk converge in MS (35).
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EBNAI as a key antigenic link between EBV and
CNS autoimmunity

EBV nuclear antigen 1, or EBNAI1, has become
one of the most important EBV antigens in MS
research. EBNAL1 is expressed during latent EBV
infection and is required for maintenance of the
viral episome in infected cells. Elevated immune
responses against EBNAI, especially anti-EBNA1
IgG, have repeatedly been associated with increased
MS risk before disease onset. This makes EBNA1
not only a marker of EBV-directed immune activity
but also a potential mechanistic contributor to
disease development (37, 38).

In the context of HLA class II susceptibility, EBNA1
is important for two reasons. First, EBNA1-derived
peptides may be presented to CD4+ T cells by MS-
associated HLA class II molecules, including HLA-
DRB115:01. Second, certain EBNA1 epitopes may
share structural or sequence similarity with CNS
antigens, creating the possibility of molecular mimicry.
Therefore, an individual with HLA-DRBI115:01
who mounts a strong EBNAIl-directed immune
response may have a higher probability of developing
cross-reactive immune responses relevant to CNS
autoimmunity (39).

This concept is supported by studies showing that
anti-EBNA1 antibody titers and HLA-DR15 are both
associated with MS risk. De Jager and colleagues
reported that anti-EBNA1 antibody titers were
associated with MS risk independently of the DR15
allele, suggesting that EBV-directed humoral immunity
and HLA-DRB1*15:01 represent partially independent
but potentially convergent risk dimensions (40).

Molecular mimicry involving EBNAI and CNS
antigens

A prominent mechanistic rationale for EBV-related
MS is molecular mimicry, when immune responses
aimed at EBV antigens inadvertently target structurally
similar CNS proteins. The most often examined
instance pertains to EBNA1 and GlialCAM, a central
nervous system protein produced by glial cells. Lanz
and associates revealed that clonally proliferated B
lymphocytes from multiple sclerosis patients could
attach to both EBV EBNA1 and GlialCAM, indicating
a strong molecular resemblance between a dormant
EBV antigen and a central nervous system target (28).

This finding is highly relevant to HLA-DRB115:01-
mediated susceptibility. HLA-DRB115:01 may
facilitate the activation or maintenance of CD4+ T-cell
responses that support B-cell maturation, antibody
production, and epitope spreading after EBV infection.
In this model, EBNA 1-specific immune responses may
begin as antiviral responses but later extend toward
CNS antigens such as GlialCAM. Recent evidence
also suggests that antibody responses against EBNAI
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and CNS-mimic antigens, including GlialCAM, may
be elevated in individuals with MS carrying HLA-
DRB1*15:01, supporting an additive interaction between
genetic risk and EBV-related autoimmunity (41).

However, molecular mimicry should not be viewed
as the only mechanism linking EBV and HLA-
DRB1*15:01 to MS. It is more likely that molecular
mimicry operates together with other processes,
including B-cell dysregulation, altered antigen
presentation, chronic EBV-specific T-cell stimulation,
impaired viral control, and bystander inflammatory
activation. This broader interpretation is important
because MS is heterogeneous, and different patients
may develop the disease through partially overlapping
but non-identical EBV-related pathways (42).

EBV-induced immunopeptidome changes in the
HLA-DRI15 context

Recent mechanistic studies have broadened the
understanding of EBV-HLA interaction beyond mere
peptide imitation. Wang and associates indicated
that EBV infection has the capacity to alter both the
transcriptome and immunopeptidome of B cells
affected by the MS-related HLA-DRI15 haplotype.
Their research indicates that EBV infection might
modify the array of peptides shown by HLA-DRI15
molecules, including both viral and self-originated
antigens (35).

This is significantly vital for comprehending genetic
predisposition in persons positive for EBV. If EBV
infection alters antigen processing and presentation in
HLA-DR15-positive B cells, then HLA-DRB1*15:01
could not just present specific EBV peptides; it might
establish a more extensive antigen-presentation milieu
that promotes the activation of autoreactive CD4+ T
cells. This concept offers a more cohesive elucidation
of how EBV infection and the inheritance of HLA-
DR15 may collaboratively enhance immunological
processes linked with MS (36, 43).

In practical terms, this means that the risk profile is
unlikely to be explained by EBV seropositivity alone.
Rather, MS risk may be enriched in individuals in
whom EBYV infection occurs within an HLA class 11
background that promotes persistent or pathogenic
antigen presentation (44). This provides a direct
rationale for considering EBV-positive / HLA-
DRBI1*15:01-positive individuals as a biologically
meaningful high-risk subgroup.

HLA-DRB1*15:01 as a possible co-receptor for EBV
entry

Another proposed mechanism linking HLA-
DRB115:01 to EBV involves viral entry into B cells. A
study reported that HLA-DRB115:01 may act as a co-
receptor for EBV infection in a B-cell line, suggesting
a direct molecular connection between the major MS
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genetic risk allele and EBV biology (45).

Although this finding requires further validation
across primary human cells and diverse populations,
it is conceptually important. If HLA-DRBI115:01
facilitates EBV infection or alters the efficiency of
viral entry, it could contribute to a higher burden of
EBV-infected B cells or a qualitatively different pattern
of EBV persistence. This would add another layer to
the EBV-HLA interaction: HLA-DRBI115:01 may
influence not only antigen presentation after infection,
but potentially the biology of EBV infection itself (46).

Integrative model: HLA-DRI15 as a genetic amplifier
of EBV-associated MS risk

Taken together, current evidence supports a model in
which HLA-DRB1*15:01/HLA-DR15 acts as a genetic
amplifier of EBV-associated MS risk. In this model,
EBV provides the environmental trigger and persistent
viral reservoir, wherecas HLA-DRBI1*15:01 shapes
the antigenic and cellular immune context in which
EBV is recognized. This may occur through several
overlapping mechanisms: enhanced presentation of
EBV-derived peptides, activation of EBV-specific
CD4+ T cells, support of EBNAI-directed humoral
immunity, facilitation of molecular mimicry with
CNS antigens, and EBV-induced remodeling of the
HLA-DR15 immunopeptidome. This framework helps
explain why EBV infection alone is not sufficient to
cause MS. Most EBV-infected individuals maintain
lifelong viral latency without developing CNS
autoimmunity. In contrast, individuals carrying HLA-
DRB115:01 may be more likely to generate persistent,
dysregulated, or cross-reactive EBV-directed immune
responses. Therefore, the **EBV-positive / HLA-
DRBI115:01-positive** profile represents one of the
most biologically plausible and best-supported genetic
risk profiles for MS development.

This HLA class II-centered mechanism is illustrated
in Figure 2, which summarizes how HLA-DRB1*15:01
may shape EBV antigen presentation and promote
downstream EBNAIl-directed immunity and CNS
cross-reactivity.

While HLA-DRB115:01 represents the dominant
HLA class II risk allele for MS, disease susceptibility
is further modified by other HLA variants, including
protective class I alleles such as HLA-A02:01.

HLA class I protection and risk modification
HLA class I alleles as modifiers of MS susceptibility
While the most significant genetic correlation in
MS is found in the HLA class II area, namely HLA-
DRB1*15:01, HLA class I alleles also play a role
in vulnerability to the disease. HLA-A*02:01 is
often identified as a protective allele. This protective
connection has been reported across numerous
independent investigations and does not seem to be
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Fig 2. HLA-DRB1*15:01-mediated presentation of EBV antigens and CNS cross-reactivity. EBV-infected B cells may present EBNAI-
derived peptides through HLA-DRB1%*15:01, leading to activation of EBV-specific CD4+ T cells. In genetically susceptible individuals, this
response may support anti-EBNA1 immunity and cross-reactive recognition of CNS antigens such as Glial CAM, thereby contributing to CNS

autoimmunity and increased MS risk.

purely due to linkage disequilibrium with class 11
alleles, indicating that HLA-A*02:01 may have an
independent immunological impact on MS risk (7, 47).

HLA-A*02:01 as a protective allele in MS

The protective effect of HLA-A02:01 has been
confirmed in population-based and genetic association
studies. Bergamaschi and colleagues reported a strong
protective effect of **HLA-A02**, independent
of HLA-DRB1*15 and other HLA-DRBI1 alleles,
supporting the idea that class I-mediated immune
mechanisms modify MS susceptibility independently
of classical class II risk (47). Similarly, Link and
colleagues emphasized the importance of both HLA
class I and class II effects in MS and confirmed the
protective contribution of HLA-A*02 in Scandinavian
cohorts (48). These findings indicate that MS risk is
shaped not only by alleles that enhance susceptibility,
but also by alleles that may actively reduce disease
risk.

Biological rationale: CD8+ T-cell surveillance and
EBYV control

The biological relevance of HLA-A02:01 in EBV-
associated MS risk is plausible because HLA class
I molecules present intracellular peptides to CD8+
cytotoxic T cells, which are central to antiviral immune
surveillance. Since EBV establishes latent infection in
B cells, effective CD8+ T-cell recognition of EBV-
derived peptides may be important for controlling the
burden and activity of EBV-infected B cells. In this
context, HLA-A02:01 may protect against MS by
supporting efficient antiviral immune control, thereby
reducing persistent EBV-driven B-cell activation and
downstream autoimmune risk (49, 50).

30

HLA-A%02:01 and EBV viral load in MS

Evidence directly linking HLA-A02 to EBV
control has been reported in MS cohorts. Agostini
and colleagues found that MS patients expressing
**HLA-A02** had significantly lower EBV viral
load compared with HLA-A02-negative patients. This
observation suggests that HLA-A02 may contribute to
more effective immune control of EBV-infected cells,
providing a mechanistic explanation for its protective
association in MS (50). Although viral load is only one
measure of EBV immune control, these data support
a model in which HLA-A*02:01 reduces MS risk by
limiting EBV persistence, reactivation, or antigenic
stimulation.

Absence of HLA-A*02:01 as part of a high-risk
genetic profile

The absence of HLA-A*02:01 can therefore be
considered a risk-modifying feature rather than a
primary risk allele. In individuals who already carry
strong susceptibility factors suchas HLA-DRB1*15:01,
lack of HLA-A02:01 may remove a protective layer
of antiviral immune surveillance. This produces a
biologically plausible high-risk configuration: **HLA-
DRBI115:01-positive / HLA-A*02:01-negative**. In
such individuals, HLA class II-mediated presentation
may favor CD4+ T-cell activation against EBV or
self-antigens, while the absence of protective class
I-mediated CD8+ control may allow more persistent
EBV-related immune stimulation (7, 48, 50).

HLA-A%02:01, EBV-specific CD8+ T cells, and
immune phenotype

Recent studies further support the concept that MS-
associated and MS-protective HLA class I alleles may
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shape EBV-specific CD8+ T-cell responses differently.
Work comparing EBV epitope-specific CD8+ T-cell
responses in the context of HLA-A2 and higher-risk
HLA class 1 backgrounds suggests that HLA-A2-
restricted responses may recognize a broader or more
effective EBV epitope repertoire, whereas some MS-
associated class I contexts may be linked to more
restricted or dysfunctional EBV-specific CD8+ T-cell
responses (51). Although these data are still emerging,
they are highly relevant to the present review because
they connect HLA class 1 genetics, EBV immune
surveillance, and MS risk modification.

HLA class I protection in the broader genetic—
environmental model

The protective role of HLA-A02:01 should be
interpreted within a broader gene—environment
framework. Environmental factors such as EBV
infection, smoking, vitamin D deficiency,and adolescent
obesity may interact with HLA-mediated immune
pathways to influence MS risk. For example, prior
work has suggested that smoking-related MS risk may
be more pronounced in individuals lacking protective
**HLA-A02:01** or carrying HLA-DRB1*15:01,
indicating that HLA class I protection may modify
susceptibility across multiple environmental contexts,
not only EBV infection (52). This reinforces the
concept that absence of HLA-A*02:01 is best viewed
as a risk amplifier within a multilayered susceptibility
profile.

Integrative interpretation

Taken together, current evidence supports the view
that HLA-A*02:01 is an important protective HLA
class I allele in MS, likely acting through mechanisms
related to CD8+ T-cell-mediated immune surveillance
and control of EBV-infected B cells. Conversely,
absence of HLA-A02:01 may increase vulnerability
to EBV-associated immune dysregulation, particularly
when combined with **HLA-DRB115:01**, high
anti-EBNA1 responses, or other immune risk variants.
Therefore, the EBV-positive / HLA-DRB115:01-
positive / HLA-A02:01-negative profile represents a
biologically coherent and clinically relevant high-risk
configuration for MS susceptibility (7, 50, 51).

In addition to traditional HLA-A and HLA-DR
alleles, recent findings indicate that non-classical HLA
molecules, especially HLA-E, might also alter the risk
of EBV-related MS by affecting NK-cell and CD8+
T-cell reactions to EBV-infected B cells.

HLA-E and EBV immune control
HLA-E as an emerging modifier of EBV-associated
MS risk

Beyond classical HLA class I and II molecules,
recent evidence suggests that the non-classical HLA
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class I molecule HLA-E may modify the association
between EBV infection and MS. HLA-E has a
specialized immunological role because it interacts
with receptors expressed on natural killer (NK) cells
and CD8+ T cells, particularly the inhibitory receptor
NKG2A/CD94, thereby influencing antiviral immune
surveillance and immune regulation. This is relevant
to EBV-associated MS because EBV persists in B
cells, and effective long-term control of EBV-infected
cells depends not only on conventional HLA-restricted
T-cell responses but also on NK-cell and CD8+ T-cell
mechanisms (30, 49).

HLA-E allelic variation and infectious mononucleosis

The potential relevance of HLA-E to MS emerged
from studies showing that HLA-E allelic variation can
influencethe clinical outcome of primary EBV infection.
IM, the symptomatic manifestation of primary EBV
infection, is associated with strong immune activation
and has consistently been linked to increased MS risk
(12). A mechanistic study by Vietzen and colleagues
showed that HLA-E-restricted immune responses
are important for the control of EBV-associated
diseases, including IM. The findings indicated that the
prominently expressed HLA-E*01:03/01:03 genotype
conferred protection against IM, in part by stimulating
EBV BZLF1-specific HLA-E-restricted CD8+ T-cell
responses that may restrict viral spread (30).

HLA-E*01:01, infectious mononucleosis, and MS
susceptibility

A 2025 population cohort study directly connected
HLA-E variation with MS susceptibility in the context
of IM. Nova and colleagues reported that carriers of
HLA-E*01:01 who had been diagnosed with infectious
mononucleosis were at considerably increased risk of
MS, independent of other MS-associated HLA alleles.
Importantly, the association between HLA-E01:01
and MS was observed primarily among individuals
with a history of IM, suggesting a gene—environment
interaction rather than a general HLA-E effect on MS
susceptibility (12). This finding positions HLA-E01:01
as an emerging EBV-context-dependent risk modifier.

Dose-dependent risk and independence from classical
HLA effects

The reported HLA-EO01:01-IM interaction appears
to show a dose-dependent pattern. In summaries of
the 2025 cohort study, MS risk among individuals
with a history of IM was higher in heterozygous
HLA-EO1:01 carriers and even higher in HLA-E01:01
homozygotes, compared with individuals carrying two
HLA-EO01:03 alleles (12, 53). The study also reported
that this effect persisted after accounting for other MS-
related HLA variants, including HLA-DRB1*15:01
and HLA-A*02:01 (12). This is important because it
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suggests that HLA-E may add a distinct layer of risk
beyond the classical HLA class II risk and class I
protection framework.

Possible mechanism: weaker EBV immune control

The most plausible interpretation is that HLA-E*01:01
could be related to less efficient immune control of EBV,
particularly during or after symptomatic primary infection.
In contrast, HLA-E01:03 has been associated with stronger
HLA-E-restricted CD8+ T-cell responses against EBV
antigens, including BZLF1, and reduced susceptibility
to IM (30). If HLA-EO1:01 supports weaker NK-cell or
CD8+ T-cell-mediated control of EBV-infected B cells,
this could result in greater viral persistence, more intense
immune activation, or prolonged antigenic stimulation
after IM. These processes could plausibly increase the
likelihood of EBV-driven B-cell dysregulation and
CNS-directed autoimmunity in genetically susceptible
individuals (12, 30).

NK-cell and CD8+ T-cell pathways in EBV-associated
autoimmunity

HLA-E is particularly interesting because it links
EBYV biology to both innate-like and adaptive antiviral
pathways. HLA-E-presented peptides can regulate
NK-cell activity through inhibitory NKG2A/CD94
signaling, while HLA-E-restricted CD8+ T cells can
directly recognize EBV-derived peptides and contribute
to viral control. In EBV infection, this balance may
determine whether infected B cells are efficiently
contained or whether viral persistence promotes chronic
immune stimulation. Since MS involves both B-cell
dysregulation and CD8+ T-cell accumulation in CNS
lesions, HLA-E-mediated antiviral control provides
a biologically plausible bridge between symptomatic
EBYV infection and later CNS autoimmunity (30, 54).

Interpretation within the EBV-genetics model of MS

Within the broader model of EBV-associated
MS, HLA-E should be viewed as an emerging risk
modifier, not yet as established as HLA-DRB1*15:01
or HLA-A*02:01. The current evidence suggests that
HLA-E01:01 may increase MS risk specifically in
individuals who experienced infectious mononucleosis,
possibly by weakening EBV immune control or altering
NK/CD8+ T-cell regulation. Therefore, a clinically
meaningful high-risk configuration may include
**EBV-associated IM + HLA-EO01:01**, especially
when combined with HLA-DRB1*15:01, absence
of HLA-A*02:01, high anti-EBNAI1 responses, or
elevated MS polygenic risk. However, replication
in additional ancestries and functional studies using
primary human immune cells are needed before
HLA-E typing can be incorporated into formal MS risk
prediction (12, 53).

Table 1 summarizes HLA-mediated profiles that may
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modify MS risk among EBV-exposed individuals.

EBV-specific humoral immunity and host genetics
EBYV antibody profiles as markers of MS-relevant
immune response

EBV-specific antibody responses provide an
important link between viral exposure and host immune
susceptibility in MS. Because EBV seropositivity
is highly prevalent in adults, simple EBV positivity
has limited value for risk stratification. In contrast,
quantitative and antigen-specific antibody patterns,
particularly elevated antibodies against EBNAI,
appear more informative. High anti-EBNA1 IgG titers
have repeatedly been associated with increased MS
risk years before clinical onset, suggesting that MS
susceptibility is related not only to EBV infection itself,
but also to an exaggerated or dysregulated immune
response to latent EBV antigens (40, 55).

EBNAL is especially relevant because it is expressed
during EBV latency and is required for maintenance
of the viral episome in infected B cells. Persistently
elevated anti-EBNA1 IgG may reflect chronic antigenic
stimulation, impaired control of EBV-infected B cells,
or a tendency toward cross-reactive immune responses
(56). This is consistent with mechanistic studies
showing that EBNA1-directed antibodies can cross-
react with CNS-associated antigens such as Glial CAM,
providing a potential bridge between EBV-specific
humoral immunity and CNS autoimmunity (28, 41).

Antibodies against EBV viral capsid antigen (anti-
VCA IgQG) are useful markers of prior EBV infection
and are commonly used to define EBV serostatus in
epidemiological studies. However, because anti-VCA
IgG is widespread among EBV-exposed individuals,
it appears less specific than anti-EBNA1 for MS risk
prediction. Therefore, anti-VCA is best interpreted as a
marker of EBV exposure history, whereas anti-EBNA 1
may better reflect MS-relevant immune dysregulation
related to latent EBV infection (21, 56).

Anti-EBNAI titers, HLA-DRB1*15:01, and MS risk

The correlation between anti-EBNA1 reactions
and MS is especially significant when considering
host genetics. HLA-DRB1%*15:01, the most
significant genetic risk allele for multiple sclerosis,
may affect CD4+ T-cell reactions to peptides
produced from EBV and assist in T-cell support
for EBNA1-specific B cells (57). De Jager and
colleagues found that anti-EBNA1 antibody levels
correlated with the incidence of multiple sclerosis,
irrespective of HLA-DRB1*15:01, suggesting that
EBV-targeted humoral immunity and HLA class II
genetic predisposition are separate but intersecting
factors in MS vulnerability (40).

The combination of HLA-DRBI1*15:01 carriage
and high anti-EBNA1 IgG titers may therefore
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Table 1. HLA class I and class II profiles modifying EBV-associated MS risk.

HLA profile Direction of EBV-related Proposed mechanism Strength of
effect on MS risk  implication evidence
HLA-DRB1*15:01 Increased risk May enhance Presentation of EBV-derived peptides, Strong

positive / HLA-
DRI1S5 positive

pathogenic EBV
antigen presentation

including EBNA 1-related antigens, to
CD4+ T cells; possible promotion of
EBV-specific and cross-reactive CNS-
directed immune responses

HLA-A*02:01 Protective May improve antiviral ~ More effective CD8+ T-cell-mediated Strong to moderate
positive immune surveillance control of EBV-infected B cells; lower

EBYV viral load reported in HLA-A*02-

positive MS patients
HLA-A*02:01 Risk-moditying; May reduce protective  Absence of a protective class I pathway Moderate
negative loss of protection ~ EBV immune control may permit greater EBV persistence or

chronic EBV-driven immune stimulation
HLA-DRB115:01 Higher-risk Combines class I risk ~ Potentially enhanced CD4+ T-cell Strong biological
positive / HLA- combined profile with loss of class I activation against EBV/self-antigens plausibility;

A02:01 negative

protection

moderate direct
EBV-specific

together with reduced CD8+ antiviral
control

evidence
HLA-E*01:01 Increased risk May identify Altered HLA-E-mediated NK-cell and Emerging 2025
carrier + infectious individuals with CD8+ T-cell regulation; possible cohort evidence
mononucleosis weaker EBV control reduced control of EBV-infected B cells
history after symptomatic after IM
primary infection

HLA- Potentially May support stronger Induction of EBV BZLF1-specific HLA-  Moderate for
E*01:03/01:03 protective against  control of primary E-restricted CD8+ T-cell responses that EBV/IM; indirect for

IM; possible EBYV infection limit viral dissemination MS

indirect MS

relevance
HLA-DRB115:01 Proposed high- Integrates EBV Persistent EBV antigenic stimulation, Conceptual; requires
positive + HLA- risk EBV- exposure, symptomatic  altered B-cell antigen presentation, validation
A02:01 negative + associated profile infection, class II risk, weaker antiviral control, and increased
HLA-E*01:01 loss of class I likelihood of CNS cross-reactivity
carrier + IM protection, and non-
history classical HLA risk

define a biologically meaningful high-risk profile
among EBV-infected individuals. In this model,
HLA-DRB1*¥15:01 may promote presentation
of EBV-derived peptides to CD4+ T cells, while
persistent anti-EBNA1 responses may amplify B-cell
activation, antibody production, and potential CNS
cross-reactivity. Although the statistical interaction
varies across cohorts, the biological rationale for
considering this combined profile is strong (58).

Recent studies have also suggested that anti-
EBNAI responses may be refined beyond total IgG
titers. Antibodies directed against specific EBNAI
regions, including autoreactivity-associated domains,
may better capture MS-relevant humoral responses
than total anti-EBNA1 levels alone. This supports
a shift from simple EBV serostatus toward more
detailed EBV antibody profiling combined with HLA
genotype (41, 59).

Integrative interpretation

Overall, EBV-specific humoral immunity represents
a measurable interface between EBV exposure and
genetically shaped immune risk. High anti-EBNAI
IgG, particularly in HLA-DRBI*15:01-positive
individuals, is one of the most consistent EBV-related
immune profiles associated with MS susceptibility.
Anti-VCA IgG remains useful for documenting EBV
exposure, but it is less specific for MS risk than anti-
EBNAI. Thus, the profile EBV-seropositive / high
anti-EBNA1 IgG / HLA-DRBI*15:01-positive,
especially when combined with absence of protective
HLA-A*02:01 or history of infectious mononucleosis,
represents a plausible high-risk immunogenetic
pattern (40, 58).

However, elevated EBV antibody titers should
not be interpreted as diagnostic markers of MS.
Many individuals with high anti-EBNA1 titers never
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develop MS, indicating that humoral EBV responses
act as risk markers within a broader framework
that includes HLA background, non-HLA immune
loci, environmental exposures, and possibly early
biomarkers of neuroaxonal injury. In this context, EBV
antibody profiling is best viewed as a readout of host
virus interaction rather than a stand-alone predictor of
disease (59).

Non-HLA loci and antigen-presenting cell pathways
Non-HLA genetic architecture of MS and immune-
cell pathways

Although HLA alleles account for the strongest
genetic effects in MS, the broader genetic architecture
of the disease is highly polygenic. The large 2019
International MS Genetics Consortium study analyzed
47,429 MS cases and 68,374 controls and identified
200 autosomal non-MHC susceptibility variants, in
addition to MHC and chromosome X signals. Many of
these non-HLA variants map to immune-cell pathways
involving peripheral immune cells and microglia,
supporting the concept that MS susceptibility is shaped
by multiple genes involved in immune activation,
antigen presentation, cytokine signaling, and
lymphocyte regulation (14, 60, 61).

This non-HLA genetic background is particularly
relevant to EBV-associated MS because EBV persists
in B cells, which can function as antigen-presenting
cells. EBV-infected B cells may present viral or self-
antigens, supply costimulatory signals to T cells, and
sustain chronic immune activation. Therefore, genetic
variants affecting B-cell activation, antigen-presenting
cell function, and B/T-cell costimulation may
influence whether EBV infection remains controlled
or contributes to autoreactive immune responses (14).

CD86 and B/T-cell costimulation in EBV-associated
MS risk

Among non-HLA loci, CDS86 is especially relevant
because it encodes a costimulatory molecule expressed
on antigen-presenting cells, including B cells and
dendritic cells. CD86 interacts with CD28 and CTLA-
4 on T cells, thereby influencing T-cell activation,
tolerance, and immune regulation (62). In the setting of
EBV infection, altered CD86-mediated costimulation
could amplify T-cell responses to EBV-infected B cells
and promote a more persistent or dysregulated adaptive
immune response (14).

A notably significant article for this analysis is the
2024 publication about gene-environment interactions
in pediatric-onset MS. Ziaei and associates presented
findings indicating an interaction between childhood
EBYV infection and both HLA-DRBI1*15 and the GG
genotype of the CD86 risk variation rs2255214. The
researchers determined that these results underscore a
significant function of antigen-presenting cells in the
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likelihood of pediatric-onset MS linked with EBV. This
positions CD86 as one of the most evident non-HLA
instances presently documented that connects EBV
exposure, APC biology, and vulnerability to MS (63).

CD40 and EBV-driven B-cell activation

CD40 is another biologically relevant non-HLA
locus because it plays a central role in T-cell-
dependent B-cell activation, germinal center
responses, immunoglobulin class switching, and
antigen presentation (64). In MS, B cells are not only
antibody-producing cells but also antigen-presenting
cells capable of shaping T-cell responses. Because
EBV establishes latency in B cells, CD40-mediated
signaling may influence the survival, activation, and
antigen-presenting function of EBV-infected B cells
(4).

EBV biology further strengthens the relevance
of CD40-related pathways. EBV latent membrane
protein 1, or LMP1, can mimic aspects of CD40
signaling and promote B-cell activation, survival,
and upregulation of antigen-presentation machinery.
Recent EBV-MS reviews note that EBV LMPI
expression can enhance expression of MHC class I,
MHC class II, and costimulatory molecules, thereby
enhancing antigen presentation by infected B cells
(65). This provides a plausible mechanism through
which host variants affecting CD40 or related B-cell
activation pathways could modify EBV-driven
immune responses in MS (19).

IL2RA and IL7R: cytokine receptor loci shaping
T-cell regulation

Non-HLA MS risk loci also include cytokine
receptor genes such as IL2RA and IL7R, which
influence T-cell activation, survival, and immune
tolerance. IL2RA encodes the alpha chain of the
IL-2 receptor and is important for regulatory T-cell
biology, while IL7R encodes the IL-7 receptor alpha
chain and contributes to T-cell development and
homeostasis. Variants in these genes may alter the
balance between effector and regulatory immune
responses, potentially lowering the threshold for
autoreactive T-cell activation after EBV-driven
antigen presentation (66).

The connection between IL2RA/IL7R and
EBV-associated MS is likely indirect rather than
EBV-specific. Unlike CD86, where a direct EBV
interaction has been reported in pediatric-onset
MS, IL2RA and IL7R are better understood as part
of a broader immune susceptibility background.
These variants may not determine EBV infection
itself, but they may influence how the immune
system responds to persistent antigenic stimulation,
including stimulation derived from EBV-infected B
cells (14).
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Integrative interpretation

Taken together, non-HLA loci appear to modify
EBV-associated MS risk by shaping the immune
context in which EBV is controlled. CD86 provides the
most direct current example of a non-HLA gene-EBV
interaction, particularly in pediatric-onset MS, where
the CD86 152255214 GG genotype interacted with
childhood EBV infection. CD40, IL2RA, and IL7R
are also biologically relevant because they regulate
B-cell activation, T-cell costimulation, and cytokine-
dependent immune homeostasis, although their EBV-
specific effects are less directly established (63).

Thus, the non-HLA contribution to EBV-associated
MS should be interpreted as a polygenic immune-
amplification background. In genetically susceptible
individuals, EBV-infected B cells may provide antigenic
stimulation, while variants in APC and costimulatory
pathways may enhance B/T-cell interactions, sustain
chronic immune activation, and increase the probability
of autoreactive responses. This model complements
the HLA-centered framework by showing that antigen
presentation is not determined only by peptide-binding
HLA alleles, but also by the broader genetic regulation
of APC function and lymphocyte activation (63).

Figure 3 illustrates how non-HLA loci involved in
antigen-presenting cell pathways, including CD86,
CD40, IL2RA, and IL7R, may modify immune
responses to EBV and influence MS susceptibility.

Polygenic risk
stratification
Polygenic risk score (PRS) and shared genetic
architecture of EBV activity and MS

Recent large-scale genetic research has begun to
illuminate how polygenic risk influences both EBV
activity and MS susceptibility. A new study developed
PRSs for EBV DNA positivity using genome-wide

score and EBV-positive risk

EBV-infected
B cell / APC

Costimulation
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association data from over 600,000 individuals and
applied these scores to large population cohorts,
including the UK Biobank. Individuals in the top
decile of the EBV DNA PRS showed a significantly
higher prevalence of MS compared with those in
the bottom decile, and most of this association was
attributable to variants within the MHC region. These
findings suggest that genetic variants that influence
EBYV activity also contribute to MS risk, supporting the
concept of a shared genetic architecture between EBV
persistence and MS susceptibility (67).

This work provides some of the strongest evidence
to date that polygenic risk related to EBV biology can
stratify individuals by MS risk, particularly when MHC
(including classical HLA risk and protective alleles)
is included. It supports the idea that PRS can capture
genetic variation influencing EBV-host interactions
and highlights the potential utility of PRS in research
settings to identify subgroups at elevated EBV-MS
risk (67).

Integration of PRS, HLA, and EBYV serology in risk
models

While the EBV DNA PRS mentioned above is based
on EBV activity rather than solely on traditional MS
GWAS, it aligns with the broader observation that MHC
variation drives much of the overlap between EBV-
related genetic signals and MS genetic susceptibility.
In the UK Biobank analysis, PRS constructed from
variants inside the HLA region showed a stronger
association with MS risk than PRSs based on
non-MHC variants, suggesting that HLA-mediated
effects are especially critical for stratified genetic risk
in EBV-positive individuals (67).

Several earlier epidemiological studies have also
explored the combination of HLA genotypes and EBV
serology for MS risk discrimination. For example,

D csenns IL2RA

Chronic immune
activation

|

Autoimmunity /
MS risk

T cell activation

Fig 3. Non-HLA loci shaping EBV-driven immune activation in MS. EBV-infected B cells act as antigen-presenting cells. Genetic variants in
CD86 and CD40 modulate B/T-cell costimulation, while IL2RA and IL7R influence T-cell survival and regulatory pathways. Together, these
non-HLA variants create a polygenic background that can amplify EBV-associated immune responses and increase the risk of autoreactive

CNS-directed immunity.
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case control analyses indicated that higher levels of
anti-EBV antibodies together with risk HLA-DR alleles
discriminate MS cases from controls more effectively
than either measure alone, which implies that host
genetics and EBV immune markers can be jointly
informative (68). Such studies provide conceptual
support for multivariate risk models that incorporate
HLA, anti-EBV serology, and broader genetic risk
scores.

Limitations and current research status

Despite these promising research findings, the
use of PRS combined with HLA and EBV serology
for individual MS risk prediction remains largely
experimental. Several key limitations still constrain
clinical application: PRS models depend heavily on
population ancestry and large reference datasets; the
effect sizes of many non-HLA variants are modest;
and EBYV infection is nearly universal, reducing the
specificity of simple seroprevalence for risk prediction.
Therefore, integrated risk stratification using PRS
+ HLA + EBV serology is currently a research tool
that may enrich study cohorts or elucidate biological
mechanisms, but it is not yet ready for routine clinical
use (67).

Future studies with larger and more diverse cohorts,
refined EBV-related genetic scores, and longitudinal
validation will be needed to determine if this combined
approach can achieve sufficient predictive accuracy
for clinical risk stratification. Researchers are also
exploring whether additional biomarkers, such as EBV
DNA load or multiplex antibody signatures, can further
improve integrated risk models.

Proposed high-risk genetic profiles

This review supports a model in which EBV
infection acts as a major upstream trigger for MS,
but disease risk becomes substantially enriched only
in individuals with a permissive immunogenetic
background. Because EBV infection is highly prevalent
in the general population, EBV seropositivity alone has
limited predictive value. A more informative approach
is to define risk-enrichment profiles that integrate
EBV exposure, HLA risk and protective alleles, EBV-
specific immune responses, and selected non-HLA
immune loci. These profiles should not be interpreted
as diagnostic categories, but as biologically plausible
frameworks for stratifying EBV-positive individuals in
research settings (34).

Core EBV-HLA risk profile

The most established high-risk profile is EBV-
positive / HLA-DRBI1*15:01-positive, especially
when the individual also belongs to the broader HLA-
DR15 haplotypic background. HLA-DRB115:01 is the
strongest genetic risk allele for MS, and its relevance
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in EBV-associated MS is biologically coherent
because it can shape CD4+ T-cell responses to EBV-
derived antigens. In this model, EBV-infected B cells
provide the antigenic source, while HLA-DRB115:01
determines how viral and potentially cross-reactive
peptides are presented to CD4+ T cells (34).

This core profile becomes more compelling when
combined with evidence of enhanced EBV-specific
humoral immunity, particularly high anti-EBNA1 IgG
titers. Anti-EBNA1 responses have been associated
with MS risk, and EBNA1 is mechanistically relevant
because EBNAI1-directed immunity can cross-react
with CNS-associated antigens. Therefore, the profile
EBV-positive / HLA-DRB1*15:01-positive / high anti-
EBNATI IgG represents one of the most biologically
supported EBV-associated MS risk configurations (69).

Loss of HLA class I protection

A second layer of risk involves the absence
of protective HLA class 1 alleles, particularly
HLA-A*02:01. In contrast to HLA-DRBI115:01,
which increases MS susceptibility, HLA-A02:01 has
been repeatedly described as protective. In EBV-
associated models, this protection may reflect more
effective CD8+ T-cell-mediated immune surveillance
of EBV-infected B cells. Therefore, the absence of
HLA-A*02:01 may remove an important protective
mechanism and contribute to a higher-risk state (43).

The combined profile HLA-DRB115:01-positive
/" HLA-A02:01-negative may therefore be more
informative than either allele considered alone. In
this configuration, class II-mediated presentation may
favor EBV-specific or cross-reactive CD4+ T-cell
activation, while reduced class I protection may allow
less efficient control of EBV-infected B cells. This
profile can be conceptualized as a combination of
“increased pathogenic antigen presentation” and “loss
of protective antiviral surveillance (43, 70).”

Infectious mononucleosis and HLA-E*01:01

A tertiary risk-enrichment profile includes infectious
mononucleosis and  HLA-E*01:01. Infectious
mononucleosis serves as a clinical indicator of
symptomatic primary EBV infection and has
historically been linked to a heightened risk of multiple
sclerosis. Recent population-centric research suggests
that individuals with HLA-E*01:01 who have had
infectious mononucleosis have a markedly elevated
risk of MS, irrespective of other HLA alleles linked to
MS. This indicates that HLA-E*01:01 could delineate
a subpopulation where symptomatic EBV infection is
followed by diminished or dysregulated immunological
response to EBV (12).

This HLA-E profile is particularly important because
it expands the EBV-MS model beyond classical HLA-
DR and HLA-A alleles. HLA-E regulates NK-cell and


http://68
http://67
http://34
http://34
http://69
http://43
http://43
http://70
http://12

Kiana Ali akbar pourhemmati

CD8+ T-cell responses, and the 2025 findings support
the hypothesis that non-classical HLA variation may
influence how efficiently EBV infection is controlled
after infectious mononucleosis. Thus, IM history +
HLA-E*01:01, especially when combined with HLA-
DRB115:01 or absence of HLA-A02:01, represents an
emerging high-risk configuration that deserves further
replication and functional validation (12).

Non-HLA immune amplification profile

Beyond HLA, non-HLA immune loci may amplify
EBV-associated immune activation. The clearest current
example is CD86, a costimulatory molecule involved
in antigen-presenting cell and T-cell interactions.
In pediatric-onset MS, a study reported interactions
between childhood EBV infection and both DRB1*15
and the GG genotype ofthe CD86 risk variant rs2255214,
supporting a role for antigen-presenting cells in EBV-
associated pediatric MS risk (63).

Other non-HLA loci, including CD40, IL2RA, and
IL7R, may contribute less specifically by shaping B-cell
activation, T-cell costimulation, cytokine signaling,
and immune tolerance. These genes may not be EBV-
specific risk factors, but they can create a polygenic
immune environment in which EBV-infected B cells
are more likely to drive persistent T-cell activation
or autoreactive responses. Therefore, a broader risk
profile may include high non-HLA immune genetic
burden, particularly involving antigen-presenting cell
and B/T-cell costimulatory pathways (43).

Proposed tiered model of EBV-associated MS risk

Based on the evidence reviewed above, EBV-positive
individuals can be conceptually stratified into three
research-oriented risk categories. A lower-risk EBV-
positive profile would include EBV seropositivity
without HLA-DRBI115:01, presence of protective
HLA-A02:01, no history of infectious mononucleosis,
low or moderate anti-EBNAI titers, and low polygenic
immune risk. In these individuals, EBV latency may
remain effectively controlled without progression
toward CNS autoimmunity (43).

An intermediate-risk profile may include EBV
seropositivity with either HLA-DRB115:01 positivity
orabsence of HLA-A02:01, together with elevated anti-
EBNAL IgG or a history of infectious mononucleosis.
This category reflects partial enrichment of risk, where
one or more immunogenetic features may increase
EBV-driven immune activation but the full high-risk
configuration is not present (12).

A high-risk EBV-associated MS profile can be
proposed as: EBV-positive, especially with infectious
mononucleosis history; HLA-DRB115:01/HLA-DR15
positive; HLA-A02:01 negative; high anti-EBNA1
IgG; HLA-E*01:01 carrier; and elevated non-HLA
immune risk involving APC or costimulatory pathways
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such as CD86. This profile integrates the strongest
established genetic risk factor, loss of a protective HLA
class 1 allele, EBV-specific humoral dysregulation,
emerging HLA-E evidence, and non-HLA immune
amplification (12).

Interpretation and clinical caution

These proposed profiles should be interpreted as
risk-enrichment models, not clinical prediction tools.
At present, no combination of EBV serology and
genetic markers can determine whether an individual
EBV-positive person will develop MS. The profiles
are most useful for organizing mechanistic evidence,
designing prospective studies, enriching high-risk
research cohorts, and developing future preventive
strategies such as EBV vaccination trials or immune
monitoring in genetically susceptible groups (53).

In summary, the most plausible high-risk
configuration for EBV-associated MS is not defined
by a single genetic variant, but by the convergence
of HLA class II risk, loss of HLA class I protection,
EBV-specific humoral activation, non-classical HLA-
mediated antiviral control, and non-HLA immune
costimulatory pathways. This integrated model helps
explain why EBV infection is common, but MS is rare,
and why only a genetically susceptible subset of EBV-
infected individuals progresses toward CNS-directed
autoimmunity (43).

Table 2 summarizes the proposed EBV-associated
MS risk profiles, integrating EBV exposure, HLA class
I and II alleles, EBV-specific humoral responses, and
non-HLA immune loci into a tiered research-oriented
framework.

Knowledge gaps and future directions

Despite major progress in defining the relationship
between EBYV, host genetics, and MS, several
important knowledge gaps remain. First, most
available evidence supports EBV as a major upstream
trigger, but the precise sequence of immunological
events between EBV infection and clinical MS onset
is still incompletely understood. The interval between
EBV seroconversion and MS diagnosis may span
years, indicating that future studies need to focus on
the preclinical phase of MS. Large longitudinal cohorts
with repeated sampling before and after EBV infection
are needed to track EBV serology, EBV DNA load,
neurofilament light chain, HLA genotype, polygenic
risk score, and immune-cell phenotypes over time.
Such studies would clarify whether EBV-specific
immune dysregulation precedes neuroaxonal injury,
follows early CNS inflammation, or evolves in parallel
with other risk factors (3).

A second major limitation is the lack of ethnic and
ancestral diversity in many genetic studies of MS.
Most HLA and polygenic risk findings have been
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Table 2. Proposed EBV-associated MS risk profiles
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Risk category EBV-related features

HLA profile

Non-HLA / immune
features

Interpretation

Lower-risk EBV- EBV seropositive; no

HLA-DRBI115:01 negative;

Low polygenic EBYV latency likely

positive profile IM history; HLA-A02:01 positive immune burden controlled; lower likelihood
low/moderate anti- of CNS autoimmunity
EBNALI
Intermediate-risk ~ EBV seropositive; HLA-DRB115:01 positive or Some immune risk Partial enrichment of EBV-
profile elevated anti-EBNA1 HLA-A02:01 negative variants associated immune risk
or IM history
High-risk EBV- EBV positive; IM HLA-DRB115:01/HLA-DR15  CD86 risk genotype Strongest proposed risk-
associated MS history; high anti- positive; HLA-A02:01 or high non-HLA enrichment profile; research
profile EBNAI IgG negative; possible HLA- immune PRS use only
E*01:01
Pediatric-onset Childhood EBV HLA-DRB1*15 positive CD86 152255214 GG Supports APC/costimulation
enriched profile infection genotype involvement in EBV-
associated pediatric MS
Emerging IM— Infectious HLA-E*01:01 carrier Possible weaker Emerging profile requiring

HLA-E profile mononucleosis history

NK/CD8 EBV control  replication

Note: These profiles are proposed for mechanistic and research stratification. They should not be used as stand-alone

clinical predictors of MS.

generated in European-ancestry populations, yet HLA
allele frequencies, linkage disequilibrium patterns,
EBV infection timing, infectious mononucleosis
prevalence, and MS incidence vary across populations.
This limits the generalizability of proposed profiles
such as HLA-DRBI115:01-positive / HLA-A02:01-
negative / high anti-EBNAI. Future studies should
include diverse ancestries and underrepresented
populations to determine whether the same EBV-HLA
interactions apply globally or whether population-
specific HLA haplotypes and EBV immune-response
patterns modify risk differently (71).

Functional genomics will be essential for moving
beyond association toward mechanism. GWAS and
PRS identify risk loci, but they do not explain how
specific variants alter EBV control, B-cell activation,
antigen presentation, or CNS-directed autoimmunity.
Future research should integrate transcriptomics,
epigenomics, chromatin accessibility, proteomics, and
CRISPR-based perturbation studies in EBV-infected B
cells, dendritic cells, CD4+ T cells, CD8+ T cells, and
NK cells. This would help determine whether variants
in CD86, CD40, IL2RA, IL7R, and other immune
loci directly alter responses to EBV or instead act as
broader autoimmune susceptibility modifiers (71).

Single-cell technologies represent another important
direction. MS is immunologically heterogeneous, and
bulk profiling may obscure rare but pathogenic EBV-
reactive or autoreactive lymphocyte populations.
Single-cell RNA sequencing, paired TCR/BCR
sequencing, spatial transcriptomics, and single-cell
epigenomics could identify EBV-specific B-cell
and T-cell clones, define their activation states, and
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determine whether they are enriched in individuals
carrying high-risk HLA profiles. These approaches
could also clarify whether EBV-reactive immune
cells migrate into the CNS, acquire tissue-resident
phenotypes, or participate in intrathecal antibody
production and meningeal inflammation (72).

HLA peptidomics is likely to become particularly
important for this field. The central hypothesis of
this review is that genetically determined antigen
presentation shapes EBV-associated MS risk, but the
exact viral and self-peptide repertoires presented by risk
HLA molecules remain incompletely defined. Recent
work showing that EBV infection can reprogram the
transcriptome and immunopeptidome of HLA-DR15-
positive B cells provides a strong rationale for larger
studies using immunopeptidomics across different
HLA backgrounds, EBV latency states, and immune-
cell types. Such studies could identify the EBV-derived
and CNS-derived peptides most relevant to molecular
mimicry, epitope spreading, and autoreactive CD4+
T-cell activation (35).

Another key challenge is translating integrated
risk models into clinically meaningful tools.
Combining PRS + HLA genotype + EBV serology
is conceptually attractive, but current models are not
ready for individual-level prediction. EBV infection
is too common, MS is relatively rare, and many
high-risk genetic or serological markers have limited
positive predictive value when used alone. Future
work should test whether integrated models can
reliably identify enriched-risk groups for research
enrollment, longitudinal monitoring, or prevention
trials. These models should include not only HLA-
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DRB115:01, HLA-A02:01, HLA-E variation, and non-
HLA immune loci, but also dynamic biomarkers such
as anti-EBNA1 domain-specific antibodies, EBV DNA
load, neurofilament light chain, and possibly single-cell
immune signatures (73).

Finallyy, EBV wvaccination and EBV-targeted
prevention strategies represent one of the most important
future directions. If EBV is a near-necessary upstream
trigger for MS, preventing primary EBV infection
or reducing symptomatic infectious mononucleosis
could theoretically lower MS incidence. However,
EBV vaccine-based MS prevention trials face major
practical challenges, including the long delay between
EBYV infection and MS onset, the need for very large
cohorts, and the difficulty of selecting appropriate
endpoints. Recent discussions emphasize that such trials
may require long-term follow-up and risk-enriched
recruitment strategies, potentially using HLA genotype,
EBV serology, and PRS to identify individuals most
likely to benefit from monitoring or preventive
intervention (73).

Overall, the field is moving from epidemiological
association toward mechanistic and translational
stratification. The next generation of studies should
combine longitudinal sampling, diverse populations,
functional genomics, single-cell immune profiling, HLA
peptidomics, and EBV vaccine research. This integrated
approach will be necessary to determine whether
EBV-associated MS can be predicted, prevented, or
intercepted before irreversible CNS injury occurs.

CONCLUSION

EBV is a major trigger for MS, but infection alone is
not sufficient; host genetic background determines who
progresses to CNS autoimmunity. HLA-DRBI115:01
enhances presentation of EBV antigens and promotes
autoreactive immune responses, while absence of
HLA-A02:01 and carriage of HLA-E*01:01 may
reduce antiviral control and further elevate risk. Non-
HLA loci such as CD86, CD40, IL2RA, and IL7R
can amplify EBV-driven immune activation, creating
a permissive environment for autoimmunity. The
highest-risk research profile combines EBV positivity,
especially with infectious mononucleosis or high
anti-EBNAL1 titers, HLA-DRB115:01, absence of
HLA-A02:01, possible HLA-E*01:01, and increased
non-HLA immune burden. These profiles are currently
useful for research and mechanistic studies rather than
clinical prediction. Future longitudinal, functional, and
single-cell studies, along with HLA peptidomics and
EBYV vaccine trials, will be critical to clarify why only a
subset of EBV-infected individuals develop MS and to
guide potential preventive strategies.
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