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The role of Epstein-Barr virus in multiple sclerosis: 
from molecular pathophysiology to in vivo imaging 

Introduction
Multiple sclerosis (MS) is a disease of the central nervous 
system characterized by inflammation, blood-brain barrier 
breakdown, demyelination, lesion formation and axonal 
damage. The clinical course of relapsing-remitting MS is 
marked by recurring exacerbations, which are followed 
by either complete or partial recovery (Reich et al., 2018). 
Over time, the majority of relapsing-remitting MS (RRMS) 
patients enter a progressive disease course in which there 
is gradual worsening of clinical disability with or without 
superimposed relapses, and eventually become second-
ary-progressive MS (SPMS) (Lublin, 2014). A small portion 
of patients diagnosed as primary-progressive MS (PPMS) 
experience an early and continuous accumulation of phys-
ical disability without any superimposed acute relapses. 
Although MS risk is associated with environmental, neuro-
immune, and genetic factors, the exact causative factor for 
MS is not known. The environmental risk factors most con-
sistently linked MS risk are infection with Epstein-Barr virus 
(EBV), sun exposure/vitamin D deficiency, and smoking.

EBV or ubiquitous human herpesvirus 4 usually persists 
asymptomatically in immune-competent and healthy indi-
viduals (Figure 1) (Lucas et al., 2011). In the United States, 
approximately 50% of 6–8 years old children and 90% of 
18–19 years old adults exhibit evidence of prior EBV expo-
sure (Balfour et al., 2013). EBV infects B cells and epithelial 
cells (Lucas et al., 2011). The persistence of EBV in B cells in 

a latent state is chronic and lifelong. 
Primary EBV infection occurs mainly in children of young 

age and is generally asymptomatic. However, when EBV in-
fection occurs in adolescent/early adulthood it is more often 
accompanied by clinically overt symptoms, manifested as 
infectious mononucleosis (IM) in 30–40% of infected indi-
viduals (Sokal et al., 2007). Exposure to EBV can be assessed 
in the clinical setting using anti-EBV antibody panels and 
by measuring viral load (Centers for Disease Control and 
Prevention, 2018). The occurrence of IgG antibodies against 
EBV early antigen (anti-EA IgG) is a biomarker of active 
EBV infection (Centers for Disease Control and Preven-
tion, 2018). Anti-EA IgG induction is generally transient: it 
appears during the acute phase of infections and becomes 
undetectable 3–6 months after infection. However, anti-EA 
IgG can persist for years in 20% of the EBV infected patients 
(Centers for Disease Control and Prevention, 2018). An-
ti-EBV nuclear antigen-1 (anti-EBNA-1) antibodies appear 
2–4 months after infection and persist for the remainder 
of the host’s life. Similar to anti-EA IgG, seropositivity for 
anti-EBV Viral Capsid Antigen (anti-VCA) IgM occurs 
early in EBV infection and disappears after 4–6 months. 
Anti-VCA IgG appears in the acute phase of EBV infection, 
peaks at 2–4 weeks, declines slightly and persists for the re-
mainder of the host’s life. Individuals seronegative for VCA 
are considered susceptible to infectious mononucleosis 
(Centers for Disease Control and Prevention, 2018). 
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The initial report of association between infectious mono-
nucleosis occurrence and the subsequent development of MS 
have been corroborated by multiple meta-analysis (Martyn et 
al., 1993; Thacker et al., 2006; Handel et al., 2010). Interest-
ingly, the prevalence of both infectious mononucleosis and 
MS demonstrates a co-localizing and uneven geographical 
distribution that may be explained by the hygiene hypothesis 
(Ascherio et al., 2012). According to the hygiene hypothesis, 
the relative lack of early exposure to common pathogens 
during childhood in areas of with high levels of sanitation and 
hygiene may increase the risk for aberrant immune responses 
and autoimmune diseases if they are exposed to infectious 
triggers such as EBV later during adolescence and adulthood 
(Table 1) (Ascherio and Munger, 2007). 

Memory B-cells play an important role in MS pathogene-

sis possibly because they are reservoirs for EBV latency and 
are also antigen-presenting cells, which activate auto-ag-
gressive T-cells against the myelin proteins (Greenfield and 
Hauser, 2018). Several MS-associated risk alleles respon-
sible for the regulation of B-cell functions, such as antigen 
presentation and immune-regulation, have been identified 
(Smets et al., 2018). 

In the brain of MS patients, B-cells aggregate within the 
subarachnoid space into lymphoid-like structures, a pro-
cess that is guided by the expression of lymphoid-homing 
chemokines (Franciotta et al., 2008). These lymphoid struc-
tures, termed tertiary lymphoid follicles, were isolated from 
post-mortem MS brains and comprised of EBV-infected 
B-cells that express genes related to their growth, differenti-
ation, pathogen recognition, and enhanced T-cell activation 

Table 1 EBV proteins and their effects on MS clinical/MRI outcomes

EBV protein Function Clinical outcomes MRI outcomes

EBNA-1 Regulate EBV latency and promote host cell 
survival (Klein et al., 2010)

Higher anti-EBNA-1 IgG:
• Corresponds with active disease, 
but does not predict disease 
progression (Petersen et al., 2012; 
Kuhle et al., 2015)
• Corresponds with greater disability 
(Farrell et al., 2009)

No association found in CIS sample (Munger et al., 2015)
Higher anti-EBNA-1 IgG:
• Associates with greater CE- and T2-LN, and decreased GM 
volume (Farrell et al., 2009; Zivadinov et al., 2009a; Kvistad et 
al., 2014)
• Associates with increased T1-LN and decreased GM volume 
(RRMS) and increased T2-LN (PPMS) (Zivadinov et al., 
2016a)

EBNA-2 Regulate EBV latency and promote host cell 
proliferation (Klein et al., 2010) 
Regulate autoimmune-related risk allele 
expression (Harley et al., 2018)

Genetic variant of EBNA-2 1.2 allele increases MS risk, but has no effect on clinical or MRI features 
(Mechelli et al., 2015)

EBNA-3A
EBNA-3C

Regulate EBV latency and gene transcription 
(Klein et al., 2010)

LMP1
LMP2A

Regulate EBV latency and immortalize host 
cell (Klein et al., 2010)

Teriflunomide increases LMP1 (Bilger et al., 2017)
IFN-β decreases LMP2A (Rizzo et al., 2016)

VCA Viral capsid protein (Lucas et al., 2011) Higher anti-VCA IgG:
• Has no effect on disease activity in 
CIS (Munger et al., 2015) 
• Predicts greater disability in CIS 
(Horakova et al., 2013)
• Has no association with MS 
progression (Farrell et al., 2009)

No association found in CIS sample (Munger et al., 2015)
Higher anti-VCA IgG: 
• Associates with higher CE-LN, greater thalamic volume 
loss, and a trend with greater T2-LN and brain atrophy in CIS 
(Horakova et al., 2013; Zivadinov et al., 2014)
• Associates with higher T2-LV, T1-LN, and T1-LV, greater 
WM and GM loss (Zivadinov et al., 2009a, 2016a)
• Predicts lower neuroinflammation (Kvistad et al., 2014)

EA Regulate early lytic phase of viral replication 
(Lucas et al., 2011)

Higher anti-EA IgA/IgM:
• Predicts relapse (Wandinger et al., 
2000)
Higher anti-EA IgG:
• Has no association with disease 
activity (Buljevac et al., 2005)

Anti-EA IgG levels have no association with MRI measures 
(Zivadinov et al., 2009a)

EBV: Epstein-Barr virus; MS: multiple sclerosis; CIS: clinically isolated syndrome; RRMS: relapsing-remitting multiple sclerosis; PPMS: primary 
progressive multiple sclerosis; EBNA: EBV nuclear antigen; VCA: viral capsid antigen; LMP: latent membrane protein; EA: early antigen; MRI: 
magnetic resonance imaging; WM: white matter; GM: gray matter; LV: lesion volume; LN: lesion number; IFN-β: interferon-beta.

Figure 1 EBV viral structure and genome. 
(A) EBV is illustrated in a 2D model. The glycoproteins 
are embedded on the outer surface of viral envelope. 
Inside the envelope, the matrix is named tegument. The 
packaged viral DNA is enclosed within the nucleocapsid. 
(B) EBV genome shown as a circular, double-stranded 
DNA. The arrowheads correspond to the direction of 
latent gene transcription. The outer large arrow represent 
the transcription of EBNA-2 and EBNA-3 initiated from 
the Cp or Wp promoter. The inner smaller arrow indi-
cate the transcription of EBNA-1 from the Qp promoter. 
EBV: Epstein-Barr virus; LMP: latent membrane protein; 
EBNA: EBV nuclear antigen; VCA: viral capsid antigen; 
EA: early antigen; Kb: thousand base pair.
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(Magliozzi et al., 2007; Serafini et al., 2007, 2010; Veroni et 
al., 2018). Tertiary lymphoid follicles can be potential sites for 
perpetual and independent lymphocyte activation after the 
primary autoimmune initiation (Parker Harp et al., 2015). 
Intrathecal administration of anti-CD20 (a marker for B-cell 
lineage) in murine experimental autoimmune encephalo-
myelitis (EAE) model effectively depletes B-cells within the 
meningeal lymphoid follicles located near MS lesions (Leh-
mann-Horn et al., 2014). Although most of the disease-mod-
ifying therapies currently approved for MS were initially 
believed to act mainly on T-cells, later investigations showed 
additional effects on the B-cell population (Baker et al., 2017). 
The assessment of leptomeningeal contrast enhancement on 
post-contrast 3D fluid-attenuated inversion recovery (FLAIR) 
magnetic resonance imaging (MRI) allows the visualization of 
leptomeningeal inflammation in tertiary lymphoid follicles in 
vivo, and potentially monitors their associations with disease 
progression (Absinta et al., 2015). This review evaluates the 
role of EBV in MS from both clinical and imaging point of 
view, explores the effects of disease-modifying therapies that 
might be targeting EBV, and discusses other emerging virus 
candidates that may be potentially involved in MS pathogen-
esis. The search strategy is shown in Table 2.

Pathways Involved in MS Pathogenesis 
EBV and the two-hit hypothesis of MS 
Although EBV seropositivity is frequent in the general pop-
ulation (greater than 90%), the proportion of MS patients 
with EBV seropositivity is even greater: nearly all MS patients 
exhibit evidences of past EBV infection (Lucas et al., 2011). 
Approximately 30–40% of adolescents who contract EBV will 
develop infectious mononucleosis, and initially present with 
acute symptoms such as fever and pharyngitis, followed by a 
feeling of fatigue that can last for several months (Sokal et al., 
2007). Occurrence of infectious mononucleosis during the 
early adulthood has remained as one of the best established 
risk factors for further MS development (Thacker et al., 2006; 
Handel et al., 2010). As high as 96% of the published studies 
that were included in the most up-to-date meta-analysis re-
ported a positive association between infectious mononucleo-
sis and MS (Sheik-Ali, 2017). The mechanism underlying this 
association remained unexplained, but recent findings sug-
gest that it may be mediated by enhanced blood-brain barrier 
permeability triggered by the acute primary EBV infection 

(Ransohoff and Engelhardt, 2012).
In support of this hypothesis, patients with MS also 

demonstrate elevated intrathecal IgG antibody production 
against measles virus, rubella virus and varicella zoster virus, 
a phenomenon called MRZ reaction (Jarius et al., 2017). Par-
adoxically, intrathecal production of EBV-specific IgG anti-
bodies is significantly lower than IgG antibody production 
against these listed common viruses (Ruprecht et al., 2018). 
This paradox has led to the speculation that primary EBV 
infection initially enhanced blood-brain barrier permeability, 
allowing pre-existing polyclonal antibody-producing B-cells 
to enter the central nervous system (CNS), which is eventu-
ally detected as a MRZ reaction (Ransohoff and Engelhardt, 
2012). In contrast, anti-EBV IgG producing cells were sparse 
during the initial stage of EBV infection (due to the lack of 
prior exposure), therefore few will enter CNS and be found 
intrathecally (Otto et al., 2016; Ruprecht et al., 2018).

The serial events of initial blood-brain barrier disruption 
and later occurring lymphocyte-based inflammation charac-
terized a “two-hit model” which may explain the link between 
infectious mononucleosis and the increased MS susceptibility 
(Ransohoff and Engelhardt, 2012). 

B-cells and T-cells 
Once B-cells cross the blood-brain barrier and enter CNS, 
they employ a number of different mechanisms which take 
part in the development of MS pathology. 

Antigen-presentation, one of the major roles of B-cells, 
involves the processing and presentation of viral antigens for 
priming cytotoxic T-cells. Healthy B-cells perform destruc-
tive processing of self-antigens which results in complete 
degradation and prevention of autoimmunity (Jakimovski et 
al., 2017). However, after EBV infection, the B-cells convert 
into productive processors and cause more overt antigen pre-
sentation (Morandi et al., 2017). In vitro studies showed that 
recombinant human myelin oligodendrocyte glycoprotein 
(rhMOG) was internalized and cross-presented by EBV-in-
fected B-cells, which were effectively recognized by cytotoxic 
CD8+ T-cells (Morandi et al., 2017; van Nierop et al., 2017). 
Furthermore, B-cells derived from relapsing MS patients ex-
pressed higher level of CD40 on their surface, suggesting en-
hanced antigen presentation by B-cells (Mathias et al., 2017). 
Increased expression of B-cell activation markers in RRMS 
patients was associated with high level of neurodegeneration, 
measured as increased number of T1-hypointense (black 
hole) lesions and lower brain volume (Comabella et al., 2016). 
Post-mortem brain tissue obtained from a RRMS patient who 
died of lethal relapse following natalizumab withdrawal re-
vealed high frequency of EBV infected B-cells in the actively 
demyelinating lesions (Serafini et al., 2017).

Furthermore, memory B-cells were immortalized by EBV 
and became undetectable by T-cell surveillance (Geginat et 
al., 2017). EBV-infected memory B-cells expressed lower lev-
els of self-reactive and polyreactive antibodies than their un-
infected counterparts (Tracy et al., 2012). Two transcription 
factors of EBV: EBV-encoded nuclear antigen (EBNA)-3A 
and EBNA-3C, blocked differentiation of EBV-infected B-cells 

Table 2 The search strategy of this review

Database PubMed, Google Scholar

Date 1990–June 2018
Eligibility 
criteria

Studies conducted on humans or animal models, and 
published in English

Keywords/
Keyterms

Multiple sclerosis, clinically isolated syndrome; Epstein-
Barr virus, Herpesvirus, Retrovirus; inflammation, 
neuroinflammation, demyelination; neurodegenerative 
disease, autoimmune disease; experimental autoimmune 
encephalomyelitis; B-cells, T-cells; magnetic resonance 
imaging, brain atrophy, meningeal inflammation; 
environmental, vitamin D, smoking; genetic, HLA-DRB; 
disease modifying therapy, antiviral, vaccine
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into terminal plasma cells by interacting with tumor suppres-
sor genes, and thus allowing the virus to escape from T-cell 
surveillance and maintain long-term latency (Table 1) (Styles 
et al., 2017). 

In animal models, an important MS-related marker is the 
EBV-induced gene 2 (EBI2), an orphan G-protein coupled 
receptor on the surface of EBV-infected B-cells that regulates 
lymphocyte migration (Liu et al., 2011). Apart from its reg-
ulatory effect on myelin development, the activation of EBI2 
by oxysterols (7-alpha-25-dihydroxycholesterol; 7α-25-OCH) 
can inhibit the pro-inflammatory cytokine release, thus de-
creasing consequences such as inflammation, breakdown of 
blood-brain barrier, and activation of pro-inflammatory mi-
croglia (Rutkowska et al., 2017). 

Aside from B-cell related pathologies, loss of normal func-
tionality in the effector T-cell population may also underlie 
MS disease progression. In healthy individuals, EBV infection 
is kept under control by CD8+ cytotoxic T-cells, which kill off 
the EBV infected lymphoblastoid cell lines (Khanna and Bur-
rows, 2000). Since specific cytotoxic CD8+ cells are primed 
to recognize and eliminate infected cells which present latent 
proteins of EBV, hereafter are referred as latency-specific 
T-cells. During MS exacerbations, there is an expansion of 
EBV-specific T-cell population with an increased activity of 
latency-specific CD8+ T-cells (Latham et al., 2016; Pender et 
al., 2017). However, as MS progresses, latency-specific CD8+ 
T-cells demonstrate exhausted phenotype and fail to control 
the expansion of latently-infected cells. This causes a vicious 
cycle in which increasing number of infected cells prevents 
the autoregulatory mechanism and leads to further T-cell 
exhaustion (Pender et al., 2017). Reoccurring clinical relapses 
can be associated with inadequate control of EBV reactiva-
tions, which leads to increased infection of naïve B-cells and 
increased viral production (Wandinger et al., 2000; Buljevac 
et al., 2005). For example, the expression of programmed 
death-1 (PD1), a receptor associated with CD8+ T-cell activa-
tion and cytokine release, was upregulated during the remit-
ting phase of MS (Cencioni et al., 2017). 

Genetic susceptibility
In addition to environmental factors such as EBV, the ob-
served familial aggregation of MS suggests that genetic factor 
is also responsible for the increased susceptibility of indi-
viduals to MS (Hemminki et al., 2009). Among all identified 
genetic loci related to MS, variations within the major histo-
compatibility complex (MHC) regions exert greatest individ-
ual effect on the MS risk (International Multiple Sclerosis Ge-
netics Consortium et al., 2011). Additionally, several studies 
have suggested that same single nucleotide polymorphisms 
within the human leukocyte antigen (HLA) gene, as well as 
non-HLA genes can induce increased anti-EBV antibody re-
sponse (Zivadinov et al., 2009b; Zhou et al., 2016). 

The most implicated HLA-DRB1*1501 allele showed a sig-
nificant association with the level of anti-EBNA-1 IgG (Rubicz 
et al., 2013). In a case-control study that enrolled 115 newly 
diagnosed MS patients and 181 matched controls in Sweden, 
it was found that the group of individuals who exhibited all 

three MS risk factors (higher anti-EBNA-1 antibody titer, 
presence of HLA-DRB1*1501 and absence of HLA-A2) ex-
perienced a 16-fold increased susceptibility to MS compared 
to the reference group comprised of individuals with lower 
anti-EBNA-1 antibody titer, negative HLA-DRB1*1501 and 
positive HLA-A2 (Sundqvist et al., 2012). Therefore, induc-
tion of anti-EBNA-1 antibody titer and HLA-DRB1*1501 car-
rier state might have additive effects on the MS risk (Csuka et 
al., 2013). In that line, enhanced IgG level against latent pro-
tein EBNA-1 in MS patients was significantly associated with 
risk alleles of single nucleotide polymorphism within SOX8, 
MYB, CARD11, as well as a trend toward significance for 
HLA-DRB1*1501 (Kreft et al., 2017). A study that followed 
MS patients for 5 years after their initial demyelinating event 
found that a significant additive interaction between poly-
morphism of miR-146a gene and baseline anti-EBNA-1 IgG 
titers could predict an increased risk of conversion to clinical-
ly definite MS and occurrence of relapses (Zhou et al., 2018). 
Other examples are the HLA-B7 allele and HLA-A2 allele in 
MS patients, with HLA-B7 positivity being associated with 
both worse MRI outcomes and a trend towards increased 
anti-VCA antibody titer, and HLA-A2 positivity associated 
with lower lesion burden and a trend towards decreased level 
of the anti-VCA antibody (Table 1) (Zivadinov et al., 2009b). 
Therefore, MS-related genetic variations may influence indi-
vidual’s immunocompetence against adverse outcomes asso-
ciated with EBV infection. 

Genetic variants of EBV genome itself, like the EBNA-
2 specific 1.2 allele is associated with MS risk, but not with 
clinical or MRI features (Table 1) (Mechelli et al., 2015). It 
was recently suggested that EBNA-2 protein forms a com-
plex with RBPJ (recombining binding protein suppressor of 
hairless, an EBNA-2 cofactor) and human transcription fac-
tors to occupy autoimmune-associated genetic risk loci and 
alter gene expression (Harley et al., 2018). They showed that 
EBNA-2 protein occupies 44 of the 109 MS risk loci, support-
ing a potential gene-environment interaction underlying dis-
ease pathogenesis (Harley et al., 2018). The EBV-associated 
gene interaction was also seen in 26 out of 53 risk genes for 
systemic lupus erythematosus (Harley et al., 2018).

The interaction between environmental viruses and suscep-
tibility genes is additionally supported by a considerable over-
lap between diseases that are potentially associated with the 
occurrence of EBV infection (Thorley-Lawson and Gross, 
2004). For an example, the increased prevalence of Hodgkin 
lymphoma in previously diagnosed MS patients is consis-
tent with the environmental and constitutional etiologies 
(Hjalgrim et al., 2004). This co-occurrence of both diseases 
had been confirmed by a recent meta-analysis that revealed 
significant genetic overlap between Hodgkin lymphoma and 
MS, both of which potentially emerge from the genetic and 
EBV interaction (Khankhanian et al., 2016). The enhanced 
expression of HLA-B7 allele has been implicated in Hod-
gkin lymphoma, as well as in MS patients who presented 
with worse MRI outcomes and higher anti-VCA antibody 
titer (Zivadinov et al., 2009b; Huang et al., 2012). Moreover, 
rheumatoid arthritis, a disease with similar immunological 
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pathophysiology as MS, has been associated with the envi-
ronmental factors, most commonly with the EBV infection 
(McInnes and Schett, 2011). 

Therefore, dysregulation of host-EBV interaction in MS 
patients might be enhanced by genetic predispositions for 
abnormal immune responses towards molecular mimic-
ry-based viruses. 

Environmental factors and their relationship with EBV
Other environmental factors such as smoking and vitamin 
D deficiency can interact with EBV to increase the risk of 
MS (Horakova et al., 2013; Rolf et al., 2016). The higher in-
cidence of MS observed in regions further from the equator 
can be explained by their variable exposures to sunlight 
(Simpson et al., 2011). The major form of circulating vitamin 
D metabolite, 25-hydroxy vitamin D (25-OH D), requires 
conversion by the ultraviolet B fraction of sunlight (Munger 
et al., 2006). Higher vitamin D level is associated with sig-
nificantly lower risk of MS, possibly through inducing apop-
tosis of autoreactive B-cells (Rolf et al., 2016). In particular, 
higher serum vitamin D concentration is associated with re-
duced occurrence of new contrast enhancing and T2 lesions, 
lower relapse rate, which suggest a protective role of vitamin 
D against disease activity (Mowry et al., 2012). 

However, the potential interaction between EBV and 
vitamin D, if any, still remains a matter of debate. Despite 
lack of association between seasonal variation of infectious 
mononucleosis and risk for MS, the mean serum 25-OH D 
level was significantly lower in infectious mononucleosis pa-
tients than healthy controls, suggesting a potential interplay 
between infectious mononucleosis and vitamin D (Maghzi 
et al., 2016; Downham et al., 2017). When compared to the 
placebo group, high-dose vitamin D3 treatment for RRMS 
patients selectively reduced the anti-EBNA-1 antibody 
level, but not anti-VCA IgG or anti-cytomegalovirus IgG 
levels (Rolf et al., 2018). This finding corroborated previous 
identical reports of a positive effect of vitamin D3 supple-
mentation in the ability to reduce anit-EBNA-1 levels, but 
no effect on other EBV markers (VCA) or other common 
viruses like cytomegalovirus or varicella zoster virus (Na-
jafipoor et al., 2015; Rosjo et al., 2017). Along the same line, 
the MS-associated retrovirus (MSRV) DNA copy number 
is higher in RRMS patients than in healthy controls, an 
association which is inversely correlated with their serum 
vitamin D concentration (Mostafa et al., 2017). ZMIZ1, an 
autoimmune and MS risk gene that is under-expressed in 
MS patients, can be induced by vitamin D (Fewings et al., 
2017). Furthermore, the ZMIZ1 gene has a specific nega-
tive relationship with the anti-EBNA-1 levels (Fewings et 
al., 2017). A study that investigated all three potential risk 
factors (susceptibility genes, anti-EBV titer, and vitamin D 
levels) suggested that although anti-EBNA-1 level is not as-
sociated with the vitamin D level, its association with HLA-
DRB1*15:01 status still remained significant (Wergeland 
et al., 2016). Altogether, these findings suggest a complex 
interaction between EBV, vitamin D, and genetic factors that 
should be considered in future epidemiological studies.

Smoking is becoming a well-established risk factor for MS 
development and it is further associated with disease pro-
gression measured as increased disability and worse MRI 
outcomes (Zivadinov et al., 2009a; Wingerchuk, 2012). In 
MS patients, current smoking status and cumulative tobacco 
consumption are associated with high levels of EBV-specific 
antibodies (Nielsen et al., 2007). Smoking enhances the as-
sociation between high anti-EBNA-1 titer and increased MS 
risk, however it does not affect the association between HLA-
DRB1*1501 and MS risk (Simon et al., 2010). Smoking induc-
es epigenetic changes such as citrullination, which has been 
implicated in the conversion of destructive MOG processing 
to the productive processing by EBV-infected B-cells (Moran-
di et al., 2017; Olsson et al., 2017). The interaction between 
smoking and EBV may differ based on the heterogeneity of 
the study population (Salzer et al., 2014). For instance, a posi-
tive interaction between smoking and anti-EBNA-1 antibody 
titer was only observed in MS subjects older than 26 years old 
(Salzer et al., 2014). For clinically isolated syndrome (CIS) pa-
tients, anti-EBNA-1 antibody and cotinine level (indicator of 
tobacco use) were not associated with conversion to clinically 
definite MS or further disease progression (Munger et al., 
2015). Other studies suggest that infectious mononucleosis 
and smoking seem to have independent effects on MS disease 
outcome (Bjornevik et al., 2017). These findings point to-
wards a complex interaction between smoking and EBV that 
is indirect and possibly mediated by other variables.

Therefore, the development of MS should not be attribut-
ed to any single factor, but to the combined effects of genetic 
and environmental factors. A case-control study enrolled 
282 MS cases and 558 matched controls examined the po-
tential interaction between 5 key MS risk factors (history 
of infectious mononucleosis, low actinic damage, low se-
rum 25(OH)D concentration, smoking, presence of HLA-
DRB1*1501 genotype), as well as several other risk factors 
(high anti-EBNA-1 IgG titer, HLA-A2, sun exposure, educa-
tion level), in relation to the onset of first clinical diagnosis 
of CNS demyelination (van der Mei et al., 2016). The joint 
impact of all 5 key risk factors, measured as the summary 
population attributable fraction, accounted for 63.8% of first 
clinical diagnosis of demyelination onset. In specific, HLA-
DRB1*1501, smoking, low actinic damage, history of infec-
tious mononucleosis, low 25(OH)D each contributed 45.6%, 
40.8%, 30.8%, 24.4% and 15.9%, respectively (van der Mei 
et al., 2016). The paper also suggested that adding anti-EB-
NA-1 titer into this multifactorial model would further in-
crease the summary population attributable fraction beyond 
63.8%, however this subsample was too small to be included 
(van der Mei et al., 2016).

MS Disease Course and EBV Seropositivity
The link between EBV and MS is supported by higher preva-
lence of EBV infection and by the elevated EBV-specific an-
tibody levels in MS patients when compared to healthy con-
trols (Pender et al., 2014). EBV serostatus is most commonly 
determined by the presence of antibodies against EBNA-1, 
VCA, and EA, which are antigens associated with different 
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stages of EBV infection. 
The contribution of EBV infection to MS disease pro-

gression in early phases of MS is subject to contradictory 
findings, with some studies suggesting contribution to 
conversion to clinically definite MS and some not. A coun-
try-wide study of the enrolled military personnel demon-
strated that among the 10 initially EBV-negative soldiers 
who later developed MS during their time in the service, 
they did seroconvert before their disease onset (Levin et al., 
2010). A large, multicenter study followed 1047 CIS patients 
for 4.3 years, and provided valuable results regarding risk 
factors associated with the conversion to clinically definite 
MS (Kuhle et al., 2015). Among the many factors that were 
investigated, they found that only increasing T2 lesion num-
ber, earlier age of onset, and oligoclonal bands positivity 
were strong prognostic markers for conversion to clinically 
definite MS. Interestingly, in this study, EBV infection, mea-
sured by anti-EBNA-1 antibody positivity, was not a marker 
for disease conversion (Kuhle et al., 2015). A follow-up 
study from the same CIS sample using a more detailed test-
ing revealed that only 1 out of the 49 originally determined 
EBV-negative patients was truly seronegative (Dobson et 
al., 2017). They argued that it was extremely rare for an EBV 
seronegative individual to develop MS, and suggested that 
future serological studies should consider testing antibodies 
across multiple antigens, or using more than one indepen-
dent antibody screening assays (Dobson et al., 2017). The 
SET study analyzed anti-EBV antibody levels from 211 CIS 
patients before initiating interferon-beta (IFN-β) treatment, 
and obtained clinical and MRI assessments at baseline, 6, 12, 
and 24 months. They found that anti-EBV VCA antibody lev-
el was positively associated with both increased disability and 
worse MRI outcome over the 2-year course (Horakova et al., 
2013). The BENEFIT trial (IFN-β treatment for CIS patients) 
followed 457 patients for five years and found no association 
between EBV-specific antibody levels with neither the rate of 
conversion to clinically definite MS, nor with disease progres-
sion measured by accumulation of T2 lesions and develop-
ment of whole brain atrophy (Munger et al., 2015). 

After the MS onset, antibody responses toward EBV anti-
gens correlate with disease activity and disease progression 
(Christensen, 2006). Recent serological investigations have 
shown that intermittent EBV reactivation during the active 
disease course may occur in parallel with exacerbations in 
RRMS patients. In a sample of 100 MS subjects including 
RRMS, CIS and PPMS, all individuals showed serological 
evidence of previous EBV infection, but anti-EBNA-1 IgG 
titer was the highest in RRMS when compared to PPMS 
and CIS phenotypes (Farrell et al., 2009). For the RRMS 
subgroup, the increased serum level of anti-EBNA-1 an-
tibody corresponded with significantly higher number of 
contrast enhancing lesions and disability accumulation 
over a five-year period (Farrell et al., 2009). In a group of 
19 MS patients who were followed monthly for a year, rein-
statement of anti-EA IgM and IgA (markers for active viral 
replication) and serum EBV DNA positivity were detected 
in 72.7% of those who experienced acute relapse during the 

study period, and in 0% of the clinically stable patients (Table 
1) (Wandinger et al., 2000). EBV reactivation, measured by 
an increase in the anti-EA IgG level, was seen in 54.5% of 
patients with exacerbation but in only 12.5% of patients who 
remained stable during the 1-year period (Wandinger et al., 
2000). They suggested that EBV reactivation, indicated by 
fluctuation of anti-EA IgG level, was associated with clinical 
disease activity in MS patients (Wandinger et al., 2000). An-
other study presented with opposite findings: it was shown 
that anti-EA IgG level remained stable within each of the 73 
RRMS patient who were followed for an average of 1.7 years, 
and there were no association between annual exacerbation 
rate and anti-EA IgG seropositivity during the follow-up pe-
riod (Buljevac et al., 2005). They attributed the discrepancy 
between the two studies to technical differences and the lack 
of IgA serology (Buljevac et al., 2005). 

Within the 100 MS subjects enrolled in the serological 
study, PPMS patients had significantly lower anti-EBNA-1 
IgG titer and higher anti-VCA IgG titer than RRMS patients 
(Farrell et al., 2009). However, there were no association be-
tween changes in EBV antibody titer and disability progres-
sion during the 5-year follow-up (Farrell et al., 2009). On the 
other hand, numbers of MRI studies presented evidences that 
supported the association between EBV antibody and MS 
progression, which will be discussed in details later in this re-
view. Therefore, EBV reactivation can be a useful marker for 
predicting clinical disease activity in RRMS patients, but its 
significance in monitoring disease progression in progressive 
MS patients requires future investigation.

EBV and MS: Lessons from MRI Studies
Anti-EBV antibodies and MRI outcomes 
The association of EBV and MS has been additionally docu-
mented and corroborated with MRI, the most sensitive diag-
nostic tool for detecting MS development and for monitoring 
disease progression (Zivadinov et al., 2016a). MRI studies 
involving CIS or clinically definite MS patients showed that 
enhanced antibody level against EBV might be associated 
with increased neuroinflammatory activity. After the first 
demyelinating event, CIS patients with higher anti-VCA IgG 
antibody titer demonstrated a greater number of contrast en-
hancing and T2 lesions, and increased brain atrophy at 2-year 
follow-up (Horakova et al., 2013). In a longitudinal MRI study 
that initiated since 1995, the elevation of anti-EBNA-1 IgG 
level from baseline to the last follow-up was observed in both 
CIS and RRMS subjects (Farrell et al., 2009). Patients with en-
hanced anti-EBV antibody response also developed more con-
trast enhancing lesions, greater T2 lesion volume on MRI, and 
higher disability score (Farrell et al., 2009). Similar findings 
were shown in a group of 92 RRMS patients who were treated 
with IFN-β for 2 years, where greater anti-EBNA-1 antibody 
level was associated with greater combined unique activity, 
measured by the sum of the contrast enhancing and new T2 
lesions (Kvistad et al., 2014). They also reported an inverse 
relationship between anti-VCA IgM and the MRI-derived in-
flammatory activity, which had been attributed to IFN-β treat-
ment response (Kvistad et al., 2014). Moreover, the presence 
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of EBV/human herpes virus 6 DNA within the cerebrospinal 
fluid (CSF) of MS patients was also associated with increased 
contrast enhancing lesions (Virtanen et al., 2014). In the anal-
ysis of post-mortem MS white matter tissues, both overexpres-
sion of pro-inflammatory cytokine interferon-alpha (IFN-α) 
and EBV-encoded RNA positivity were detected in active 
areas of white matter lesions (Tzartos et al., 2012). Therefore, 
EBV infection may have triggered innate immune responses, 
such as cytokine production which further increased the in-
flammation within the MS lesions.

In addition to the possible relationship with neuroin-
flammatory responses discussed above, recent studies have 
demonstrated that EBV antibody activity could be linked 
to neurodegeneration in MS patients. Anti-EBV antibody 
analysis and MRI measurements that were collected over 3 
years in a group of RRMS patients revealed that the anti-VCA 
IgG titer was negatively correlated with grey matter volume 
(Zivadinov et al., 2009a). This finding was corroborated by 
a larger cohort study that enrolled more than 1000 CIS, MS 
(RRMS, SPMS and PPMS), other neurological diseases pa-
tients, and matched healthy controls (Zivadinov et al., 2016a). 
In this study, CIS and MS patients were categorized into 
highest or lower quartile groups based on their anti-EBV an-
tibody (anti-VCA and anti-EBNA-1) titers (Zivadinov et al., 
2016a). The MS patients within the highest anti-VCA quartile 
displayed significantly increased T2 lesion volume, T1 lesion 
number and volume, and greater white matter loss than pa-
tients in the lower quartile (Zivadinov et al., 2016a). The posi-
tive correlation between anti-VCA antibody and cortical atro-
phy was most prominently observed among RRMS subjects, 
but not in progressive MS subtypes, possibly due to the small 
sample size (Zivadinov et al., 2016a). Moreover, the signifi-
cant difference in MRI outcomes between anti-VCA quartile 
groups was MS-specific, as it was not observed in the healthy 
controls or patients with other neurologic diseases (Zivadinov 
et al., 2016a). On the contrary to the anti-VCA findings, there 
were no association between anti-EBNA-1 titer and MRI out-
comes when comparing between the study groups (Zivadinov 
et al., 2016a). However, when comparing within the MS sub-
groups, RRMS patients with highest anti-EBNA-1 quartile 
showed increased T1 lesion number and decreased grey mat-
ter volume than lower quartile group, while PPMS patients 
with highest EBNA-1 quartile showed increased T2 lesion 
number than lower quartile group (Zivadinov et al., 2016a). 
Findings from the CIS population were rather controversial. 
The BENEFIT trial which followed 468 CIS patients for 2 
years reported neither anti-EBNA-1 nor anti-VCA IgG titer 
affecting MRI outcomes (Munger et al., 2015). The SET study 
which enrolled 211 CIS patients revealed a trend between 
highest anti-VCA IgG quartile and decreased percentage 
brain volume change over 2-year (Horakova et al., 2013). The 
SET study also showed that CIS patients with the highest an-
ti-VCA IgG quartile demonstrated greater thalamic volume 
loss, as well as a trend towards greater whole brain and grey 
matter atrophy (Zivadinov et al., 2014). 

The correlation between humoral response to EBV and MRI 
disease activity supported the involvement of EBV-infected 

B-cells in grey matter and cortical pathology that can be seen 
early in the disease. Altogether, these findings reinforced the 
association between EBV and MS disease progression, and 
suggests that brain atrophy measurement can be a useful MRI 
metric in clinical routines (Zivadinov et al., 2016c).

Association of EBV with leptomeningeal inflammation 
and lymphatic vessels 
The discovery of tertiary lymphoid follicles within the me-
ninges of progressive MS patients have elicited new research 
interests, and several studies reported that these structures 
might be associated with greater extent of cortical atrophy 
and higher clinical disability (Magliozzi et al., 2010; Absinta 
et al., 2015; Makshakov et al., 2017; Zivadinov et al., 2017). 
Brain tissue analysis of PPMS subjects revealed EBV-infect-
ed B-cells expressing EBNA-1 and EBNA-2 that aggregated 
in both meningeal infiltrations and in cervical lymph nodes, 
suggesting the involvement of EBV in the progressive dis-
ease phenotype (Serafini et al., 2014). The post-mortem 
tissue analysis from 35 active/inactive MS patients also re-
vealed CD8+ CD57+ T-cells aggregating in these lymphoid 
structures (Cencioni et al., 2017). Later study corroborated 
the finding of significantly higher proportion of CD4+/CD8+ 
T-cells and additionally demonstrated presence of a CD20+/
CD138+ population of B-cells in meningeal infiltrates (Ve-
roni et al., 2018). In addition, the expression of IFN-γ, a key 
regulator for antiviral response, was also enhanced in these 
meningeal infiltrates (Veroni et al., 2018). Since memory 
B-cells act as life-long repertoire for latent EBV infection, 
the aggregation of B-cells and T-cells within tertiary lym-
phoid follicles may indicate possible site of interaction fol-
lowing virus infection (Jakimovski et al., 2017). 

Meningeal infiltrates can be visualized as leptomenin-
geal contrast enhancement by using the 3D-FLAIR MRI 
technique (Absinta et al., 2015; Zivadinov et al., 2018b). 
Leptomeningeal contrast enhancement was previously de-
tected by 3T MRI in 74 of 299 MS patients, and were more 
prevalent in progressive MS patients than in RRMS patients 
(Absinta et al., 2015). Interestingly, only one healthy con-
trol from this study presented with a focal leptomeningeal 
contrast enhancement loci (Absinta et al., 2015). They addi-
tionally found that the presence of leptomeningeal contrast 
enhancement was associated with nearby cortical demyelin-
ation, and was accompanied by significantly smaller brain 
volume and white matter volume in MS patients (Absinta et 
al., 2015). Similarly, leptomeningeal contrast enhancement 
detected in RRMS patients was associated with reduced 
thickness of surrounding cortical tissues (Bergsland et al., 
2018). A longitudinal study of 50 MS patients (27 RRMS and 
23 SPMS) also demonstrated that leptomeningeal contrast 
enhancement positive patients had significantly greater per-
centage of total grey matter and cortical volume loss, as well 
as greater increase in ventricular CSF volume at the 5-year 
time point than patients without leptomeningeal contrast 
enhancement (Zivadinov et al., 2017). The association be-
tween leptomeningeal contrast enhancement and grey matter 
atrophy was supported by a similar study, which additionally 
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found that leptomeningeal contrast enhancement correlated 
with longer disease duration and higher disability (Makshakov 
et al., 2017). Observation from 7T MRI study revealed that 
leptomeningeal contrast enhancement occurred in higher fre-
quency in MS patients than prior studies with 3T MRI, which 
was more closely resembling histological findings (Harrison 
et al., 2017). In this sample of 29 MS participants (including 
RRMS, SPMS, and PPMS), at least one focus of LM enhance-
ment was detected in 90% of patients, and these foci were 
associated with older age and reduced grey matter volume 
(Harrison et al., 2017). Brain tissue from a mice EAE model 
showed a higher density of immune cells localized in the me-
ninges, corresponding to the areas of leptomeningeal contrast 
enhancement (Pol et al., 2017).

Although the presence of leptomeningeal contrast en-
hancement is not a MS-specific sign and has been detected 
in other non-MS inflammatory neurologic conditions in-
cluding human T-lymphotropic virus-associated myelopa-
thy, Susac’s syndrome, neuromyelitis optica spectrum dis-
order, and human immunodeficiency virus (HIV)-infected 
individuals, these structures seem to be involved in aberrant 
CNS-specific autoimmune processes (Absinta et al., 2017b). 

A consensus MRI guideline for measuring leptomeningeal 
contrast enhancement has yet to be established, but recent 
studies have attempted to improve this imaging technique 
for translation into clinical routine (Zivadinov et al., 2018b). 
The sensitivity and specificity of three methods used for MR 
imaging of leptomeningeal contrast enhancement in MS 
patients showed that subtraction images of pre/postcontrast 
3D-FLAIR improve the most accurate diagnosis and signifi-
cantly reduce imaging time for detecting leptomeningeal 
contrast enhancement (Zivadinov et al., 2018b). The study 
of leptomeningeal contrast enhancement is especially im-
portant for understanding the mechanism underlying the 
observed positive correlation between EBV antibody titer 
and cortical atrophy in longitudinal studies. With further 
development of a standardized protocol, leptomeningeal 
contrast enhancement can potentially be useful for detecting 
EBV-related brain pathology in clinical routine examination 
and contribute to identification of new therapeutic targets.

The discovery of tertiary lymphoid follicles within menin-
ges of MS brain containing large proportion of EBV-activated 
B-cells and T-cells might suggest an alternative route of entry 
for lymphocytes into the CNS region. Self-antigen presenta-
tion by EBV-immortalized B-cells may be important for the 
reactivation of T-cells occurring in the subarachnoid space 
(Louveau et al., 2016). Evidence from EAE studies suggested 
that T-cells caused the development of meningeal infiltrates 
and local invasion of the parenchyma, events that were tight-
ly associated with disease onset (Kivisakk et al., 2009). This 
is supported by evidence from another EAE study which 
showed that at 10 days-post induction, higher gadolinium 
signal intensity was detected in superior sagittal sinus (major 
draining vein for the anterior cerebral cortex) of EAE mice 
brain than in healthy mice brain (Pol et al., 2017). The en-
hanced signal intensity was also associated with higher den-
sity of immune cells (Pol et al., 2017). It was proposed that 

under pathological conditions, antigen-specific T-cells leave 
the peripheral blood stream and enter into the CSF at cho-
roid plexus sites, a place ideal for their re-stimulation by local 
myeloid antigen presenting cells (Ransohoff and Engelhardt, 
2012). These T-cells then release cytokines that increase the 
permeability of blood-brain barrier to other peripheral lym-
phocytes, thus enabling them to enter the brain parenchyma 
and cause further damage (Ransohoff and Engelhardt, 2012). 

Newer imaging technology has enabled the identifica-
tion of conventional lymphatic vessels that carry fluid and 
immune cells from meninges/CSF to deep cervical lymph 
nodes (Louveau et al., 2015). Increasing evidence now sug-
gests that bidirectional trafficking of B-cells can occur be-
tween the CNS and cervical lymph nodes via the meningeal 
lymphatic vessels. The meninges and tertiary lymphoid fol-
licles are important sites for lymphocyte affinity maturation, 
and their functions as entry points for autoreactive T-cells to 
the CNS. The described rudimentary lymphatic vessel have 
been additionally shown in vivo in higher level primates and 
in humans (Absinta et al., 2017a). 

Human Endogenous Retrovirus W 
In addition to EBV, other viral agents such as human endog-
enous retroviruses are thought to be involved in MS onset 
(Tao et al., 2017). An initial large-scale, comparative cohort 
study suggested that HIV was associated with a lower risk 
for MS, possibly either due to the immune-suppressive state 
induced by the virus itself, or by the effects of HIV-associ-
ated antiretroviral therapies (Gold et al., 2015). This study 
followed up 21,207 HIV-positive patients and 5 million con-
trols between the years of 1999 to 2011, and showed that the 
rate of developing MS in people with HIV was relative lower 
than people without (Gold et al., 2015). One such therapeu-
tic target implicated in both HIV and MS is the envelope 
protein of human endogenous retrovirus W (HERV-W), 
or MSRV/syncytin-1. Multiple studies were able to isolate 
MSRV from cells of MS patients, such as in leptomeningeal 
cells, monocytes and EBV-transformed B-cells (Dolei and 
Perron, 2009). Enhanced MSRV expression was found in 
MS brains when compared to other neurological disorders 
(Antony et al., 2004). 

A potential pathological cascade triggered by syncytin-1 
induction is the release of soluble factors by astrocytes, such 
as inducible nitric oxide synthase and other redox reactants, 
which might lead to oligodendrocyte damage and cell death 
(Antony et al., 2004). In vivo mice model also supported the 
role of syncytin-1 in demyelination and impaired neuro-
logical functions, both which can be rescued by antioxidant 
ferulic acid (Antony et al., 2004). Furthermore, another 
study had shown that HERV-W obtruded remyelination 
by inhibiting differentiation of oligodendrocyte precursor 
cells (OPCs) (Kremer et al., 2013). This was achieved by the 
env protein activating TLR4 on OPCs, which induced nitric 
oxide synthase levels and increased production of pro-in-
flammatory cytokines (Kremer et al., 2013). All 75 MS brain 
samples acquired from two separate studies were positive 
for MSRV-env protein, with specifically high expression 
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of MSRV in macrophages and microglia near active lesion 
sites, and lower expression in normal-appearing white mat-
ter, while no MSRV expression was detected in healthy con-
trols (van Horssen et al., 2016). HERV-W activity (measured 
by MSRV-type transcript expression in peripheral blood 
mononuclear cells, PBMC) was higher in patients with in-
fectious mononucleosis, and in healthy controls with high 
anti-EBV antibodies (Mameli et al., 2013). These findings 
suggest that silent MSRV may be activated by environmen-
tal triggers, such as an EBV infection, to directly contribute 
to MS development (Kury et al., 2018). Future studies are 
required for a better understanding of the role of MSRV and 
its interaction with EBV in the MS pathogenesis.

MS Treatments and EBV
Standard disease-modifying therapies in MS 
The clinical effect of disease-modifying therapies may inter-
fere with the rate and extent of the persistent EBV infection. 
IFN-β, a commonly used disease-modifying therapy for 
RRMS, has potent antiviral activity. Interestingly, EBV and 
other viruses have evolved molecular mechanisms to evade 
the antiviral effects of Type 1 interferons such as IFN-β. 
However, IFN-β treatment results in apoptosis of CD27+ 

memory B-cells, which are reservoir for EBV infection and 
decrease the expression of EBV gene LMP2A (Rizzo et 
al., 2016). IFN-β alternatively increased the expression of 
apoptotic markers such as Annexin-V and active caspase-3 
and induced specific depletion of memory B-cells (Jaki-
movski et al., 2018). Similar study followed 6 patients who 
remained active despite IFN-β treatment and found signifi-
cantly increased anti-EBNA-1 antibody level at one-year 
mark (Petersen et al., 2012). An MRI study showed that the 
positive correlation between anti-EBNA-1 antibody titer 
and contrast enhancing lesions, T2-lesion number became 
insignificant after initiating IFN-β treatment (Kvistad et al., 
2014). The lack of significant association between EBV and 
CIS-clinically definite MS disease conversion reported in the 
SET and BENEFIT trials may also be related to clinical ben-
efit of IFN-β (Horakova et al., 2013) (Munger et al., 2015). 

The therapeutic effects of natalizumab may also involve 
the regulation of humoral responses against EBV. The ex-
pression of miR-155, a microRNA involved in pro-inflam-
matory cytokine expression, was induced in un-treated MS 
patients compared to healthy controls (Mameli et al., 2016). 
This higher miR155 expression was positively correlated 
with anti-EBNA-1 antibody level in MS samples, and it 
was down-regulated by 6 months of natalizumab treatment 
(Mameli et al., 2016). Another group assessed the EBV-spe-
cific CD8+ T-cell response among 14 MS patients after 8–16 
months of natalizumab treatment, and they reported that 
the frequency of EBV lytic antigen-specific CD8+ T-cells was 
significantly higher in untreated clinically active patients 
than in treated inactive patients (Angelini et al., 2013). An-
other study presented negative findings, by showing that a 
group of 20 MS patients who were followed for 21 months 
during natalizumab treatment experienced no significant 
differences in serum anti-EBNA-1 IgG levels (Castellazzi et 

al., 2015). This was similar to another study that reported 
RRMS patients treated with either IFN-β or natalizumab 
for 12 months experienced no significant changes in their 
anti-EBNA-1 antibody titer, demonstrating no treatment 
effect on humoral EBV response (Raffel et al., 2014). Future 
studies are needed to verify the actual effects of IFN-β and 
natalizumab on anti-EBV antibodies.

Other disease-modifying therapies have also been shown 
to exert therapeutic effects on B-cell subpopulations (Baker 
et al., 2017). Glatiramer acetate-treated patients demonstrat-
ed altered B-cell compositions and restored cytokine pro-
duction by CD19+ B-cells (Ireland et al., 2014). Additionally, 
the treatment group exhibited lower CD19+ B-cell count 
and diminished CD27+ B-cells when compared to healthy 
controls and matched untreated patients (Ireland et al., 
2014). Four to six months of dimethyl fumarate treatment in 
RRMS patients also significantly reduced the total number 
of CD27+ memory B-cells (Lundy et al., 2016). 

B-cell depletion therapies
Since EBV establishes long-term latency within the mem-
ory B-cells, elimination of infected B-cells may improve 
the control of EBV infection. Rituximab, ocrelizumab, and 
ofatumumab are anti-CD20 mAbs that induce marked de-
pletion of CD20-expressing lymphocytes (Greenfield and 
Hauser, 2018). In a murine EAE model, intrathecal injection 
of anti-CD20 efficiently depleted B-cells within the tertiary 
lymphoid follicles near CNS lesions (Lehmann-Horn et al., 
2014). This finding supported the potential of B-cell deplet-
ing therapy and the utility of leptomeningeal contrast en-
hancement in the drug efficacy monitoring. 

When compared to the complete and long-lasting pe-
ripheral B-cell depletion, the depletion of CSF B-cells by 
intrathecal rituximab treatment was incomplete and only 
transient (Bhargava et al., 2018). This finding was consistent 
with findings from the RIVITALISE trial in which SPMS 
patients treated with intrathecal rituximab demonstrated in-
complete depletion of CNS harbored B-cells and ultimately 
lack of efficacy in clinical outcome measures (Komori et al., 
2016). The differences between ocrelizumab and rituximab 
in their ability to deplete CD20-expressing B-cells might 
be the result of the variable extents in triggering comple-
ment-dependent and antibody-dependent cellular cytotox-
icity (Jakimovski et al., 2017). 

In contrast to B-cell depletion therapies, the augmentation 
of memory B-cells worsens symptoms in MS. Atacicept de-
pletes mature B-cells but upregulates interleukin-15, which in 
turn can lead to increased production of memory B-cells and 
induction of relapse rates in MS patients (Ma et al., 2014). 
Although the long-term risks associated with anti-B-cell ther-
apies have not been fully characterized, these evidence under-
score the potential of B-cells as a therapeutic target in MS. 

The effect of disease-modifying therapies on leptomenin-
geal contrast enhancement still remains poorly understood. 
However, because these lymphoid follicles contain CD20+ 

B-cells, it is reasonable to expect B-cell depleting therapies 
to be effective in reducing the prevalence of leptomeningeal 
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contrast enhancement (Jakimovski et al., 2017; Zurawski et 
al., 2017). The limited data suggest that intrathecal admin-
istration of rituximab did not disrupt tertiary lymphoid fol-
licles in progressive MS patients (Bhargava et al., 2018). At 
24-month post-treatment, there was no change in the num-
ber of leptomeningeal contrast enhancement despite the 
reduction of peripheral blood B-cell (Bhargava et al., 2018). 

Therapies with unique mechanisms of action 
Teriflunomide stands out as a unique disease-modifying 
therapies with less destructive effects on the host immune 
system. This compound inhibits de novo pyrimidine syn-
thesis pathway and suppresses proliferation of EBV-trans-
formed lymphocytes without affecting cell viability (Bar-Or 
et al., 2014). Studies have shown that treating lympho-
blastoid cell line with teriflunomide enhanced expression of 
the LMP1 and p53 genes, suggesting altered gene expression 
in latent EBV-infected B-cells, as well as reduced viral rep-
lication and increased apoptosis in infected B-cells (Table 
1) (Bilger et al., 2017). Both phase 3 teriflunomide trials 
(TOWER and TESMO) showed that RRMS patients under-
going high-dosage treatment had significant reductions in 
annualized relapse rate and accumulated disability compared 
to the placebo group (Wolinsky et al., 2013; Confavreux et 
al., 2014). This therapy was also beneficial based on MRI out-
comes, demonstrating reduction of total lesion volume and 
cortical atrophy (Wolinsky et al., 2013; Radue et al., 2017). 
The baseline differences in brain volume and diffusion tensor 
imaging measurements between RRMS and matched-healthy 
controls diminished at 12-month after patients initiated 
teriflunomide treatment (Zivadinov et al., 2018a). By com-
paring anti-EBV antibody titers at baseline and 12-month 
follow-up, Zivadinov et al. (2016b) found that MS patients 
with the highest decrease in anti-VCA IgG developed less 
grey matter and cortical atrophy, and those with the highest 
decrease in anti-EBNA-1 IgG developed less hippocampal at-
rophy. While the majority of disease-modifying therapies that 
are currently available for MS treatment exert their effects 
through inducing active depletion of the overall lymphocyte 
population, teriflunomide may possess a unique mechanism 
of action which limits the involvement of autoreactive T-cells 
and EBV-infected B-cells in neuroinflammation. 

Investigations of CD8+ T-cells have led to the develop-
ment of a potential therapeutic target. Specific lytic CD8+ 
T-cells against the EBV antigen BMLF1 can eliminate rep-
licating EBV-activated B-cells after being transferred into 
EBV-infected mice model (Antsiferova et al., 2014). The ex-
pansion of EBV-specific T-cells by in vitro stimulation with 
AdE1-LMPpoly was used to treat a 42-year-old SPMS pa-
tient with CD8+ T-cell deficiency (Pender et al., 2014). Fol-
lowing the treatment, the level of EBV-specific CD8+ T-cells 
increased, the CE lesions and intrathecal IgG production 
decreased and the patient reported sustained improvement 
of physical symptoms (Pender et al., 2014).  

Retroviral treatments and EBV 
Interestingly, anti-retroviral therapies have shown consider-

able benefits for treating MS patients (Drosu et al., 2018). In 
the previously discussed comparative cohort HIV study, the 
lower MS rate among HIV-positive subjects suggested pos-
sible protective effects exerted by antiretroviral medications 
against MS development (Gold et al., 2015). This was further 
supported by a recent case report of a 25-year-old female stu-
dent who recovered from a MS exacerbation and remained 
clinically and MRI stable after being treated with Combivir 
(Drosu et al., 2018). An initial study reported enhanced MS-
RV-env transcript level following infectious mononucleosis, 
suggesting MSRV as a mediator between EBV and MS (Ma-
meli et al., 2013). As mentioned previously, the env protein 
also interrupts OPC differentiation by inducing inducible 
nitric oxide synthase and pro-inflammatory cytokine release 
(Kremer et al., 2013). OPC cultures that were incubated with 
anti-MSRV-env antibody GNbAC1 before env stimulation 
showed significantly reduced inducible nitric oxide synthase 
transcript level and restored myelin expression compared 
to OPC cultures that were incubated with buffer (Kremer et 
al., 2015). A phase 2 trial of GNbAC1 showed reduced MS-
RV-env and MSRV-pol expressions in all 10 RRMS patients, 
and 9 out of 10 treated patients remained MRI stable at the 
6-month time point (Derfuss et al., 2015). Despite the favor-
able safety profile of the drug, the interpretation of the effica-
cy data from this phase 2a trial was limited and warranted a 
subsequent phase 2b or phase 3 trial with larger cohort and 
longer duration period (Curtin et al., 2016). 

Traditional disease-modifying therapies are also associated 
with changes in MSRV-env expression (Mameli et al., 2015). 
For an example, 6 months of IFN-β treatment decreases 
MSRV viremia and the immune response against MSRV-env, 
whereas a 1-year treatment with natalizumab strongly re-
duces the HERV-W/MSRV/Syncytin-1 expression in RRMS 
patients (Arru et al., 2014; Mameli et al., 2015). These find-
ings suggest that measuring MSRV level in MS patients under 
therapy can be important for monitoring disease progression 
and treatment efficacy (Arru et al., 2014).

Potential EBV vaccine 
Although EBV infection is ubiquitous and often persists 
asymptomatically among immunocompetent individuals, a 
primary immunological response manifested as infectious 
mononucleosis has been implicated as the trigger of multiple 
disorders. Accumulating evidence have supported the strong 
association between infectious mononucleosis and MS, thus 
leading to the speculation of early prevention of infectious 
mononucleosis as an intervention for reducing MS risk (Co-
hen, 2015).

Currently there is no licensed-EBV vaccine, and the de-
velopment of such vaccine has faced a few challenges. Since 
the majority of EBV-infected individuals will remain asymp-
tomatic, additional MS susceptibility markers need to be 
identified in order to recognize the most suitable population 
for EBV vaccination. Additionally, the specific EBV strain 
that is associated with MS disease pathology also has to be 
clarified. The modestly effective vaccination could postpone 
the EBV infection from childhood to adolescence, a period 
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when one is most sensitive to environmental influences, and 
thus increase the risk for the negative outcomes associated 
with EBV immune response (Olsson et al., 2017). Therefore, 
the vaccine needs to be delicately designed before any large 
scale studies are administered. 

Despite many difficulties associated creating an EBV vac-
cine, valuable results have strengthened the rationale for 
its development. The closest attempt was made with gp350, 
an EBV surface protein that mediates the attachment of the 
virus to B-cells. An earlier Phase II clinical trial of gp350-
based infectious mononucleosis vaccine showed that the 
vaccinated group was 4.8 times less likely to develop infec-
tious mononucleosis than the placebo group (Sokal et al., 
2007). However, this vaccine did not affect the rate of initial 
EBV infection (Sokal et al., 2007). A prospective study fol-
lowed university freshmen before and after EBV seroconver-
sion and recorded the occurrence of infectious mononucle-
osis (Grimm et al., 2016). They showed that gp350 level was 
inversely correlated with the severity of infectious mono-
nucleosis, supporting the protective role of gp350 against 
aberrant immunological response towards EBV. Interest-
ingly, the seroprevalence of EBV declined between the year 
of 2006 and 2012, implicating larger number of EBV naïve 
adolescents and greater susceptibility for potential infectious 
mononucleosis occurrence in future generations. 

Conclusion 
The conclusion drawn from the studies that are discussed 
in this review seems to align with a “fertile field hypothesis” 
which describes a heightened immunological state triggered 
by the initial viral infection. This would ultimately decrease 
the threshold for activating auto-aggressive T-cells in the 
presence of later events. In order to accurately describe the 
role of viruses in MS, there is an urgent need to establish 
standardized virus screening protocols. Nevertheless, recent 
B-cells research have become increasingly important for 
understanding the MS pathophysiology and may assist in 
addressing the potential link between EBV and MS tertiary 
lymphoid follicles comprising mainly of memory B-cells can 
be assessed by in vivo MRI imaging and might be useful in 
monitoring disease activity.
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