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Summary

While the causes of multiple sclerosis (MS) are unknown, there is strong
evidence that infection with Epstein—Barr virus (EBV) is an important factor.
In this review, we discuss the epidemiological evidence and argue for a causal
role of EBV in MS aetiology. One of the most striking and consistent obser-
vations is that MS is extremely rare among EBV-negative individuals. Further,
the timing of EBV infection appears to be critical, with individuals who are
infected during adolescence and young adulthood, when the infection is more
likely to manifest as mononucleosis, having a two- to threefold greater risk of
MS compared to individuals infected in early life. These observations chal-
lenge the hygiene hypothesis which states that being in a high hygiene envi-
ronment in early life increases future risk of MS — if this general formulation
were true, EBV-negative individuals would be expected to have an increased
risk of MS. Additional support for the causal role of EBV comes from longi-
tudinal, prospective studies which show remarkable consistency, in that anti-
bodies against EBV are elevated prior to MS onset. However, while infection
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some that remain unexplained, suggesting that other factors are also involved
in determining risk.
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Evidence of environmental factors in multiple individuals who were born in the northern United States and

sclerosis (MS) entered military service in the South (Fig. 1).

MS is a relatively common disease in young adults in Europe,
the United States, Canada, New Zealand and parts of
Australia. In these high-risk populations, the lifetime risk of
MS is about one in 200 for women and somewhat lower for

Infection as possible explanation of geographical
variations and migrant data

Overall, the geographical distribution of MS and migrant

men [1,2]. MS is rare in Asia and, in all continents, it is rare
in the tropics and subtropics. Within regions of temperate
climate, MS incidence and prevalence increase with latitude,
both north and south of the equator [3,4].

Although genes contribute to the geographical distribu-
tion of MS, studies in migrants provide compelling evidence
of strong environmental factors [5].

The incidence of MS in migrants tends to be intermediate
between that of their birthplace and that of their final resi-
dence, and close to the latter when migration occurs in child-
hood [5]. Most convincing is the landmark investigation by
Kurtzke et al. [6], demonstrating a reduction in risk among

data implicate environmental factors in childhood, and pos-
sibly during adult life, as strong determinants of MS risk, but
do not identify the nature of these factors. Infections could
play a role [7], as discussed below.

More than 40 years ago, Poskanzer proposed that MS could
be caused by an infectious agent that is harmless and confers
protective immunity when acquired in early childhood, but
pathogenic when acquired later in life [8]. Thus, paradoxi-
cally, MS would be more common where its putative infec-
tious cause is less prevalent and exposure is delayed. This
hypothesis has often been called the ‘poliomyelitis’ hypoth-
esis, because a late age at infection with the poliomyelitis
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Fig. 1. Relative risk of multiple sclerosis (MS) for white male veterans
of World War II or the Korean conflict by tier of residence at birth
and at entry into active duty (EAD) (coterminous United States only).
Data from [6]. Reprinted with permission from Thieme Medical
Publishers, Inc., Ascherio and Munger, Semin Neurol 2008; 28:17-28.
P for no change in birthplace risk: all = 0-0003; north = 0-003;

middle = 0-002; south = 0-57.

virus was believed to be an important risk factor for the
development of paralysis [8]. The poliomyelitis hypothesis
evolved into a more general ‘hygiene hypothesis’[9], first
proposed by Leibowitz following the observation of a posi-
tive correlation between degree of sanitation and MS inci-
dence in Israel [10]. According to this hypothesis, exposure to
infections early in life is protective against MS, as in the
poliomyelitis model, but there is not a specific microbe that
could be identified as the cause of MS [11-13] — rather, MS is
an autoimmune reaction that can be triggered by multiple
microorganisms in genetically susceptible individuals, and
risk of clinical disease increases with age at infection [12,13].
The hygiene hypothesis could explain several features of MS
epidemiology, including the latitude gradient, the apparent
protection from MS of individuals born in low-risk areas
who migrate to high-risk areas, the higher rates among indi-
viduals of higher education and income [14-16], the trend
towards a later age at infection with childhood viruses in MS
cases than controls [17], the lower risk of MS among indi-
viduals exposed to infant siblings in early life [18] and pos-
sibly the attenuation of the latitude gradient within the
United States [2,19], which could be ascribed to improved
hygienic conditions and thus lower incidence of childhood
infections in the south.

Limitations of the hygiene hypothesis

In its general formulation, the hygiene hypothesis leads to
the prediction that individuals who are not infected with the
Epstein—Barr virus (EBV) should have a high risk of MS.
This is because EBV infection in early childhood is associated
strongly with hygienic conditions. Virtually all children are
EBV seropositive at 4—6 years of age in developing countries,
whereas in most industrialized countries 50% or more are
still uninfected at these ages [20]. Thus, the lack of EBV
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antibodies in young adults is a strong marker of a hygienic
upbringing, and as such should confer an increased MS risk.
However, risk of MS among EBV negative individuals is
extremely low (Fig.2). This finding has been confirmed
recently in studies of paediatric MS (Fig. 3) [22-24].

In sharp contrast with the low MS risk in EBV-negative
individuals, risk of MS is increased among adults with
history of mononucleosis, which is the common clinical
manifestation of EBV infection in adolescence and adult-
hood [21,25]. Compared with individuals infected with EBV
in early childhood, MS risk is about 10-fold lower among
EBV-negative individuals, and about two- to threefold higher
among those infected with EBV later in life (as inferred from
history of mononucleosis) — thus there is at least a 20-fold
increase in risk among individuals with a history of mono-
nucleosis compared to those who are EBV-negative, in spite
of their sharing a similar high-hygiene childhood environ-
ment (Fig. 2).
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Fig. 2. Relative risk (RR) of developing multiple sclerosis (MS)
according to Epstein—Barr virus (EBV) infection and history of
mononucleosis. Bars represent the 95% confidence intervals of the RR
estimates. Data from [7,21] Reprinted with permission from Thieme
Medical Publishers, Inc., Ascherio and Munger, Semin Neurol 2008;
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Fig. 3. Odds ratio of paediatric multiple sclerosis (MS) associated
with remote Epstein—Barr virus (EBV) infection. Data from [22-24].
For Pohl, 2006, odds ratio estimated by the authors based on data
provided in the original paper.
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Fig. 4. Relative risk of multiple sclerosis (MS) according to serum
levels of anti-Epstein—Barr virus EBV nuclear antigens (EBNA)
antibody titres an average of 4 years before the onset of symptoms.
Data from [28].

Anti-EBV antibodies and risk of MS

Corroborating a role of EBV as an aetiological agent in MS
is the now well-established observation that anti-EBV anti-
bodies, but not of antibodies to other herpes viruses,
becomes elevated significantly 5 or more years before the
onset of symptoms. The most consistent finding is an
elevation of antibodies against EBV nuclear antigens
(EBNA complex and EBNA 1) expressed during latent
infection, and only a marginal or absent elevation of anti-
bodies to the viral capsid protein expressed during the lytic
cycle (Fig. 4) [26-29].

The relation between anti-EBNA antibodies and MS risk
is not explained by confounding by genetic factors — an
increasing risk of MS with increasing anti-EBV titres is
observed in human leucocyte antigen (HLA)-DRBI*15-
negative as well as in HLA-DRB1*15-positive individuals.
The DR15 allele and anti-EBNA titres seem to act as inde-
pendent risk factors with multiplicative effects [30]. Further,
in a longitudinal study, adjustment for anti-EBNA titres
attenuated the association between anti-myelin antibodies
and MS risk, suggesting that there may be some cross-
reactivity between EBNA-1 and myelin peptides [31].

Beyond EBV — what remains unexplained

A role of EBV in MS causation could explain the remark-
able similarity between the epidemiology of MS and mono-
nucleosis, including age of peak incidence, latitude
gradient, rarity in populations in which EBV infections
occur early in life (including Japan and most of Asia),
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earlier age at peak onset in women than men, lower inci-
dence in blacks, Asian and Eskimos than in whites and
positive correlation with socio-economic status [7,32]. The
early age at EBV infection could also explain the low MS
risk among people who migrate from areas of low MS
prevalence to areas of high prevalence. A robust observa-
tion in MS epidemiology that cannot be explained by EBV,
however, is the marked reduction in risk associated with
migration from high to low MS prevalence areas. This
finding suggests that other factors may be at play. For
example, the effect of EBV infection on MS risk may be
modified by other environmental factors, such as the
vitamin D status of the host, which depends upon sunlight
exposure and thus correlates strongly with latitude [33,34],
or by co-infection with a microbe that increases (and is
more common in high MS risk areas) or decreases (and is
more common in low-risk areas) MS risk. It is also possible
that EBV itself varies across regions, and some EBV strains
may be more likely to increase MS risk than others [35].
The possibility that there is an MS-related EBV strain has
so far been little investigated, but some supportive evidence
has been reported [36].

EBV and MS pathology

A major obstacle to the broad acceptance of a role of EBV
in MS aetiology has been the putative absence of EBV itself
from MS lesions [37,38]. Aloisi and colleagues have recently
challenged this notion by reporting the presence of large
numbers of EBV-infected B cells in the brain of a large
majority of patients with MS [39]. These cells were more
numerous in areas with active inflammatory infiltrates,
where cytotoxic CD8" T cells displaying an activated phe-
notype were seen contiguous to the EBV-infected cells.
These findings, however, have not been confirmed in a
recent investigation [40], and whether or not EBV is
involved directly in the pathogenesis of MS lesions remains
uncertain.

The strong epidemiological evidence linking EBV to MS
is, however, independent from the pathological findings. If
the presence of EBV in the central nervous system (CNS) of
MS patients is not confirmed, mechanisms other than CNS
infection would have to be identified [41,42]. These may
include cross-reactivity between EBV and myelin antigens
[43-45] and antibodies [43-46]. A molecular mimicry
mechanism is supported by the discovery that MS patients
have an increased frequency and broadened specificity of
CDA4" T cells recognizing EBNA 1 [47], the identification of
EBV peptides as targets of the immune response in the cere-
brospinal fluid (CSF) of some MS patients [48] and the
isolation of EBNA-1-specific cell lines from MS patients that
cross-react with myelin antigens [49]. Other proposed
mechanisms include the activation of superantigens [50,51],
increased expression of alpha B-crystallin [52,53] or infec-
tion of autoreactive B lymphocytes [54].
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Summary

Although EBV is ubiquitous, the age at EBV infection is very
variable and correlated strongly with level of hygiene during
childhood. If high level of hygiene was a risk factor for MS,
young adults not infected with EBV would be expected to
have a high MS risk. The consistent observation in epide-
miological studies that their MS risk is extremely low, but
increases at least 20-fold among individuals who develop
mononucleosis, is thus a strong rebuttal of the general for-
mulation of the hygiene hypothesis and supports the notion
that high hygiene increases MS risk by delaying the age at
infection with EBV, which is itself related causally to MS.
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