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Abstract

Multiple sclerosis (MS) is a heterogeneous disease that develops as an interplay between the 

immune system and environmental stimuli in genetically susceptible individuals. There is 

increasing evidence that viruses may play a role in MS pathogenesis acting as these environmental 

triggers. However, it is not known if any single virus is causal, or rather several viruses can act as 

triggers in disease development. Here, we review the association of different viruses to MS with 

an emphasis on two herpesviruses, Epstein-Barr virus (EBV) and human herpesvirus 6 (HHV-6). 

These two agents have generated the most impact during recent years as possible co-factors in MS 

disease development. The strongest argument for association of EBV with MS comes from the 

link between symptomatic infectious mononucleosis and MS and from seroepidemiological 

studies. In contrast to EBV, HHV-6 has been found significantly more often in MS plaques than in 

MS normal appearing white matter or non-MS brains and HHV-6 re-activation has been reported 

during MS clinical relapses. In this review we also suggest new strategies, including the 

development of new infectious animal models of MS and antiviral MS clinical trials, to elucidate 

roles of different viruses in the pathogenesis of this disease. Furthermore, we introduce the idea of 

using unbiased sequence-independent pathogen discovery methodologies, such as next generation 

sequencing, to study MS brain tissue or body fluids for detection of known viral sequences or 

potential novel viral agents.
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INTRODUCTION

The infectious etiology of multiple sclerosis (MS) has been suspected for well over one 

hundred years and a large number of viruses as well as other infectious agents have been 

associated with the disease during this time. Association of a disease with a virus certainly 

does not imply causation and indeed most associated agents have failed to stand the test of 

time. For example, measles virus was tightly linked to MS in the past, but the introduction of 

measles vaccination had no apparent effect on the prevalence of MS [1]. However, 
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accumulating evidence still suggests a role for environmental factors, such as viruses, in MS 

pathogenesis. There has been a re-emergence of the infectious theory in MS during recent 

years- not as a sole factor but as a part of a more complex etiology- in which both genes and 

environment play a role. The findings that genetic or epigenetic factors cannot fully explain 

the MS disease discordance in monozygotic twins [2], has again pointed to the importance 

of environmental factors in MS pathogenesis. The largest body of evidence during the last 

few years has accumulated around Epstein-Barr virus (EBV) and human herpesvirus 6 

(HHV-6). Other associated agents include varicella-zoster virus (VZV), and human 

endogenous retroviruses (HERVs) to name a few. Still to date, none of the associated agents 

have proven to be causative.

The more we understand the mechanisms of MS disease pathogenesis, the clearer it has 

become that MS is truly a complex disease with genetic, environmental and immunological 

components. The extent of interplay between these different factors is under rigorous 

investigation. The heterogeneity of the disease might also suggest that MS is not caused or 

triggered by only one virus, but rather a more complex set of viral infections could act as 

triggers in genetically susceptible individuals [3]. Some of the questions that need to be 

explored include the extent of the interplay between MS risk genes, vitamin D levels, UV-

light exposure, tobacco smoking and viruses- are there risk factors that when present can 

amplify the risk of MS or are all these risk factors independent? Answering these questions 

might lead to a greater understanding of possible mechanisms viruses could induce in MS. 

In addition, population based studies on the prevalence of different MS associated viruses 

throughout the world might reveal similarities with prevalence of the disease itself in certain 

regions, strengthening an association between suspected viruses and MS.

The purpose of this report is to review the latest research on infectious agents in MS, the 

main focus being EBV and HHV-6. The most important finding associating EBV to MS is a 

higher seroprevalence and higher titers of EBV antibodies in MS patients compared to age-

matched controls. The findings in support of EBV are rather uniform in the literature while 

for HHV-6 there has been more variability in studies demonstrating higher HHV-6 antibody 

titers or prevalence in MS patients than controls. This probably reflects the lack of reliable, 

validated, and commercially available HHV-6 serological tests. Indeed, most of the 

serological data suggesting association between HHV-6 and MS has been produced using 

“home-brewed” methods that are more difficult to reproduce and require knowledge in assay 

development. By contrast, HHV-6 DNA, protein or RNA can be found from different body 

fluids and brain tissue from patients with MS in higher prevalence than in tissue from 

healthy controls, a finding that has not been consistently seen in EBV.

In addition to a review of viral association with MS, we want to suggest new strategies to 

evaluate the role of infectious agents in MS. These new strategies include development of 

new infectious animal models of MS, clinical trials with effective anti-viral drugs and highly 

sensitive and unbiased sequence identification strategies (e.g. panmicrobial microarrays and 

next generation sequencing methods to identify novel pathogens or confirm the presence of 

previously associated pathogens in MS patients).
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POSSIBLE MECHANISMS ASSOCIATING MS WITH VIRUSES

Most of the data linking MS to virus(es) has been generated by studying either the presence 

of part of a virus, such as DNA, RNA or proteins, in the body fluids or tissue or the immune 

response to a virus. The immune response to viruses includes mainly studies of antibodies in 

serum or CSF in patients with MS compared to findings from those in appropriate control 

groups. T cell responses to different viruses have also been studied, although less 

intensively. The control patient groups used in different studies vary and healthy subjects are 

frequently used. However, healthy subjects might not be the most informative control group, 

but rather more closely related patient populations such as other inflammatory neurological 

disorders (OIND) should be considered. These studies have produced large numbers of MS-

associated agents, but little is known about how viruses could actually could trigger or 

modulate the MS disease process. Animal models for MS have been developed, including 

experimental autoimmune encephalitis (EAE) and models for virus-induced demyelination 

such as Theiler’s murine encephalomyelitis virus induced demyelinating disease in mice. 

Animal models have helped research understand some mechanisms, like molecular mimicry 

and bystander activation, that might play a role in a possible virus-induced pathology in MS. 

Unfortunately, animal models for human viruses, e.g. EBV and HHV-6, which have been 

suggested to play a role in the pathogenesis of MS are not available. Most of the 

herpesviruses are strictly species specific and therefore the development of animal models to 

study these viruses has been difficult to advance.

DIRECT MECHANISM

Although the current view of MS pathogenesis highlights the role of immune cells, 

including T- and B cells, the direct death of myelin-producing oligodendrocytes or direct 

toxic effects of active infection to CNS cells cannot be ruled out. It is possible that immune 

activation and lymphocyte infiltration in the MS plaque is a secondary effect due to active 

viral infection in oligodendrocytes or possibly in other resident CNS cells. Direct viral 

infection of oligodendrocytes can indeed cause cell death and demyelination. JC virus, the 

causative agent of progressive multifocal leukoencephalopathy (PML), is a known example 

of human virus capable of infecting oligodendrocytes and causing demyelination. JC virus is 

a ubiquitous virus that is usually acquired in childhood. It is not entirely known why it 

causes PML in some individuals, although immunosuppression is a common factor among 

all patients with PML. Of note, a small fraction of MS patients treated with natalizumab, an 

anti-α4-integrin monoclonal antibody, has developed PML. The biology of JC virus latency 

and reactivation in PML is not well known.

A chronic viral infection of the CNS can cause disease and demyelination. In subacute 

sclerosing pancephalitis (SSPE), a chronic slow infection of the CNS by measles virus leads 

to inflammatory disease of the both gray and white matter. The measles virus has been 

identified in neurons, glial and immune cells in the CNS of patients with SSPE [4]. Viral 

infection of CNS cells other than oligodendrocytes can also cause demyelination, as in the 

case of canine distemper virus, which preferentially infects astrocytes in white matter [5] 

and infection of oligodendrocytes is actually a rare finding in canine distemper. HHV-6 has 

been found in MS plaques significantly more frequently than in control brains or MS normal 
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appearing white matter (NAWM) [6, 7]. The expression of HHV-6 antigen has been 

observed mainly in oligodendrocytes and to some extent in astrocytes, but whether this is a 

cause or a consequence of MS plaque formation, is not known.

MOLECULAR MIMICRY

Molecular mimicry, when some of the pathogen proteins have homologous amino acid 

sequences with self proteins, has been suggested to be a possible mechanism for viral-

induced autoimmunity [8]. Several viral sequences have been shown to be homologous to 

myelin proteins by homology searches [8]. Later, by searching structural requirements for T 

cell receptor recognition of MHC-bound peptides, several viral peptides that could not have 

been identified by homology searches were found to have structural similarities and were 

able to activate autoreactive T cells [9]. Although it is known that viral peptides mimicking 

self proteins can induce a disease [8], for a long time it was not known if viral infection can 

induce a disease through molecular mimicry. This was addressed by Zhao et al. [10] in a 

mouse model of autoimmune herpes stromal keratitis. The authors showed that autoreactive 

T cells recognized an HSV-1 protein, UL-6. Furthermore, the mutant virus lacking the 

epitope responsible for T cell recognition was not able to induce disease [10]. This was a 

clear demonstration that a viral infection was able to induce autoimmunity through a 

molecular mimicry mechanism.

An increased lymphoproliferative response to HHV-6A antigen has been suggested to occur 

in patients with MS as compared to controls [11]. The response to HHV-6B was similar in 

patients and controls. Furthermore, HHV-6 protein U24 shares a proline rich amino acid 

stretch (PRTPPPS) with myelin basic protein that could act as a molecular mimic. It was 

shown that more than 50% of the T cells recognizing MBP peptide cross-reacted and could 

be activated by HHV-6 U24 peptide in MS patients, therefore suggesting molecular mimicry 

[12]. The frequency of the subpopulation of T cells recognizing both peptides was 

significantly increased in patients with MS compared to healthy controls. There have also 

been reports of increased CD4+ and CD8+ T cell responses to EBV, particularly to 

EBNA-1, in patients with MS compared to controls [13–15]. A fraction of the EBNA-1 

specific CD4+ T cells also recognized myelin antigens, suggesting molecular mimicry [16].

In addition to cross-reactive T cell responses between viral antigens and myelin antigens, 

cross-reactive antibodies between viruses and myelin antigens have been studied, although 

less intensively. In one report investigating CSF antibody specificity to over 37,000 tagged 

proteins, the two most frequently detected antigens were demonstrated to be EBV latency 

associated proteins, EBNA-1 and BRRF2 [13]. In another study, using combinatorial 

libraries expressing single-chain variable fragments cloned from PBMCs from patients with 

MS, Gabibov et al. [17] were able to identify cross-reactive antibodies that recognized MBP 

and EBV latent membrane protein 1 (LMP1). By contrast, others have produced monoclonal 

antibodies from CSF B cells of MS patients and have not found any putative autoantigens or 

infectious antigens [18].
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BYSTANDER ACTIVATION AND EPITOPE SPREADING

The term epitope spreading was first used to describe a process in which a diverse immune 

response is generated against several epitopes of a single protein, although the initial 

immune response was initiated against a single dominant epitope of that protein [19]. In 

addition, many proteins contain cryptic epitopes that are hidden from immune system within 

intact protein, but can be revealed to the immune cells after dissociation. In chronic tissue 

damage as a result of viral infection, graft rejection, or autoimmune process, the specificity 

of the immune response spreads to include self epitopes different than the initial protein that 

initiated the inflammatory process [20]. Epitope spreading can include both self-reactive T 

and B cells, but is mostly studied in the context of autoreactive T cells.

In addition to their role as antibody producing cells, B cells can act as antigen presenting 

cells (APC). As a response to viral infection, APCs capture viral antigen and present viral 

peptides through MHC class II molecules to T cell receptors. B cell – CD4 T cell interaction 

is, in general, needed for abundant antibody production. During active infection, B cells 

present viral antigens to T cell receptors in the context of MHC class II. An additional 

interaction between B cell CD40 and T cell CD40L is needed for production of interleukin 

2, 4 and 5 by T cells, which in turn activates B cells to proliferate and maturate into antibody 

producing plasma cells. It is possible that B cells in the CNS of MS patients might process 

and present infectious agents, and subsequently parts of infected cells or damaged 

surrounding tissue, as a result of epitope spreading to T cells (Fig. 1). In this way, 

autoimmunity might be promoted at both the B- and T cell level. In addition, if this B cell 

maturation is compartment specific i.e. only occurs in CNS, it could explain the presence of 

oligoclonal bands in MS. In MS, oligoclonal bands are mostly seen in CSF only, although in 

some MS cases the banding pattern includes serum bands as well. However, epitope 

spreading is difficult to study in humans, and in disorders such as MS the initiating antigen 

is usually not known. Thus, most data on epitope spreading comes from mouse models such 

as EAE and Theiler’s murine encephalomyelitis virus-induced demyelinating disease 

(TMEV-IDD).

Using different myelin peptides as antigens it has been shown that epitope spreading, both 

intramolecular and intermolecular, is instrumental in disease development in mouse EAE. 

For example, SJL mice immunized with proteolipid protein (PLP) peptide 139–151 develop 

a relapsing remitting disease in which CD4+ T cells specific for PLP 139–151 appear in 

three days. Later, during the first relapse, CD4+ T cells specific for PLP 179–191 can be 

detected. During a second relapse, CD4+ T cell responses against MBP 84–104 can be 

demonstrated, representing both intramolecular and intermolecular epitope spreading [21]. 

Epitope spreading also plays a role in TMEV-IDD. Myelin destruction is initiated by myelin 

specific T cells that attack persistent virus [22]. After demyelination starts, CD4+ T cell 

responses to PLP 139–151 can be detected. Later in disease, CD4+ T cells specific for less 

encephalitogenic myelin peptides such as PLP 178–191, PLP 56–70 and MOG 92–106 are 

seen [23]. In MS, immune responses including B cell and T cell components could first be 

directed against an active or chronic viral infection and later diversify through molecular 

mimicry, bystander activation and/or epitope spreading against self tissue.
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COMPLEX GENOME-VIROME INTERACTION

The severity of the viral infection depends on many different factors. Possibly most 

important is the interplay between virus and host immune mechanisms. Host immune 

mechanisms, like all traits, are influenced by genetics and may sometimes have an impact on 

the development of symptomatic disease as a response to infectious agents. As our 

knowledge of common microbial flora has grown, it has become clear that we have not only 

a common flora of bacteria but also a common flora of viruses, called the virome [24]. Our 

virome consists of common viruses such as endogenous retroviruses and herpesviruses. The 

role of commensal bacteria as part of human physiology is well established, but the role of 

the virome in human physiology and pathophysiology is poorly understood. It is known that 

microbes are needed to challenge and shape the immune system and more recently the role 

of ubiquitous viruses has been suggested to play a role in this process [24].

Although some believe that MS could be caused by a single virus [25], the clinical 

heterogeneity of MS and the diversity of MS plaques in the CNS [26] suggests that there 

might be more than one infectious agent in the pathogenesis of this disease [27]. 

Furthermore, the recognition of more than one infectious trigger in MS would, at least 

partially, explain the long list of viruses that have been associated with this disease (Table 

1). MS is not the only complex human disease that has been suggested to develop as a result 

of genome-virome interaction. Similarly, genome-virome interactions have been suggested 

to play a role in type 1 diabetes, inflammatory bowel disease and asthma. These diseases 

could be induced by several different viral infections associated with host-virus interactions 

in a model in which common frequent viral infections may or may not cause symptoms [28].

HERPESVIRUSES AND MULTIPLE SCLEROSIS

Several features of some common herpesviruses (EBV, HHV-6 and possibly VZV) make 

them interesting candidates to act as triggers in MS. These three viruses are ubiquitous, 

infecting almost all individuals in early years of life. Large epidemiological studies of 

human migration have suggested that MS susceptibility is acquired during infancy or 

childhood-favoring an early infection of a ubiquitous virus as a trigger. Herpesviruses 

remain in the body in an inactive latent form with periodic reactivations. All these viruses 

are neurotropic, but also neurovirulent i.e. they can infect CNS cells, and also cause CNS 

disease. Although it is possible that a virus triggering MS directly lyses cells in the CNS, it 

is more likely that MS is associated with an immunopathogenic host-immune response to the 

virus.

EPSTEIN – BARR VIRUS (EBV) AND MS

EBV (human herpesvirus 4) was isolated from lymphoblasts from patients with lymphoma. 

The primary infection of EBV can be asymptomatic or can cause mild disease. EBV is the 

causative agent of infectious mononucleosis. Close to 100% of the population in Western 

countries is infected with EBV and it remains latent in B cells [29] after primary infection. 

Although the early studies of EBV in MS date back to the early 70’s [30], the association 

between MS and EBV infection has strengthened during the last few years. Large-scale 
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population based studies on EBV antibodies have shown consistently higher seroprevalence 

in patients with MS as compared to controls.

IMMUNE RESPONSE TO EBV IN MS

Both higher seroprevalence and higher EBV antibody titers have been reported in patients 

with MS compared to controls. There are three different major antigens that are generally 

used in EBV antibody studies: viral capsid antigen (VCA), EBV nuclear antigen (EBNA) 

complex (or part of it e.g. EBNA-1) and early antigen (EA). There is some general variation 

in results depending on which antigen was used. In a recent meta-analysis, Santiago et al. 

[31] reviewed the results from MS case-control studies of antibodies to different antigens 

separately and found odds ratios of 5.5 for VCA, 5.4 for EBNA complex, 12.1 for EBNA-1 

and 1.3 for EA. Therefore, it seems that EBNA-1 is the most relevant marker of EBV 

infection in MS. In all of the studies presented in Table 2, MS patients had a higher 

seroprevalence than controls. In all but one study, the prevalence was close to 90–100% of 

MS patients and lower in controls. There are only two studies for anti-EBNA-1 antibodies in 

CSF that have reported higher prevalence of EBNA-1 antibodies. Although the prevalence 

of serum antibodies to VCA shows more variation than antibodies to EBNA-1 (Table 3), a 

higher VCA seroprevalence is still seen in patients with MS. In summary, the increased 

prevalence of antibodies to different EBV antigens in MS patients compared to controls is 

some of the most convincing evidence supporting the association of EBV with MS.

IS EBV PRESENT IN MS BRAINS?

In addition to the increased seroprevalance of EBV in MS patients, some reports have also 

shown that the immune response, at least in a subset of patients, could be intrathecal. This 

suggests virus-specific responses within the CNS and thus indirectly suggests the presence 

of virus in this compartment [32]. This intrathecal response, however, has also been 

suggested to be part of the polyspecific response in MS [33]. Whether EBV is present in MS 

brains and particularly in the MS plaques is an important issue with conflicting reports in the 

literature. The data demonstrating the presence or absence of EBV in MS brains was 

reviewed and attempts to explain the reasons for the different published results were 

addressed by the NeuroproMiSe EBV Working Group [34]. Although the Group concluded 

that most of the controversies are due to the different specificities and sensitivities of the 

methods used in different studies, there are still controversial results in different reports 

using the same methods, i.e. in situ hybridization for EBER RNA [35, 36]. The small non-

coding RNAs, EBERs, abundantly expressed in every latently infected cell serve as the gold 

standard for detection of EBV infection in situ. There is an agreement that EBER RNA can 

be detected in situ from EBV abundant tumor samples. The difference comes when looking 

at brain tissue samples that have low numbers, if any, of infected B cells. However, current 

data suggests that EBV is typically not present in MS brain plaques.

INFECTIOUS MONONUCLEOSIS AND MS

Primary EBV infection can be asymptomatic or present as infectious mononucleosis. In a 

recent meta-analysis [37], including 18 population-based or case-control studies, the role of 

infectious mononucleosis as a risk factor in MS was studied. The total number of MS cases 
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included in the meta-analysis was 19,390, and 16,007 controls were studied as well. The 

relative risk determined in this meta-analysis was 2.17 (95% CI 1.97 – 2.39; p<10−54) 

confirming the results (RR 2.3) from previous meta-analysis done with less patients and 

controls [38]. It has been suggested that infectious mononucleosis increases the risk of MS 

and the risk persists for at least 30 years after infection [39]. It is poorly understood why 

symptomatic EBV infection increases the risk of MS compared to those with asymptomatic 

infection. One feasible explanation could be the hygiene theory [40]; populations in Western 

countries are in contact with less germs and therefore the immune system might start 

responding to self tissues that may lead to autoimmune disease. The hygiene hypothesis has 

been used to explain the recent increase in allergies and autoimmune diseases in developed 

countries. In fact, infectious mononucleosis is more common if EBV primary infection 

occurs later in life. This might suggest that individuals who acquire EBV later in life have 

also had less contact with other microbes and therefore, according to the hygiene theory, 

may be more prone to autoimmune diseases such as MS.

PRESENCE OF EBV DNA IN MULTIPLE SCLEROSIS

The presence of EBV DNA in different MS samples is summarized in Table 4. In general, 

EBV DNA is a rare finding in cell-free body fluids such as plasma or CSF. No differences 

have been reported in published studies on the prevalence of EBV DNA in plasma between 

MS patients and controls [41, 42]. Because sample sizes in these studies were small, it is 

hard to draw any definitive conclusions based on these reports. In addition, presence of EBV 

DNA in CSF is highly unusual and no differences are found between MS and control CSF. 

As EBV resides in B cells during latency, DNA is detected more often in PBMCs. Some 

investigators have found significant differences in the prevalence of EBV DNA in PBMCs 

between MS and controls [43], while others have not [44–46]. In conclusion, the findings of 

EBV DNA, other than in latent form in PBMCs, is rare and there seems to be no significant 

differences in the prevalence of EBV DNA detected by PCR between MS patients and 

controls.

HUMAN HERPESVIRUS 6 (HHV-6)

HHV-6 was first isolated from patients with AIDS and immunoproliferative syndromes in 

1986 [47]. Two different types of HHV-6, HHV-6A and HHV-6B, have been identified and 

they differ from each other in biological, immunological and clinical features [48]. HHV-6B 

is acquired early in life, usually before the age of two or three. After primary infection, 

which can be asymptomatic or present as exanthema subitum (roseola infantum), the virus 

becomes latent and is primarily found in PBMCs for life. HHV-6B virus is a ubiquitous 

virus with seroprevalency approaching 100% in Western countries. Due to the lack of 

serological assays for detection of HHV-6A, the prevalence and acquisition time of 

HHV-6A is not known. The cross-reactive nature of HHV-6A and HHV-6B antibodies, 

which in vivo are not cross-protective since double infections can be found, have hindered 

the serological studies of HHV-6A. However, HHV-6A has been suggested to be more 

neurotropic than HHV-6B, based on more prevalent detection of HHV-6A in CSF than in 

PBMCs [49].
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HHV-6 AND MS

Soon after its discovery in 1986 [47] preliminary reports suggested a possible association of 

HHV-6 in the pathogenesis of MS. Sola et al. [50] investigated serum antibody titers by IFA 

and viral DNA in PBMCs by PCR from 126 MS patients and 500 controls. Significantly 

higher serum antibody titers were found from patients with MS. In contrast, HHV-6 DNA 

was found only rarely from MS patients or control PBMCs and therefore it was concluded 

that high serum HHV-6 antibody titers might be a consequence of immune impairment 

rather than HHV-6 reactivation of a latent HHV-6 infection. In another study [51], HHV-6 

DNA was detected in three CSF samples of 21 MS patients (14.3%), but not in patients with 

other neurological diseases (OND) including myalgic encephalitis, meningitis and chronic 

fatigue syndrome or in healthy controls. In this study, HHV-6 serum antibody titers as 

measured by ELISA were also higher in sera of patients with MS compared to OND or 

healthy controls, supporting the possible role of HHV-6 in the pathogenesis of MS. 

Increased antibody titers in serum to HHV-6 reported by Sola et al. [50] was confirmed by 

other investigators soon after the initial reports [51]. However, the later studies have shown 

far more variation in HHV-6 viral titers and prevalence of HHV-6 antibodies in MS and 

controls (Table 5). This may be explained by different patient and control populations, but 

also differences in serological assays used.

The first direct evidence for the involvement of HHV-6 in the pathogenesis of MS was 

reported in 1995 [7]. Challoner and co-workers used representational difference analysis 

(RDA), introduced by Lisitsyn et al. [52]. RDA is a subtractive hybridization method that 

can be used to identify nucleic acid sequences that are unique to, or present in greater 

numbers in diseased compared to healthy tissue. The DNA content from MS brain tissue 

was compared to DNA from peripheral blood leukocytes of healthy donors. By RDA they 

were able to identify a DNA sequence of 341 bp from one out of five patients that was 

essentially identical to the HHV-6 gene encoding HHV-6 major DNA binding protein. 

Challoner extended these findings by detecting the presence of HHV-6 DNA in brain 

samples by nested PCR and found that HHV-6 DNA was present in 78% and 74% of MS 

cases and controls, respectively. Although the authors of the paper concluded that HHV-6, 

especially variant B is a commensal virus in the human brain, they also demonstrated 

HHV-6B antigen expression in MS plaques in oligodendrocytes, but not in control brains or 

in non-plaque regions in MS brains. Since the destruction of oligodendrocytes (leading to 

degradation of myelin) is a hallmark of MS, the studies suggested an association of HHV-6 

with the etiology or pathogenesis of MS. To extend these observations further, Cermelli and 

others [53] conducted a study in which MS plaques were isolated by laser microdissection 

from brain samples and DNA was purified and used for detection of HHV-6 DNA by nested 

PCR. Controls included brain samples from normal appearing white matter (NAWM) from 

the same patients with MS and brain samples from patients with other neurological diseases 

and patients with other inflammatory non-neurological disorders. While the rate of HHV-6 

DNA was similar in NAWM samples of MS patients and in control brains, the frequency of 

detection of HHV-6 DNA was significantly higher in MS plaques. Others have studied 

HHV-6 antigen expression in MS brain samples as well. Carrigan and others [54, 55] 

demonstrated HHV-6 antigen in eight out of 11 brain samples from patients with MS but not 
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in any of the seven control brain samples. The result was confirmed by others [6, 56, 57], 

although Coates and Bell [58] were not able to identify HHV-6 antigen in any of the 23 

brain samples from patients with MS (though they did successfully identify HHV-6 antigen 

in salivary gland tissue). Collectively, these studies suggest that while HHV-6 is found in 

human brains, it is found significantly more often within MS plaques. Whether this suggests 

that HHV-6 is a cause or consequence of MS plaque development is an unanswered question 

that needs to be addressed.

HHV-6 DNA findings in different sample materials from patients with MS compared to 

control groups also vary between studies (Table 6). In serum, DNA detection rates range 

from 0 to 83% and 0 to 53% in MS cases and controls, respectively. In CSF, the detection 

rates are from 0 to 78% and 0 to 20% in cases and controls, respectively. Few studies have 

reached a statistically significant difference between groups. In brain samples, the detection 

rates are higher than in serum or CSF and may suggest that HHV-6 activation is tissue-

restricted and HHV-6 does not usually present as free viral particles in body fluids or does 

so only a short time during viral activation possibly at the time of relapse.

HHV-6 ACTIVATION DURING RELAPSES

The idea that viruses can cause MS relapses or that they are activated as an epiphenomenon 

during relapses has been known for a long time. Several common viruses have been 

associated with relapses and indeed as much as one third of all MS relapses have been 

associated with common transmissible pathogens [59–62]. Interestingly, vaccinations are not 

a risk factor for MS relapses or for disease development [63, 64] suggesting that immune 

activation alone does not affect the risk of relapses in MS.

HHV-6 active replication can be most reliably measured by detection of viral mRNA from 

infected cells. However, the presence of viral DNA in cell-free body fluids, such as serum, 

centrifuged CSF, and urine, is also indicative of viral replication, although HHV-6 DNA can 

be present in apparently cell-free material from lysed latently infected cells. In order to 

examine if HHV-6 is associated with exacerbations in MS, Berti et al. [65] collected 215 

serum samples from 59 MS patients. Presence of HHV-6 DNA was studied using sensitive 

nested PCR techniques. HHV-6 DNA was found more frequently in serum samples from 

MS patients in clinical exacerbation compared to patients in clinical remission. Chapenko et 

al. [66] also found HHV-6 genomes by PCR in PBMCs of 61.5% patients with MS, which 

was significantly higher than that of patients with other neurological disorders (28.6%) or 

normal blood donors (28.7%). These studies suggested that there might be an active 

infection in some of the patients in relapse. In later studies [67] assessing 105 RRMS 

patients and 49 normal blood donors, viral RNA transcripts of U16/U17, U89/U90 and U94 

genes were found from PBMCs of 17 patients with RRMS (16%), but not from controls. 

U94 gene RNA, the only known HHV-6 gene transcribed in latency [68], was found from 

nine additional MS patients and 3 controls suggesting latent virus in PBMCs. When these 

patients were further analyzed, seven out of 32 (22%) patients that had relapses were found 

to have active HHV-6 infection (U16/U17+, U89/U90+, U94+) and only one (3%) patient 

had latent HHV-6 infection (U16/U17−, U89/U90−, U94+). These results further support the 

role of HHV6 infection in relapses in at least a subset of MS patients.
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VZV AND MS

The primary infection of VZV causes varicella (chicken pox) and reactivation in later life 

causes zoster (shingles). By the age of 15, 95% of people in developed countries have 

acquired the infection [69]. Marrie and Wolfson [70] analyzed published data on association 

of VZV and MS in a meta-analysis in 2001. Most of the seroepidemiological and case-

control studies reviewed in the meta-analysis failed to show any correlation between VZV 

infection or varicella and MS. Some of the studies, however, have shown higher 

seroprevalence of VZV antibodies in CSF of MS patients [71, 72]. This probably reflects a 

polyspecific response to several neurotropic viruses, such as measles, rubella and VZV in 

MS. In addition, VZV has been suggested to be present in PBMCs of patients during clinical 

relapse by PCR [43, 73]. VZV viral particles were also observed by electron microscopy in 

CSF during relapse [74] although this was not confirmed by others [75]. In a nationwide, 

population-based study conducted in Taiwan, Kang et al., [76] followed 315,550 patients 

with herpes zoster and 946,650 randomly selected control patients for one year. The risk for 

development of MS was found to be 3.63-fold greater in the group with herpes zoster. This 

finding has to be confirmed in other populations. Although the association of VZV with MS 

is not as strong as in the case of EBV or HHV-6, this large-scale study might suggest that 

VZV reactivation could act also as a trigger in MS disease onset and warrants further studies 

to explore this association.

ENDOGENOUS RETROVIRUSES AND MS

Endogenous retroviruses entered into the human genome millions of years ago. In total, up 

to 8% of the whole human genome can consist of endogenous retroviral sequences. It is 

therefore not surprising from an evolutionary standpoint that these retroviral sequences, and 

possible proteins that are translated from these viral transcripts, are associated with both 

health and disease. Some endogenous viral sequences have the capability to affect host gene 

transcription or even transactivate other viruses. In contrast, several viruses have been 

shown to regulate or activate the transcription of endogenous retroviral genes, such as env 

gene. Furthermore, it has been suggested that several herpesviruses, such as VZV, HSV-1, 

EBV and HHV-6, might activate HERV-W retroviral elements [77].

Reverse transcriptase activity and retroviral particles were identified in leptomeningeal cell 

lines from patients with MS [78]. It was first thought to be related to, but distinct from 

known T cell lymphotropic viruses (HTLV), thus explaining the similarities between 

HTLV-1 associated myelopathy / tropical spastic paraparesis (HAM/TSP) and MS [79]. 

Later characterization of the viral elements, however, proved it to be endogenous, not a 

known exogenous retrovirus [80–82], and was first called MS associated retroviral element 

(MSRV). Later the virus was identified as a new family of HERVs, HERV-W [83]. The 

presence of HERV-W is more prevalent in patients with MS than in controls [84] and the 

presence of HERV-W RNA in CSF of patients with MS has been suggested to be a short-

term [85] as well as long-term [86] clinical prognostic marker of the disease.
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HERVS AND NEUROINFLAMMATION

How could HERVs then play a role in the pathogenesis of MS? HERV-W env gene encodes 

a protein termed syncytin-1 that has been more often expressed in MS than in control brains 

[87]. Syncytin-1 is found in astrocytes, perivascular macrophages and activated microglia 

[88]. It promotes cytokine expression and release of reactive oxygen species in astrocytes 

that leads to oligodendrocyte damage. It also might induce innate immunity through Toll-

like receptor 4 (TLR-4), which leads to the release of proinflammatory cytokines [89]. 

Syncytin-1 can also cause endoplasmic reticulum stress in astrocytes [90]. These events 

initiated by syncytin-1 (possibly increased from over expression of HERV-W in MS 

compared to controls) could possibly promote neuroinflammation in developing MS 

plaques.

MEASLES IN MS

Both measles virus (paramyxovirus) and rubella virus (togavirus) can cause demyelinating 

disease of the CNS. Measles is the cause of subacute sclerosing panencephalitis (SSPE) and 

rubella is the cause of progressive rubella panencephalitis. Increased measles antibody levels 

in serum and higher frequency of antibodies in CSF was detected more often in patients with 

MS than controls [91]. Attemps to detect measles RNA in MS blood [92] and brain tissue 

[93] have been unsuccessful. Although MS patients vaccinated against measles virus have 

measles antibodies in CSF, MS patients with natural measles infection have higher serum 

and CSF measles antibodies than those that have been vaccinated [94].

INTRATHECAL ANTIBODY RESPONSE TO VIRUSES – SPECIFIC OR 

POLYSPECIFIC

The only laboratory marker in the clinical diagnosis of MS is abnormal intrathecal IgG 

production. There are two methods that have been used for detection of intrathecal IgG 

antibody in MS; measurement of IgG index and detection of oligoclonal bands. The IgG 

index is calculated by determining CSF and serum IgG ratios that have been corrected for 

albumin concentrations in CSF and serum. Oligoclonal bands are detected using isoelectric 

focusing methods to separate different clones of IgG in CSF and serum. Separated IgG 

molecules are then detected by immunofixation or immunoblotting. Matched CSF and 

serum samples are run in parallel and positive findings are defined by two or more distinct 

IgG bands found in CSF but not in serum. Neither of these techniques is specific for MS and 

can be demonstrated in CSF from other inflammatory diseases of the CNS. The IgG index 

measurement is quantitative while detection of oligoclonal bands is qualitative. In general, 

polyspecific IgG production within the CNS increases IgG index, but does not affect the 

quantity of oligoclonal bands. Oligoclonal bands are considered more of a marker of clonal 

antigen-specific activation of different B cell clones. Therefore, it is reasonable to suggest 

that CSF oligoclonal responses should target the disease relevant antigen.

As mentioned, oligoclonal bands are not specific for MS and are seen in other inflammatory, 

mostly infectious, diseases of the CNS. Importantly, in these diseases it has been shown that 

oligoclonal bands are specific for the causative virus. These diseases include, but are not 
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restricted to; SSPE, in which the oligoclonal bands are specific for measles virus, HTLV-1 

associated neurological disease (HAM/TSP), in which the oligoclonal bands are specific for 

HTLV-1, and herpes simplex encephalitis, in which the oligoclonal bands are specific for 

HSV-1. Knowing that oligoclonal bands are typically found from patients with infectious 

diseases of the CNS, it is tempting to suggest that oligoclonal bands may be a biomarker for 

an infectious trigger. Gilden has suggested: “if EBV or any other virus causes MS, it should 

be possible to demonstrate that MS OGBs contain antibody directed against the suspected 

agent” [95]. Several attempts have been made to identify infectious agents responsible for 

oligoclonal band formation in MS. For example, it has been shown that some of the 

oligoclonal bands are specific for Chlamydia pneumoniae [96, 97], EBV [13, 98] and 

HHV-6 [99].

In our recent studies, we also found that a proportion (approximately one third) of patients 

with MS had either EBV or HHV-6 specific oligoclonal bands in CSF (Manuscript 

submitted). One intriguing finding is the observation that oligoclonal bands in MS remain 

the same during MS disease development and progression, even when the B cells are 

depleted by anti-CD20 (rituximab) treatment [100, 101]. In our study we also assessed 

longitudinal CSF samples and have demonstrated that HHV-6-specific OCBs, similar to 

total IgG OCBs, remained the same over time. In addition, we found that patients with 

herpesvirus specific oligoclonal bands, either EBV or HHV-6, had fewer contrast enhancing 

MRI lesions. This finding might suggest that constant intrathecal antibody production 

against herpesviruses, presenting as virus-specific OCBs in CSF, may control the virus 

within the CNS. Patients who do not have a strong intrathecal antibody response to virus 

might fail to control virus, which could lead to viral activation and increased CNS damage 

reflecting increased number of contrast enhancing lesions. This is consistent with the finding 

that patients in relapse are found to have more active HHV-6 infections [65–67].

INFECTIOUS ANIMAL MODELS OF MS

Experimental autoimmune encephalomyelitis (EAE) is the most commonly used animal 

model of MS. It is induced, most commonly in mice, by the use of myelin antigens or 

myelin peptides with the aid of adjuvant. The disease varies with the animal strain and 

myelin epitopes being used. The hallmark of the disease is infiltration of myelin specific 

Th1 CD4+ T cells into the CNS. The presence of Th1 CD4+ T cells has been shown to be an 

important feature in the disease induction since adoptive transfer of myelin-specific CD4+ T 

cells is sufficient to induce the disease [102]. In monophasic EAE, the clearing of 

inflammatory infiltrates from the CNS is associated with disease recovery. First attempts to 

create an infectious demyelinating mouse model induced by molecular mimicry included a 

recombinant vaccinia virus expressing proteolipid protein [103]. Although disease was not 

induced by infection with this virus, infected animals later developed a more severe EAE 

when encephalitogenic myelin peptides were introduced to animals. It is obvious that much 

has been learned from EAE about how autoimmunity could play a part in MS and EAE has 

served as a useful preclinical model for MS clinical therapies. However, if an infectious 

component plays a role in MS, then EAE may not be appropriate. In addition to EAE, there 

are some infectious mouse models of demyelination that have been studied.
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THEILER’S MURINE ENCEPHALOMYELITIS VIRUS-INDUCED 

DEMYELINATING DISEASE OF THE CNS

TMEV, a mouse picorna virus, is a natural pathogen of mice. It usually infects the 

gastrointestinal tract, but is also capable of causing demyelination within the CNS. The 

ability to induce a demyelinating disease depends on the virus strain and genetic background 

of the mouse. Two groups of TMEV have been identified; one causing acute encephalitis 

and the other causing chronic progressive demyelinating disease primarily in the spinal cord. 

Intracerebral infection with viruses that cause demyelinating disease leads to persistent 

infection of the CNS. The main cause of the demyelinating disease, however, is the 

infiltration of immune cells into the CNS. In general, TMEV induced demyelinating disease 

progresses more slowly than EAE. Also, the humoral response seems to be much stronger in 

TMEV-induced demyelination and in MS than in EAE [104].

JAPANESE MACAQUE ENCEPHALOMYELITIS

Recently, an interesting report of spontaneous CNS disease resembling MS in Japanese 

macaques was published [105]. The disease, Japanese macaque encephalomyelitis (JME), 

appeared in the Oregon National Primate Research Center 21 years after the establishment 

of the colony. Axthelm et al. [105] reported that the disease has typically affected 1 to 3 % 

of the colony each year since the initial case was observed. The clinical symptoms of JME 

include paralysis, ataxia, and ocular motor paresis. Generally the disease appears in young 

adult primates, but cases of juvenile and older animals have been seen as well. Although the 

initial onset of the disease is often severe and JME animals usually fail to recover, a few 

animals have recovered and been placed back in the colony. All of the replaced animals 

have since had relapses. Pathologically, animals with JME have multifocal areas of 

demyelination and oligodendrogliosis together with some axonal loss. In affected areas 

including, cerebrum, cerebellum, brainstem and spinal cord, cellular infiltration of 

macrophages and lymphocytes was observed.

Interestingly, when white matter lesions from animals with JME were cultured over primary 

rhesus fibroblasts, an infectious agent was identified. In electron microscopic analysis it 

appeared as a herpesvirus and was further identified in sequence analysis to be a novel 

gamma-2 herpesvirus, called JM rhadinovirus (JMRV). It is most closely related to a rhesus 

macaque rhadinovirus (RRV). To prove causation, further research is needed. Intriguingly, 

JMRV has been isolated from active CNS lesions in 5 different macaques with JME, but not 

from normal appearing white matter from macaques with or without JME. Although JMRV 

is associated with JME, nothing is yet known of the prevalence of JMRV and its biology or 

possible pathogenetic mechanisms associating this virus to JME. In summary, JME as a 

model of MS has great potential to shed new light on the possible role herpesviruses may 

have in the pathogenesis of MS and other demyelinating diseases of the CNS.

MARMOSET AS A MODEL OF HHV-6 INDUCED NEUROLOGICAL DISEASE

Mouse EAE has several differences compared to human MS. Common marmosets are more 

closely related to humans in terms of genetics and immunology [106]. Another major 
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advantage of using common marmosets in EAE studies is that brain lesions in EAE 

marmosets can be visualized with similar MRI techniques as used in the clinical setting. 

EAE can be induced with white matter homogenate, myelin proteins, or myelin peptides 

together with adjuvant.

HHV-6 uses CD46 as a cellular receptor for viral entry into the cell. Since mice lack this 

molecule, HHV-6 does not establish infection in mice. Transgenic mice expressing CD46 

have had difficulties supporting HHV-6 infection, which might indicate that there are other 

co-receptors not expressed in mice as well. However, common marmosets express CD46 

and are able to support HHV-6 infection. The possible role of HHV-6, not just in MS but 

more generally in neurological diseases such as temporal lobe epilepsy [107, 108] and 

encephalitis [109], reinforces the need for an animal model for this virus. As mentioned, the 

marmoset will also be an ideal animal model since MR imaging can monitor their brains. 

HHV-6A but not HHV-6B has been reported to cause a neurological disease in marmosets 

(Genain et al., 2008, Baltimore, 6th International Conference on HHV-6 & 7). The route of 

HHV-6 infection has also been shown to have differential effects on the immune response 

and viral persistence in marmosets (Leibovitch et al., 2011, Amsterdam, ECTRIMS). We are 

optimistic that developments in this field will help to clarify the role of HHV-6 in disease as 

well as understand the basic biology and immunology involved in HHV-6 infection.

CLINICAL TRIALS WITH ANTIVIRALS IN MS

It is clear that biomarkers will be needed to monitor MS disease progression and MS patient 

selection for medical therapy. The disease course of MS is unpredictable and varying 

disease progressions between patients make clinical trial design challenging. Therefore, it is 

clear that better patient stratification methods are needed. For example, it might be that only 

a subset of patients might benefit from antiviral therapy, which highlights the role of 

monitoring viral markers before, during, and after anti-viral therapy in MS in addition to 

clinical markers such as MRI and occurrence of relapses. Furthermore, it is possible that 

associated viral infection occurs years before the clinical onset of the disease and thus anti-

viral therapy is not beneficial in MS. However, if viral infection is associated with relapses, 

anti-viral therapy might reduce the relapse rate.

There have been a few antiviral clinical trials in MS using anti-herpesvirus drugs. Studies 

reported by Bech et al., [110] in Scandinavia and Friedman et al., [111] in the USA 

evaluated the effect of valacyclovir therapy, an oral form of acyclovir, in randomized, 

double-blind, placebo-controlled trials in MS. The primary endpoint in the Scandinavian 

study was the number of new active MRI-evident lesions over 24 weeks of treatment and 

progression of the disease in the American study. Both studies failed to meet the primary 

endpoints. However, Bech and others [110] found in subgroup analysis that valacyclovir 

treatment was associated with reduced amount of new active lesions in patients with high 

MRI activity, determined by more than one active lesion at baseline. Friedman and others 

[111] concluded that there were trends (but not statistically significant) toward drug effect 

over placebo in the severe clinical category. It is noteworthy to mention that acyclovir is not 

effective against HHV-6 in vitro [112] or in vivo [42]. If active HHV6 was indeed present 

only in a subset of MS patients, then acyclovir would not be the drug of choice. Antiviral 
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clinical trials might be the best (only) way to address the question of whether or not viruses 

play a role in MS, if the virus is active during MS disease course. However, to prove or 

disprove this hypothesis we need well-designed effective, antiviral clinical trials with safe, 

efficient and CNS-penetrable antiviral drugs. Future studies should include virologic and 

immunologic stratification of patients before therapy to assess clinical and laboratory 

outcomes [113].

PATHOGEN DISCOVERY IN MS

Until recently, the majority of surveillance and pathogen discovery efforts have relied 

heavily upon prior knowledge of the nucleotide sequence of known agents [114]. Prior 

techniques have amplified target sequences using known primer sequences with competitive 

PCR and subsequent microarray analysis, which then directs the search for a specific agent 

in question [115]. This strategy adopts an obvious level of bias when looking for pathogens 

as the causative agents for disease and fails to identify new pathogens and those that have 

diverged significantly from their related ancestors due to the lack of annealing of the 

specific primer sequence [114].

During the past few decades, sequence independent nucleic acid amplifications have been 

developed. The goal of these methods is to amplify DNA or RNA sequences that are found 

only from diseased samples, or in much higher levels from diseased samples compared to 

healthy tissue, and to further identify these sequences. Indeed, HHV-6 sequences were found 

from the MS brain tissue using an unbiased technique called representational differential 

analysis that is a hybridization-based subtraction method for identification of differential 

DNA fragments between samples [7]. This is one way of identifying “new” infectious 

agents that might be associated with MS. Other approaches to identify new infectious agents 

in MS include the use of pathogen-microarrays [116] or sequencing by next generation 

sequencing platforms [117]. Both of these methods have been highly successful in 

identifying new viruses in healthy and diseased samples. Despite the obvious power of these 

novel techniques in identification of new pathogens, the identification of novel viruses has 

been more successful in acute diseases upon active replication of the virus such as in 

hemorrhagic or upper respiratory infections. By contrast, MS is a chronic disease of the 

CNS that has significant limitations; (i) if viral infection is a trigger of MS it is most likely a 

low level persistent (or latent) infection (ii) the selection of appropriate sample material to 

be used in pathogen discovery in MS is difficult since brain tissue cannot usually be 

obtained in early disease. Attempts to identify possible triggers should include active lesions 

where the triggering agent most likely would still be present. Along these lines (and taking 

into account the unbiased nature of these novel approaches) the pathogen discovery 

approach to identify novel agents and/or confirm the presence of previously associated 

agents in MS brains and body fluids is promising.

FINAL REMARKS

In this review we have discussed the role of infectious agents, mainly viruses, in MS. 

Despite evidence of the association between MS and several viruses, no virus to date has 

been proven to be the cause of this neurological disease. Recently, compelling evidence has 
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focused on members of the herpesvirus family, namely EBV and HHV-6. Since these 

viruses are ubiquitous, it presents unique challenges in establishing causation with this (or 

any) disease. The isolation of the presumptive agent from MS disease tissue such as active 

plaques within the CNS and increased humoral and cellular immune responses to these 

viruses in peripheral blood are strong arguments in support of these viruses as triggers in the 

MS disease process. Our recent detection of herpesvirus-specific OCBs from MS patients 

and the establishment of a novel HHV-6 non human primate model of infection also lends 

support that these viruses may play a role in the pathogenesis of this disease. Ultimately, 

only through well-controlled antiviral treatment trials can the causative versus consequential 

impact that these viruses have in MS ever be established.
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ABBREVIATIONS

APC Antigen presenting cell

CNS Central nervous system

CSF Cerebrospinal fluid

EA Early antigen

EAE Experimental autoimmune encephalitis

EBER EBV encoded RNA

EBNA EBV nuclear antigen

EBV Epstein – Barr virus

HAM/TSP HTLV-1 associated myelopathy / tropical spastic paraparesis

HERV Human endogenous retrovirus

HHV-6 Human herpesvirus 6

HSV-1 Herpes simplex virus 1

HTLV Human T-cell lymphotropic virus

JME Japanese macaque encephalomyelitis

JMRV Japanese macaque rhadinovirus

LMP-1 Latent membrane protein 1

MHC Major histocampatibility complex

MBP Myelin basic protein

MOG Myelin oligodendrocyte glycoprotein

MSRV MS associated retroviral element

NAWM Normal appearing white matter
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OIND Other inflammatory neurological disease

OND Other neurological disease

PBMC Peripheral blood mononuclear cell

PLP Proteolipid protein

PML Progressive multifocal leukoencephalopathy

RDA Representational difference analysis

RRV Rhesus macaque rhadinovirus

SSPE Subacute sclerosing panencephalitis

TLR Toll-like receptor

TMEV-IDD Theiler’s murine encephalomyelitis virus induced demyelinating disease

VCA Viral capsid antigen

VZV Varicella – Zoster virus
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Fig. 1. 
As a response to viral infection B cells can process and present viral peptides to T cells 

leading to activation of T cells and maturation of B cells into antibody producing plasma 

cells. These plasma cells can produce clonal IgG molecules that are present in serum during 

the active infection of the periphery. If virus invades the CNS, B cells can activate and 

maturate into plasma cells and produce antibodies in a mannar similar to in the periphery 

(1). The viral antigens might resemble myelin antigens and induce T cell as well as B cell 

responses including cross-reactive antibodies to viral as well as autoantigens through 

molecular mimicry mechanisms (2). Chronic viral infection can also cause local tissue 

damage leading to presentation of autoantigens, which are then recognized by autoreactive T 

or B cells (3). This leads to production of novel clones of T cells and plasma cells that 

recognize only autoantigens but not viral antigens that may have initiated the process. Any 

of these events occurring in the CNS could produce antibodies that are not seen in peripheral 

blood and therefore would be present in CSF as oligoclonal bands.
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Table 1

Partial List of Viruses and the Year(s) they were Reported to be Associated with MS (Adopted from Johnson, 

1994 [118])

Virus Years

Rabies 1946, 1964

Herpes simplex 1964

Scrapie agent 1965

MS-associated agent 1962

Parainfluenza virus 1 1972

Measles 1972

Simian virus 5 1978

Chimpanzee cytomegalovirus 1979

Coronavirus 1980

SIMON-like virus 1982

Tick borne encephalitis virus 1982

HTLV-1 1986

MSRV (HERV-W) 1989, 1997

HSV-1 1989

MS1533 (retrovirus) 1994

HHV-6 1993, 1995

Borna virus 1998

EBV 1998, 2003, 2007

VZV 2004

Torque Teno virus 2005
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Table 2

Prevalence of EBNA-1 Antibodies in Patients with MS Compared to Control Patients

Sample Reference MS (%) Control (%)

Serum IgG

Larsen et al., 1985 [119] 100 83.9

Wandinger et al., 2000 [120] 100 90.2

Munch et al., 1998 [121] 99.3 89.9

Pohl et al., 2006 [122] 92.5 57.5

Banwell et al., 2007 [123] 57.9 56.3

Haahr et al., 2004 [124] 100 94.3

Wagner et al., 2000 [125] 100 90.2

Sundstrom et al., 2004 [126] 99.6 95.3

Lindsey et al., 2010 [127] 97.5 92.5

Ingram et al., 2010 [128] 94.7 93.3

Villegas et al., 2011 [129] 86.8 82.7

CSF IgG

Bray et al., 1992 [130] 79.7 14.5

Villegas et al., 2011 [129] 82 69
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Table 3

Prevalence of EBV Viral Capsid Antigen (VCA) Antibodies in MS and Controls

Sample Reference MS (%) Control (%)

Serum IgG

Banwell et al., 2007 [123] 85.7 63.5

Pohl et al., 2006 [122] 98.6 72.1

Zivadinov et al., 2006 [131] 95 100

Ponsonby et al., 2005 [132] 100 96.5

Alotaibi et al., 2004 [133] 83.3 56.7

Sundstrom et al., 2004 [126] 100 98.7

Ascherio et al., 2001 [134] 99.3 93.4

Myhr et al., 1998 [135] 97.9 81.1

Shirodaria et al., 1987 [136] 100 92.3

Bray et al., 1992 [130] 57.7 24.8

Bray et al., 1983 [137] 98.7 89.4

Sumaya et al., 1980 [138] 98.7 93.8

Sumaya et al., 1976 [139] 98.6 94.6
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Table 4

Prevalence of EBV DNA in Patients with MS Compared to Controls

Sample Reference MS (%) Control (%)

Plasma DNA

Höllsberg et al., 2005 [42] 15.2 5.5

Wagner et al., 2004 [41] 29 16.1

PBMC DNA

Alvarez et al., 2000 [44] 32.2 35.3

Ferrante et al., 2000 [45] 50 38.9

Hay and Tenser, 2000 [46] 100 100

Sotelo et al., 2007 [43] 84.2 63.1

Brain DNA

Morré et al., 2001 [140] 0 0

Sanders et al., 1996 [141] 27 37.8

CSF DNA

Alvarez-Lafuente et al., 2008 [142] 2.1 0

Denne et al., 2007 [143] 0 0

Mancuso et al., 2007 [144] 2.5 0

Martin et al., 1997 [145] 0 0

Morre et al., 2001 [140] 0 0
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Table 5

HHV-6 Antibody Findings in MS

Sample Reference MS (%) Control (%)

Serum IgG

Sola et al., 1993 [50] 71 41

Liedtke et al., 1995 [146] 39 18

Soldan et al., 1997 [147] 85 72

Ablashi et al., 1998 [148] 69 28

Enbom et al., 1999 [149] 100 100

Ablashi et al., 2000 [150] 90 75

Taus et al., 2000 [151] 30 25

Derfuss et al., 2005 [152] 84 88

Virtanen et al., 2007 [153] 100 69

Kuusisto et al., 2008 [154] 88 86

Behzad-Behbahani et al., 2011 [155] 100 73

Serum IgM

Liedtke et al., 1995 [146] 3 2

Soldan et al., 1997 [147] 73 18

Ablashi et al., 1998 [148] 56 19

Friedman et al., 1999 [56] 80 16

Ablashi et al., 2000 [150] 71 15

Enbom et al., 2000 [156] 2 NT

Taus et al., 2000 [151] 0 0

Riverol et al., 2007 [157] 35 34

Kuusisto et al., 2008 [154] 6 0

CSF IgG

Sola et al., 1993 [50] 7 NT

Wilborn et al., 1994 [51] 0 0

Ablashi et al., 1998 [148] 39 7

Friedman et al., 1999 [56] 94 100

Ongradi et al., 1999 [158] 43 (6A) 87 (6B) 17 (6A) 0 (6B)

Ablashi et al., 2000 [150] 4 NT

Derfuss et al., 2005 [152] 34 12

Virtanen et al., 2007 [153] 15 0

Kuusisto et al., 2008 [154] 0 0
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Table 6

Detection of HHV-6 DNA in Patients with MS Compared to Control Patients

Sample Reference MS (%) Control (%)

Serum DNA

Wilborn et al., 1994 [51] 0 0

Martin et al., 1997 [145] 0 NT

Soldan et al., 1997 [147] 30 0

Fillet et al., 1998 [159] 6 0

Goldberg et al., 1999 [160] 4 0

Mirandola et al., 1999 [161] 0 0

Tejada-Simon et al., 2002 [162] 67 33

Al-Shammari et al., 2003 [163] 0 0

Tejada-Simon et al., 2003 [12] 83 55

Alvarez-Lafuente et al., 2006 [164] 25 0

Virtanen, et al., 2007 [153] 0 0

Kuusisto et al., 2008 [154] 0 0

Ahram et al., 2009 [165] 27 24

Behzad-Behbahani et al., 2011 [155] 33 5

PBMC DNA

Sola et al., 1993 [50] 3 4

Torelli et al., 1995 [166] 3 22

Merelli et al., 1997 [167] 5 0

Mayne et al., 1998 [168] 25 24

Rotola et al., 1999 [169] 41 29

Ablashi et al., 2000 [150] 75 60

Hay and Tenser, 2000 [46] 7 14

Kim et al., 2000 [170] 21 0

Rotola et al., 2000 [171] 40 37

Taus et al., 2000 [151] 14 0

Alvarez-Lafuente et al., 2002 [172] 49 22

Alvarez-Lafuente et al., 2002 [173] 53 30

Chapenko et al., 2003 [66] 62 29

Alvarez-Lafuente et al., 2006 [164] 81 30

Alvarez-Lafuente et al., 2007 [174] RRMS 54
SPMS 38 30

CSF DNA

Wilborn et al., 1994 [51] 14 0

Liedtke et al., 1995 [146] 11 5

Martin et al., 1997 [145] 0 0

Ablashi et al., 1998 [148] 17 0

Fillet et al., 1998 [159] 6 0

Enbom et al., 1999 [149] 6 6

Goldberg et al., 1999 [160] 0 0
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Virtanen and Jacobson Page 36

Sample Reference MS (%) Control (%)

Mirandola et al., 1999 [161] 0 0

Taus et al., 2000 [151] 0 0

Tejada-Simon et al., 2002 [162] 47 20

Cirone et al., 2002 [175] 78 NT

Virtanen, et al., 2007 [153] 0 0

Kuusisto et al., 2008 [154] 0 0

Alvarez-Lafuente et al., 2008 [142] 10 0

Mancuso et al., 2010 [176] 2 0

Brain DNA

Challoner et al., 1995 [7] 78 74

Sanders et al., 1996 [141] 57 38

Merelli et al., 1997 [167] 0 50

Friedman et al., 1999 [56] 36 14

Cermelli et al., 2003 [53] 58 27
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